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Abstract

Aims/hypothesis Muscle insulin resistance, one of the earli-
est defects associated with type 2 diabetes, involves changes
in the phosphoinositide 3-kinase/Akt network. The relative
contribution of obesity vs insulin resistance to perturbations
in this pathway is poorly understood.

Methods We used phosphospecific antibodies against tar-
gets in the Akt signalling network to study insulin action
in muscle from lean, overweight/obese and type 2 diabetic
individuals before and during a hyperinsulinaemic—eugly-
caemic clamp.

Results Insulin-stimulated Akt phosphorylation at Thr309
and Ser474 was highly correlated with whole-body insulin
sensitivity. In contrast, impaired phosphorylation of Akt
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substrate of 160 kDa (AS160; also known as TBC1D4)
was associated with adiposity, but not insulin sensitivity.
Neither insulin sensitivity nor obesity was associated with
defective insulin-dependent phosphorylation of forkhead
box O (FOXO) transcription factor. In view of the resultant
basal hyperinsulinaemia, we predicted that this selective
response within the Akt pathway might lead to hyperactiva-
tion of those processes that were spared. Indeed, the expres-
sion of genes targeted by FOXO was downregulated in
insulin-resistant individuals.

Conclusions/interpretation These results highlight non-
linearity in Akt signalling and suggest that: (1) the pathway
from Akt to glucose transport is complex; and (2) pathways,
particularly FOXO, that are not insulin-resistant, are likely
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to be hyperactivated in response to hyperinsulinaemia. This
facet of Akt signalling may contribute to multiple features of
the metabolic syndrome.

Abbreviations
AS160 Akt substrate of 160 kDa
CT Computed tomography

DEXA Dual energy X-ray absorptiometry

FABP4 Fatty acid-binding protein 4

FFM Fat-free mass

FGF21 Fibroblast growth factor 21

FOXO Forkhead box O

GIR Glucose infusion rate

GSK3 Glycogen synthase kinase 3

HOMA-IR HOMA of insulin resistance

HU Hounsfield units

IFG Impaired fasting glucose

IGT Impaired glucose tolerance

IR group Insulin resistant group

IS group Insulin sensitive group

ODbcsistant Overweight/obese non-diabetic
insulin-resistant individuals

Obgensiive  Overweight/obese non-diabetic
insulin-sensitive individuals

PDX1 Pancreatic and duodenal homeobox 1

PRAS40 Proline-rich Akt substrate of 40 kDa

Introduction

Insulin resistance is an early pathological feature of type 2
diabetes and is due to defective insulin action in muscle and
liver [1-3]. Insulin resistance does not affect all the down-
stream actions of insulin equally and may be specific to
carbohydrate metabolism [4]. Liver from a mouse model
of type 2 diabetes exhibits impaired insulin regulation of
gluconeogenesis but not lipogenesis [5]. This selective in-
sulin resistance, combined with concomitant hyperinsuli-
naemia caused by hyperglycaemia, may potentiate
hypertriglyceridaemia and hepatic steatosis, important com-
ponents of the metabolic syndrome [5].

Impaired insulin regulation of glucose transport in human
muscle represents a major pathological factor contributing
to insulin resistance [3, 6, 7]. Defective regulation of gly-
cogen synthesis by insulin is an additional feature of insulin-
resistant muscle [8, 9]. However, insulin controls many
processes in muscle. It remains unclear whether insulin
resistance perturbs all of the metabolic actions of insulin in
muscle or, as in liver, whether there is evidence for selective
insulin resistance.
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Phosphoinositide 3-kinase and Akt, two major nodes
downstream of insulin receptor substrate 1 (IRS1), have
been implicated in many of the metabolic actions of insulin
[2]. Disruptions in this pathway have been demonstrated in
human insulin resistance and type 2 diabetes [9—18]. Akt
phosphorylates numerous regulatory molecules pivotal to
metabolic regulation [19]. For example, phosphorylation
of proline-rich Akt substrate of 40 kDa (PRAS40) is in-
volved in protein synthesis [20, 21]; phosphorylation of Akt
substrate of 160 kDa (AS160; also known as TBC1D4) on
Thr642 in GLUT4 translocation [22, 23]; forkhead box O
(FOXO) phosphorylation in its transcriptional activity [24];
and glycogen synthase kinase 3 (GSK3) phosphorylation in
glycogen synthesis [2, 25]. There are reports that the phos-
phorylation of some of these substrates is defective in insu-
lin resistance, but it is not known whether insulin resistance
is universal for all of the actions of Akt in muscle.

A caveat in studying human insulin resistance is that
obesity is closely associated with insulin resistance and
segregating these two variables can be difficult. For exam-
ple, visceral adiposity is highly correlated with insulin re-
sistance, but it also correlates with hepatic lipid levels [26].
By separating obese individuals based on visceral adiposity
vs ectopic fat depots, others have shown that hepatic lipid
[26] and other ectopic fat such as intramyocellular lipid [27]
are the best correlates of whole-body insulin sensitivity.

In this study, we examined insulin signalling in muscle of
individuals spanning the full range of insulin sensitivity and
adiposity. We hypothesised that impaired phosphorylation
of Akt in insulin resistance might not uniformly affect
downstream substrates of Akt, and that different pathways
of insulin signalling would be differentially affected.

Methods

Participants Volunteers responded to local advertisements.
We screened 1,032 individuals by telephone and, of these,
81 were included in the current study. Those without known
diabetes were screened according to BMI, HOMA of insulin
resistance (HOMA-IR) [28] and a 75 g OGTT. Participants
were classified into the following groups: lean insulin-
sensitive controls (BMI<25 kg/mz, HOMA-IR<2.0, n=
23), overweight/obese non-diabetic insulin-resistant individ-
uals (Obyegistan; BMI>25 kg/m?, HOMA-IR>3.0, n=21),
those with type 2 diabetes (BMI>25 kg/m? n=21 [seven
of whom were newly diagnosed]) and overweight/obese
non-diabetic insulin-sensitive individuals (Obgepsitive; BMI
>25 kg/m?, HOMA-IR<1.5, n=16). In participants not
known to have diabetes, diabetes was defined as fasting
blood glucose >7.0 mmol/l and/or a 2 h post-challenge
blood glucose level >11.1 mmol/l. Impaired fasting glucose
(IFG) was defined as a fasting blood glucose level of 5.6—
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6.9 mmol/l, and impaired glucose tolerance (IGT) asa 2 h
post-challenge blood glucose level of 7.8—11.0 mmol/l. All
those in the lean control group had normal fasting glucose
levels and normal glucose tolerance. Of the 21 individuals in
the Ob,cgistant group, two demonstrated IFG, six had IGT and
one had both. Two individuals in the Obgepsitive Zroup
showed IGT.

Participants with known diabetes were recruited if HbA .
was <9% (75 mmol/mol), they had no clinical evidence of
diabetes-related complications, had been diagnosed with
diabetes for less than 5 years and were not taking medication
for diabetes, except for metformin or a sulfonylurea.
Metformin was stopped 2 weeks prior to the study and a
sulfonylurea was added if fasting glucose readings were
consistently over 7.0 mmol/l on fingerprick testing (n=2;
ceasing on the day prior to the studies). All participants
smoked fewer than ten cigarettes per day, consumed less
than 20 g (women) or 40 g (men) of alcohol per day, were
taking no medication affecting carbohydrate metabolism,
did not participate in competitive level physical activity
and had had <5§% change in body weight in the 3 months
preceding the study. A subset of patients was taking statins;
there was no difference in clamp insulin sensitivity between
statin users and non-users in each group (data not shown).
Menstruating women (n=9) were studied in the follicular
phase of their menstrual cycle.

Ethical approval was obtained from the St Vincent’s
Hospital Health Research Ethics Committee, Sydney.
Informed written consent was obtained from all participants.

Hyperinsulinaemic—euglycaemic clamp In the 48 h prior to
the study, participants were asked not to exercise or con-
sume alcohol. Following an overnight fast, participants un-
derwent a 2.5 h hyperinsulinaemic (80 mUm *min ')—
euglycaemic (5 mmol/l) clamp. The glucose infusion rate
(GIR) was determined during the last 30 min of the clamp.
This was normalised to fat-free mass (FFM) as measured by
dual energy X-ray absorptiometry (DEXA) scanning.

Muscle biopsies Percutaneous needle biopsies of vastus lat-
eralis muscle were performed at baseline and 30 min and
145 min after the start of the clamp (last biopsy optional;
performed in 83%, 95%, 81% and 88% of the lean control,
Ob,esistants type 2 diabetes and Obgepgiive groups, respectively).
As shown in the video (www.garvan.org.au/news-events/
human-muscle-biopsy-video), by exchanging the syringe
used for suction with one filled with ice-cold saline, ice-cold
saline was used to gently expel muscle fragments from the
Bergstrom needle, allowing simultaneous rapid chilling and
lavage of blood. While still ice-cold, fat and connective tissue
were rapidly removed and the sample was snap frozen in
liquid nitrogen. Biopsies were performed through three
separate incisions 5 cm apart. Muscle samples from six

participants were considered unsuitable for analysis for tech-
nical reasons. Hence, muscle data are reported for 22 lean
participants, 18 Ob,eistant participants, 19 participants with
type 2 diabetes, and 16 Obgpgiive participants.

Indirect calorimetry Participants underwent indirect calo-
rimetry (ParvoMedics, Sandy, UT, USA) at baseline after a
15 min rest and during the last 30 min of the clamp [29].

Body fat determination Participants underwent DEXA scan-
ning to calculate total body fat, FFM and central fat, com-
puted tomography (CT) at the T12/L1 level to determine
liver density (in Hounsfield units [HU]) as an indicator of
liver fat (HU value being inversely proportional to amount
of liver fat), and CT scanning at the L2/L.3 and L4/L5 levels
to determine abdominal visceral and subcutaneous fat areas.
The mean visceral fat areas at L2/L3 and L4/L5 and the
mean subcutaneous fat areas at L2/L3 and L4/L5 were used
in all the analyses.

Assays and antibodies Blood glucose was analysed using a
glucose oxidase electrode (YSI Life Sciences, Yellow
Springs, OH, USA). Screening insulin levels were analysed
by the Advia Centaur immunoassay (Walpole, MA, USA).
Clamp serum insulin levels were measured using radioim-
munoassay (Linco Research, St Charles, MO, USA; intra-
assay and interassay CVs 3.1-4.4% and 2.9—6.0%, respec-
tively). NEFA were assayed using an enzymatic calorimetric
method (Wako, Osaka, Japan; intra-assay and interassay
CVs 0.61-0.75% and 0.75—4.91%, respectively).

Serum adiponectin, fatty acid-binding protein 4 (FABP4),
lipocalin-2 and fibroblast growth factor 21 (FGF21) were
measured by sandwich ELISA [30]). The intra-assay and
interassay CVs for total adiponectin, FABP4, lipocalin-2
and FGF21 were, respectively: 4.4-6.9% and 3.9-7.1%
[31]; 3.7-6.4% and 2.6-5.3%; 3.8-6.0% and 3.1-5.2%;
and 4.2-5.6% and 5.8-7.3% [32].

Polyclonal antibodies used are described in detail in the
electronic supplementary material (ESM) Methods.

Tissue processing This is described in detail in the ESM
Methods. Briefly, muscle tissue was homogenised in ice-
cold homogenising buffer using a Dounce homogeniser
(Sigma Aldrich, St Louis, MO, USA) and solubilised for
1 h at 4°C. Insoluble material was removed by centrifuga-
tion, and 10 pg of protein lysate was resolved by SDS-
PAGE. Membranes were incubated in 5% powdered milk
in Tris-buffered saline and immunoblotted with antibodies
overnight at 4°C. Membranes were washed, incubated with
horseradish peroxidase-labelled secondary antibodies and
detected by Supersignal West Pico chemiluminescent sub-
strate for phospho (p)AS160, pGSK and pFOXO (Millipore
Corporation, Billerica, MA, USA). For Akt, pAkt474 and
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pAkt309, GSK, AS160, PRAS40, pPRAS40, infrared dye
700- or 800-conjugated secondary antibodies were used.
Blots were quantified using Odyssey infrared imaging sys-
tem software v2.0 (LI-COR Biosciences, Lincoln, NE,
USA). There was no difference in muscle signalling phos-
phoproteins between sexes; hence, data for males and
females were pooled.

Gene expression analysis Fasting-state muscle from a subset
of sex- and age-matched participants from all groups were
selected for gene expression analysis. A more detailed de-
scription of analysis is available in the ESM Methods. Briefly,
RNA was prepared using RNeasy protocol (Qiagen, Valencia,
CA, USA). All samples were labelled with Cy5 and hybri-
dised against Cy3-labelled universal human reference
(Stratagene, Palo Alto, CA, USA). Gene expression profiles
were generated by hybridising labelled samples to the
Agilent’s Whole Human Genome 4x44 K arrays (Agilent
Technologies, Santa Clara, CA, USA). Agilent’s Feature
Extraction software 10.7 was used to analyse acquired array
images.

All data analysis for the gene expression data was per-
formed in the statistical analysis environment R (www.r-
project.org) [33]. Data from Agilent result files were pre-
processed by within-array print-tip loess normalisation [34].
Tests for a change in gene expression between two groups
were performed using the moderated ¢ test [35]. The subset
of interest is a list of FOXO downstream target genes [36].
As some genes are upregulated by FOXO and some down-
regulated, the ¢ values used for the Gene Set Test were
multiplied by the direction of FOXO regulation so that we
could test for an impairment of the FOXO pathway.

Statistical analysis Data are reported as means=SE, unless
stated otherwise. One-way ANOVA and repeated measures
ANOVA were used to compare groups; post-hoc comparisons
were performed using the Tukey honestly significant difference
test. Correlation analyses were carried out using the Pearson
correlation measure. Where data were missing, the datasets
were reduced. The minimum number of participants used for
the individual pair-wise correlation measures was 64, with an
average of 74. Stepwise multilinear regression was performed
using a null initial model, comparing the explanatory power of
incrementally larger and smaller models. Analyses were per-
formed using SPSS v18.0 (SPSS Inc, Chicago, IL, USA) and
Matlab v7.10 (MathWorksInc, Natick, MA, USA). Two-tailed
p<0.05 was taken to be statistically significant.

Results

Segregation of individuals based on BMI and
HOMA Volunteers were assigned to four metabolic groups
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based on diabetes status, BMI and insulin sensitivity, desig-
nated by HOMA-IR (Table 1). There was no difference
between the groups in age. Ob,gisane and type 2 diabetic
individuals had a higher BMI, waist circumference and
WHR ratio than lean controls. A major strength of our study
was the inclusion of a fourth group of Obgesigive individuals,
who were as insulin-sensitive (HOMA-IR 1.2+0.3) as the
lean group (HOMA-IR 1.2+0.4).

Hyperinsulinaemic—euglycaemic clamps were performed
on all participants, generating insulin levels during clamp
steady state of 1,632+288, 2,004+564, 2,148+720 and
1,938+612 pmol/l in lean controls, Obcgisiant, type 2 diabet-
ic and Obgpgiiive participants, respectively. These insulin
concentrations have been shown to suppress hepatic glucose
output fully in non-obese healthy and insulin-resistant indi-
viduals and those with IGT, and to suppress hepatic glucose
production by 75% in individuals with poorly controlled type
2 diabetes [37, 38]. As diabetes was well controlled in the
current study (HbA . 6.1£0.6%, or 43+7 mmol/mol), hepatic
glucose production is likely to have been fully suppressed
during the clamp. Hence, the GIR at steady state is a measure
of predominantly peripheral (muscle) insulin sensitivity.

GIR (normalised to FFM) was significantly lower in
Obyesistant and type 2 diabetic participants compared with
lean controls (Fig. 1a). Obgepsitive individuals had similar
GIRs to lean controls, despite having almost double the
amount of total and central fat.

Obepsisive individuals have reduced hepatic lipid levels All
measures of total and central fat were higher in Ob,cgistant
type 2 diabetic and Obgepgiive individuals compared with
lean controls (Table 1, Fig. 1b, d). Although Ob,istant
participants had a higher BMI than type 2 diabetic and
Obgensitive participants, these three groups were matched
for percentage total body fat by DEXA (Table 1). There
was no difference in subcutaneous fat (by CT) between
the Ob,egistant and Obgepngiive groups (Table 1, Fig. 1d).
Ob,csistant individuals had significantly more visceral fat
than Obgepsiive individuals, who had similar visceral fat
content to those in the group with type 2 diabetes
(Fig. 1b). In contrast, liver density in HU (an inverse
measurement of hepatic fat content) was significantly
higher in Obgepgiive than type 2 diabetic or Ob,egisiant
individuals and was similar to that observed in lean
controls (Fig. Ic).

Insulin-stimulated Akt phosphorylation correlates with
whole-body insulin sensitivity Phosphorylation of Akt at
Ser474 and Thr309 coincides with full kinase activation
[39], and this is frequently used as a surrogate for Akt
activity. In lean individuals, Akt phosphorylation at Ser474
was increased nine- and 14-fold over basal levels at 30 min
and 145 min, respectively, after commencement of the
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Table 1 Baseline characteristics of participants (means+SD)
Lean control ODbesistant Diabetic Obgensitive

N (M:F) 23 (9:14) 21 (13:7) 21 (9:12) 16 (5:11)
Age (years) 54.7+8.0 56.2+8.0 60.7+7.8 58.4+8.9
Waist circumference (cm) 80.5+8.6 111.2:£9.9%%* 102.8+11.6%** 99.8:£11.9%*:
WHR 0.85+0.08 0.960.09%** 0.93£0.08%* 0.93£0.07%*
BMI (kg/m?) 21.9+1.8 34.1+6.3%%%* 30.2+3 4%k 29.0+3 3% 1T
HOMA-IR 1.1+0.4 4341 0%k - 1240377
Fasting insulin (pmol/l) 72+18 138:£48% 144:£66%%* 7242471 HE
Steady-state insulin (pmol/l) 1,632+288 2,004+564 2,148+£720* 1,938+612
GIR/FFM (umol min~'kg™") 92423 61:£24% % 45+£13%% 86361
Non-oxidative glucose disposal (umol min~'kg ") 69+22 41£2] %k 27+ 1% 62+3214
Fasting respiratory exchange ratio 0.81£0.05 0.82+0.05 0.80+0.04 0.81+0.04
Steady-state respiratory exchange ratio 0.94+0.05 0.88+0.05** 0.88+0.04** 0.92+0.06
Change in respiratory exchange ratio 0.13+0.04 0.06+0.06*** 0.08+0.05** 0.11+0.05"
Adipokines and NEFA

Adiponectin (fasting, pg/ml) 25.5+12.8 13.6+7.4%% 14.7+8.8%* 22.2 +10.0777

Lipocalin 2 (fasting, ng/ml) 34.7+11.8 40.7+23.6 47.84+29.0 30.3+£16.2

FGF21 (fasting, pg/ml) 92.9+85.5 158.6+116.7 119.3+157.4% 126.1+98.0

FABP4 (fasting, ng/ml) 15.2+7.7 36.2£25.1%%* 27.0+10.1 28.9+17.3

NEFA (fasting, mmol/l) 0.37+0.15 0.33+0.11 0.37+0.12 0.38+0.14

NEFA (steady state, mmol/l) 0.02+0.02 0.02+0.03 0.01+0.01 0.01+0.01
DEXA fat

Total body fat (kg) 17.0+5.8 41.2+12.0%%* 33.0£7. 0%k 31.8+9.9%kw T

Total body fat (%) 27+8 41£10%%* 40+7%%% 40+8* %

Central fat (kg) 1.240.4 3.5+0.9%%* 2.9:40.7%%* 2.5+] 2%l

Central fat (%) 24+8 4464+ 4264+ 39£9H ks

Fat content of legs (kg) 6.4+2.6 12.54£5.4%** 94428 11.0+5.0%*
CT fat

Hepatic fat (HU) 61.7+4.0 40.5+15.7%%* 43.9+16.2%%* 58.6+6.07TT+

Average visceral fat (cm?) 51.0425.7 216.7+68.0%%* 151.0+61.2"""" 125.4+105.1"" 7

Average subcutaneous fat (cm?) 118.4+61.3 343.0£157.3%** 268.8+98.2%** 265.44£96.4%**

#p<0.05, ¥*¥p<0.01, ***p<0.001vs lean controls;  p<0.05, 7 p<0.01, 7T p<0.001 vs Ob,gisiant individuals; ¥ p<0.05, ¥ p<0.01, #¥ p<0.001 vs

diabetic participants

clamp. Corresponding increases for Thr309 phosphorylation
were eight- and 13-fold, respectively. Insulin-induced Akt
phosphorylation at Ser474 was reduced by 30% and 41% at
145 min in Ob,cgsane and type 2 diabetic individuals, re-
spectively, compared with lean controls (Fig. 2). This was
not observed in the Obgeysitive group (Fig. 2). An even
greater impairment was observed in insulin-stimulated Akt
Thr309 phosphorylation in Ob,qisane and type 2 diabetic
participants (Fig. 2), but no defect was observed in the
ODbgensitive group. There was no difference in total Akt levels
(Fig. 3a, c) or the loading control (14-3-33, Fig. 3b) among
the groups. The ratio of phosphorylated to total protein
levels resulted in similar findings, albeit with less statistical
significance as a result of the combined error of both meas-
urements (data not shown).

Insulin-stimulated phosphorylation of Akt at Ser474 and

Thr309 correlated strongly with GIR/FFM across the entire
cohort (Fig. 4a, ESM Table 1, ESM Fig. 1). Significant
correlations were also found between insulin-stimulated
phosphorylation of Akt and liver fat content and visceral
fat (Fig. 4a, ESM Table 1). Correlations were similar when
men and women were analysed separately (Fig. 4b).

Lack of concordance between Akt phosphorylation and Akt
substrate phosphorylation We observed robust changes in
GSK3, PRAS40, FOXO and AS160/TBC1D4 phosphoryla-
tion in lean individuals during the clamp (Fig. 2). There was
little correspondence between insulin-dependent phosphor-
ylation of Akt substrates and Akt itself across the different
groups.

@ Springer
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Fig. 1 (a) GIR corrected for FFM, (b) visceral fat, (c) liver density and
(d) subcutaneous abdominal fat. Black bars, lean insulin-sensitive
individuals; light grey bars, overweight/obese insulin-resistant individ-
uals; white bars, individuals with type 2 diabetes; dark grey bars,
overweight/obese insulin-sensitive individuals. Horizontal lines link-
ing bars indicate statistically significant (p<0.05) differences between
the groups. HU values are inversely related to amount of liver fat
present. Data are means+SE

AS160 phosphorylation was significantly reduced in both
ODbyesistant ad Obgepgitive individuals at the 145 min time point,
and non-significantly reduced in type 2 diabetic individuals
(Fig. 2). The pattern of GSK3 and PRAS40 phosphorylation
mirrored that of pAS160. GSK3 phosphorylation at 145 min
and PRAS40 phosphorylation at 30 min were significantly
reduced in the Ob,egisran: group only (Fig. 2). In contrast, no
defect was observed in FOXO phosphorylation in any of the
groups (Fig. 2). There was no difference in the total level of
any of the Akt substrates examined between any of the groups
at baseline (Fig. 3) or during insulin stimulation (data not
shown).

Insulin-stimulated AS160 and PRAS40 phosphorylation
were not related to GIR/FFM, visceral fat or hepatic fat
(Fig. 4a, ESM Table 1). However, insulin-stimulated
AS160 was inversely associated, albeit of borderline statis-
tical significance, with subcutancous fat. GSK3 phosphory-
lation at 145 min was positively correlated with GIR/FFM
and inversely correlated with visceral fat (Fig. 4a, ESM
Table 1). Insulin-stimulated FOXO phosphorylation at
145 min correlated directly with visceral fat, but was not
related to GIR/FFM or other adiposity variables (Fig. 4a,
ESM Table 1).

Visceral fat correlated directly with baseline FOXO phos-
phorylation only. Fasting insulin was directly related to
baseline FOXO and PRAS40 phosphorylation, but not base-
line AS160 or GSK3 phosphorylation.

FOXO gene expression To test our hypothesis that compen-
satory hyperinsulinaemia may result in hyperphosphoryla-

tion of FOXO and inhibition of its activity, we examined the
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expression of FOXO-regulated genes [36] in muscle biop-
sies. We combined data from the Ob,cgistan: and type 2
diabetic individuals (insulin-resistant [IR] group) and com-
pared this with lean and Obgepgisive individuals (insulin-sen-
sitive [IS] group). Consistent with our hypothesis, basal
FOXO phosphorylation was 1.5-fold higher in the IR group
(p=0.03) (Fig. 5a) who exhibited relative basal
hyperinsulinaemia.

The expression of genes in the FOXO target set was
significantly dysregulated (»p=0.037) in the IR group based
on a Gene Set Test. Ten out of the 15 most dysregulated
genes (Fig. 5b) are associated with insulin action, autoph-
agy, oxidative stress response or metabolism. The expres-
sion of the FOXO target gene 4EBPI, an insulin-regulated
phosphoprotein, was reduced by 28%. This gene was one of
only 18 genes significantly modified in insulin-resistant
individuals when we analysed changes at a single-gene
level. These data indicate that FOXO function is chronically
repressed in the skeletal muscle of individuals with insulin
resistance and/or type 2 diabetes.

Circulating factors Compared with lean individuals, adipo-
nectin levels were lower in Ob,egisane and type 2 diabetic
individuals, yet similar in Obgeygiive individuals (Fig. 6a).
FGF21 levels were higher in diabetic participants than con-
trols at baseline (but not during the clamp) (Fig. 6b).
Lipocalin 2 levels were similar across the groups, with the
exception of lower lipocalin 2 in Obggiiive compared with
diabetic participants at baseline (Fig. 6¢). In contrast,
FABP4 was higher in the three overweight/obese groups
compared with the lean controls (Fig. 6d). Only FGF21
levels increased with insulin (Fig. 6).

Both fasting adiponectin and FGF21 levels correlated
strongly with GIR/FFM, liver fat and visceral fat, and with
each other (all p<0.001), but not with subcutaneous fat
(Fig. 4a). When these relationships were examined in men
and women separately, the correlation between GIR/FFM
and adiponectin was limited to females (Fig. 4b). Lipocalin
2 correlated, albeit weakly, with subcutaneous fat (p=0.04),
but not with GIR/FFM, liver fat or visceral fat. FABP4
correlated strongly with both visceral and subcutaneous fat
(»<0.001), but not with GIR/FFM.

Stepwise multilinear regression Stepwise multilinear re-
gression was performed in the whole cohort, inclusive of
the variables that were significantly correlated with GIR/
FFM in univariate analysis (liver fat, visceral fat, baseline
FOXO phosphorylation, insulin-stimulated phosphorylation
of Akt309, Akt474 and GSK3 at 145 min, NEFA level at
30 min and fasting adiponectin and FGF21 levels [Fig. 3]).
GIR/FFM was best predicted by insulin-stimulated phosphor-
ylation of Akt309 at 145 min (3=3.3511£0.9746, p=0.0011),
NEFA levels at 30 min into the clamp (=-183.5030+62.5, p
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=0.0048), fasting adiponectin (3=0.7037+0.2894, p=
0.0182) and fasting FGF21 (=-0.0667+0.0301, p=
0.0306) (model adjusted R* 0.49, F 15.8511, p<0.0001).
Visceral adipose tissue and liver fat were not significantly
related to GIR/FFM when accounting for the effect of the
other variables.

Discussion

Dissecting the molecular mechanisms that contribute to
insulin resistance is challenging. First, insulin resistance is
closely linked to many factors, including obesity, liver lipid
and low-grade inflammation, and it is difficult to disentangle
their individual contributions to metabolic disease. Second,
while it is likely that insulin resistance stems from a defect
in the insulin signalling pathway, this pathway is a complex
network. For example, although the Akt pathway controls
lipid and carbohydrate metabolism in the liver, a defect in

Akt signalling in type 2 diabetes selectively targets carbo-
hydrate but not lipid metabolism [4, 5]. In the current study,
inclusion of a group of obese insulin-sensitive individuals
enabled us to show that the defect in insulin-stimulated Akt
phosphorylation in skeletal muscle was related to whole-
body insulin sensitivity (ESM Fig. 1) and not obesity.
Strikingly, the Akt defect was not accompanied by a similar
defect in the insulin-dependent phosphorylation of four ma-
jor Akt substrates known to control essential downstream
actions of insulin. Defective phosphorylation of GSK3 and
AS160 was observed, but this correlated with obesity rather
than insulin sensitivity. Conversely, no defect was observed
in FOXO phosphorylation.

The defect in insulin-dependent Akt phosphorylation in
muscle of insulin-resistant or type 2 diabetic humans is
consistent with previous studies [9-17]. Some studies have
failed to report defective Akt phosphorylation [12, 13, 40],
perhaps due to differences in experimental design. Notably,
in the development of the current study, we observed
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Fig. 3 (a) Total levels of
insulin signalling intermediates
at baseline. Black bars, lean
insulin-sensitive individuals;
light grey bars, overweight/
obese insulin-resistant individ-
uals; white bars, individuals
with type 2 diabetes; dark grey
bars, overweight/obese insulin-
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considerable variation in Akt phosphorylation depending
upon the method of tissue collection and processing used,
which required considerable optimisation to overcome.
Few studies have examined phosphorylation of downstream
Akt substrates in insulin-resistant and type 2 diabetic individu-
als. We have examined the phosphorylation of four different
Akt substrates that more comprehensively encapsulate a range
of important Akt functions. Of note, the dynamic range of
insulin-stimulated phosphorylation of these substrates was very
robust in our study compared with other reports (e.g. a sixfold
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Fig. 4 Pearson correlation analyses between metabolic variables. The
levels of correlation between the different pairs of variables are indi-
cated as positive (direct) relationships in red and inverse correlations in
green. Only those relationships which had significant correlations
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rise in AS160 [9, 15, 17]), which may explain the variation in
results between these different studies [9, 14, 15, 41]. While we
observed defective insulin-dependent AS160 phosphorylation
in insulin-resistant individuals (Fig. 2), a similar defect was also
observed in obese insulin-sensitive individuals. This is intrigu-
ing because reduced insulin-regulated glucose transport is one
of the major metabolic defects in skeletal muscle from insulin-
resistant and type 2 diabetic individuals, and Akt-dependent
AS160 phosphorylation plays a key role in insulin-regulated
glucose transport in muscle [42, 43].
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HU values were inversely related to amount of liver fat present
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Fig. 5 Basal FOXO phosphorylation is increased and FOXO target genes
are dysregulated in Ob,gisand/type 2 diabetic compared with Obgepgigive/lean
individuals. (a) Basal FOXO phosphorylation is increased 1.54-fold in
ODb,esistan/type 2 diabetic compared with Obgepsisive/lean individuals
(»=0.031). (b) Gene set enrichment analysis of basal FOXO target gene
expression in Obggisian/type 2 diabetic vs Obgengisive/lean individuals
determined that these genes were significantly dysregulated, with a Gene
Set Test (»p=0.037). The 15 most dysregulated FOXO target genes are
shown. The y-axis represents the moderated ¢ statistics, which represents a
measure of the fold change divided by the standard error. Ten of the 15
genes are associated with insulin action (EIF4EBPI1, INSR, PPP2R4,
PIK3C4), autophagy (MAPILC34, ATG9B), oxidative stress response
(PRDX3, SOD2) and metabolism (CITED2, PPARGCI1A). Error bars
represent 1 SD. AU, arbitrary units; OIS, Obgepsitive; OIR, Obyegistant

Others have found that insulin resistance may be contrib-
uted to by defects in glycogen synthesis [44]. We found that
non-oxidative glucose disposal, a reflection of glycogen
synthesis, was significantly lower in those with insulin
resistance (Table 1), and that phosphorylation of GSK3
correlated with insulin sensitivity measured by clamp
(Pearson R 0.26, p=0.03; ESM Table 1). However, in the
Obgensitive group there is a discordance between Akt phos-
phorylation (as high as the lean sensitive group) and GSK3
phosphorylation (as low as the type 2 diabetes group),
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Fig. 6 Adipokines at baseline and steady state of the hyperinsulinae-
mic—euglycaemic clamp. Black bars, lean insulin-sensitive individuals;
light grey bars, overweight/obese insulin-resistant individuals; white
bars, individuals with type 2 diabetes; dark grey bars, overweight/
obese insulin-sensitive individuals. Horizontal lines linking bars indi-
cate statistically significant (p<0.05) differences between the groups.
Data are means+SE

making it difficult to draw conclusions on the role of defec-
tive GSK3 phosphorylation in the development of insulin
resistance. This may be because glycogen synthase activity
may be regulated by non-insulin mediated mechanisms such
as exercise [45] or allosteric changes independent of GSK3
[46].

FOXO phosphorylation is apparently preserved despite the
clear defect in Akt phosphorylation, perhaps because FOXO
phosphorylation occurs at submaximal levels of Akt phos-
phorylation [47, 48], and particularly if FOXO phosphoryla-
tion remains more sensitive to insulin stimulation than other
Akt pathways. We measured phosphorylation of FOXO1 on
Ser256, a site predominantly phosphorylated by Akt, and to a
lesser extent serum/glucocorticoid inducible kinase. Other
kinases are known to phosphorylate FOXO at alternate sites,
including mammalian sterile 20-like kinase (MST), cyclin-
dependent kinases, AMP-activated protein kinase (AMPK),
extracellular signal-related kinase (ERK) and IkB kinase
(IKK) [49]. In contrast, under fasting conditions, where
insulin levels were significantly elevated in insulin-
resistant and type 2 diabetic individuals, there was a
concomitant increase in basal FOXO phosphorylation.
This behaviour was not seen for the other Akt sub-
strates, suggesting that the sensitivity of FOXO to insu-
lin (and hyperinsulinaemia) is unimpaired.

Insulin-dependent FOXO phosphorylation leads to the
accumulation of FOXO in the cytosol, concomitant with
reduced transcriptional activity. We hypothesised that a
non-defective pathway under clamp conditions would be
hyperphosphorylated due to the compensatory hyperinsuli-
naemia [48]. FOXO hyperphosphorylation would then be
accompanied by the impaired expression of FOXO target
genes, which we found in gene expression analysis. The
elevated insulin response of FOXO compared with other
Akt substrates suggests that there is selective insulin resis-
tance, even within the Akt pathway itself, as previously
reported in other pathways [4, 47, 50]. Selective insulin
resistance in the face of persistent hyperinsulinemia is likely
to result in previously unappreciated demands on metabolic
control as well as having implications for the treatment of
type 2 diabetes. For example, hyperphosphorylation of
FOXO will result in dysregulation of FOXO target genes,
many of which are stress-response genes, including SOD2
and LC3. In the long term, this is likely to impair stress
defence pathways. In these circumstances, treatments aimed
at improving insulin secretion without correcting the selec-
tive insulin resistance may be ill advised.

A similar discordance between pFOXO, Akt and GLUT4
translocation has been reported in 3T3-L1 adipocytes [47].
The mechanism may be related to the differential dose
response relationship between pAkt and its various down-
stream substrates [48], or the temporal pattern of the insulin
signal shown in modelling studies [51].
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Insulin sensitivity by clamp was highly correlated with
liver fat, adiponectin and Akt phosphorylation (R 0.53, 0.55
and 0.54, respectively [ESM Table 1]). However, known
downstream targets of Akt did not follow the same pattern.
Liver fat was a key distinguishing feature between Ob,cgistant
and Obgepsitive participants. Whether it is a cause of
insulin resistance or a consequence of secondary hyper-
insulinaemia is unknown. Apart from hepatic fat, other
depots of ectopic adiposity may also be contributing to
the difference seen between Obgistant and Obgensitive
individuals, although these were not measured in the
current study.

In conclusion, this study highlights the striking non-
linearity in the Akt signalling pathway in muscle. These find-
ings suggest that, in insulin resistance, some non-carbohydrate
related insulin responses are unimpeded, and may even be
hyperstimulated due to hyperinsulinaemia, which may
contribute to development of the metabolic syndrome and
other complications. In view of the selective nature of insulin
resistance, it seems evident that treatments designed to
enhance insulin secretion, independently of other adaptations,
may be counterproductive.
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