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Abstract

Aimslhypothesis. Oxidative stress has been shown to
impair insulin-stimulated glucose transporter 4 trans-
location in 3T3-L1 adipocytes. This study explores
the potential of the antioxidant lipoic acid to protect
the cells against the induction of insulin resistance
when given before exposure to oxidative stress.
Methods. 3T3-LI were exposed for 16 h to lipoic acid
after which cells were exposed for 2 h to continuous
production of H,0O, by adding glucose oxidase to the
culture medium.

Results. These conditions resulted in a 50-70% re-
duction in insulin-stimulated glucose transport activi-
ty associated with a decrease in reduced glutathione
content from 37.4 + 3.1 to 26.4 + 4.9 nmol/mg protein,
(p < 0.005). Lipoic acid pretreatment increased insu-
lin-stimulated glucose transport following oxidative
stress, reaching 84.8 + 4.4 % of the control, associated
with an increase in reduced glutathione content. Oxi-
dation impaired the 4.89 + 0.36-fold insulin-stimulat-
ed increase in glucose transporter 4 content in plasma

membrane lawns of control cells. Lipoic acid pre-
treatment was, however, associated with preserved
insulin-induced glucose transporter 4 translocation
in cells exposed to oxidation, yielding 80 % of its con-
tent in controls. Although tyrosine phosphorylation
patterns were not affected by lipoic acid pretreat-
ment, insulin-stimulated protein kinase B/Akt serine
473 phosphorylation and activity were considerably
impaired by oxidation but protected by lipoic acid
pretreatment. A protective effect was not observed
with either troglitazone, its isolated vitamin E moiety,
or with vitamin C.

Conclusionlinterpretation. This study shows the abili-
ty of lipoic acid to provide partial protection against
the impaired insulin-stimulated glucose transporter 4
translocation and protein kinase B/Akt activation in-
duced by oxidative stress, potentially by its capacity
to maintain intracellular redox state. [Diabetologia
(1999) 42: 949-957]
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Ocxidative stress has been recently implicated in the
pathogenesis of various diseases. Consequently, the
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potential therapeutic or preventive effects of antioxi-
dative agents has been raised [1]. Both poorly con-
trolled Type I (insulin-dependent) diabetes mellitus
as well as Type II (non-insulin-dependent) diabetes
mellitus are characterized by reduced capacity of pe-
ripheral tissues (i.e. skeletal muscle and adipose tis-
sue) to respond to the metabolic effects of insulin.
The causes and cellular mechanisms responsible for
this abnormality are still not fully understood despite
intense investigative effort. Several lines of evidence
suggest that increased oxidative stress occurs in dia-
betes and could have a role in the development or de-
terioration of peripheral insulin resistance. These
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come mainly from clinical studies that correlated oxi-
dative stress variables with the metabolic control of
patients [2, 3]. Other studies reported potential meta-
bolic effects of pharmacological doses of various an-
tioxidative agents given to healthy volunteers or to
diabetic subjects [4-6]. These studies provided evi-
dence to suggest an association between oxidative
stress and insulin resistance but failed to conclusively
establish a cause and effect relation between the two.
We used the 3T3-L.1 adipocyte cell line model to in-
vestigate whether exposing it to oxidative stress re-
sults in a reduced ability to respond to insulin [7, 8].
After exposure to micro molar H,O, concentrations,
reduced insulin-stimulated glucose transport activity,
lipogenesis and glycogenesis were observed, indicat-
ing the development of insulin resistance by oxidative
stress [7]. Upon investigating the cellular mechanism
for this response, further complex changes in the glu-
cose transport machinery induced by oxidative stress
were seen. Short-term exposure resulted in interfer-
ence with the normal insulin signalling network, lead-
ing to a reduced ability of the insulin responsive glu-
cose transporter 4 (GLUT4) to be translocated from
internal pools to the plasma membrane. When ex-
posure to oxidative stress was extended to 18 h, in-
creased gene expression of the ubiquitous glucose
transporter 1 (GLUT1) and down regulation of
GLUT4 occurred. The later provided a complemen-
tary mechanism for insulin resistance induced by oxi-
dative stress. Interestingly, isolated skeletal muscle
preparations as well as L6 myotubes exposed to nitric
oxide generating systems were reported by some au-
thors to reduce insulin-stimulated glucose transport
activity [9]. This is possibly caused by the intracellular
production of the potent oxidant peroxynitrite, fur-
ther supporting the supposition that oxidative stress
may impair insulin action [9].

Recently a-lipoic acid (ILA) has attracted interest
because of its diverse biological actions attributed to
its chemical properties [10, 11]. It is both lipid and
water soluble [12], has a potent antioxidative capacity
in a wide variety of experimental systems and is a co-
factor of key regulatory enzymes including the pyru-
vate dehydrogenase complex [10]. Recent studies
showed that LA exhibits metabolic effects on glucose
transport and utilization. In cell culture (L6 myotu-
bes and 3T3-L1 adipocytes), LA at concentrations ex-
ceeding 0.5 mmol/l exerted insulin-like effects, as in-
dicated by the activation of the insulin signalling cas-
cade leading to translocation of glucose transporters
[13, 14]. In animal models of diabetes, treatment
with LA resulted in improved peripheral glucose uti-
lization stimulated by insulin [15, 16] and prevented
diabetes-related reduction in skeletal muscle of the
content of GLUT4 [16]. In Type II diabetic patients
treatment with LA resulted in improved peripheral
glucose utilization assessed by the hyperinsulinaemic
clamp technique [4].

Our study was conducted to assess the capacity of
LA to protect against the impairment in insulin sig-
nalling leading to a reduction in insulin-stimulated
glucose transport activity, which is induced by expo-
sure to oxidative stress. These effects were compared
with those of vitamin C, a commonly used natural an-
tioxidant, and with troglitazone, a thiazolidinedione
insulin sensitizer with a vitamin E moiety in its chem-
ical structure.

Materials and methods

Chemicals. Tissue culture medium, serum and antibiotic solu-
tions were obtained from Biological Industries (Beit-Hae-
emek, Israel). Recombinant human insulin was from Novo
Nordisk (Bagsvaerd, Denmark). Anti-GLUT4 antibodies
were from Chemicon International (Temecula, Calif., USA),
anti phospho-specific protein kinase B/Akt (PKB) (Ser473)
antibodies were from New England BioLabs Inc. (Beverly,
Mass., USA) and anti PKB (C-terminal) antibodies were kind-
ly provided by Dr. R. Seger (Weizmann Institute, Rehovot, Is-
rael). Crosstide and anti-phosphotyrosine antibodies (4G10)
were from Upstate Biotechnology (Lake Placid, N. Y., USA).
Peroxidase conjugated anti-rabbit IgG and y-[**P]-ATP were
from Amersham Life Sciences (Buckingham, UK). We pur-
chased 2-deoxy-[*H]-glucose from Nuclear Research Centre-
Negev (Dimona, Israel). Alpha racemic, S(-) and R( + ) lipoic
acid were kindly provided by ASTA medica (Frankfurt, Ger-
many). Troglitazone and its isolated vitamin E moiety were
kindly provided by Drs. A.R. Saltiel and H.S. Camp (Parke-
Davis, Ann Arbor, Mich., USA). All other chemicals were ob-
tained from Sigma Chemical Co (St. Louis, Mo., USA).

Cell culture. We grew 3T3-L1 pre-adipocytes (American Type
Culture Collection) to confluence in Dulbeco’s modified
Eagle’s medium (DMEM) containing 25 mmol/l glucose, as
described previously [7]. Cells were induced to differentiate
to adipocytes 48 h after confluence by changing the medium
to DMEM supplemented with 10 % fetal calf serum, 5 mg/ml
recombinant human insulin, 0.5 mmol/l 3-isobutyl-methyl-xan-
thine and 0.25 umol/l dexamethasone sodium phosphate for
48-72 h. Cells were used 11-12 days after differentiation in-
duction when exhibiting more than 90 % adipocyte phenotype.
Cells were serum deprived for 16 h by incubation in DMEM
supplemented with 0.5% RIA grade bovine serum albumin
(BSA), with or without LA or other pretreatment reagents.
Cells were then rinsed three times in PBS and exposed to fresh
medium with or without glucose oxidase (type II from As-
pergillus niger, 20 000 unit/g solid in non-oxygen saturated con-
ditions, Sigma). The addition of 100 mU/ml glucose oxidase re-
sulted in medium H,0O, concentration that achieved a steady
state of 27.4 £ 0.3 micro molar after 15 min. After 2-h incuba-
tion, medium glucose concentrations determined with hexoki-
nase and glucose-6-phosphate dehydrogenase, were 18.2 2.1
and 17.4 + 1.3 mmol/l for control and glucose oxidase treated
cells, respectively. Insulin stimulation was done after rinsing
the cells three times in PBS and further incubation in fresh me-
dium containing 100 nmol/l insulin for either 7 min, for west-
ern blots, or 20 min, for hexose transport determinations.

Hexose transport determinations. 2-Deoxyglucose uptake mea-
surements were done as described previously [7], using
50 umol/l 2-deoxy-[*H] glucose (3.7 x 10* Bg/ml) for 10 min.
Non-specific uptake (less than 10% of the total) was deter-
mined in the presence of cytochalasin B (50 umol/l).
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Total membranes (TM) and plasma membrane (PM) lawn
preparations. Total membranes were prepared from cells pre-
treated with or without LA followed by further incubation
with or without glucose oxidase, as described previously [7].
Cells (1 x 10 cm plates per condition) were rinsed twice in ice-
cold homogenization buffer [255 mmol/l sucrose, 1 mmol/l
EDTA and 20 mmol/l Na-HEPES (pH 7.4), 0.2 mmol/l sodium
vanadate, 0.5 mmol/l phenylmethylsulphonyl fluoride (PMSF),
1 umol/l pepstatin A, 1 umol/l leupeptin] and homogenized us-
ing a Teflon pestle in a glass homogenizer. The homogenate
was centrifuged at 1000 g for 3 min, after which supernatant
was centrifuged at 245 000 g for 90 min to sediment total mem-
branes. Plasma membranes lawns were prepared as described
previously [17]. Cells were washed with PBS and incubated
for 1 min with 0.5 mg/ml poly-p-lysine followed by 3 washes
with hypotonic buffer (23 mmol/l KCI, 10 mmol/l HEPES,
pH 7.5, 1.7 mmol/l MgCl,, 1 mmol/l EGTA). Cells were then
covered with sonication buffer (3 x hypotonic buffer contain-
ing 1 mmol/l dithiothreitol and 0.1 mmol/l PMSF) and soni-
cated with a probe membrane disrupter. After sonication, the
plasma membrane sheets were washed three times with sonica-
tion buffer and used for immunoblotting as described below.

Cell lysates and western blots. Cells were rinsed three times
with PBS and incubated in the absence or presence of insulin
for 7 min. Lysates for phosphotyrosine immunoblots were pre-
pared in a lysis buffer containing 1% Triton X-100, 10 mmol/l
sodium pyrophosphate, 50 mmol/l NaF, 10% glycerol,
80 mmol/l p-glycerophosphate, 2 mmol/l EDTA, 2 mmol/l
EGTA, 2 mmol/l sodium vanadate, 50 mmol/l HEPES pH 7.4,
1 mmol/l PMSF, 1 umol/l aprotonin, 1 umol/l leupeptin and
1 wmol/l pepstatin A. For PKB immunoblots and kinase assay
a different lysis buffer was used (50 mmol/l TRIS-HCI pH 7.5,
0.1% (w/v) Triton X-100, 1 mmol/l EDTA, 1 mmol/l EGTA,
50 mmol/l NaF, 10 mmol/l sodium p-glycerophosphate,
5 mmol/l sodium pyrophosphate, 1 mmol/l sodium vanadate,
0.1% (v/v) 2-mercaptoethanol, 1 mmol/l PMSF, 1 umol/l apro-
tonin, 1 umol/l leupeptin, 1 umol/l pepstatin A). Lysates were
collected, gently shaken for 15 min at 4°C, centrifuged (12000
g, 15 min 4°C), and the fraction between the pellet and adipose
cake collected. Protein concentration was determined using
the BCA method (Pierce) for phosphotyrosine immunoblots
and the Bio-Rad (Munich, Germany) procedure for PKB. Ali-
quots of 30-75 pg protein (as indicated in the Figure legends)
were resolved on 7.5% or 10% SDS-PAGE and subjected to
western blots, followed by quantitation by video densitometry
analysis, as described previously [7].

PKB kinase assay. Anti-C-terminal PKB antibody was added
to 400 pg cell lysates protein and incubated under constant ag-
itation at 4°C overnight. Imnmunocomplexes were conjugated
to protein A sepharose beads (25 ul) by incubation for a fur-
ther 2 h. The activity of PKB kinase was done on immuno-
precipitates by a phosphorylation assay using Crosstide
(GRPRTSSFAEQ) as a substrate [18], following the manufac-
turer’s instructions.

Reduced glutathione (GSH) determinations. At the end of the
incubation period cells were washed three times with PBS,
scraped and sonicated twice for 20 s and then centrifuged at
15 000 g for 10 min. Then 1.7 % metaphophsoric acid was add-
ed to the supernatant of the sonicated cells (1:1, v:v), followed
by centrifugation at 5000 g for 10 min. Reduced glutathione
content was measured at 412 nm in the supernatant by a reac-
tion with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB, 20 mg
DTNB per 100 ml of 1 % sodium citrate solution), as described
preciously [19]. Reduced glutathione content was calculated
according to a GSH standard curve.

Statistical analysis. Data are expressed as means + SEM. Each
treatment was compared with the control, and statistical signif-
icance between two groups was evaluated using the Student’s
t test. Significance was set at a p value of 0.05.

Results

Lipoic acid pretreatment protects against oxidation-in-
duced reduction in intracellular GSH content. Treat-
ment of fully differentiated 3T3-L1 adipocytes with
100 mU/ml glucose oxidase for 2 h resulted in a re-
duction in intracellular GSH content from 37.4 + 3.1
to 26.4 £4.9 nmol/mg protein, p < 0.005, indicating
oxidative stress manifested by changed intracellular
redox state. To assess the ability of LA pretreatment
to protect against the reduction in GSH content fol-
lowing oxidation, cells were incubated for 16 h with
200 umol/l racemic LA before further incubation in
fresh medium in the absence or presence of glucose
oxidase. Reduced glutathione content in LA pre-
treated cells was 46.1 £5.0 and 37.9 £2.3 nmol/mg
protein for non-oxidized and for cells treated with
glucose oxidase, respectively. These results suggest
the ability of LA pretreatment to protect the cells
against oxidative stress induced reduction in GSH
content.

Lipoic acid pretreatment protects against the reduction
in insulin-stimulated glucose transport activity in-
duced by oxidative stress. The effect of oxidative
stress and LA pretreatment on the metabolic re-
sponse to acute insulin stimulation was studied. In
control 3T3-L1 adipocytes, 100 nmol/l insulin stimu-
lation for 20 min resulted in an eightfold to eleven
fold increase in glucose transport activity. In cells ex-
posed to oxidative stress before insulin stimulation, a
twofold increase in basal glucose uptake, associated
with a pronounced reduction in insulin-stimulated
glucose transport activity, was observed (Fig. 1A, left
side). This resulted in a reduction in the calculated
net insulin effect above basal activity, from
292.8+18.6 to 108.8+28.0 pmol - mg™! - protein™ -
min~' (p < 0.001). The potential of LA pretreatment
to prevent the impairment in insulin-stimulated glu-
cose transport induced by oxidative stress was evalu-
ated. Basal glucose transport was not affected by
200 umol/l racemic LA pretreatment either in cells
treated with glucose oxidase or in untreated cells. It
provided, however, a significant (p <0.03), though
not complete, protection against the reduction in-
duced by glucose oxidase in insulin-stimulated glu-
cose transport activity (Fig. 1A, right side), reaching
86.3+4.3% of the activity observed with LA pre-
treated, non-oxidized cells. To further characterize
the protective effect of LA, cells were incubated
with increasing concentrations of racemic LA for
16 h before exposure to glucose oxidase and assess-
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Fig.1A-D. Treatment with lipoic acid prevents the impair-
ment in insulin-stimulated glucose transport induced by oxida-
tive stress. A Fully differentiated 3T3-L1 adipocytes were in-
cubated for 16 h in serum-deprived medium with or without
200 umol/l racemic LA. Cells were then rinsed with PBS and
incubated for 2 h more in medium without or with 100 mU/ml
glucose oxidase (GO). Subsequently, cells were rinsed again
and exposed for 20 min to medium without or with 100 nmol/l
insulin, after which glucose uptake was measured as described
in Materials and methods. Results are presented as means
+ SEM of six independent experiments. *p < 0.003 as com-
pared with insulin-stimulated GO-treated cells and p < 0.01
compared with LA pretreated, non-oxidized cells in the pres-
ence of insulin. B Cells were treated with different concentra-
tions of racemic LA before exposure to glucose oxidase, as de-
scribed in A and insulin-stimulated glucose transport activity
was measured. Results (in % of the activity measured in insu-
lin-stimulated, non-oxidized cells), are the means = SEM of
three independent experiments. *p < 0.05 and **p < 0.01 com-
pared with insulin-stimulated GO-treated cells. C Cells were
treated without (-LA) or with either 20 or 200 umol/l of the
R(+) LA isomer, the S(-) LA isomer or the racemic LA for
16 h before exposure to glucose oxidase and insulin-stimulated
glucose transport activity was measured, as described in A. Re-
sults are the means + SEM of three independent experiments
done in duplicate. *p <0.05 and “p <0.01 compared with
-LA. D Cells were treated with 200 pmol/l racemic LA only
during glucose oxidase treatment or at 0.5, 2 or 16 h before ex-
posure to glucose oxidase, after which insulin-stimulated glu-
cose transport activity was measured. Values are means +
SEM of two independent experiments done in duplicate.
*p <0.05 and **p <0.01 compared with insulin-stimulated
GO-treated cells. [ ], -LA; [, R( + )LA; Z, S(-)LA; [, race-
mic LA

ment of insulin-stimulated glucose transport activity.
Figure 1B shows a dose-response curve in which a
protective effect of LA can be observed with 2 umol/l
LA reaching 84.8 £ 4.4 % of the activity observed in
control cells when 200 umol/l LA were used. A simi-
lar protective effect to those observed with
200 wumol/l LA was provided by 2 mmol/l but that of
2 mmol/l LA was associated with a fourfold increase
in basal glucose transport (not shown). The protec-
tive potency of the two stereo isomers of LA, R( + )-
LA and S(-)-LA was compared with that of the race-
mic mixture. In this particular set of experiments glu-
cose oxidase treatment resulted in a 70 % reduction
in insulin-stimulated glucose transport activity. Fig-
ure 1C shows that with a 20 umol/l concentration,
the protective capacity of the S-LA isomer was signif-
icantly (p <0.05) superior to that of the R-LA,
whereas the racemic mixture had an intermediate
protective potential. These differences could not,
however, be shown when a higher concentration of
each reagent was used. Hence, as 200 umol/l racemic
LA provided the maximum protective effect
(Fig.1B) without directly activating basal glucose
transport (Fig.1A), subsequent experiments were
done using this concentration of racemic LA. Figure
1D shows that the presence of LA alone during glu-
cose oxidase treatment was not associated with any
improved response to insulin compared with cells ex-
posed to glucose oxidase in the absence of LA. More-
over, a protective effect could be observed only fol-
lowing 2-h pretreatment but not after 30 min. These
data may suggest that in this system LA effect is de-
pendent on processes that require its uptake, metabo-
lism or interaction with intracellular targets.
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Fig.2A, B. Pretreatment with lipoic acid prevents the im-
paired insulin-stimulated GLUT#4 translocation induced by ox-
idative stress. A 3T3-L1 adipocytes were incubated with or
without 200 umol/l racemic LA for 16 h before further incuba-
tion with or without glucose oxidase, as described in the legend
for Fig.1A. Total membrane preparations were prepared as
described in Materials and methods. Total membrane protein
(30 ug) was separated on SDS-PAGE, followed by immuno-
blot analysis using either anti-GLUT4 or anti-GLUT1 anti-
bodies. Shown is a blot representing similar results from three
independent experiments. B Cells were treated as described
in the legend for Fig. 1A, after which plasma membrane lawns
were prepared as described in Materials and methods. Protein
samples (30 ug) were separated on SDS-PAGE, followed by
immunoblot analysis using anti-GLUT4 antibodies. Shown
are blots representing three independent experiments. The re-
sults of video densitometry analysis, in which a value of 1 unit
was set to represent GLUT4 content in non-oxidized cells in
the absence of insulin, are shown in the lower panel. *p < 0.02
compared with non-oxidized cells in the absence of insulin.
**p =0.014 compared with LA pretreated oxidized cells in
the absence of insulin

Lipoic acid pretreatment protects the capacity of insu-
lin to induce GLUT4 translocation to the plasma
membrane after oxidative stress. We addressed the
possibility that LA affected insulin-stimulated glu-
cose transport by changing the content or function of
glucose transporters. Figure 2A is a western blot
analysis of total membranes GLUT4 and GLUT1
content, representing three independent experi-
ments. Based on densitometric analysis (data not
shown), 16-h exposure to LA followed by 2-h incuba-
tion with glucose oxidase had no effect on total mem-

brane GLUT4 or on GLUT1 content. The dominant
glucose transporter responsible for insulin-stimulated
glucose transport in 3T3-L1 adipocytes is GLUTA4.
Thus, its translocation to the plasma membrane
(PM) in response to insulin stimulation was assessed.
Plasma membrane lawns were prepared as described
[17], followed by western blot analysis. As depicted
in Figure 2B (left side), insulin induced a 4.89 £ 0.36-
fold increase in PM lawn GLUT4 content in control
cells. Although glucose oxidase treatment induced a
1.8 £ 0.26-fold increase in PM GLUT4 content, rapid
insulin stimulation of these cells did not produce any
further increase. Lipoic acid pretreatment did not af-
fect the ability of insulin to increase PM GLUT4 con-
tent in non-oxidized cells (Fig. 2B, right side) but pro-
vided a protective effect against the impaired insulin-
stimulated GLUT4 translocation induced by oxida-
tive stress.

The effect of LA pretreatment on insulin-stimulated
PKB Serine 473 phosphorylation and activity and on
the protein tyrosine phosphorylation pattern after oxi-
dative stress. Protein kinase B/Akt has been recog-
nized as a serine kinase that is activated down stream
of PI 3-kinase after insulin stimulation [20-22]. Re-
cent studies indicate that it could be involved in insu-
lin-stimulated GLUT4 translocation [23-26]. To as-
sess whether oxidative stress impairs insulin-stimulat-
ed PKB activation and whether the protective effect
of LA is related to a preserved ability of insulin to ac-
tivate PKB, phospho-specific PKB immunoblots as
well as PKB activity were assessed. Insulin stimula-
tion considerably increased the amount of phospho-
serine 473 specific PKB (Fig.3A), a response greatly
reduced by glucose oxidase treatment. In LA pre-
treated cells, a non-significant reduction in PKB con-
tent assessed by antibodies directed against the C-ter-
minal of PKB was observed (Fig.3A, lower blot). Yet,
LA treatment before exposure to glucose oxidase re-
sulted in partial protection against the reduction in
insulin-stimulated PKB Ser 473 phosphorylation
compared with LA-treated control cells. The signifi-
cance of this result was further evaluated by measure-
ments of PKB activity in immunoprecipitates ob-
tained using the anti-PKB C-terminal antibody. The
activity of PKB largely correlated with the results ob-
tained with anti-phosphoserine PKB immunoblot
(Fig.3B), further showing that LA prevents impair-
ment induced by oxidative stress in PKB activation
by insulin.

To determine whether these effects of LA are as-
sociated with changes in the first steps of the insulin
signalling cascade, the protein tyrosine phosphoryla-
tion pattern was assessed in total cell lysates. Insulin-
induced tyrosine phosphorylation of 95 kDa and 185
kDa bands which correspond to the § subunit of the
insulin receptor and to insulin receptor substrates
(IRS), respectively. Neither oxidative stress nor LA
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Fig.3 A, B. Pretreatment with lipoic acid prevents the impair-
ment induced by oxidative stress in insulin-stimulated PKB
Ser473 phosphorylation and activity. Cells were treated as de-
scribed in the legend for Fig. 1A and cell lysates were prepared
in PKB lysis buffer as described in Materials and methods.
A Total cell lysates (50 ug) were separated on SDS-PAGE, fol-
lowed by immunoblot analysis using either a phospho-Serine
473 specific anti-PKB antibody or an anti-PKB antibody di-
rected against the C-terminal tail of PKB. Shown are blots rep-
resentative of three independent experiments. B Total cell ly-
sates (400 ug) were subjected to immunoprecipitation using
the anti-C-terminal PKB antibody, after which PKB activity
was measured as described in Materials and methods. Shown
are the results expressed as milli-unit enzyme activity per mg
protein. In the absence of LA pretreatment, the results are av-
erage £ SEM of four independent experiments. For LA pre-
treated cells, data are the mean of two independent experi-
ments. *p < 0.001 compared with insulin-treated, non-oxidized
cells

treatment changed basal or insulin-induced protein
tyrosine phosphorylation patterns (Fig.4). This result
indicates that 200 umol/l LA pretreatment did not ac-
tivate the first steps of the insulin signal, but rather
prevented the impairment in insulin-stimulated PKB
activity by directly antagonizing the effects of oxida-
tion.

The effect of LA, troglitazone, its isolated vitamin E
moiety and vitamin C pretreatment on glucose trans-

185 kDa —»

95 kDa—=

iu!uw

insulin - + - + =
GO = = N - + +

LA pretreatment

Fig.4. Effect of glucose oxidase and LA pretreatment on bas-
al- and insulin-stimulated tyrosine phosphorylation. Cells
were treated as described in the legend for Fig. 1A, and cell ly-
sates were prepared as described in Materials and methods.
Total cell lysates (75 ug) were separated on SDS-PAGE, fol-
lowed by immunoblot analysis using anti-phosphotyrosine an-
tibody (4G10). Arrows indicate molecular weights of 185
kDa, which corresponds to IRSs, and 95 kDa, which corre-
sponds to the § sub-unit of the insulin receptor. Shown is a
blot representing five independent experiments

port activity after oxidative stress. The thiazolidine-
dione insulin sensitizer troglitazone is composed of a
vitamin E moiety conjugated to a dione moiety. The
antioxidative capacity of this compound has been re-
ported [27, 28] and may have a role in its insulin sensi-
tizing action. Vitamin C is a clinically used antioxi-
dant that is water soluble and has potential effects
on peripheral glucose utilization [6, 29]. Thus, the po-
tential protective effects of troglitazone, its isolated
vitamin E moiety and of vitamin C against insulin re-
sistance induced by oxidative stress were evaluated.
Neither 5 umol/l troglitazone, 5 umol/l of its isolated
vitamin E moiety nor 300 umol/l vitamin C had a sig-
nificant protective effect against impairment induced
by oxidative stress in insulin-stimulated glucose
transport as observed with LA. This was so both in
the absolute values of 2DG uptake activity (Fig.5A)
and in the calculated net insulin effect above basal
(Fig.5B). Higher concentrations (up to 100 wmol/l)
of either troglitazone or its vitamin E moiety failed
to show any significant effect on insulin-stimulated
glucose transport after oxidative stress (data not
shown). These data show that in this system LA, po-
tentially through its characteristic bio-chemical prop-
erties, protects against the effects of oxidative stress
on insulin action.

Discussion

In this study we show that LA protects against the im-
pairment in insulin-stimulated PKB activation and
GLUTH4 translocation induced by directly exposing
3T3-L1 adipocytes to oxidative stress. This effect of
LA was associated with protection against oxidation-
induced reduction in cellular GSH content, confirm-
ing its antioxidant activity.
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Fig.5 A, B. Effect of pretreatment with LA, troglitazone, the
isolated vitamin E moiety of troglitazone and of vitamin C on
the effect of glucose oxidase on insulin responsiveness. A Cells
were treated with either racemic LA (200 umol/l), troglitazone
(5 umol/l) (Trog), the isolated vitamin E moiety of troglitazone
(5 umol/l), or with vitamin C (ascorbic acid) (300 pymol/l) be-
fore exposure to glucose oxidase, as described above. 2DG up-
take activity was determined as described in Materials and
methods. Each value is the means = SEM of two to five inde-
pendent experiments. *p < 0.01 compared with insulin-stimu-
lated glucose transport in oxidized cells without pretreatment.
B Net insulin effect was calculated in each experiment as the
insulin-stimulated 2D G uptake activity minus its value without
insulin stimulation. The table presents means + SEM values
from two to five independent experiments. *p < 0.01 compared
with the net insulin effect in glucose oxidase-treated cells with
no pretreatment

Lipoic acid has been shown to exert beneficial ef-
fects in diabetes-related conditions in which oxidative
stress was suggested to have a pathogenic role. The
ALADIN study found a beneficial clinical effect of
LA in the treatment of diabetic polyneuropathy [30].
In accordance with this, using animal models LA has
been shown to prevent the diabetes-related reduction
in peripheral nerve conduction velocity and endoneu-
ral blood flow [31, 32]. In addition, the occurrence of

neural tube defects in embryos of diabetic rats could
be greatly reduced by LA treatment [33]. Recently,
several lines of evidence suggest that oxidative stress
may have a role in the pathogenesis of peripheral in-
sulin resistance. In both STZ diabetic rats as well as
in Fatty Zucker rats, LA treatment improved skeletal
muscle glucose utilization [15, 16]. These findings
were supported by a report suggesting improved pe-
ripheral glucose utilization in diabetic patients after
treatment with LA [4]. Whether LA exerted its phar-
macological effects by means of its antioxidative ca-
pacity could not, however, be explained by these
studies. In our study LA pretreatment showed pro-
tection against both oxidative stress-induced insulin
resistance and GSH depletion. This suggests a possi-
ble association between the two, supporting the no-
tion that oxidative stress has a role in the develop-
ment of insulin resistance.

The protective capacity of LA against reduction in
GSH cellular content has been suggested as an expla-
nation for its biological effects. For example, C6 glial
cells were protected from cell death induced by oxi-
dative stress produced by glutamate when pretreated
with 100 umol/l LA [34]. In 3T3-L1 adipocytes, glu-
cose oxidase treatment resulted in 30 % reduction in
GSH content. This degree of GSH depletion did not
cause cellular death but may still interfere with re-
duced sulphydryl sensitive steps along the insulin sig-
nal resulting in impaired GLUT4 translocation. Vari-
ous proteins along the insulin signalling cascade, as
well as proteins participating in the cellular traffick-
ing and fusion processes, have been suggested to be
reduced sulphydryl sensitive [35-39]. The mainte-
nance of normal cellular GSH content in oxidized
3T3-L1 adipocytes by LA may thus protect potential
reduced sulphydryl dependent proteins participating
in the insulin signalling cascade, resulting in im-
proved insulin action following oxidative stress.

Reduced glutathione maintaining capacity has
been suggested as the primary mechanism for LA ac-
tion at low doses [34, 40]. In addition, doses exceed-
ing 500 umol/l may represent modes of action inde-
pendent of the pro-GSH properties, such as the stim-
ulation of specific proteins synthesis or direct interac-
tion with signal transduction effectors [34, 41]. In
agreement with this, in 3T3-L1 adipocytes LA at mil-
limolar concentrations increased glucose transport by
direct activation of IRS-1 tyrosine phosphorylation,
activation of PI 3-kinase and PKB activities [13, 14].
In our study we observed, however, that LA concen-
trations of up to 200 umol/l were not associated with
either activation of basal glucose transport activity
(Fig.1A), stimulation of IRS or insulin receptor ty-
rosine phosphorylation (Fig.4), or with basal PKB ac-
tivation (Fig.3).

Previous studies aimed at assessing the metabolic
effects of LA in both in-vitro and in-vivo models
have shown the R( + ) isomer as being more potent
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than the S(-) isomer [42, 43]. This stereo isomer has
been reported to have a higher affinity to both the
E2 component of enzymatic complexes such as pyru-
vate dehydrogenase as well as to dihydrolipoamide
dehydrogenase, which converts lipoic acid to dihy-
drolipoic acid [44, 45]. Thus, the effects of R-LA on
glucose transport and metabolism can be attributed
to its potential direct effect on key metabolic en-
zymes or to the antioxidant properties of dihydroli-
poic acid or both. In this study we observed a slightly
increased biological efficacy of the S compared with
the R isomer with 20 umol/l pretreatment but not
with higher concentrations (Fig.1C). This isomer of
LA exerts a slightly increased affinity for glutathione
reductase [46], which has a key role in glutathione re-
cycling and maintenance of cellular GSH concentra-
tions. The protective effects of LA treatment depend-
ed on a preincubation period of at least 2 h (Fig. 1D)
and were associated with prevention of oxidation-in-
duced GSH depletion. Thus it appears that at a
20 umol/l racemic LA pretreatment, its capacity to
preserve normal intracellular GSH concentration
(potentially by increasing GSH recycling efficiency),
is its major mode of action. This could explain the
higher potency of the S(-) isomer at this concentra-
tion. With 200 umol/l racemic LA pretreatment, the
antioxidant properties of the dihydrolipoic acid me-
tabolite, derived primarily from the R(+) isomer,
may increasingly contribute to its overall biological
potency. Additional modes of action of LA may po-
tentially include changes in the expression or func-
tion of endogenous antioxidant enzymes such as su-
peroxide dismutase or catalase.

In the experimental system used in this study, LA
was found to be interesting in its ability to protect
against oxidative stress-induced insulin resistance
compared with vitamin C or with troglitazone and its
isolated vitamin E moiety (Fig.5). The bio-activity
of LA was attributed both to its ability to directly re-
act with various reactive oxygen species, as well as to
its ability to interfere with oxidation processes in the
lipid and in the aqueous cellular compartments [11,
12]. As discussed above, the second possibility is
more likely in this system in light of the requirement
of at least 2-h incubation with LA before exposure
to glucose oxidase, as well as the lack of effect of LA
when present only during glucose oxidase treatment
(Fig. 1D). In that sense, LA is perhaps superior to vi-
tamin C, which is a water-soluble antioxidant, and to
the vitamin E moiety of troglitazone, which is lipid
soluble. In accordance with this, GSH concentrations
after oxidation were identical to non-oxidized control
cells when cells were pretreated with LA but not with
vitamin C (not shown).

The exact oxidation sensitive step within the insu-
lin signal, which is protected by LA pretreatment,
cannot be directly determined by this study. Recently,
we observed that oxidative stress may interfere with

the insulin-induced translocation of PI 3-kinase to
the low-density microsomes and its activation in this
fraction [47]. This was associated with impaired PKB
phosphorylation and activation by insulin. In this
study the effect of oxidative stress and of LA pre-
treatment on insulin-stimulated PKB activity (Fig.3)
closely correlated with their effects on glucose trans-
port activity and on GLUT4 translocation (Figs. 1A
and 2B, respectively). These are consistent with the
notion that PKB activation has a role in the induction
of GLUTH4 translocation by insulin [22, 23, 25, 26] and
thus in the protective mechanism against oxidative
stress exerted by LA pretreatment. Whether the insu-
lin stimulation of PKB activity is in itself a reduced
sulphydryl dependent process or rather reflects up-
stream oxidative sensitive steps, such as the translo-
cation and activation of PI 3-kinase in the low density
microsomes, remains to be evaluated. From the
above it is apparent that LA pretreatment has the
ability to preserve PKB activation and thereby pro-
tects against the induction of insulin resistance.

Impaired insulin-stimulated GLUT4 translocation
is a well documented finding in skeletal muscle and
adipose tissue of Type II diabetic and insulin resistant
subjects [48]. The aetiology and the cellular mecha-
nisms for this abnormality are not fully understood.
Raised plasma concentrations of non-esterified fatty
acids, TNF-a, hyperinsulinaemia, as well as oxidative
stress have been suggested to have a role in the
pathogenesis of peripheral insulin resistance [49-51].
The findings of this study suggest that impaired insu-
lin stimulation of GLUT4 translocation may be partly
prevented by maintaining intracellular redox state us-
ing the antioxidant LA.
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