
Insulin spelling regulates glucose uptake into fat and
muscle cells through the recruitment of glucose trans-
porter (GLUT)4 from an intracellular membrane
storage pool to the plasma membrane [1±3]. The first
critical step in the stimulation of glucose transport is
activation of the insulin receptor intrinsic tyrosine ki-
nase. The activated receptor phosphorylates endoge-
nous substrate proteins, primarily members of the in-
sulin receptor substrate (IRS) family [4]. Tyrosine
phosphorylation within multiple YXXM and
YMXM motifs on the IRS proteins provide docking
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Abstract

Aims/hypothesis. A natural cofactor of mitochondrial
dehydrogenase complexes and a potent antioxidant,
a-lipoic acid improves glucose metabolism in people
with Type II (non-insulin-dependent) diabetes melli-
tus and in animal models of diabetes. In this study
we investigated the cellular mechanism of action of
a-lipoic acid in 3T3-L1 adipocytes.
Methods. We treated 3T3-L1 adipocytes with
2.5 mmol/l R (+) a-lipoic acid for 2 to 60 min, fol-
lowed by assays of: 2-deoxyglucose uptake; glucose
transporter 1 and 4 (GLUT1 and GLUT4) subcellu-
lar localization; tyrosine phosphorylation of the insu-
lin receptor or of the insulin receptor substrate-1 in
cell lysates; association of phosphatidylinositol 3-ki-
nase activity with immunoprecipitates of proteins
containing phosphotyrosine or of insulin receptor
substrate-1 using a in vitro kinase assay; association
of the p85 subunit of phosphatidylinositol 3-kinase
with phosphotyrosine proteins or with insulin recep-
tor substrate-1; and in vitro activity of immunoprecip-
itated Akt1. The effect of R (+) a-lipoic acid was also
compared with that of S(±) a-lipoic acid.

Results. Short-term treatment of 3T3-L1 adipocytes
with R (+) a-lipoic acid rapidly stimulated glucose
uptake in a wortmannin-sensitive manner, induced a
redistribution of GLUT1 and GLUT4 to the plasma
membrane, caused tyrosine phosphorylation of insu-
lin receptor substrate-1 and of the insulin receptor,
increased the antiphosphotyrosine-associated and in-
sulin receptor substrate-1 associated phosphatidyli-
nositol 3-kinase activity and stimulated Akt activity.
Conclusion/interpretation. These results indicate that
R (+) a-lipoic acid directly activates lipid, tyrosine
and serine/threonine kinases in target cells, which
could lead to the stimulation of glucose uptake in-
duced by this natural cofactor. These properties are
unique among all agents currently used to lower gly-
caemia in animals and humans with diabetes. [Dia-
betologia (2000) 43: 294±303]
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sites for Src-homology 2 domain-containing proteins.
This facilitates the recruitment and the modulation
of the regulatory or catalytic activities of a variety of
signalling proteins including the p85 regulatory sub-
units (p85) of type I phosphatidylinositol 3-kinase
(PI3K) [5, 6]. Binding of p85 to IRS proteins activates
the associated p110 catalytic subunit of PI3K which in
turn catalyses the phosphorylation of phosphoinosi-
tides at the D3 position of the inositol ring [7]. Acti-
vation of PI3K has been shown to be necessary for in-
sulin-mediated GLUT4 translocation [8±12]. One of
the downstream effectors of PI3K is the protein ser-
ine/threonine kinase Akt/protein kinase B (PKB).
Activation of Akt causes GLUT4 translocation in L6
skeletal muscle cells [13, 14], 3T3-L1 adipocytes [15]
and isolated rat adipocytes [16]. A role for Akt in
the stimulation of glucose transport by insulin in
L6 muscle cells has now been confirmed using a dom-
inant negative mutant construct [17].

There is considerable evidence that a defect in glu-
cose transport is responsible for the acquired insulin
resistance of glucose uptake observed in diabetes
[18]. This metabolic impairment could conceivably
be explained by a variety of defects in GLUT4 regu-
lation including alterations in GLUT4 expression
and translocation, defects in the insulin signalling
pathway and alterations in the temporal and spatial
pattern of signalling molecules. Current antidiabetic
therapeutic strategies to reduce glycaemia involve
pharmacological agents which promote insulin re-
lease (sulphonylureas), curb hepatic glucose output
(biguanides) or increase gene expression in fat cells
(thiazolidinediones) [19±22]. These compounds also
have secondary peripheral effects, such as the stimu-
lation of glucose transport into insulin-responsive tis-
sues.

A new agent that could be useful in the control of
glycaemia is a-lipoic acid (thioctic acid), a potent bio-
logical antioxidant and a natural cofactor of mito-
chondrial dehydrogenase complexes involved in car-
bohydrate metabolism [23, 24]. It has been beneficial
in the treatment of diabetic neuropathy [25]. In addi-
tion, treatment with a-lipoic acid enhanced insulin-
stimulated glucose metabolism in animal models of
diabetes [26±28]. Moreover, short-term and repeated
treatment with a-lipoic acid improved insulin-stimu-
lated glucose disposal in subjects with Type II (non-
insulin-dependent) diabetes mellitus [29±31]. In
agreement with previous studies in isolated-dia-
phragm [32] and perfused-heart preparations [33] we
have shown that a-lipoic acid rapidly stimulates glu-
cose transport into L6 skeletal muscle cells in culture
[34].

Stimulation of glucose transport by a physiologi-
cally relevant compound such as a-lipoic acid war-
rants investigation into its mechanism of action.
Here we show that in 3T3-L1 adipocytes a-lipoic
acid stimulates glucose transport through the rapid

translocation of GLUT1 and GLUT4. Tyrosine phos-
phorylation of the insulin receptor and IRS-1 in 3T3-
L1 adipocytes were increased by a-lipoic acid. The
activities of PI3K and Akt were also increased in re-
sponse to a-lipoic acid. These unique metabolic ac-
tions of a-lipoic acid, including the rapid stimulation
of glucose transport through the engagement of com-
ponents of the insulin signalling pathway, support the
potential use of a-lipoic acid as an antidiabetic agent.

Materials and methods

Materials. Dulbecco's modified Eagles medium (DMEM), calf
serum (CS), fetal bovine serum (FBS) and other tissue culture
reagents were purchased from GIBCO/BRL (Burlington,
Ont., Canada). We obtained R (+) a-lipoic acid and S(±) a-li-
poic acid from ASTA Medica (Frankfurt, Germany). Human
insulin (Humulin R) was obtained from Eli Lilly Canada (To-
ronto, Ont., Canada). Protein A Sepharose and protein G
Sepharose were from Pharmacia (Uppsala, Sweden). The anti-
body to the a subunit of the insulin receptor (ARS-2) was a
kind gift from Dr. C. Yip (Department of Physiology, Universi-
ty of Toronto). Polyclonal anti-Akt1 (C-20) and monoclonal
anti-phosphotyrosine (PY99) antibody were purchased from
Santa Cruz Biotechnology (Santa Cruz, Calif., USA). Poly-
clonal anti-IRS-1, anti-p85, monoclonal anti-phosphotyrosine
antibodies and Akt substrate peptide (Crosstide) were from
Upstate Biotechnology (Lake Placid, N. Y., USA). Polyclonal
anti-GLUT1 and anti-GLUT4 glucose transporter antisera
were from East Acres Laboratories (Southbridge, Mass.,
USA). Purified L-a-phosphatidylinositol (PI) was purchased
from Avanti Polar Lipids (Alabaster, Ala., USA). Oxalate-
treated TLC silica gel H plates (250 microns) were from Anal-
tech (Newark, Del., USA). Wortmannin was from Sigma (St.
Louis, Mo., USA). Microcystin and okadaic acid were from
BioMol (Plymouth Meeting, Pa., USA). All other reagents
were of the highest analytical grade.

Cell culture, subcellular fractionation and 2-deoxy-3H-d-glu-
cose uptake. Mouse 3T3-L1 fibroblasts were differentiated
into adipocytes as described previously [35]. Before all experi-
mental manipulations, 3T3-L1 adipocytes were deprived of se-
rum for at least 3 h. Subcellular fractionation of 3T3-L1 adipo-
cytes grown in 10-cm dishes was carried out as described [36] to
obtain plasma membranes (PM), high density microsomes
(HDM) and low density microsomes (LDM). Protein (15 mg)
was resolved by 10 % SDS-PAGE and immunoblotted for
GLUT1 or GLUT4. We measured 2-Deoxy-3H-d-glucose up-
take in 3T3-L1 adipocytes as described previously [37]. Each
condition was assayed in triplicate.

Immunoprecipitation and assay of phosphatidylinositol 3-ki-
nase activity. The PI3K activity associated with anti-phos-
photyrosine immunoprecipitates was determined as described
previously for the measurement of PI3K activity associated
with IRS-1 immunoprecipitates with the following modifica-
tions [11, 38]: briefly, 3T3-L1 adipocytes grown in 6-cm dishes
were treated with 2.5 mmol/l a-lipoic acid or 100 nmol/l insulin
for the times indicated in Figure 3 and Table 1. Cells were lys-
ed and 500 mg of total cellular protein was subjected to immu-
noprecipitation using 2 mg of anti-phosphotyrosine (PY99) or
anti-IRS-1 antibodies. The thin layer chromatography plates
we used were treated with trans-1,2-diaminocyclohexane-
N,N,N',N'-tetra-acetic acid. The PtdIns3P and PtdIns4P (phos-
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phatidylinositol 3- and 4-phosphate, produced by PI3K and
PI4K, respectively) were separated in the presence of boric
acid [39]. The detection and quantification of [32P]PI3P on
TLC plates was accomplished using a Molecular Dynamics
PhosphorImager System (Sunnyvale, Calif., USA).

Immunoprecipitation and assay of Akt1 protein kinase activity.
Immunoprecipitation of Akt and kinase assay was carried out
as described previously with the following modifications [38]:
briefly, 3T3-L1 adipocytes were grown in 6-cm dishes and
treated with 2.5 mmol/l a-lipoic acid or 100 nmol/l insulin for
the times indicated in Table 2 in the absence or presence of
100 nmol/l wortmannin (30-min pretreatment). The cells were
lysed and for each assay, 200 mg of total cellular protein was im-
munoprecipitated with 2 mg of anti-Akt1 antibody coupled to
20 ml of each a solution of 100 mg/ml protein A-sepharose and
protein G-Sepharose beads.

Detection of insulin receptor substrate-1 phosphorylation and
association with the p85 subunit of PI3K. Detection of the level
of IRS-1 tyrosine phosphorylation was determined as de-
scribed previously for L6 myotubes [40] with the following
modifications: briefly, 3T3-L1 adipocytes grown in 6-cm dishes
were treated with 2.5 mmol/l a-lipoic acid or with 100 nmol/l
insulin for the times indicated in Figure 5, lysed and 500 mg of
total cellular protein was immunoprecipitated with 2 mg anti-
IRS-1 antibody. Proteins were resolved by 7.5 % SDS-PAGE
and then electrotransferred onto polyvinylidene difluoride
(PVDF) membranes. The blots were probed with either anti-
phosphotyrosine antibody (monoclonal, 1:5000 dilution) or
anti-p85 antibody (polyclonal, 1:1000 dilution). Proteins were
detected by the enhanced chemiluminescence method using
sheep anti-mouse or goat anti-rabbit immunoglobulin conju-
gated to horseradish peroxidase (1:2000 dilution), respectively.
Autoradiograms of x-ray films exposed to produce bands with-
in the linear range for quantification were scanned in a Micro-
tek ScanMaker IIHR (Microtek, Redondo Beach, Calif.,
USA) and quantified using the computer software NIH Image
(National Institutes of Health, Bethesda, Md., USA).

Detection of insulin receptor phosphorylation. We grew 3T3-L1
adipocytes in 6-cm dishes and treated them with 2.5 mmol/l a-
lipoic acid or with 100 nmol/l insulin for the times indicated in
Figure 4. Then they were rinsed twice with ice-cold PBS con-
taining 100 mmol/l sodium vanadate (Na3VO4) and lysed with
0.5 ml of lysis buffer [150 mmol/l NaCl, 50 mmol/l TRIS, pH
7.2, 0.25 % (w/v) deoxycholate, 1 % (w/v) nonidet P-40,
10 mmol/l sodium pyrophosphate, 100 mmol/l NaF, 2 mmol/l
EDTA, 1 mmol/l Na3VO4 containing a mixture of protease in-
hibitors (1 mmol/l leupeptin, 1 mmol/l pepstatin A, and
200 mmol/l phenylmethylsulphonyl fluoride]. Of the total cellu-
lar protein 1 mg was incubated with 0.5 mg/ml anti-ARS-2 an-
tibody for 2±3 h at 4 �C under constant rotation, followed by a
1-h incubation with 30 ml of a solution of 100 mg/ml protein A
Sepharose beads. Immunocomplexes were washed five times
with phosphate-buffered saline containing 100 mmol/l Na3VO4
and 0.1 % nonidet P-40. Pellets were resuspended and proteins
were resolved by 7.5 % SDS-PAGE and electrotransferred
onto PVDF membranes. The blots were probed with anti-
phosphotyrosine antibody (monoclonal, 1:5000 dilution) as de-
scribed above.

Statistical analysis. Statistical analysis was done using the anal-
ysis of variance test (ANOVA, Fisher's multiple comparisons
test) or the paired two-tailed z test. A p value less than 0.05
was considered significant.

Results

R (+) a-Lipoic acid stimulates the translocation of
GLUT1 and GLUT4 to the plasma membrane. We
have previously shown that short-term treatment of
L6 myotubes and 3T3-L1 adipocytes with R (+) a-li-
poic acid for 60 min leads to the stimulation of glu-
cose transport, similar to the action of insulin [34].
Here we examined the effect of R (+) a-lipoic acid
on the subcellular distribution of the glucose trans-
porters GLUT1 and GLUT4. Equal amounts of pro-
tein (15 mg) from each fraction were resolved by
10% SDS-PAGE and immunoblotted for GLUT1 or
GLUT4. Treatment of 3T3-L1 adipocytes with R (+)
a-lipoic acid for 60 min augmented GLUT1 in the
plasma membrane fraction (PM) by 2.1 � 0.4-fold
(p < 0.05), relative to that in the PM of untreated cells
(control, C) (Fig.1). Insulin caused a similar gain in
GLUT1 in the plasma membrane (2.1 � 0.3-fold,
p < 0.001). Both R (+) a-lipoic acid and insulin re-
duced GLUT1 content in the low-density microsomal
fraction (LDM) of 3T3-L1 adipocytes, with insulin
being the more effective agent [R (+) a-lipoic acid:
30% reduction (p < 0.05); insulin: 61 % reduction
(p < 0.001)].

A 2.9 � 0.9-fold (p < 0.05) increase in GLUT4 con-
tent in the PM, relative to PM of control cells was
caused by R (+) a-lipoic acid (Fig.2). Insulin in-
creased GLUT4 at the plasma membrane by
4.8 � 1.6-fold (p < 0.05) above control. There was no
statistically significant difference between the
amount of GLUT4 in the PM of cells treated with in-
sulin and those treated with R (+) a-lipoic acid. A re-
duction in GLUT4 in the LDM in response to R (+)
a-lipoic acid (16%, p < 0.05) and insulin (37%,
p < 0.001) was also observed.

Concentration-dependent stimulation of glucose trans-
port by R (+) a-lipoic acid. A dose-dependent stimu-
lation of 2-deoxyglucose uptake into 3T3-L1 adipo-
cytes was elicited by R (+) a-lipoic acid. Treatment
of 3T3-L1 adipocytes with increasing concentrations
of R (+) a-lipoic acid led to a dose-dependent in-
crease in glucose transport which was first observed
at 1 mmol/l R (+) a-lipoic acid (57 %), and continued
to increase up to the highest concentration tested of
5 mmol/l (100%) (Fig.2). In all subsequent experi-
ments, the effects of R (+) a-lipoic acid were deter-
mined at a concentration of 2.5 mmol/l, which is in
the mid range of the concentration-dependent stimu-
lation of glucose uptake by R (+) a-lipoic acid. The
sensitivity to R (+) a-lipoic acid in these 3T3-L1 adi-
pocytes is reminiscent of that measured previously
for L6 myotubes [34].

Wortmannin prevents the stimulation of glucose trans-
port by R (+) a-lipoic acid. We examined the possible
engagement of molecules that are known to mediate

K. Yaworsky et al.: Mechanism of action of a-lipoic acid296



insulin action to explain the mechanism underlying
the stimulation of glucose transport by R (+) a-lipoic
acid. Glucose transport was stimulated by R (+) a-li-
poic acid in 3T3-L1 adipocytes by four-fold [basal: 4.2
pmol ´ min±1 ´ mg±1, R (+) a-lipoic acid: 17.1 pmol ´
min±1 ´ mg±1 protein] (Fig.2). Pretreatment of 3T3-L1
adipocytes with 100 nmol/l wortmannin for 30 min ab-
rogated the ability of R (+) a-lipoic acid to stimulate
glucose transport [control: 3.7 pmol ´ min±1 ´ mg±1 pro-
tein, R (+) a-lipoic acid + wortmannin: 2.7 pmol ´
min±1 ´ mg±1 protein]. Similarly, wortmannin abolished
insulin-stimulated glucose transport (insulin + wort-
mannin: 3.4 pmol ´ min±1 ´ mg±1 protein).

Activation of PI3K by R (+) a-lipoic acid. The results
obtained above with wortmannin suggested that
R (+) a-lipoic acid engages PI3K in its mechanism of
action. To further explore this possibility, we deter-
mined the effect of R (+) a-lipoic acid on PI3K activ-
ity associated with anti-phosphotyrosine immunopre-
cipitates, using an in vitro kinase assay (Table 1).
Treatment of 3T3-L1 adipocytes with R (+) a-lipoic
acid raised the phosphotyrosine-associated PI3K ac-
tivity to 4.0 � 0.6-fold (p < 0.05) at 5 min, relative to
control and to 4.4 � 0.90-fold (p < 0.05) at 10 min, rel-
ative to control. By 20 and 30 min, PI3K activity re-
mained high but was not significantly different from
basal activity (3.4 � 0.2 and 2.2 � 0.3, respectively).
Insulin treatment (5 min) induced a greater increase
in the activity of PI3K associated with phosphotyro-
sine (13.2 � 1.3-fold, p < 0.0001) than that achieved
with R (+) a-lipoic acid. In vitro treatment with wort-
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Fig. 1 A, B. Effect of R (+) a-lipoic acid on the distribution of
glucose transporters. Plasma membranes (PM) and low densi-
ty microsomes (LDM) were isolated from cells that were treat-
ed for 1 h with 2.5 mmol/l R (+) a-lipoic acid (LA) or for
20 min with 100 nmol/l insulin (I). Protein (15 mg) was resolved
by 10 % SDS-PAGE and immunoblotted for GLUT1 (A) or
GLUT4 (B). Immunoreactive bands were scanned and protein
quantified. A representative immunoblot is shown. Results are
the means � SEM of four experiments and are expressed in
relative units, with the average reading of control (C) PM as-
signed a value of 1. *Significantly different from control PM,
p < 0.05 (z test, two-tailed). #Significantly different from con-
trol LDM, p < 0.05 (z test, two-tailed).

A

B

Fig. 2. A Concentration dependence of the action of R (+) a-
lipoic acid on 2-deoxyglucose uptake. Cells grown in 12-well
dishes were treated for 60 min with increasing concentrations
of R (+) a-lipoic acid (LA). Subsequently 2-deoxy-3H-d-glu-
cose uptake was determined over 5 min. Results represent the
means � SEM of four experiments. The results are expressed
as the per cent (%) response in comparison with the highest
stimulation of glucose transport elicited at 5 mmol/l R (+) a-li-
poic acid. B Effect of wortmannin on R (+) a-lipoic acid-stim-
ulated glucose transport. Cells were treated for 60 min with
2.5 mmol/l R (+) a-lipoic acid (LA) or with 100 nmol/l insulin
(I) for 30 min, in the absence or presence of 100 nmol/l wort-
mannin (W, 30 min pretreatment). Results represent the
means � SEM of three to seven experiments. *Significantly dif-
ferent from control, p < 0.05 (ANOVA, Fisher's multiple com-
parisons test). #Significantly different from corresponding con-
trols, p < 0.05 (ANOVA, Fisher's multiple comparisons test)



mannin (100 nmol/l) prevented the insulin and R (+)
a-lipoic acid stimulation of PI3K activity (data not
shown).

Effect of R (+) a-lipoic acid on Akt1 activity. The reg-
ulation of Akt1 by insulinomimetic agents has not
been explored, despite the implication of this enzyme
in the stimulation of glucose transport by insulin [15,
17, 41]. Table 2 shows the ability of R (+) a-lipoic

acid to increase the activity of Akt1 by 2.4 � 0.5-fold
(p < 0.05) in 5 min and by 2.2 � 0.9-fold (p < 0.05) in
10 min. Activation of Akt1 by R (+) a-lipoic acid sub-
sided in time, so that at 20 and 30 min it no longer
reached statistical significance (1.6 � 0.2 and
1.7 � 0.2, respectively). Hence, the rise in Akt1 acti-
vation stimulated by R (+) a-lipoic acid followed a
similar temporal pattern to the stimulation of PI3K
activity. By comparison, Akt1 activity was increased
4.2 � 0.8-fold after 5 min of exposure to insulin
(p < 0.0001). Pretreatment of the cells with 100
nmol/l wortmannin prevented the activation of Akt1
by both R (+) a-lipoic acid and insulin. This finding
suggests that the activation of Akt1 by R (+) a-lipoic
acid is downstream of PI3K.

Effect of R (+) a-lipoic acid on IRS-1 phosphoryla-
tion and PI3K activity. Given that a-lipoic acid in-
duced the activation of PI3K bound to phosphotyro-
sine-containing proteins, we explored whether the
compound affected tyrosine phosphorylation of IRS-
1 or PI3K activity associated with it. Insulin-receptor
substrate-1 is the predominant IRS protein in differ-
entiated 3T3-L1 adipocytes and it could be a major
mediator of the metabolic actions of insulin in these
cells [42±44]. Immunoprecipitates of IRS-1 from
3T3-L1 adipocytes that were treated with R (+) a-li-
poic acid or insulin were resolved by 7.5% SDS-
PAGE and immunoblotted with anti-phosphotyro-
sine antibody. Treatment with R (+) a-lipoic acid for
2 or 5 min stimulated tyrosine phosphorylation of
IRS-1 by 3.1 � 1.1-fold (p < 0.05) or 3.3 � 1.1-fold
(p < 0.05), compared with the control. By compari-
son, tyrosine phosphorylation of IRS-1 was stimulat-
ed 4.7 � 1.3-fold (p < 0.05) by a 2-min insulin chal-
lenge (Fig.3). Treatment with R (+) a-lipoic acid for
5 min considerably stimulated the activity of PI3K ac-
tivity associated with IRS-1 (8.5 � 1.6-fold) (Fig.3).
Consistent with the stimulation of tyrosine phospho-
rylation of IRS-1 by R (+) a-lipoic acid, the stimula-
tion of PI3K caused by R (+) a-lipoic acid was still
below that achieved by the maximum insulin concen-
trations (12.7 � 1.9-fold). These experiments high-
light the ability and potency of R (+) a-lipoic acid
alone to increase the activity of an enzyme that is cen-
tral to insulin action and to the stimulation of glucose
uptake.

Induction of tyrosine phosphorylation of the insulin
receptor by R (+) a-lipoic acid in intact cells. Insulin
activates the intrinsic tyrosine kinase activity of its re-
ceptor, leading to autophosphorylation of tyrosine
residues in several regions of the intracellular b sub-
unit of the receptor [45]. The activation of the insulin
receptor tyrosine kinase activity is necessary for the
interaction and subsequent activation of downstream
signalling molecules, including IRS-1. To define the
involvement of tyrosine kinases in the action of
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Table 1. Activation of PI3K by R (+) a-lipoic acid

Stimulus IP Time, min Fold increase
in PI3K activity

C anti-PY 0 1.0
LA anti-PY 5 4.0 ± 0.6a

LA anti-PY 10 4.4 ± 0.9a

LA anti-PY 20 3.4 ± 0.2
LA anti-PY 30 2.2 ± 0.3
I anti-PY 5 13.2 ± 1.3a

± non-specific IgG ± 0.36 ± 0.2

Phosphatidylinositol 3-kinase activity associated with anti-
phosphotyrosine immunoprecipitates was determined using
the in vitro kinase assay described in Materials and methods.
Results represent the means ± SEM of four independent ex-
periments and are expressed as the fold-stimulation relative
to unstimulated controls.
a Significantly different from control, p < 0.05 (ANOVA, Fish-
er's multiple comparisons test). The cpm of control (basal)
PI3K activity of a representative experiment were 413 582
(1.0-fold) and the cpm of a blank, irrelevant IgG immunopreci-
pitate were 67 846 (0.16-fold). R (+) a-Lipoic acid, LA; insulin,
I; immunoprecipitation, IP; anti-phosphotyrosine, anti PY

Table 2. Activation of Akt1 by R (+) a-lipoic acid

Stimulus IP Time (min) Fold increase in Akt1
kinase activity

± Wort-
mannin

+ Wort-
mannin

C anti-Akt1 0 1.0 1.2 ± 0.2
LA anti-Akt1 5 2.4 ± 0.5a 1.1 ± 0.1c

LA anti-Akt1 10 2.2 ± 0.9a 0.9 ± 0.2
LA anti-Akt1 20 1.6 ± 0.2 0.9 ± 0.1
LA anti-Akt1 30 1.7 ± 0.2 1.0 ± 0.1
I anti-Akt1 5 4.2 ± 0.8a 1.0 ± 0.1b

± non-specific IgG ± 0.7 ± 0.1 ±

Akt1 was immunoprecipitated and kinase activity subsequent-
ly determined using a in vitro kinase assay as described in Ma-
terials and methods. Results represent the means ± SEM of
three to five independent experiments and are expressed as
the fold-stimulation relative to unstimulated controls. a Signi-
ficantly different from control, p < 0.05 (ANOVA, Fisher's
multiple comparisons test). b Significantly different from insu-
lin (I, 5 min), p < 0.0001 (ANOVA, Fisher's multiple compari-
sons test). c Significantly different from R (+) a-lipoic acid
(LA, 5 min), p < 0.05 (ANOVA, Fisher's multiple comparisons
tests). The cpm of basal (control) Akt1 activity of one repre-
sentative experiment were 1099 (1.0-fold) and the cpm of a
blank, non-specific IgG immunoprecipitate were 534 (0.49-
fold). R (+) a-Lipoic acid, LA; insulin, I; immunoprecipitation,
IP



R (+) a-lipoic acid we explored the possibility that
treatment of 3T3-L1 adipocytes with R (+) a-lipoic
acid activates the insulin receptor itself. Treatment
of intact cells with R (+) a-lipoic acid increased ty-
rosine phosphorylation of the insulin receptor
(Fig.4). Despite the noticeable and significant in-
creases in tyrosine phosphorylation of the insulin re-
ceptor at 5 and 10 min of R (+) a-lipoic acid treat-
ment compared with the control (3.9 � 1.2-fold,
p < 0.05 and 4.5 � 1.3-fold, p < 0.05, respectively)
this phosphorylation was lower than that induced by
insulin treatment at 5 min (15.5 � 4.4-fold, vs control,
p < 0.005).

Comparison of the action of R (+) and S(±) d-lipoic
acid on glucose uptake, on IRS-1 phosphorylation
and its association with the p85 subunit of PI3K. The
above experiments were all done using the R (+) iso-
mer of a-lipoic acid. To explore whether some of
these properties were shared by the S(±) isomer, we
compared the effect of the two isomers on hexose up-
take, on IRS-1 phosphorylation and on the associa-

tion of the p85 subunit of PI3K to tyrosine-phospho-
rylated IRS-1. Whereas the R (+) compound stimu-
lated 2-deoxyglucose uptake significantly in 3T3-L1
adipocytes, the S(±) isomer did not cause any statisti-
cally significant effect on this variable (Fig.5). The
S(±) isomer was also very ineffective in causing phos-
phorylation of IRS-1, compared with the R( + ) iso-
mer (Fig.5). The p85 subunit of PI3K failed to asso-
ciate with IRS-1 immunoprecipitates of 3T3-L1 adi-
pocytes treated with S(±) a-lipoic acid, whereas it
showed a positive association in immunoprecipitates
of cells treated with the R (+) isomer (Fig.5).

Discussion

To begin to understand the mechanism underlying
the stimulation of glucose transport by R (+) a-lipoic
acid in 3T3-L1 adipocytes, we examined the effect of
this compound on GLUT1 and GLUT4 redistribu-
tion. Subcellular fractionation of 3T3-L1 adipocytes
indicated that R (+) a-lipoic acid induced a rapid
translocation of GLUT1 and GLUT4 to the plasma
membrane, associated with a reduction in these trans-
porters in the low density microsomal membrane
fraction. This action of R (+) a-lipoic acid qualita-
tively resembled the ability of insulin to redistribute
GLUT1 and GLUT4. The quantitative differences in
the action of R (+) a-lipoic acid and insulin could be
due to the quantitative differences in signalling de-
scribed below. The rapid redistribution of glucose
transporters is likely to be the mechanism by which
R (+) a-lipoic acid can rapidly stimulate glucose
transport into 3T3-L1 adipocytes. To our knowledge,
R (+) a-lipoic acid is the only known agent with an-
tidiabetic properties that can directly induce a rapid
redistribution of glucose transporters in its target
cells, thereby allowing for the subsequent increase in
uptake of glucose.

In this study, we show that R (+) a-lipoic acid
(1±5 mol/l) rapidly stimulated glucose uptake into
3T3-L1 adipocytes, and we show accompanying
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Fig. 3 A, B. Phosphorylation of the insulin receptor substrate-1
(IRS-1) and associated PI3K activity. Total cell lysates were
prepared from cells that were treated with 2.5 mmol/l R (+)
a-lipoic acid (LA) or 100 nmol/l insulin (I). A Insulin receptor
substrate-1 was immunoprecipitated from total cell lysates, im-
munoprecipitates were resolved by 7.5 % SDS-PAGE and im-
munoblotted with anti-phosphotyrosine antibody. A typical
immunoblot is illustrated. Immunoblots from four experi-
ments were scanned and tyrosine phosphorylated IRS-1 quan-
tified. B Activity of PI3K associated with anti-IRS-1 immuno-
precipitates was determined using a in vitro kinase assay. The
results (means � SEM) are expressed in relative units, with
the average reading of the controls (C) assigned a value of
1.0. *Significantly different from control, p < 0.05 (z test, two-
tailed)

Fig. 4. The effect of R (+) a-lipoic acid on in vivo activation of
the insulin receptor. Total cell lysates were prepared from cells
treated in vivo with 2.5 mmol/l R (+) a-lipoic acid (LA) or with
100 nmol/l insulin (I) for the indicated times. The insulin re-
ceptor (IR) was immunoprecipitated, resolved by 7.5 % SDS-
PAGE and immunoblotted with anti-phosphotyrosine anti-
body. Immunoblots were scanned and insulin receptor protein
was quantified. A representative immunoblot of five indepen-
dent experiments is illustrated.



translocation of glucose transporters (using
2.5 mmol/l R (+) a-lipoic acid). This concentration
of R (+) a-lipoic acid is two to seven times higher
than the concentration that could reach muscle and
fat cells in animals or humans treated with the com-
pound (calculated based on the dose given and the
expected volume of blood and extracellular fluid)
[28, 29]. There are two different enantiomers of a-li-
poic acid; the biologically active R (+) isoform and
the S(±) isoform. It was shown previously that R (+)
a-lipoic acid was more potent than S(±) a-lipoic acid
in its ability to stimulate glucose uptake in L6 myotu-
bes [34]. In fact, the S(±) isoform inhibited insulin ac-
tion [46]. For these reasons, the current study focused
on the actions of R (+) a-lipoic acid. When the effect
of the S(±) isomer was tested on 2-deoxyglucose up-
take, IRS-1 phosphorylation or on the association of
p85 subunit of PI3K to IRS-1, there was no statistical-
ly significant effect compared with the action of the
R (+) isomer. Hence, this study further extends the
importance of the R (+) isomer in mimicking some
actions of insulin and highlights the relative lack of
effect of the S(±) isomer.

To analyse the signals involved in the stimulation
of glucose transport and transporter translocation by
R (+) a-lipoic acid, we examined several elements of

the insulin signalling cascade. Studies involving the
use of selective inhibitors of PI3K [8, 9, 47, 48], domi-
nant negative mutants [49] and overexpression of
constitutively active forms of PI3K [50, 51] have
shown the need for PI3K in the stimulation of glucose
transport by insulin. In our study we show that wort-
mannin, a relatively specific inhibitor of PI3K, pre-
vents the stimulation of glucose transport by R (+)
a-lipoic acid in 3T3-L1 adipocytes. Further, R (+) a-
lipoic acid could directly increase PI3K activity asso-
ciated with anti-phosphotyrosine immunoprecipi-
tates and with anti-IRS-1 immunoprecipitates. These
findings suggest that R (+) a-lipoic acid engages com-
ponents of the insulin signal transduction cascade in
its ability to stimulate glucose transport. In contrast
to conditions of contractile activity and hypoxia [48],
or to agents such as dinitrophenol [52] or vanadium
compounds [53] which increase glucose transport in-
dependent of the involvement of PI3K, R (+) a-lipoic
acid has the ability, similar to insulin, to use this en-
zyme.

In support of the ability of R (+) a-lipoic acid to
engage components of the insulin-sensitive pathway,
we showed that this compound activated Akt1, a
downstream effector of PI3K in the stimulation of
glucose transport in muscle cells [17]. Surprisingly,
there is little evidence of any effect of agents being
capable of stimulating glucose transport on the acti-
vation of Akt1. A recent report showed that vanadi-
um compounds activated Akt1 and this activation
was inhibited by wortmannin [54]. This is, however,
inconsequential for glucose transport because the
stimulation of glucose transport by vanadate is wort-
mannin-insensitive [55]. In contrast, both the stimu-
lation of glucose transport and activation of Akt1
by R (+) a-lipoic acid in 3T3-L1 adipocytes are sen-
sitive to inhibition of PI3K with wortmannin. The
engagement by R (+) a-lipoic acid of lipid and ser-
ine/threonine kinases implicated in the stimulation
of glucose transport by insulin lends further support
to the notion that R (+) a-lipoic acid targets the in-
sulin-sensitive pathway. It has recently been de-
scribed that other targets of the products of PI3K,
in particular the atypical protein kinase Cs, partici-
pate in the stimulation of glucose uptake by insulin
in 3T3-L1 adipocytes [56]. There is current debate
on the extent of participation of Akt1 and protein
kinase C in insulin action in the different tissues
and cell types.

Tyrosine kinases acting upstream of PI3K also rep-
resent critical components of the insulin signalling
pathway involved in the stimulation of glucose trans-
port. Our results indicate that IRS-1 tyrosine phos-
phorylation in 3T3-L1 adipocytes was increased in re-
sponse to R (+) a-lipoic acid. This suggests that R (+)
a-lipoic acid activates an upstream tyrosine kinase.
Surprisingly, we found that treatment of 3T3-L1 adi-
pocytes with R (+) a-lipoic acid also increased the ty-
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Fig. 5A±C. Comparison of the effect of R (+) a-lipoic acid and
S(±) a-lipoic acid on 2-deoxyglucose uptake, IRS-1 phosphory-
lation and association of the p85 subunit of PI3K with IRS-1.
A Cells were left untreated (C) or treated for 60 min with
2.5 mmol/l R (+) a-lipoic acid (R-LA) or S(±) a-lipoic acid
(S-LA) or for 30 min with 100 nmol/l insulin. Results represent
the mean of three experiments. *Significantly different from
control, p < 0.05, #Significantly different from S(±) a-lipoic
acid, p < 0.05 (ANOVA, Fisher's multiple comparisons test).
Sample S-LA was not statistically different from sample C,
control. Insulin receptor substrate-1 was immunoprecipitated
from total cell lysates, immunoprecipitates were resolved by
7.5 % SDS-PAGE and immunoblotted with B anti-phosphoty-
rosine (a-PY) or C anti-p85 antibody. Immunoprecipitation,
IP; Immunoblotting, IB



rosine phosphorylation of the insulin receptor, al-
though to a lesser extent than treatment with insulin.

The basis for the ability of R ( + ) a-lipoic acid to
stimulate glucose transport and glucose transporter
translocation remains to be determined. Several re-
cent studies have provided evidence suggesting an as-
sociation between oxidative stress and diabetes
[57±59], and importantly lipoic acid itself has been
shown to protect against the loss of insulin action on
glucose uptake in a model of in vitro oxidative stress
[60]. Thus, it has been suggested that the potent anti-
oxidant and redox-modulating capabilities of a-lipoic
acid contributes to its metabolic actions. The reduced
analogue of a-lipoic acid, dihydrolipoic acid
(DHLA), was previously shown to stimulate glucose
uptake in L6 myotubes to a similar extent as the R
( + ) isoform [46]. In addition, dithiothreitol, a com-
pound with a high redox potential, caused a negligi-
ble and non-statistically significant stimulation of glu-
cose uptake in L6 myotubes [34]. This result suggest-
ed that the high redox potential of a compound is
not sufficient to increase glucose transport. Potential-
ly, the ability of lipoic acid to function as a cellular an-
tioxidant or its involvement as a cofactor of oxidative
metabolism or both could contribute to its ability to
stimulate glucose uptake.

In conclusion, we have shown that the physiologi-
cally relevant compound R (+) a-lipoic acid induces
a rapid redistribution of GLUT1 and GLUT4, lead-
ing to stimulation of glucose uptake into 3T3-L1 adi-
pocytes and that the compound stimulates tyrosine,
lipid, and serine/threonine kinases. The results sug-
gest that R (+) a-lipoic acid could directly target ele-
ments of the insulin signalling pathway, in contrast
to the actions of all other agents known to stimulate
glucose transport. These unique metabolic actions of
R (+) a-lipoic acid, including the rapid stimulation
of glucose transport through components of an insu-
lin sensitive pathway, support the potential therapeu-
tic importance of this agent for the treatment of dia-
betes.
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