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Abstract

Aims/hypothesis The serine/threonine kinase Akt/protein
kinase B (PKB) is required for the metabolic actions of
insulin. Controversial data have been reported regarding
Akt defective activation in the muscle of type 2 diabetic
patients. Because three Akt isoforms exist, each having a
distinct physiological role, we investigated the contribution
of isoform-specific defects to insulin signalling in human
muscle.

Methods The phosphorylation pattern and kinase activity of
each Akt isoform were compared in primary myotubes
from healthy control participants and type 2 diabetic
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patients. Phosphorylation of Ser*’® and of Thr’®® in each
isoform was determined after immunoprecipitation in
myotubes treated or not with insulin.

Results Muscle cells from diabetic patients displayed
defective insulin action and a drastic reduction of insulin-
stimulated activity of all Akt isoforms. This was associated
with specific defects of their phosphorylation pattern in
response to insulin, with impaired Akt2- (and to a lower
extent Akt3-) Ser'’? phosphorylation, and with altered
Akt1-Thr’®® phosphorylation. These defects were not due
to faulty phosphoinositide-dependent protein kinase 1
(PDK1) production or activation. Rather, we found higher
levels of the Akt2-Ser*”*-specific protein phosphatase PH
domain leucine-rich repeat protein phosphatase 1 (PHLPP1)
in muscle from diabetic patients, which may contribute to the
alteration of Akt2-Ser*”* phosphorylation.
Conclusions/interpretation These results suggest that several
mechanisms affecting Akt isoforms, including deregulated
production of PHLPP1, could underlie the alterations of
skeletal muscle insulin signalling in type 2 diabetes. Taking
into account the recently described isoform-specific meta-
bolic functions of Akt, our results provide mechanistic insight
that may contribute to the defective regulation of glucose and
lipid metabolisms in the muscle of diabetic patients.

Keywords Aktisoforms - Insulin signalling - Insulin
resistance - Myotubes - PDK1 - PHLPP1/2 - PI 3-kinase -
Skeletal muscle

Abbreviations

GSK-3 glycogen synthase kinase-3

PDK1 phosphoinositide-dependent protein kinase 1
PH domain pleckstrin homology domain

PHLPP PH domain leucine-rich repeat protein

phosphatase
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PI3K phosphoinositide 3-kinase
PKB protein kinase B
Introduction

Type 2 diabetes is characterised by insulin resistance in
peripheral tissues, particularly in skeletal muscle, which is
responsible for more than 75% of whole-body glucose
uptake in response to insulin [1]. The action of insulin is
initiated through the binding of the hormone to its receptor,
stimulating a cascade of phosphorylation events leading to
activation of phosphoinositide 3-kinase (PI3K). In turn,
PI3K produces phosphatidylinositol 3,4,5-trisphosphate
(PIP3), a lipid second messenger relaying the metabolic
effects of insulin through activation of the serine/threonine
protein kinase B (PKB)/Akt [2, 3]. PIP; recruits Akt at the
plasma membrane, where its kinase activity is elicited by
two phosphorylation steps. Akt is first phosphorylated at
Ser*” by the rictor-mammalian target of rapamycin (mTOR)
complex [4], followed by phosphorylation of Thr’®® by
phosphoinositide-dependent protein kinase 1 (PDK1) [5].
Phosphorylation of both residues confers maximal activity to
the enzyme and stabilises its active conformation [4, 6].
Akt exists in three isoforms—Akt1/PKB«x, Akt2/PKBf3,
and Akt3/PKBy—-coded for by distinct genes and exhibit-
ing more than 80% amino acid sequence identity [7]. The
three Akt isoforms share the same structural organisation
with an amino-terminal pleckstrin homology domain (PH

domain), a kinase catalytic domain encompassing Thr*®,

and a carboxy-terminal regulatory domain, containing Ser*”?
[8]. Isoform-specific functions of Akt have been revealed
from studies of knockout mice. Aktl plays a critical role in
embryonic development, postnatal survival and growth [9].
Akt2-deficient mice exhibit a diabetes-like syndrome [10].
Thus Akt2 is considered to be essential for the maintenance
of glucose homeostasis and the control of insulin metabolic
actions. This was recently confirmed by muscle-specific
overexpression of constitutively active Akt2 in mice [11].
Finally, Akt3 plays a role in the development and organisation
of the nervous system [12, 13]. Partially overlapping func-
tions of the Akt isoforms have, however, been suggested
by recent reports showing that Aktl, in addition to Akt2,
plays a role in insulin action in adipocytes [14] and in lipid
metabolism in skeletal muscle cells [15].

It is well established that insulin resistance in type 2
diabetic patients depends on defective insulin signalling in
skeletal muscle. Reduced insulin-stimulated PI3K was
observed in muscle biopsies [16—19] and in primary culture
of human skeletal muscle established from type 2 diabetic
patients [20, 21]. However, deregulation of Akt is more
controversial, with studies reporting significant reductions
of insulin-stimulated Ser*”* or Thr**® phosphorylations [22,

23], and others showing no difference in phosphorylation or
enzymatic activity of Akt between control participants and
type 2 diabetic patients [18, 24]. A possible explanation for
these discrepancies could be the fact that isoform-specific
defects of Akt phosphorylation and activity have not been
accounted for in these studies. Recently, it has been reported
that the activities of Akt2 and Akt3, but not Aktl, are
decreased in skeletal muscle biopsies from insulin-resistant
morbidly obese participants [25].

To gain more insight on the contribution of each Akt
isoform to insulin signalling defects in skeletal muscle in
type 2 diabetes, we determined the phosphorylation status
and catalytic activities of the three Akt isoforms in primary
myotubes. We show that isoform-specific alterations of
Akt phosphorylation do occur in myotubes from type 2
diabetic patients in response to insulin, with decreased
Ser*’® phosphorylation on Akt2 and decreased Thr’®®
phosphorylation on Aktl. Decreased Akt-Ser*”® phosphory-
lation may be dependent on increased levels of the Akt2-
specific phosphatase PH domain leucine-rich repeat protein
phosphatase 1 (PHLPP1) in skeletal muscle from type 2
diabetic patients.

Methods

Participants All participants gave their written consent after
being informed of the nature, purpose and possible risks of
the study. Experimental protocols were approved by the
Ethical Committees of the Hospices Civils de Lyon and
performed according to French legislation (Huriet law).

Nine healthy lean volunteers and nine moderately obese
type 2 diabetic patients were enrolled in the study. Their
characteristics are presented in Table 1. Both men and women
were recruited. No sex-related differences were observed in
our measurements on biopsies or biopsy-derived myotubes.
None of the control participants was taking medications or
had impaired glucose tolerance, or a familial or personal
history of diabetes, obesity, dyslipidaemia or hypertension.
Type 2 diabetic patients were treated with oral hypoglycae-
mic agents (metformin and sulfonylurea). Participants were
submitted to a 3 h hyperinsulinaemic—euglycaemic clamp
with an insulin infusion rate of 2 mU kg ' min' as
described previously [26, 27]. Skeletal muscle (vastus
lateralis) biopsies (wet weight about 80 mg) from five
control participants and five type 2 diabetic patients were
taken under local anaesthesia before and after the clamp [26]
to be used for determination of Akt-Ser*” and -Thr’®®
phosphorylation in vivo. To establish primary cultures of
skeletal muscle cells (myotubes), vastus lateralis muscle
biopsies (wet weight about 200 mg) were taken under local
anaesthesia in four control participants and four type 2
diabetic patients in the basal state.
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Table 1 Characteristics of the participants

Control Type 2 diabetes
participants patients (n=9)
(n=9)
Sex (male/female) 4/5 6/3
Age (years) 44+3 51+£3
BMI (kg/m?) 22.9+0.5 30.1£0.7%**
Fasting glucose (mmol/l) 5+0.2 7.8+0.4%%*
Fasting insulin (pmol/l) 42+6 84+£12%*
Plasma NEFA (umol/l) 608+95 515+61
Plasma triacylglycerol (mmol/l) 690104 1309+168*
Insulin-induced glucose disposal ~ 0.056+£0.008  0.023+0.002%**

rate (mmol kg ™' min~")

*p<0.05, ***¥p<0.001 for type 2 diabetic patients vs control
participants

Culture of human skeletal muscle cells Primary myoblasts
were selected using a monoclonal antibody (5.1HI11,
produced from hybridoma DSHB; University of lowa, lowa
City, IA, USA) combined with magnetic beads. Differenti-
ated myotubes were prepared as previously described [20,
28]. Four days after initiation of the differentiation, cells
showed polynucleated status and produced specific markers
of human skeletal muscle. In agreement with previous
studies [20, 29, 30], the rates of myoblasts’ growth and
fusion into myotubes were similar, and there was no
morphological difference between cultured skeletal muscle
cells from controls and type 2 diabetic patients.

Western blot analysis Myotubes and biopsies were homo-
genised at 4°C in 20 mmol/l Tris—HCI (pH 8.0), 138 mmol/l
NacCl, 1% NP40 (v/v), 2.7 mmol/l KCI, 1 mmol/l MgCl,, 5%
glycerol (v/v), 5 mmol/l EDTA, 1 mmol/l Na3;VO,,
20 mmol/l NaF, 1 mmol/l dithiothreitol (DTT) and protease
inhibitor cocktail. Lysates were centrifuged (12,000xg,
10 min) and stored at —80°C before use. For Akt analysis
in biopsies, 100 pg protein lysate was resolved on 10%
SDS-PAGE (w/v), while 40 pg protein lysate was used
when analysing myotubes. After transfer to polyvinylidene-
fluoride (PVDF) membranes, Akt phosphorylations were
detected using anti-phospho-Ser*’? and anti-phospho-Thr**®
antibodies (no. 9271 and no. 9275; Cell Signaling Technol-
ogy, Danvers, MA, USA). According to the manufacturer,
these phospho-antibodies detect the three Akt isoforms. In
order to analyse specifically each Akt isoform, membranes
were probed with isoform-specific antibodies (no. 2967 for
Aktl, no. 2962 for Akt2 and no. 4059 for Akt3; Cell
Signaling Technology). In order to normalise for equal
protein loading, membranes were stripped and re-blotted
with anti pan-Akt antibody (sc-1619; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) or an anti-x-tubulin antibody (sc-
5286; Santa Cruz Biotechnology). For PDK1 analysis, anti-
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PDK1 and anti-phospho Ser**'-PDK1 antibodies (no. 3062
and no. 3061; Cell Signaling Technology) were used.

Akt immunoprecipitation To measure isoform-specific
Ser’”® and Thr’®® phosphorylations, Aktl, Akt2 or Akt3
were immunoprecipitated from 400 pg protein lysates
prepared from myotubes treated with or without insulin
(100 nmol/l) for 20 min. Immunoprecipitations were per-
formed overnight at 4°C, employing the same antibodies
used for western blotting. Protein A (for Akt2 and 3) or
protein G (for Aktl) sepharose was added and incubated for
3 hours at 4°C. After washing, immunoprecipitated proteins
were resolved on 10% SDS-PAGE (w/v), transferred and
immunodecorated with anti-phospho-Ser*”* or anti-phospho-
Thr’®® antibodies. Detection was performed using rabbit
IgG TrueBlot (no. 18-8816; eBioscience, San Diego, CA,
USA), a secondary antibody recognising immunoprecipitated
proteins without interfering with immunoprecipitated immu-
noglobulins. To normalise for equal protein amount, blots
were stripped and re-probed with anti pan-Akt antibody.

Determination of Akt enzymatic activity After immunopre-
cipitation of Aktl, Akt2 or Akt3, sepharose beads were
washed in the kinase buffer of the Akt kinase assay kit (no.
9840; Cell Signaling Technology). Akt activity was deter-
mined according to the manufacturer’s procedure. Briefly,
0.2 mmol/l ATP and 1 pg glycogen synthase kinase-3 (GSK-
3) fusion protein was added to the immunoprecipitates and
incubated 30 min at 30°C. Supernatant fractions (30 pl) were
loaded on 15% SDS-PAGE (w/v) and phosphorylated GSK-3
protein was detected using an anti-phospho-GSK-3o/f3
antibody. Normalisation of the blots was performed using
anti pan-Akt antibody.

IRS-1-associated PI3K activity IRS-1 was immunoprecipi-
tated using anti-IRS1 antibody (Upstate, Millipore, Billerica,
MA, USA) at 4°C from 200 pg protein lysate from myotubes
treated with or without insulin (100 nmol/l) for 20 min.
PI3K-associated activity was measured in IRS-1 immuno-
complexes using phosphatidylinositol (10 pg per reaction;
Sigma-Aldrich, St Louis, MO, USA) and 10 pumol/l ATP
(supplemented with 3?P-labelled y-ATP, 185 kBq per
reaction; Perkin Elmer, Waltham, MA, USA) as described
[20, 31]. After the reaction, phosphoinositides were separat-
ed by thin-layer chromatography on silica plates (Merck,
Darmstadt, Germany) and labelled products were visualised
and quantified using Phosphor-Imager SI and Image Quant
Software (Molecular Dynamics, Sunnyvale, CA, USA).

Measurement of glycogen synthesis Myotubes were treated
for 90 min with or without 100 nmol/l insulin and then
incubated for 3 h in 5 mmol/l glucose DMEM, supple-
mented with 12.5 mmol/l HEPES (pH 7.4) and containing
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37 kBg/ml p-[U-"*C]glucose (PerkinElmer). After incuba-
tion, cells were washed twice with PBS and scraped in PBS/
0.1% SDS (w/v). Lysates were assayed for protein content
with the BioRad assay (BioRad, Marnes-la-Coquette,
France). Glycogen was extracted as described [28] and the
amount of ['*C]glucose incorporated into glycogen was
determined by scintillation counting.

Quantification of PHLPP1/2 mRNAs PHLPPI and PHLPP?
mRNA expression was measured by reverse transcription
followed by real-time PCR, using a Light-Cycler (Roche
Diagnostics, Meylan, France), in total RNA preparations
from human skeletal muscle samples obtained in a previous
study from control and type 2 diabetic patients with similar
characteristics to those included in the present work [32].
First-strand cDNAs were synthesised from 500 ng total
RNA in the presence of 100 units Superscript II (Invitrogen,
Cergy Pontoise, France) using both random hexamers and
oligo (dT) primers (Promega, Madison, WI, USA). Real-time
PCR was performed in a 20 pl volume containing 5 ul of a
60-fold dilution of the RT reaction medium, 15 pl reaction
buffer from the FastStart DNA Master SYBR Green kit
(Roche Diagnostics) and 10.5 pmol of the forward/reverse
primers (Eurobio, Les Ulis, France). Primers sequences are:
PHLPPI forward, 5-ACACCGTGATTGCTCACTCC-3';
reverse, 5-TTCCAGTCAGGTCTAGCTCC-3'; PHLPP2
forward, 5'-AGGTTCCTGAGCATCTCTTC-3'; reverse, 5'-
GTTCAGGCCCTTCAGTTGAG-3'. Each assay was per-
formed in duplicate and validation of the real-time PCR
runs was assessed by evaluation of the melting point of the
products and by the slope and error obtained with the standard
curve. Analyses were performed using the Light-Cycler soft-
ware (Roche Diagnostics). Results are presented as relative
concentrations using hypoxanthine phosphoribosyltransferase
(HPRT) mRNA levels as internal standard.

Statistical analysis Data are presented as means + SEM.
Statistical significance of the results was determined using a
paired Student’s ¢ test when comparing the effect of insulin
in culture myotubes or in muscle biopsies and unpaired
Student’s ¢ test when comparing the data from control and
type 2 diabetic patients. The threshold for significance was
set at a p value<0.05.

Results

Insulin stimulation of Akt phosphorylation in human
skeletal muscle biopsies The effects of insulin on Akt-Ser*”?
and -Thr’®® phosphorylation was determined in muscle
biopsies taken before and after a 3 h hyperinsulinaemic—
euglycaemic clamp in five controls and five type 2 diabetic

patients (Fig. 1). In control participants, insulin strongly
increased Akt phosphorylation, both on Ser*’? and Thr**®
residues. In type 2 diabetic patients, basal Ser*”> phospho-
rylation tended to be reduced, although the difference
compared with control participants did not reach statistical
significance (p=0.18). After the hyperinsulinaemic—eugly-
caemic clamp, Akt-Ser*’? phosphorylation was significantly
lower in the muscle of type 2 diabetic patients (»p=0.022)
compared with controls. Conversely, Thr*®® phosphoryla-
tion did not differ in biopsies from controls versus type 2
diabetic patients, either in the basal or in the insulin-
stimulated condition (Fig. 1). In agreement with previous
studies [18, 21, 22], there was no alteration in the global
amount of Akt in the skeletal muscle of type 2 diabetic
patients compared with controls, nor did the 3 h clamp
affect the total amount of Akt in human muscle (Fig. 1).

Isoform-specific Akt phosphorylation defects in myotubes
from type 2 diabetic patients We next investigated the
contribution of each Akt isoform to insulin signalling in
primary myotubes. This cell model has been largely used to
study the action of insulin and its defects in insulin resis-
tance. In the present study, myotubes displayed reduced
insulin-induced PI3K activity and glycogen synthesis when
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Fig. 1 Esgt;ects of hyperinsulinaemia on the phosphorylations of Ser'”?
and Thr  of Akt in skeletal muscle of type 2 diabetic patients.
Protein lysates (100 pg) from muscle biopsies taken before and at the
end of a 3 h hyperinsulinaemic—euglycaemic clamp were separated on
a 10% SDS-PAGE (w/v), transferred to polyvinylidenefluoride
(PVDF) membranes4%1d imrnunoblogt(%d with antibodies directed to
Akt-phospho (p)-Ser = (a), Akt-pThr  (b), total Akt and tubulin (to
normalise f% 3equal protein l%%tsiing). The bars show the quantification
of Akt-pSer = and Akt-pThr signals obtained with muscle samples
from five control and five type 2 diabetic (T2D) patients. White bars,
biopsies taken before the clamp; grey and black bars, biopsies taken at
the end of the clamp. *p<0.05 for Akt-Ser =~ phosphorylation in
control participants vs diabetic patients at the end of the hyper-
insulinaemic clamp. AU, arbitrary units

@ Springer



516

Diabetologia (2008) 51:512-521

prepared from the skeletal muscle of type 2 diabetic patients
(Fig. 2).

As shown in Fig. 3, all Akt isoforms were detected in
myotubes and the amount did not differ significantly in
cells from controls and type 2 diabetic patients. However,
Aktl was increased, although in a non-significant manner,
in type 2 diabetic patient-derived myotubes. This reflects a
variability in Aktl levels among diabetic patients, as already
noticed in another study [22]. The phosphorylation status of
each Akt isoform was then determined by specific immuno-
precipitation on lysates from myotubes treated or not for
20 min with insulin (100 nmol/l). Ser*”® and Thr*® phos-
phorylations were analysed in the immunoprecipitates by
immunoblotting, and the blots were re-probed with a total
Akt antibody to normalise for protein loading. Figure 4
shows the results of Ser*’® phosphorylation. Insulin-
stimulated Aktl Ser*’® phosphorylation was similar in
myotubes from diabetic patients compared with control
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Fig. 2 Impaired insulin-stimulated IRS1-associated PI3K activity and
glycogen synthesis in myotubes from type 2 diabetic patients. a
Differentiated myotubes from controls and type 2 diabetic (T2D) patients
were serum starved overnight and stimulated with 100 nmol/l insulin for
20 min. IRS1-associated PI3K activity was measured in IRS-1 immune
complexes obtained from non-treated (-) or insulin-stimulated myotubes
(+) as described in the Methods section. **P-labelled phosphatidylinositol
3-phosphate (PtdIns3P) was separated by thin-layer chromatography and
quantified from three independent experiments. PI3K activity was set at
1 for the basal condition in myotubes from control participants. b
Insulin-stimulated glycogen synthesis was measured in primary myo-
tubes from control and T2D patients following a 3 h stimulation without
(white bars) or with 100 nmol/l insulin (grey and black bars).
Incorporation of ["*C]glucose into glycogen (corrected by the protein
levels) was set at 1 for the basal condition in myotubes from control
participants. *p<0.05 for insulin effect in cells from T2D patients vs
control participants. AU, arbitrary units
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myotubes. On the contrary, there was a significant reduction
in the ability of insulin to stimulate Akt2-Ser*’* phosphor-
ylation in myotubes from type 2 diabetic patients (»p=0.035).
Regarding Akt3, insulin-induced Ser*”® phosphorylation was
also diminished in myotubes from type 2 diabetic patients, but
the decrease did not reach statistical significance (p=0.229) in
comparison with the response in cells from controls.

In parallel to Ser*’?, we also determined Thr
phosphorylation. Figure 5 shows that insulin-stimulated
phosphorylation of Aktl on Thr'®® was decreased twofold
in myotubes from type 2 diabetic patients compared with
myotubes from control participants (2.24+0.7 vs 4.1+1.1-
fold increase over basal, respectively; p=0.059). Of note,
Thr*®® phosphorylation occurred mainly on a lower molec-
ular mass form of Aktl in cells from type 2 diabetic patients
(Fig. 5). Regarding Akt2, insulin-induced Thr*®® phospho-
rylation was similar in myotubes from control and diabetic
patients (Fig. 5). Finally, analysis of Akt3-Thr**® phospho-
rylation was not possible due to poor reactivity of the
phospho-Thr*®® antibody towards Akt3 immunoprecipitates
(data not shown).

PDK1 is the kinase mediating Akt-Thr**® phosphorylation.
Figure 6 shows that neither the amount of protein nor Ser**!
phosphorylation of PDKI1 are altered in myotubes from
type 2 diabetic patients, indicating that decreased Aktl-

Thr*®® phosphorylation is not due to faulty PDK1 activation.

308

Enzymatic activity of Akt isoforms is altered in myotubes
from type 2 diabetic patients Since the phosphorylation
state of the Akt isoforms differed between myotubes from
control and diabetic patients, we next measured Akt kinase
activities. An in vitro phosphorylation assay of GSK-3 was
performed in isoform-specific immunoprecipitates of Aktl,
Akt2 and Akt3 from myotubes treated or not with insulin
for 20 min. As seen in Fig. 7, insulin stimulated the activity
of all Akt isoforms in control myotubes, with a more
pronounced effect on Aktl and Akt3. Instead, we observed
profound alterations in the response to insulin for each Akt
isoform in myotubes from type 2 diabetic patients: basal
activities of Aktl and Akt2 were reduced and the response
to insulin stimulation was suppressed for Aktl and Akt2
and strongly reduced for Akt3 (Fig. 7).

mRNA expression of the Akt2-specific PHLPPI protein
serine phosphatase are altered in skeletal muscle from type
2 diabetic patients Control of Akt activity results from the
balance between activatory phosphorylation and dephos-
phorylation-dependent inactivation. The recent discovery
of two phosphatases, PHLPP1 and PHLPP2 [33], which
terminate Akt signalling by dephosphorylating Ser*”* in an
isoform-specific manner, prompted us to evaluate their levels
in skeletal muscle biopsies from control and type 2 diabetic
patients (Fig. 8). PHLPP1 is the predominant isoform, with
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Fig. 3 Akt isoform levels in myotubes from control and type 2
diabetic participants. Protein lysates (40 pg) from control participants
(white bars) or diabetic patients (black bars) were separated by SDS-
PAGE and immunoblotted with specific antibodies to Aktl, Akt2 and
Akt3. The blots are representative western blots for each isoform and

mRNA expression being about fivefold higher than that
of PHLPP2. More importantly, mRNA expression of the
Akt2-specific PHLPP1 was increased 1.5-fold in muscle
from diabetic patients (p=0.024), while PHLPP2 levels
were not different between groups (Fig. 8).

immunoblotting with anti-tubulin antibodies to normalise for equal
protein loading. The bar charts show quantification of Akt isoform
levels in myotubes from control and type 2 diabetic patients, n=4 in
each group. AU, arbitrary units

Discussion

It is widely accepted that Akt/PKB is required for the
metabolic actions of insulin [34]. However, there have been
contradictory results on whether the insulin-induced acti-

a b c
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Fig. 4 Insulin-stimulated Ser*’? phosphorylation of the specific Akt

isoforms in myotubes from type 2 diabetic patients. Protein lysates
(400 pg) from myotubes treated (grey and black bars) or not (white
bars) with 100 nmol/l insulin for 20 min, were immunoprecipitated
(IP) with specific antibodies to Aktl, Akt2 or Akt3. The immunopre-
cipitates were separated by SDS-PAGE and phosphorylation on Ser*’?
was detected with the Akt-phospho (p)-Ser*”® antibody. Blots are
representative western blots of Akt-Ser*”* phosphorylation and to}%l

Akt amounts. The bar charts show quantification of Akt-Ser

phosphorylation levels in 4 different experiments with myotubes from
controls and type 2 diabetic (T2D) patients. For Aktl and Akt3 data
were set at 1 unit for the basal condition in myotubes from control
participants. For Akt2, basal Ser*’® phosphorylation was not detect-
able in human muscle cells from control or from diabetic patients. IgG
represent the 55 kDa immunoglobulins. *p<0.05 for Akt-Ser*”
phosphorylation after insulin stimulation in myotubes from type 2
diabetic patients vs cells from control participants. AU, arbitrary units
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Fig. 5 Insulin-stimulated Thr**® phosphorylation of the specific Akt
isoforms in myotubes from type 2 diabetic patients. Protein lysates
(400 pg) from myotubes treated (grey and black bars) or not (white
bars) with 100 nmol/l insulin for 20 min, were immunoprecipitated

(IP) with specific antibodies to Akt isoforms. The immunoprecipitates

were separated by SDS-PAGE and phosphorylation on Thr*® was

detected with the Akt-phospho (p)-Thr’®® antibody. Blots are
representative western blots of Akt-Thr’®® phosphorylation and total

Akt amounts. Bar charts show quantification of Akt-Thr**® phospho-

rylation levels in four different experiments with myotubes from
control and type 2 diabetic (T2D) patients. Accurate analysis of Akt3
Thr*®® phosphorylation was not possible due to poor reactivity of the
pThr*® antibody towards Akt3 immunoprecipitates (data not shown).
For Aktl data were set at 1 unit for the basal condition in myotubes

from control participants. For Akt2, basal Thr’°® phosphorylation was

not detectable in human muscle cells from control or from diabetic
participants. IgG represents the 55 kDa immunoglobulins. *p<0.05
for Akt-Thr*®® phosphorylation after insulin stimulation in myotubes
from type 2 diabetic patients vs cells from control participants

vation of Akt in human skeletal muscle of type 2 diabetic
patients is impaired [18, 21, 23]. In this study, we measured
the phosphorylation and enzymatic activities of each Akt
isoform in primary myotubes from human skeletal muscle.
We found that the Akt phosphorylation pattern is altered
in myotubes from type 2 diabetic patients in an isoform-
specific manner.

Because of the limited amount of material available, it
was not possible to immunoprecipitate each Akt isoform to
analyse the specific phosphorylation pattern directly from
biopsies. Thus, in muscle biopsies, we only evaluated overall
Akt phosphorylation, which revealed decreased insulin-
induced Ser*’® phosphorylation in type 2 diabetic patients
after the 3 h clamp, while Thr’®® phosphorylation was
unaffected (Fig. 1). Since Akt2 is the prominent isoform in
skeletal muscle ([35]; D. Cozzone and H. Vidal, unpub-
lished observation), overall Akt phosphorylation in biopsies
probably reflects the phosphorylation state of Akt2.
Subsequent use of primary myotubes overcame the problem
of material availability. We observed that the three Akt
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isoforms are produced in myotubes (Fig. 3). This cell
model displays several features of mature skeletal muscle,
and myotubes derived from type 2 diabetic patients have
consistently been shown to retain an insulin resistant
phenotype with altered insulin-dependent glucose and lipid
metabolism [29, 30, 36, 37] and defective insulin signalling
[20, 36]. These defects include strong reduction in the
activation of PI3K in response to insulin [20, 21].

Akt isoforms are downstream targets of PI3K. Full
activation requires phosphorylation of Ser*’® and Thr*®®,
with Thr*® phosphorylation only being sufficient to relay
15% of the maximal Akt activity [2, 4]. In myotubes from
type 2 diabetic patients, we report a loss of efficacy of
insulin to stimulate the enzymatic activity of all Akt isoforms
(Fig. 7). This effect is consequential to the reduction of
insulin-stimulated PI3K (Fig. 2). Furthermore, by evaluating
the phosphorylations of each Akt isoform, we demonstrated
the existence of isoform-specific alterations. Regarding
Aktl, Thr*®® phosphorylation is decreased without modifi-
cation on Ser*”® phosphorylation. The opposite is found for
Akt2, with a specific alteration of Ser*’® phosphorylation
but not Thr'®® phosphorylation. For Akt3, we could not
analyse Thr'®® phosphorylation, but Ser*”® phosphorylation
was decreased, although less than for Akt2.

By employing PDK-1"" cells it was demonstrated that
inhibition of Thr*®® phosphorylation, independently from
Ser*”? phosphorylation, ablates Akt activity [38]. Defective
stimulation of Thr’®® phosphorylation in response to insulin
could thus explain the marked reduction of Aktl activity in
myotubes from diabetic patients (Fig. 7). However, we did
not observe alterations in the production or phosphorylation
of PDK1 in myotubes from type 2 diabetic patients. Together
with the fact that Akt2-Thr’®® phosphorylation was unaf-
fected, these data suggest that the defective Aktl-Thr**®
phosphorylation is not due to a dysfunction of PDK-1.

Relative to Akt2, a specific defect of Ser*”® phospho-
rylation was observed in myotubes from type 2 diabetic

Control T2D

Total PDK1 s ! ——=m g

PDKI-pSer®!! B> s smme ss— s

Insulin - + - +
Fig. 6 PDKI levels and phosphorylation in myotubes from type 2
diabetic patients. Protein lysates (40 pg) from myotubes from controls
and type 2 diabetic (T2D) participants were separated by SDS-PAGE
and immunoblotted with specific antibodies to phospho (p)-PDK1 and
total PDK1. The western blots presented are representative of three
different experiments
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Fig. 7 Effect of insulin on Aktl, Akt2 and Akt3 kinase activities in
myotubes from type 2 diabetic patients. Protein lysates (40 pg) from
myotubes treated (grey and black bars) or not (white bars) with
100 nmol/l insulin for 20 min were immunoprecipitated with specific
antibodies to Akt isoforms. Akt kinase activity was measured using a
GSK-3 fusion protein as substrate, as indicated in the Methods
section. The phosphorylation of the GSK-3 protein was measured by
immunoblotting using anti-phospho GSK-3o/f3 antibody. Blots are
representative western blots of GSK-3 phosphorylation by each

patients, without alteration of Thr*®® phosphorylation. The
Akt Ser473 Ala mutant, phosphorylated solely on Thr*®® upon
insulin stimulation, retains a partial catalytic activity (15%
of wild-type Akt [2]). Thus, normal Thr’®® and decreased
Ser*”® phosphorylation might partially activate Akt2. How-
ever, we could not distinguish such partial activation from
the basal state, considering that Akt2 activation in control
myotubes was twofold. Several Akt-Ser*’® kinases are
known, including the rictor—mTOR complex [4]. Based on
the fact that the Aktl-Ser*”® phosphorylation is not altered,
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Fig. 8 Expresion of PHLPPI and PHLPP2 mRNA in skeletal muscle
biopsies from controls and type 2 diabetic subjects. The mRNA
expression of (a) PHLPPI and (b) PHLPP2 was determined by
quantitative real-time PCR, as described in the Methods section.
Vastus lateralis muscle samples were obtained from age-matched
healthy control subjects (white bars) and type 2 diabetic patients
(black bars) [32]. *p=0.024 comparing PHLPPI mRNA expression in
biopsies from control subjects vs diabetic patients. AU, arbitrary units

immunoprecipitated (IP) Akt isoform, and total Akt amount to
normalise for equal protein loading. The bar charts show quantifica-
tion of GSK-3 protein phosphorylation levels in myotubes from
control and type 2 diabetic (T2D) patients (n=4). For each Akt
isoform, data were set at 1 unit for the basal condition in myotubes
from control participants. *p<0.05 comparing insulin-stimulated Akt
activity in muscle cells from control participants vs T2D patients. AU,
arbitrary units

we assume that rictor-mTOR activity is not impaired and
does not contribute to the specific defect of Akt2. An
alternative mechanism could be the implication of isoform
specific phosphatases. Indeed, PHLPP1 dephosphorylates
the Ser*”® residue of Akt2, whereas Aktl-Ser*”® is specif-
ically dephosphorylated by PHLPP2 [33]. Therefore we
measured PHLPP! and PHLPP2 mRNA expression in
skeletal muscle biopsies. Our observation that PHLPPI
mRNA is upregulated in type 2 diabetic patients (Fig. 8)
provides an attractive hypothesis to explain the defect of
Akt2-Ser*”® phosphorylation. Likewise, the fact that
PHLPP2 mRNA expression is similar in control participants
and type 2 diabetic patients is in keep with the unaltered
Akt1-Ser*”® phosphorylation. Further investigations deter-
mining the PHLPP1/2 protein levels and enzymatic activ-
ities are warranted to fully validate this hypothesis.

In view of our data, it now appears important that a
general consensus should be reached as to whether Akt
action is impaired in skeletal muscle in type 2 diabetes.
Krook et al. [22], using a non-commercial antibody recog-
nising primarily (but perhaps not exclusively) Aktl, initially
demonstrated defective insulin-induced activation of Aktl in
isolated muscle strips from biopsies from moderately obese
type 2 diabetic patients. Soon after, Kim et al. [18], analysing
muscle biopsies taken before and after an hyperinsulinaemic—
euglycaemic clamp in type 2 diabetic patients, did not observe
defective Aktl/2 activity nor phosphorylation in spite of
decreased insulin-induced PI3K activation. This finding was
further supported by the observation that total Akt phospho-
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rylation was globally unchanged in muscle cell cultures and
biopsies from controls versus type 2 diabetic patients [21, 23].
It should be noted, however, that these studies did not
measure separately the phosphorylation of each Akt isoform,
neither isoform-specific activity, since the antibodies used
did not discriminate between Aktl and Akt2. In another study,
Brozinick et al. [25] showed that Aktl-Ser*”® phospho-
rylation increases significantly upon insulin stimulation both
in lean and, to a lesser extent, in obese participants. Yet, this
study did not include type 2 diabetic patients, but morbidly
insulin-resistant obese participants. Moreover, this study did
not investigate the phosphorylations on Akt2 and Akt3 [25].
Finally, given the reduced Ser*’® phosphorylation of Aktl
and IRSl1-associated PI3K activity observed in obese par-
ticipants, it is surprising that normal Aktl activity was
reported, while Akt2 and Akt3 activities were reduced [25].
No explanation was provided to address these discrepancies
and, to our opinion, this underscores the importance of
studying the phosphorylation of both Ser*”* and Thr’®®, as
was done in our investigation. Another important issue is the
origin of the muscle biopsies, which might influence the
results. In our study, as in most studies [18, 21-23], biopsies
were from vastus lateralis, while Brozinick et al. used strips
from the rectus abdominal muscle [25]. Further methodo-
logical differences might include the use of antibodies from
different sources, which could explain discrepancies in the
results, especially regarding isoform levels, phosphorylation
and activity.

The originality of our study, compared with the preceding
ones, is that we provide data on both phosphorylation and
activity for each Akt isoform, something that was investigated
partly in Kim’s and Brozinick’s studies [18, 25]. Furthermore,
we attempted to define possible mechanisms to explain the
differences in Akt phosphorylation/activity between control
participants and type 2 diabetic patients, including analysis
of PDK1 and PHLPP.

In a recent report, siRNA-mediated Aktl and Akt2
silencing in myotubes revealed Akt isoform-specific functions
governing glucose and lipid metabolism [15]. An IRS-1/Akt2
pathway, requiring Ser*”® phosphorylation, was involved in
the regulation of glucose metabolism, while an IRS-2/Aktl
pathway, requiring Thr’®® phosphorylation, mediated lipid
uptake and metabolism [15]. Here, using a human myotubes
model with naturally occurring insulin resistance, we
demonstrate that the regulation by insulin of phosphorylation
of both Akt2-Ser*”® and Akt1-Thr*®® are altered in myotubes
from type 2 diabetic patients. Because defects in the regu-
lation of glucose and lipid metabolism in skeletal muscle are
hallmarks of type 2 diabetes mellitus, our findings, together
with those of Bouzakri et al. [15], suggest that a combination
of mechanisms, affecting the different pathways of Akt
activation in response to insulin, contribute to insulin
resistance. Studies are now needed to verify whether these
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alterations observed in cultured myotubes also occur in vivo
in the skeletal muscle of type 2 diabetic patients.

In summary, we have demonstrated that myotubes from
moderately obese type 2 diabetic patients are characterised
by specific alterations in the phosphorylation of the different
Akt isoforms, with defective Akt2-Ser*”* phosphorylation
and, to a lesser extent, Akt3-Ser*”® phosphorylation and
altered Thr’®® phosphorylation in the case of Aktl. For
each Akt isoform, profound inhibition of enzymatic activity
was observed. These defects could be in part due to increased
levels of PHLPPI in the muscle of type 2 diabetic patients.
Because specific biological roles of Akt isoforms have been
proposed in skeletal muscle, our observations provide new
clues to understand the defective action of insulin on
different metabolic pathways in type 2 diabetes.
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