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contributes to disease progression.
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(Bacl(ground: Insulin resistance is an early risk factor for metabolic disease.
Results: Using various insulin resistance models, insulin regulation of glucose metabolism was universally blunted, whereas
other actions (protein synthesis and anti-lipolysis) were unimpaired.
Conclusion: Insulin resistance is selective for glucose metabolism in adipocytes.
Significance: Chronic hyperactivation of unaffected insulin action pathways in the context of the metabolic syndrome likely
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Aside from glucose metabolism, insulin regulates a variety of
pathways in peripheral tissues. Under insulin-resistant condi-
tions, it is well known that insulin-stimulated glucose uptake is
impaired, and many studies attribute this to a defect in Akt sig-
naling. Here we make use of several insulin resistance models,
including insulin-resistant 3T3-L1 adipocytes and fat explants
prepared from high fat-fed C57BL/6] and ob/ob mice, to com-
prehensively distinguish defective from unaffected aspects of
insulin signaling and its downstream consequences in adi-
pocytes. Defective regulation of glucose uptake was observed in
all models of insulin resistance, whereas other major actions of
insulin such as protein synthesis and anti-lipolysis were normal.
This defect corresponded to a reduction in the maximum
response to insulin. The pattern of change observed for phos-
phorylation in the Akt pathway was inconsistent with a simple
defect at the level of Akt. The only Akt substrate that showed
consistently reduced phosphorylation was the RabGAP AS160
that regulates GLUT4 translocation. We conclude that insulin
resistance in adipose tissue is highly selective for glucose metab-
olism and likely involves a defect in one of the components reg-
ulating GLUT4 translocation to the cell surface in response to
insulin.

Although most well known for its role in facilitating post-
prandial glucose disposal, insulin’s repertoire of actions in vivo
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is considerable. For example, in peripheral tissues such as mus-
cle and white adipose, insulin stimulates a variety of synthetic
pathways (e.g glycogen, protein, and lipid synthesis) while
simultaneously down-regulating starvation pathways such as
lipolysis, autophagy, and FoxOl-dependent transcription.
Many actions of insulin are mediated through the PI3K/Akt
pathway. Akt is essential for most of the metabolic actions of
insulin, and its activity is regulated by phosphorylation at Thr-
308 and Ser-473 by PDK1 and mTORC?2, respectively (1-3).
Akt is a major hub in the insulin signaling network because its
activation leads to phosphorylation of numerous intracellular
substrates that play key roles in a range of biological processes.
For instance, phosphorylation of PRAS40 and TSC2 controls
mTORCI activation, an essential intermediate in regulated
protein synthesis; Akt-dependent phosphorylation of phospho-
diesterase 3B regulates inhibition of lipolysis (4); and Akt-de-
pendent phosphorylation of the RabGAP TBC1D4/AS160 reg-
ulates GLUT4 translocation (5, 6).

Under conditions of chronic nutrient overload (i.e. high fat
diet, obesity), peripheral tissues experience a decrease in sensi-
tivity to insulin, such that additional insulin is required both in
the fed and fasted states to restore/maintain euglycemia (7, 8).
Although the mechanism(s) that contribute to insulin resis-
tance remain controversial, defects within the insulin signaling
network, either upstream (insulin receptor, insulin receptor
substrate 1) (9-11), downstream (AS160) (6), or at Akt itself
(12, 13) have been identified as potential targets. If the defect
involves a node in upper insulin signaling or Akt itself, such a
derangement should be distributed equally across all Akt-de-
pendent actions of insulin. However, increasing evidence indi-
cates that insulin resistance is selective for specific actions of
insulin. For example, mice with hepatic insulin resistance show
impaired insulin regulation of hepatic carbohydrate metabo-
lism, whereas insulin regulation of lipogenesis is unperturbed
(14). Fibroblasts from patients with polycystic ovary syndrome
exhibit defective insulin regulation of glycogen synthesis with-
out any detectable defect in insulin-regulated mitogenesis (15).
We recently reported that insulin-dependent regulation of the
transcription factor FoxO1 in skeletal muscle of humans with
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type 2 diabetes (T2D)® is normal despite impaired insulin reg-
ulation of glucose uptake (16). Insulin-mediated FoxO1 trans-
location to the cytosol was not affected in chronic insulin-
treated 3T3-L1 adipocytes at physiological insulin doses,
whereas GLUT4 translocation to the cell surface was impaired
(17). In this study, evidence is presented suggesting that this
might reflect a role for different Akt isoforms in different
actions of insulin. Collectively, these studies suggest that insu-
lin resistance does not encapsulate a defect in all of the meta-
bolic actions of insulin, which is inconsistent with a defect
upstream in the insulin signaling pathway as being the major
contributor to this disorder.

Adipose tissue and the adipocyte itself have emerged as
major regulators of whole body insulin action and fuel homeo-
stasis. Targeted defects in insulin action in adipocytes lead to
systemic insulin resistance (18). Moreover, defects in adipose
insulin action are a common feature of insulin resistance (19—
21). Conversely, improvements in fat cell insulin action con-
tribute to enhanced whole body insulin sensitivity despite the
fact that adipose tissue itself makes a minor contribution to
glucose uptake following a meal, with the majority being con-
sumed by muscle and liver (22). Notwithstanding the key role of
the fat cell in whole body insulin action, as to whether insulin
resistance in the fat cell represents a global defect or, as in the
case of other insulin responsive tissues, it is more selective for
specific actions of insulin, is not well understood.

In this study, we have systematically analyzed a range of bio-
logical actions of insulin in either 3T3-L1 adipocytes rendered
insulin-resistant or fat explants from insulin-resistant mouse
models. We observed a consistent reduction in insulin-stimu-
lated glucose uptake in all models of insulin resistance, despite
little or no defect in insulin regulation of protein synthesis or
lipolysis. Surprisingly, analysis of insulin-stimulated Akt activa-
tion, as well as that of several downstream substrates, revealed
clear disconnections between various signaling intermediates
and functional insulin action. These findings demonstrate a
clear selectivity of insulin resistance for glucose metabolism in
white adipose tissue.

EXPERIMENTAL PROCEDURES

Cell Culture and Insulin Resistance Treatments—3T3-L1
fibroblasts were cultured in DMEM containing 10% FCS and
GlutaMAX and differentiated to adipocytes as previously
described (23). Insulin resistance models were induced as pre-
viously described (24). Briefly, 3T3-L1 adipocytes were incu-
bated with 10 nM insulin (chronic insulin (CI)) or 1 uMm dexa-
methasone (DEX) in full medium for 16 =18 h at 37 °C or with 4
ng/ml TNFa in full medium at 37 °C for 48 h. The medium was
replaced twice a day with fresh medium containing TNF« for
treated cells and without TNF« for control cells. After insulin
resistance treatment, cells were washed and then serum-
starved for 2 h prior to insulin stimulation and assessment of
insulin-regulated processes. We have previously shown that

¢The abbreviations used are: T2D, type 2 diabetes; Cl, chronic insulin;
DEX, dexamethasone; HFD, high fat diet; IRAP, insulin-regulated
aminopeptidase.
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this protocol is adequate to return the cells to their baseline
level of GLUT4 translocation (24).

Western Blotting Analysis—Cells were washed twice with ice-
cold PBS and solubilized in 2% SDS/PBS containing phospha-
tase/protease inhibitors. Proteins were separated by SDS-
PAGE. After transferring proteins to polyvinylidene difluoride
membranes, membranes were blocked (5% skim milk) and then
immunoblotted with the relevant antibodies overnight at 4 °C.
After incubation, membranes were washed and incubated with
either infrared dye 700- or 800-conjugated secondary antibod-
ies or horseradish peroxidase-labeled secondary antibodies and
then detected by Odyssey infrared imaging system software
v2.0 (LI-COR Biosciences, Lincoln, NE) or SuperSignal West
Pico chemiluminescent substrate, respectively.

2-Deoxyglucose Uptake Assay—3T3-L1 adipocytes in 24-well
plates were washed twice and incubated with serum- and bicar-
bonate-free DMEM containing 20 mm HEPES, pH 7.4, and 0.2%
BSA for 2 h. Following serum starvation, cells were washed
twice with Krebs-Ringer phosphate buffer (0.6 mm Na,HPO,,
0.4 mm NaH,PO,, 120 mm NaCl, 6 mm KCI, 1 mm CaCl,, 1.2 mm
MgSO,, 12.5 mm HEPES, pH 7.4) supplemented with 0.2% BSA.
Indicated doses of insulin were added for 20 min, and glucose
transport was initiated by the addition of [*H]2-deoxyglucose
(PerkinElmer Life Sciences) (0.25 wCi/well, 50 uMm unlabeled
2-deoxyglucose) for 5 min. To determine nonspecific glucose
uptake, 25 uM cytochalasin B was added prior to the addition of
[*H]2-deoxyglucose. Uptake was terminated with three rapid
washes in ice-cold PBS, after which the cells were solubilized in
1% Triton X-100 in PBS. Samples were assessed for radioactiv-
ity by scintillation counting. Each condition was performed in
triplicate.

[PH]Leucine Incorporation Assay for Protein Synthesis—
3T3-L1 adipocytes in 24-well plates were washed twice and
incubated with leucine-free DMEM (Sigma-Aldrich) supple-
mented with 0.2% BSA and 20 mm HEPES, pH 7.4, for 2 h.
[®*H]Leucine (1.25 uCi/well) (PerkinElmer Life Sciences) was
added at the same time as indicated doses of insulin for 1 h. To
determine background leucine incorporation, 5 uM cyclohexi-
mide was added for 10 min before addition of [*H]leucine and
insulin. Leucine incorporation was terminated with three rapid
washes in ice-cold PBS followed by incubating cells with ice-
cold 10% TCA for 10 min to precipitate protein. Pellets were
washed three times in ice-cold 10% TCA to remove free
[*H]leucine. Pellets were resuspended in 50 nM NaOH with 1%
Triton X-100 at 65 °C for 20 min. Samples were assessed for
radioactivity, and results were normalized for protein content.
Assays were performed in triplicate, and the average of the trip-
licate was considered as one biological replicate.

Lipolysis Assay—3T3-L1 adipocytes in 24-well plates were
washed twice and incubated with Krebs-Ringer phosphate
buffer supplemented with 3.5% free fatty acid BSA (Sigma-Al-
drich) and 5 mm glucose for 2 h. Serum-starved cells were then
treated with or without isoproterenol (1 nM, 5 nMm) or indicated
doses of insulin for 1 h. Aliquots of media were taken to assay
for glycerol content using Sigma glycerol reagent according to
the manufacturer’s protocol. The cells were next lysed in 2%
SDS in PBS and assessed for protein concentration. Glycerol
release was normalized to cellular protein content. Each sample
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was assayed in duplicate, and the average of the duplicates was
considered as one biological replicate.

Akt1/2 siRNA Experiments—3T3-L1 adipocytes were elec-
troporated with 200 nm siRNA designed to target Aktl and
Akt2 or scrambled as a control. For Aktl and Akt2, we utilized
pooled siRNAs (four for each) to minimalize any off target
effects (25). Glucose uptake, glycerol release, and signaling were
assessed as described above 72 h following electroporation. For
glycerol release experiments involving MK-2206 and GDC,
compounds were added during the 1-h incubation period
(DMSO was added to control wells). The following siRNAs
were used: Aktl-1, 5'-CAAGAACGATGGCACCTTTTT-3;
Aktl-2, 5'-GGAAAGTGATTCTGGTGAATT-3'; Aktl-3,
5'-GCACAATGCCAGCTGATGATT-3'; Aktl-4, 5'-GAGG-
TTGCCCACACGCTTATT-3'; Akt2-1, 5'-CCATGAATGA-
CTTCGATTATT-3'; Akt2-2, 5'-GTACTTTGATGACGAG-
TTTCTT-3'; Akt2-3, CCTGAACAATTTCTCTGTATT-3';
Akt2-4, GATGCGGGCTATCCAGATGTT-3’; and scram-
bled, 5'-GACTTAACTCATCCAACGATT-3'".

Intraperitoneal Glucose Tolerance Tests—Eight week old
male C57BL/6] and ob/ob mice were given chow or high fat
(45%) diet for 28 days (only C57BL/6] mice). Intraperitoneal
glucose tolerance tests were performed on mice following a 4-h
fast. Mice were injected with a 20% (w/v) glucose solution at a
final dose of 2 g/kg. Blood glucose was measured by sampling
blood from the tail tip with an Accu-Chek II glucometer. Blood
insulin was measured via enzyme-linked immune-sorbent
assay (Crystal Chem Inc.). Mice that were fasted for the indi-
cated periods were euthanized by cervical dislocation for tissue
isolation. Experiments were carried out with approval of Gar-
van Institute Animal Experimentation Ethics Committee fol-
lowing guidelines issued by the National Health and Medical
Research Council of Australia.

Fat Explants and Assays—Epididymal fat depots were
obtained from mice. Visible nonparenchymal tissue was
removed from the fat pads. Fat pads were immediately trans-
ferred to warm DMEM supplemented with 2% BSA and 20 mm
HEPES, pH 7.4, and minced into fine pieces. Minced explants
were washed twice and incubated in DMEM supplemented
with 2% BSA and 20 mm HEPES, pH 7.4, for 2 h. For glucose
uptake and signaling in fat explants, explants were rinsed in
Krebs-Ringer phosphate buffer supplemented with 2% BSA.
Insulin was added for the indicated times, and glucose transport
was initiated by addition of [*’H]2-deoxyglucose (0.25 uCi/sam-
ple, 50 uM unlabeled 2-deoxyglucose) and [**C]mannitol (0.036
wuCi/sample) for 5 min. Uptake was terminated with three rapid
washes in ice-cold PBS, after which the cells were solubilized in
radioimmune precipitation assay buffer (50 mm Tris-HCI, pH
7.5,150 mm NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 1 mm EDTA, and 10% glycerol) supplemented with
protease and phosphatase inhibitors. Samples were assessed for
radioactivity by scintillation counting using the B-scintillation
counter, and the results were normalized for protein content.
Samples were also kept for Western blot analysis. Each condi-
tion was performed in duplicate. For lipolysis in explants,
explants were washed twice and incubated with Krebs-Ringer
phosphate buffer supplemented with 3.5% free fatty acid BSA
and 5 mM glucose. Explants were then treated with or without

SASBMB

MAY 1,2015<VOLUME 290-NUMBER 18

Selective Insulin Resistance in White Adipose

isoproterenol (1 or 5 nm) or insulin (100 nm) for 1 h. Aliquots of
media were taken to assay for glycerol content using Sigma
glycerol reagent according to the manufacturer’s protocol.
Glycerol release was normalized to protein content.

Statistical Analysis—The data are presented as means * S.E.
Statistical analyses were performed using ¢ tests, one-way anal-
ysis of variance, or two-way analysis of variance using
GraphPad Prism software and the p values indicated.

RESULTS

Insulin Resistance Is Confined to Glucose Metabolism in
3T3-L1 Adipocytes—Insulin regulates a variety of cellular pro-
cesses in adipocytes such as glucose transport, protein synthe-
sis, and lipolysis (26-29). Consistent with this, exposure of
3T3-L1 adipocytes to increasing concentrations of insulin led
to a dose-dependent increase in 2-deoxyglucose uptake (Fig.
1A), leucine incorporation into protein (i.e. protein synthesis;
Fig. 1B), and inhibition of glycerol release, following 3-adrener-
gic stimulation (Fig. 1C), and 10 or 100 nm insulin resulted in a
maximal response in all these processes. Notably, protein syn-
thesis and inhibition of lipolysis displayed higher insulin sensi-
tivity compared with glucose uptake reflected in the difference
in their respective ED,, values (Fig. 1, A--C). Each of these pro-
cesses was blocked by the Akt specific inhibitor MK-2206 (30)
(Fig. 1, D—F), suggesting that they are all regulated by the PI3K/
Akt pathway. Consistent with its higher ED.,, glucose uptake
was more sensitive to lower doses of MK-2206 than either pro-
tein synthesis or inhibition of lipolysis.

To investigate the potential selectivity of insulin resistance in
adipocytes, we first examined a range of insulin-regulated pro-
cesses in 3T3-L1 adipocytes rendered insulin-resistant via
either exposure to high levels of insulin (CI), glucocorticoids
(DEX), or inflammatory cytokines (TNF) (24, 31). In all three
of these model systems, insulin-stimulated glucose transport
was significantly blunted (Fig. 2, A—C), confirming the presence
of insulin resistance. Intriguingly, despite robust impairment in
glucose metabolism, insulin-stimulated protein synthesis was
unaffected in CI- or DEX-treated cells or enhanced at 100 nm
insulin in TNF-treated cells (Fig. 2, D—F). Moreover, insulin-
mediated suppression of isoproterenol-stimulated lipolysis was
also unchanged, with the exception of cells made insulin-resis-
tant via DEX (Fig. 2, G-I).

To test whether suppression of lipolysis occurs only at lower
insulin doses, we performed an insulin dose-response analysis
in control and Cl-treated cells. Insulin-mediated suppression
of isoproterenol-stimulated lipolysis was not significantly
impaired at any insulin dose tested in CI cells, whereas 2-de-
oxyglucose uptake was significantly reduced at 10 and 100 nm
insulin (Fig. 3, A-C). Interestingly, the ED., for insulin-stimu-
lated 2-deoxyglucose uptake was not significantly different
between control and Cl-treated cells (data not shown), indicat-
ing that insulin resistance does not represent a defect in insulin
sensitivity.

We next assessed the expression of fatty acid synthase and
stearoyl-CoA desaturase 1, because insulin regulates fatty acid
synthesis by regulating the expression of these genes, via sterol
regulatory element binding protein-1C (32, 33). With the
exception of fatty acid synthase in the TNF model and stearoyl-
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FIGURE 1. Insulin mediates glucose uptake, protein synthesis, and inhibition of lipolysis in an Akt-dependent manner. A-F, 3T3-L1 adipocytes were
stimulated with the indicated dose of insulin and assessed for [*H]2-deoxyglucose (*H-DG) uptake (A) or [*Hlleucine incorporation for protein synthesis (B). C
and F, lipolysis was assessed via the inhibition of glycerol release in the presence of indicated doses of insulin, following stimulation with indicated doses of
isoproterenol (/s0). EDs, doses for insulin are shown. D, 3T3-L1 adipocytes were pretreated for 30 min with the indicated dose of Akt inhibitor MK-2206 prior to
treatment of 100 nm insulin for the assessment of phosphorylation of Thr-308 Akt, Ser-473 Akt, total Akt, or pan 14-3-3. E and F, effects of MK-2206 treatment
were determined on 100 nminsulin-stimulated glucose uptake and protein synthesis (E) or insulin-mediated inhibition of lipolysis (F). The data are means * S.E.,

n=3-4.%p <0.01;** p <0.001; *** p < 0.0001 versus basal.

CoA desaturase 1 in the DEX and TNF models, the levels of
these proteins were unaffected by insulin resistance (Fig. 2,
J-L).

Reduced GLUT4 protein levels has also been suggested as a
mechanism of insulin resistance in adipocytes (34-38).
Although GLUT4 protein levels were decreased in CI, there was
no significant change in either the DEX or TNF models (Fig. 2,
J-L). Insulin-regulated aminopeptidase (IRAP), a GLUT4 vesi-
cle cargo protein, was reduced in TNF but not in the DEX or CI
models (Fig. 2, J-L). These data indicate that reduced GLUT4
levels and that of other GLUT4 vesicle cargo proteins is not
consistently observed in insulin resistance models and is
unlikely to be the sole mechanism underlying insulin resistance
in adipocytes. Collectively, these findings demonstrate that
insulin resistance is highly selective for glucose metabolism in
3T3-L1 adipocytes.

Akt Signaling in Insulin-resistant 3T3-L1 Adipocytes—
Reduced Akt phosphorylation has been observed in various
insulin resistance models (17, 24, 31, 36, 39 —41). Consistent
with this, insulin-stimulated Akt phosphorylation at Thr-308
and Ser-473 was reduced in all models of insulin resistance (Fig.
4, A and B). It has been shown that Akt phosphorylation at these
sites does not always correlate with Akt activity (16), and con-
siderable sparseness was reported for Akt (42). To test this, we
also assessed phosphorylation of a range of Akt substrates and
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the mTORCI1 substrate S6K, downstream of Akt. In DEX-
treated cells, phosphorylation of all Akt substrates was signifi-
cantly impaired. In Cl-treated cells, all substrates except
GSK3p were impaired, whereas in TNFa-treated cells, all sub-
strates aside from PRAS40 and the downstream component
S6K were impaired (Fig. 4, A and B).

siRNA-mediated Knockdown of Akt in 3T3-L1 Adipocytes—
The above data show that in three models of insulin resistance
in 3T3-L1 adipocytes, there is a universal defect in glucose
uptake and insulin-regulated phosphorylation of Akt and its
substrate AS160, whereas other Akt substrates and other
actions of insulin were normal under the same conditions. One
possible explanation for these data is that a partial reduction in
Akt phosphorylation somehow leads to a selective impairment
in the phosphorylation of certain substrates (AS160) but not
others and that this leads to a selective impairment of glucose
uptake. To test this, we next used siRNA to reduce the total
levels of Aktl and Akt2 and in turn the total level of phosphor-
ylation to a similar extent as was observed in the insulin resis-
tance models. Knockdown of either Aktl or Akt2 alone in
3T3-L1 adipocytes had no significant effect on insulin action
(data not shown), presumably because of compensation by the
other isoform (43). Combined knockdown of Aktl and Akt2
resulted in a ~70% knockdown in total Akt and a >80% reduc-
tion in insulin-stimulated phosphorylation of Akt at Ser-308
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FIGURE 2. Effect of insulin resistance on insulin-stimulated 2-deoxyglucose uptake, protein synthesis, and inhibition of lipolysis in 3T3-L1 adipocytes.
3T3-L1 adipocytes treated with Cl (A, D, G, and J), DEX (B, E, H, and K), or TNFa (C, F, I, and L) were washed, serum-starved for 2 h, and then assessed for
insulin-stimulated [*H]2-deoxyglucose (*H-DG) uptake (A-C), [*H]leucine incorporation for protein synthesis (D-F), and inhibition of isoproterenol-mediated
glycerol release for lipolysis (G-/), and cell lysates were immunoblotted with indicated antibodies (J-L). The data are means + S.E, n = 3-4.%,p < 0.05; **,p <

0.01; **** p < 0.0001 versus control (Ctrl).

and Thr-473 (Fig. 5A4). Under these conditions, insulin-stimu-
lated 2-deoxyglucose uptake was reduced by 60% (Fig. 5C).
Strikingly, insulin-dependent phosphorylation of the Akt sub-
strates FoxO1 and AS160 was unaffected by Akt1/2 knockdown
(Fig. 5A), and GLUT4 levels were not altered (Fig. 5B).

Akt1/2 knockdown had no significant effect on the ability of
insulin to suppress glycerol release (Fig. 5D), consistent with
previous findings (28). One possible explanation for these data
is that the difference in insulin sensitivity of glucose uptake
compared with suppression of lipolysis (Fig. 1, A and C) confers
a differential requirement for Akt activity for these two pro-
cesses. To test this, we used a combined siRNA-small molecule
inhibitor approach in which 3T3-L1 adipocytes transfected
with Akt1/2 or scrambled siRNAs were incubated with differ-
ent doses of two Akt inhibitors (MK-2206 (30) or GDC (44))
that act via discrete mechanisms.

Consistent with our hypothesis, very low doses (0.1 um) of
either MK-2206 or GDC nearly completely inhibited the insulin
effect on glycerol release in Akt1/2 knockdown compared with
adipocytes transfected with scrambled siRNA or nontrans-
fected cells (Fig. 5D). These findings indicate that it is unlikely
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that the Akt1/2 knockdown effect on glucose uptake is due to an
siRNA off target effect. We also observed a significant effect of
both inhibitors at 1 uM in cells transfected with Akt1/2 siRNA
but not scrambled siRNA. Curiously, cells transfected with
scrambled siRNA were significantly less sensitive to the Akt
inhibitors at 1 M than nontransfected cells (Fig. 5D).
Collectively, these data confirm that glucose transport and
anti-lipolysis are both Akt-dependent processes, but they dis-
play considerable differences in their Akt sensitivity. Further-
more, partial reduction of Akt led to selective impairment in
glucose uptake without any defect in AS160 phosphorylation.
Insulin Resistance in White Adipose Tissue of High Fat-fed
Mice Predominantly Affects Glucose Transport—To determine
whether insulin resistance is also specific for glucose metabo-
lism in vivo, we performed studies in high fat-fed mice. Consis-
tent with previous studies (36, 45), C57BL/6] mice fed a high fat
diet (HFD) for 28 days displayed a significant impairment in
whole body glucose tolerance (Fig. 6A4) without any change in
fasting insulin (Fig. 68) and a substantial reduction in insulin-
stimulated 2-deoxyglucose uptake in fat explants from epidid-
ymal fat depots in vitro, confirming insulin resistance in white
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lin resistance in adipocytes. A and B, control and Cl-treated cells were
washed, serum-starved for 2 h, and then stimulated with the indicated doses
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data are means = S.E, n = 3-4.%,p < 0.01; **, p < 0.0001 versus control.

adipose tissue (Fig. 6C). Conversely, insulin-mediated suppres-
sion of lipolysis, in both the absence and the presence of B-ad-
renergic stimulation, was unaffected by the diet (Fig. 6D). In
contrast to that observed in 3T3-L1 cells, insulin-stimulated
phosphorylation of Akt was increased, whereas phosphoryla-
tion of S6K and PRAS40 were unaffected by the diet (Fig. 6, E
and F). Despite increased Akt phosphorylation, AS160 Thr-642
phosphorylation was blunted in HFD-fed mice (Fig. 6, E and F).
The level of fatty acid synthase protein was decreased in HFD-
fed mice, but stearoyl-CoA desaturase 1, IRAP, and GLUT4
protein levels were unchanged (Fig. 6G).

Analysis of White Adipose Tissue of ob/ob Mice—Another
model commonly used to study insulin resistance is the 0b/0b
mouse (46 —48). ob/ob mice displayed glucose intolerance (Fig.
7A), reduced insulin-stimulated 2-deoxyglucose uptake into
white adipose tissue in vitro (Fig. 7C), and severe fasting hyper-
insulinemia (Fig. 7B). The absolute level of lipolysis either in the
absence or the presence of B-adrenergic stimulation was mark-
edly reduced in fat explants from 0b/0b mice, likely because of
the severe hyperinsulinemia present in these mice (Fig. 7D,
compare WT and 0b/ob in B columns). Despite this reduction in
absolute lipolysis, the ability of insulin to suppress lipolysis as a
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percent change of that observed in the basal state was preserved
in fat explants from ob/ob mice (Fig. 7E). Insulin-stimulated
phosphorylation of Akt, AS160, S6K, and PRAS40 was severely
blunted in 0b/ob mice (Fig. 7F), as were protein levels of IRAP
and GLUT4 (data not shown).

Increased basal FoxO1 phosphorylation was recently sug-
gested as a potential consequence of selective insulin resistance
because of concomitant hyperinsulinemia (16). Consistent with
this, phosphorylation of FoxO1 was significantly increased in
white adipose tissue prepared from 4-h fasted 0b/ob mice com-
pared with lean controls (Fig. 7G), whereas it was not signifi-
cantly changed in HFD-fed mice (Fig. 6H), which did not dis-
play hyperinsulinemia (Fig. 6B). Moreover, the expression of
4EBP1, a principal transcript regulated by FoxO1, was signifi-
cantly decreased in hyperinsulinemic 0b/ob mice, confirming
inactivation of FoxO1 caused by chronic phosphorylation (Fig.
7G). In contrast to FoxO1, phosphorylation of Akt and AS160
were decreased in these same samples from ob/ob mice (Fig.
7H). Together, these findings confirm the presence of selective
insulin resistance in vivo and indicate that periods of hyperin-
sulinemia are associated with global suppression of lipolysis
and FoxO1 activity within white adipose tissue.

DISCUSSION

Despite the fact that insulin resistance has been recognized
as one of the earliest predictors and causal factors of metabolic
disease in humans, its underlying molecular mechanism has
remained elusive. The recent observation of selective insulin
resistance in certain conditions (14, 16, 17, 49) has added to the
complexity of this phenomenon. In view of the central role of
the adipocyte in whole body insulin sensitivity (18, 50), in the
present study, we have analyzed the selectivity of insulin resis-
tance in various adipose models. Impaired glucose metabolism
was a unifying feature of all insulin resistance models, whereas
other processes such as lipolysis and protein synthesis were
generally not impaired. Although these nondisrupted processes
were more insulin-sensitive in control cells, we were unable to
observe any defect in them irrespective of the insulin dose stud-
ied. Moreover, in regards to the consistent impairment in glu-
cose metabolism, we observed that this was principally due to a
reduction in maximum responsiveness rather than reduced
sensitivity. Based on these analyses, we conclude that insulin
resistance in adipocytes is highly “selective” for glucose metab-
olism, whereas other actions of insulin remain largely
unscathed. In view of the spareness in most components of the
upper insulin signaling pathway (i.e. from insulin receptor to
the Akt node) (42, 51, 52), we predict that adipocyte selective
insulin resistance is not due to a defect in insulin signaling.
Consistent with this, although we did observe changes in Akt
phosphorylation in most insulin resistance models, this did not
coincide with a uniform defect in insulin-regulated phosphor-
ylation of a range of Akt substrates. Interestingly, we observed a
defect in AS160 phosphorylation in all models of insulin resist-
ance, and in view of the connectivity between this molecule and
glucose uptake, it is tempting to speculate that this represents a
major node of insulin resistance. However, it is unlikely that
this defect in AS160 phosphorylation is simply due to a defect in
Akt activity because our Akt siRNA experiments in which insu-
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FIGURE 4. Phosphorylation of the Akt signaling network in insulin-resistant 3T3-L1 adipocytes. A, control or insulin-resistant 3T3-L1 adipocytes were
treated with the indicated doses of insulin. Cell lysates were immunoblotted using indicated phospho and total antibodies. B, quantification of the blots

depicted in A of n = 3 independent experiments. Ctrl, control.

lin-mediated phosphorylation of Akt was reduced by >80%, a
defect that was greater than that observed in most of our insulin
resistance models, were not accompanied by reduced AS160
phosphorylation. Hence, additional features of this signaling
network that remain to be established must be at play, and until
unveiled, we predict the molecular basis for insulin resistance,
at least in adipose tissue, will remain unclear. Regardless, the
present studies provide justification for a more detailed focus
on this node.

This study provides further evidence in support of the
emerging view that insulin resistance is highly selective (14, 16,
17, 49, 53) and that this selectivity occurs in all insulin target
tissues. In all insulin resistance models, with the exception of
DEX-treated 3T3-L1 adipocytes, we observed defective glucose
uptake but no defect in insulin-regulated protein synthesis or
lipolysis (Table 1). In the case of DEX, insulin-stimulated glu-
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cose uptake, as well as suppression of lipolysis, was reduced.
However, dexamethasone is known to have profound effects on
the expression level and activity of multiple proteins involved in
lipolysis, including the Akt substrate phosphodiesterase 3B
(54). Hence it is likely that dexamethasone, at least as far as
lipolysis is concerned, is not typical of other insulin resistance
models including HFD-fed mice. Intriguingly, in control cells
the latter two processes display higher insulin sensitivity than
glucose uptake with ED,, values in the range of 0.05—0.07 nm
compared with 0.7 nm for the latter (Fig. 1 (42, 55)). Similarly,
McGraw and co-workers (17) reported defective insulin regu-
lation of GLUT4 translocation in CI-treated adipocytes but no
defect in nuclear FoxO1 translocation, and again FoxO1 trans-
location was more insulin-sensitive than GLUT4 translocation.
To ensure that selective insulin resistance was not simply a
function of this difference in sensitivity and that all processes
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FIGURE 5. siRNA-mediated knockdown of Akt in 3T3-L1 adipocytes. 3T3-L1 adipocytes were electroporated with Akt1/2 siRNA or scrambled as a control. A
and B, following serum starvation (2 h), adipocytes were treated with or without 10 nminsulin, and cell lysates were immunoblotted using indicated antibodies.
Immunoblots from three independent experiments were quantified. C, insulin (10 nm)-stimulated [*H]2-deoxyglucose uptake. The data are expressed as
percentages of maximalinsulin for each replicate. D, insulin (100 nm)-mediated inhibition of isoproterenol-stimulated glycerol release was assessed in response
to 1 nm isoproterenol. Insulin wells were treated with the indicated doses (um) of MK-2206 or GDC, and DMSO was added to control wells. The data are
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display a right shift under insulin resistance conditions, we per-
formed a dose-response analysis of chronic insulin-induced
insulin resistance in 3T3-L1 adipocytes. We observed that the
glucose uptake defect was principally due to a reduction in the
maximal response, whereas in the case of lipolysis, we did not
observe a defect at any dose including doses within the physio-
logical range. Hence, this is consistent with selective insulin
resistance such that certain processes, like lipolysis, do not
exhibit any demonstrable defect even at insulin concentrations
within the physiological range.

Notably, in all insulin resistance models studied, we observed
a reduction in glucose uptake using maximum doses of insulin
(Table 1). Thus, although we cannot be certain that the same
defect causes insulin resistance in each case, it is likely that this
represents a convergent defect that is manifested as a change in
the maximum response to insulin. Importantly, previous stud-
ies in adipocytes and skeletal muscle from humans with T2D or
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obesity have shown a defect in maximal insulin-stimulated glu-
cose transport and utilization in vitro (56, 57). Moreover,
hyperinsulinemic glucose clamp studies in individuals with
T2D also reveal a defect in whole body glucose utilization even
at maximal insulin concentrations (58). This provides impor-
tant mechanistic insight into the nature of the defect. Early
studies that focused on the insulin receptor as a potential defect
in insulin resistance revealed that reduced insulin binding
would lead to reduced sensitivity rather than to the observed
reduced maximal response in insulin-resistant subjects. This
led to the conclusion that the principal defect is downstream of
the insulin receptor (52). Subsequent studies showed that other
components in upper insulin signaling such as IRS1 and Akt
also exhibit substantial spareness, such that maximal biological
responses are achieved using a relatively small proportion of the
total available pool of each of these molecules (42, 51). Consis-
tent with this, it has been shown that there is considerable
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redundancy between different isoforms in upper insulin signal-
ing in that deletion of one allele or one isoform can often be
compensated for either via the alternate allele or an alternate
isoform (59, 60). Beyond Akt, referred to here as lower insulin
signaling, there appears to be no spareness, and in fact a 50%
reduction in GLUT4 leads to a similar decrease in insulin-reg-
ulated glucose uptake, and this defect is observed at all insulin
concentrations tested (61, 62). Intriguingly, GLUT4 levels are
reduced by ~50% in adipose tissue of individuals with T2D (63),
and so it is conceivable that this is the major reason for selective
insulin resistance under these conditions. However, GLUT4
levels are not reduced in skeletal muscle in T2D (64), and so
alternate defects must contribute to insulin resistance in this
tissue. Similarly in the present study, we observed reduced
GLUT4 levels in some models of insulin resistance (CI, ob/ob)
but not in others (Table 1). Moreover, we previously showed
that insulin-stimulated GLUT4 translocation to the cell surface
was impaired in several models of insulin resistance independ-
ently of changes in GLUT4 levels (24). Nevertheless, in view of
the selectivity of insulin resistance in all cases combined with
the fact that in all cases we observed a reduction in the maxi-
mum response to insulin, it is tempting to speculate that the
defect might involve a component of the machinery that gov-
erns GLUT4 trafficking to the cell surface. Intriguingly, in adi-
pocytes expressing Aktl/2 siRNA, we observed reduced insu-
lin-stimulated glucose uptake in the absence of any change in
AS160 phosphorylation at Thr-642 (Fig. 5), giving rise to the
possibility that this process is likely regulated via multiple Akt
substrates, and this warrants future investigation.
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The present data highlight the exquisite complexity of the insu-
lin signaling pathway. Overall, we were unable to discern a clear
picture concerning the relationship between Akt phosphorylation,
Akt activity, and the phosphorylation of a range of Akt substrates.
In some insulin resistance models, we observed reduced Akt phos-
phorylation without any change in the phosphorylation of a range
of substrates (eg. PRAS40 and S6K in TNF or GSK3 in CI),
whereas in others, such as the 28-day HFD mouse fat explants, we
did not observe any reduction in Akt phosphorylation, yet AS160
phosphorylation was defective (Fig. 6). There are multiple possi-
bilities to account for this complexity. First, we have previously
reported considerable heterogeneity in insulin-regulated GLUT4
trafficking at the single cell level in 3T3-L1 adipocytes (65), and so
it is conceivable that this complex pattern of signaling at the pop-
ulation level is underpinned by heterogeneity at the single cell
level. Second, it is possible that upper components in the insulin
signaling pathway operate in a switch-like mechanism so that
changes in absolute levels of phosphorylated intermediates may
not be an accurate reflection of their biological activity. Third, it is
conceivable that changes in phosphorylation of components in
upper signaling do not cause but rather are a consequence of insu-
lin resistance. There is an emerging literature, particularly in the
cancer field, that metabolism is a key determinant of biological
outcome (66), and so this seems feasible. We and others (24, 61)
have suggested that a defect in glucose uptake precedes signaling
defects in insulin resistance. For example, it is possible that
reduced AS160 phosphorylation in insulin resistance is a conse-
quence of reduced trafficking of GLUT4 vesicles because AS160 is
thought to be transported to the cell surface on GLUT4 vesicles
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TABLE 1

Summary of experimental findings
Increases ( 1) or decreases ( |, ) are indicated with arrows, whereas no change is indicated with &. IR, insulin resistance; CI, chronic insulin; DEX, dexamethasone.

Glucose Other Akt GLUT4
Models System Treatment uptake Lipolysis inhibition pAkt pAS160 substrates levels

IR models Cell line CI %) | | g, | |
DEX } | 8 } | &

TNF | %) l | g, | &

Mouse 28-day HFD ! %] 0 ! & %]

ob/ob | (%) | ! l |

siRNA model Cell line Aktl + 2 siRNA | %] l %] (%) %)

where it is likely to be phosphorylated (6). However, Aktl/2 knockdown cells, this defect could not be attributed to
siRNA-mediated knockdown of Akt1/2 resulted in reduced glu- reduced Akt phosphorylation, and further studies are required to
cose uptake without any effect on AS160 phosphorylation, sug-  pinpoint the mechanism of this defect.

gesting that other pathways that are specific to insulin resistance These observations, together with several other studies report-
are responsible for reduced AS160 phosphorylation. Interestingly,  ingselective insulin resistance in other tissues or pathways (14 —17,
asshown in Table 1, defective AS160 phosphorylation wastheonly 49, 53, 67), have significant implications both mechanistically and
consistent defect across all insulin resistance models aside from  therapeutically for our understanding of this defect. Physiologi-
reduced glucose uptake, and because this was not observed in the  cally, the observation that only certain actions of insulin are
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affected in most models of insulin resistance means that in the face
of compensatory hyperinsulinemia, which is commonly observed
in prediabetic humans or the 0b/ob mice (Fig. 7), these unaffected
pathways will likely be inappropriately overstimulated. In adipose
tissue, for example, it is likely that lipolysis will be chronically
repressed and de novo lipogenesis and protein synthesis will be
increased. Teleologically, these adaptations are appropriate
because in the face of excess nutrient supply, there is reduced
demand for endogenous lipids from lipolysis, and there is
increased demand for increased fat cell biomass to promote fat cell
hypertrophy and proliferation. However, other processes such as
the inactivation of FoxO1 might have more deleterious effects
because FoxO1 normally regulates pathways that reduce a number
of cellular stresses (68). Intriguingly, manipulations that overcome
insulin resistance by increasing circulating insulin levels will fuel
the obesogenic milieu, thus calling for a potential reconsideration
of these strategies.
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