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j Abstract Background Oxida-
tive stress-induced reactive oxy-
gen species are associated with the
clinical manifestation of insulin
resistance. Evidence suggests that
antioxidant treatment may reduce
this incidence. Aim of the study
This study determined whether
glucose oxidase (GO)-induced
insulin resistance in cultured
skeletal muscle cells could be
ameliorated by pre-treatment with
gamma-tocopherol (GT). Meth-
ods Insulin sensitivity in L6
myotubes was assessed by 2-
deoxy-D-[3H]-glucose uptake. The
phosphorylation of distal insulin
signaling proteins Akt and the Akt
substrate AS160 were determined
by western blot. Results One hour
treatment with 100 mU/ml GO
decreased insulin-stimulated glu-

cose uptake (P < 0.001). Pre-
treatment with GT either partially
(100 lM) or completely (200 lM)
restored insulin-stimulated glu-
cose uptake in cells after GO-
induced insulin resistance. GO-
induced oxidative stress did not
impair insulin stimulated phos-
phorylation of Akt or AS160, but
200 lM GT increased insulin-
stimulated phosphorylation of
these key signaling proteins
(P < 0.05). Conclusions High-
dose (200 lM) GT treatment
ameliorated oxidative stress-in-
duced insulin resistance in cul-
tured rat L6 skeletal muscle cells.

j Key words glucose oxidase –
L6 myotubes – Akt –
AS160 – glucose transport –
antioxidants

31

32 Introduction

33 There is accumulating evidence that the generation of
34 reactive oxygen species (ROS) leads to increased
35 oxidative stress and is a precursor to a number of
36 chronic conditions including type-2 diabetes and
37 cardiovascular disease [33]. Antioxidant agents have
38 been proposed to arrest some of the deleterious ef-
39 fects of ROS [1, 17] either by donating hydrogen to
40 free radicals or by accepting free radicals and there-
41 fore neutralizing their effect. Gamma-tocopherol
42 (GT), an isoform of Vitamin E present in food has

43been shown to have potent antioxidant effects [33].
44GT inhibits platelet aggregation to a greater extent
45than alpha-tocopherol, as platelets isolated from hu-
46mans supplemented with a mixed-tocopherol prepa-
47ration exhibited reduced aggregation after mixed-
48tocopherol compared to alpha-tocopherol supple-
49mentation [20]. In addition, we have recently dem-
50onstrated that pure GT inhibited platelet aggregation
51and improved lipid profile in normal healthy subjects,
52thereby playing a potential role in prevention of
53thrombosis [28].
54Type-2 diabetes is characterized by insulin resis-
55tance in various tissues; in particular, skeletal muscle,
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56 the primary site for insulin-stimulated glucose dis-
57 posal [2]. While there is evidence that oxidative stress
58 leads to insulin resistance [6, 17], tissue damage and
59 pathogenesis of late diabetic complications [25], the
60 exact mechanisms responsible remain unclear. In
61 skeletal muscle cells, insulin-stimulated uptake of
62 glucose depends on a number of signaling compo-
63 nents, culminating in the translocation of vesicles
64 containing the glucose transporter GLUT4 to the cell
65 surface [16]. The effects of ROS on the insulin sig-
66 naling cascade are equivocal [10, 13, 14, 26], but the
67 results of several studies demonstrate that ROS im-
68 pairs insulin-mediated glucose uptake and storage [4,
69 10, 18, 27, 32], via disruption at signaling control
70 points such as GSK-3b [4] Akt phosphorylation and/
71 or actin remodeling [14]. While it has been proposed
72 that Vitamin E supplementation might prevent ROS-
73 induced impairment of insulin signaling [7], and
74 improve biomarkers of metabolic syndrome [3]
75 studies of the effects of antioxidant treatment on
76 insulin signaling and simultaneous functional mea-
77 sures of glucose transport are lacking. If ROS are in-
78 volved in causing damage to cellular signaling
79 machinery, antioxidant treatment may be able to
80 alleviate or prevent such an occurrence. Accordingly,
81 the primary purpose of the current investigation was
82 to determine whether GT, which we have previously
83 demonstrated to have potent antioxidant properties
84 [28], could ameliorate the deleterious effects of oxi-
85 dative stress on insulin sensitivity. In addition, we
86 also investigated the effects of GT treatment on the
87 most distal signaling protein identified in signaling to
88 GLUT4 vesicles for insulin-stimulated translocation to
89 the cell surface, the Akt substrate AS160.

90 Materials and methods

91 j Cell culture

92 L6 skeletal myoblasts (American Type Cell Collection,
93 VA, USA) were cultured using aseptic techniques in
94 75 cm2 flasks containing growth media, which con-
95 sisted of DMEM supplemented with 10% FBS, 1%
96 penicillin/streptomycin (v:v) at 37�C in 5% CO2/
97 95%O2 in humidified air. Media was replaced daily
98 with pre-warmed media (37�C) until the cells were
99 60–70% confluent. Cells were washed twice with pre-

100 warmed PBS then detached with 2 ml of 0.25% trypsin
101 for 3–4 min with intermittent shaking. Once the cells
102 were completely detached the total number of cells
103 were counted then seeded into six well plates at 7,000
104 cells per cm2. Cells were grown to 60–70% confluency
105 in a-modified essential medium (aMEM) +10% FBS
106 before changing to differentiation media (aMEM +2%
107 FBS) to allow myoblasts to differentiate into myotu-

108bes. Experimental treatments were conducted after
1092 days, by which time nearly all of the myoblasts had
110fused to form myotubes. Cells were incubated with GT
111for 24 h (with concentrations indicated) and oxidative
112stress was induced by incubation by incubation with
113100 mU/ml glucose oxidase (GO) during the final 1 h
114of this 24 h period. Similar doses and durations of GO
115treatment in skeletal myotubes or isolated skeletal
116muscle have been shown repeatedly to induce >50-
117fold increases in cellular H2O2 concentrations without
118affecting cell viability [4, 18, 21, 31].

119j Glucose uptake

120For determination of 2-deoxy-D-[3H]-glucose uptake,
121myotubes were incubated in aMEM without glucose
122with 0.1% FBS for 4 h. Cells were washed twice with
123warm PBS (containing 0.1% FBS) and equilibrated in
1242 ml aMEM (without glucose) for 30 min followed by
125incubation with or without 100 nM insulin for
12630 min, before 800 ll of radioactive media (1 lCi/ml
1272-deoxy-D-(3H)-glucose, 10 lM 2-deoxy-D-glucose in
128aMEM, 0.1% FBS) was added to each well. After
12930 min media was aspirated and the assay stopped by
130washing cells twice in ice-cold PBS. Cells were then
131lyzed in 1 ml of 0.3 M NaOH and 800 ll of the lysate
132in 4 ml of scintillation fluid was counted via liquid
133scintillation.

134j Western blotting

135L6 myotubes were grown, differentiated and treated as
136described under cell culture above. Lysis buffer
137[20 mM HEPES (pH 7.4), 2 mM EDTA, 50 mM NaF,
1385 mM Na4P2O7, 1% NP40 and phosphatase and pro-
139tease inhibitor cocktails] was added and cells rapidly
140scraped then transferred to a 1.5 ml tube and rapidly
141frozen in liquid nitrogen for later analysis. Subse-
142quently, cell culture lysates were spun at 16,000g for
1435 min, then 5 ll of the supernatant taken and diluted
1441:25 with water, before the protein concentration was
145determined using a commercially available kit (BCA�

146Protein Assay Kit, Pierce, USA) using absorbance
147spectrophotometry. Absorbance of standards and
148samples was determined at 560 nm on a spectropho-
149tometer and the protein content calculated from the
150linear regression.
151Proteins solubilized in Lamelli’s buffer (pH 6.8
152consisting of 40% glycerol, 8.2% sodium dodecyl
153sulfate (SDS), 0.5 M Tris–HCl, 40 mM dithiotrietol
154plus bromophenol blue) were added to 40 lg of
155sample, heated for 5 min at 85�C, and proteins re-
156solved by SDS–PAGE using pre-cast polyacrylamide
157gradient gels and commercially available electropho-
158resis reagents (Invitrogen, VIC, Australia). A molec-
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159 ular weight protein standard (Biorad, NSW, Austra-
160 lia), and solubilized protein samples were loaded into
161 individual wells and run at 150 V until proteins had
162 sufficiently migrated through the gel.
163 Separated proteins were then transferred to a
164 PVDF membrane using pre-developed reagents and
165 standard transfer sandwich apparatus (Invitrogen,
166 VIC, Australia). Proteins were transferred at a con-
167 stant voltage of 20 V for 100 (Akt) or 180 (AS160)
168 min. After the transfer, the membrane was washed
169 with Tris-buffered saline with Tween (TBST; 20 mM
170 Tris, 140 mM NaCl, 0.05% Tween 20, pH 7.6). The
171 membrane was blocked with 5% skim milk powder
172 (w/v) in TBST on a rocker at room temperature for
173 1 h. After blocking, membranes were washed with
174 TBST and incubated with primary antibodies (diluted
175 1:1,000 in TBST + 1% BSA) specific for phospho-
176 Akt-Ser473, b-actin, Phospho-Akt-Substrate, total Akt
177 (Cell Signaling Technology: Genesearch, QLD, Aus-
178 tralia), phosphor-AMPK-Thr172 and total AMPK-a1/
179 2 (kind gifts from Prof Bruce Kemp) overnight on a
180 rocker at 4�C. Membranes were washed three times
181 with TBST then incubated with secondary antibody
182 (1:5,000 anti-rabbit antibodies in TBST) for 1 h at
183 room temperature. The membrane was then washed
184 (6 · 10 min) with TBST and immunoreactive bands
185 detected with 2 ml of chemiluminescence reagent
186 (Pierce: Quantum Scientific, QLD, Australia) and ex-
187 posed using the Chemidoc EQ system (Biorad, NSW,

188Australia). Proteins were quantified using Quantity
189One software version 9 (Biorad, NSW, Australia).

190j Statistical analysis

191Data were analyzed using 2-way ANOVA, and P val-
192ues of <0.05 were considered significant. Results are
193presented as mean ± SEM.

194Results

195Insulin treatment significantly increased glucose
196transport by ~40% above vehicle (P < 0.001). One
197hour treatment with 100 mU/ml GO significantly de-
198creased insulin-stimulated glucose transport
199(P < 0.001), whereas pre-treatment with 100 lM GT
200partially protected cells from the effect of GO, and
201200 lM GT restored (P > 0.05) insulin-stimulated
202glucose transport to similar levels as non-GO treated
203cells (Fig. 1).
204To assess whether the protective effect of GT on
205basal and insulin-stimulated glucose transport after
206induction of oxidative stress was due to improved
207signaling from the insulin receptor to GLUT4 vesicles,
208the most distal of the well-characterized proteins in
209the insulin-GLUT4 signaling cascade were measured;
210we assessed the phosphorylation of Akt and AS160 on
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Fig. 1 2-Deoxyglucose uptake in L6
myotubes that were differentiated as
stated in ‘‘Materials and methods’’.
Cells were treated with 100 or
200 lM gamma-tocopherol (GT) for
24 h, 100 mU/ml GO for 1 h and
100 nM insulin for 30 min (n = 8–
11). Asterisks significantly lower than
treatment with insulin alone
(P < 0.001)
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211 amino-acid residues that are important for insulin
212 signaling to GLUT4. We found that GO did not impair
213 insulin-stimulated phosphorylation of Akt or AS160,
214 but 200 lM GT increased insulin-stimulated phos-
215 phorylation of both (P < 0.05) above insulin treat-
216 ment alone, and might partly explain the restoration
217 of glucose transport in this condition (Fig. 2). In
218 addition, since phosphorylation of neither Akt nor
219 AS160 could completely explain the effects of GT on
220 glucose transport, we measured phosphorylation of
221 AMPK to determine whether activation of this stress-
222 activated kinase could explain the changes seen.
223 Phosphorylation of AMPK at Thr172, representative
224 of an increase in activity [11] that would increase

225glucose transport [12], was not significantly altered by
226GT treatment (data not shown).

227Discussion

228In the present study we investigated the effects of GT
229on insulin-stimulated glucose transport and selected
230components of the insulin signaling cascade in cul-
231tured rat L6 myotubes exposed to a H2O2 generating
232system. While GO treatment significantly reduced
233insulin-stimulated glucose transport, this reduction
234did not appear to be due to an impairment of insulin
235signaling, reflected by unaltered phosphorylations
236states of the distal insulin signaling proteins Akt and
237AS160. In contrast, treatment with 200 lM GT ame-
238liorated the GO-induced impairment in insulin-stim-
239ulated glucose transport and this coincided with
240significant increases in the insulin-stimulated phos-
241phorylation of both Akt and AS160. Indeed, the
242phosphorylation states of these signaling proteins
243were greater after the high dose of GT than observed
244when treated with insulin alone (regardless of whether
245or not cells were co-incubated with GO).
246Our finding that GO-mediated oxidative stress
247inhibits insulin-mediated glucose uptake is in agree-
248ment with some [10, 21, 26] but not all [6, 8, 19, 30]
249previous investigations. Discrepancies in the results
250of various studies can, in part, be explained by the
251differences in the experimental design, such as in vivo
252versus in vitro models and dose and duration of
253exposure to the compounds under investigation.
254Various levels of oxidative stress have been induced
255between 25 and 100 mU/ml GO for periods varying
256between 5 min and 24 h. In agreement with the re-
257sults of previous studies [10, 26], we found that the
258induction of H2O2 via 100 mU/ml GO for 1 h in L6
259myotubes impaired insulin-stimulated glucose trans-
260port. Importantly, however, the lack of effect of GO on
261selected proteins in the insulin signaling cascade
262suggests oxidative stress impairs cellular insulin-
263stimulated glucose transport via mechanism/s that are
264at least partly unrelated to these enzymes, at least
265under the current experimental conditions. Thus the
266precise mechanism by which ROS impairs glucose
267uptake remains to be determined. Nevertheless im-
268proved glucose uptake and insulin signaling by pre-
269treatment with GT suggests that this antioxidant plays
270some role in counteracting effect of oxidative stress,
271and indeed potentially enhancing insulin signaling
272beyond insulin alone in certain circumstances.
273The disconnect between glucose transport and
274insulin signaling (i.e. Akt and AS160 phosphoryla-
275tion) in the current study strongly suggest that there
276are other mechanisms by which GT improved glucose
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Fig. 2 Phosphorylation of Akt serine-473 (a) and AS160 (b) relative to total b-
actin in L6 myotubes that were differentiated as described in ‘‘Materials and
methods’’. Cells were treated with 200 lM GT for 24 h, 100 mU/ml GO for 1 h
and 100 nM insulin for 10 min (n = 6). PAS phospho-Akt substrate. Asterisks
significantly increased above all other conditions (P < 0.05)
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277 transport. Given that the pre-treatment with GT was
278 more prolonged than the GO exposure, we speculate
279 that reduced lipid peroxidation affords some
280 improvement in cell membrane dynamics and inter-
281 actions with transporters such as GLUT4, or some
282 other local factor in the vicinity. The role of free
283 radical attack in diabetes and in the cardiovascular
284 complications of the disease has been documented
285 largely through the effects of free radicals on lipids
286 and proteins [9, 23, 24]. GT has been shown to act on
287 the cell surface by preventing oxidation of LDL in cell
288 membranes [15]. However, there is no evidence to
289 suggest such mechanisms exist to prevent ROS-in-
290 duced insulin resistance, and this is an area that re-
291 quires further study.
292 The mechanism(s) by which H2O2 and other
293 mediators of oxidative stress cause insulin resistance
294 are largely unknown. A possible explanation for the
295 inhibitory effect of H2O2 on insulin action is that it
296 triggers an alteration in cellular redox balance due to
297 prolonged exposure. Stress inducers, including H2O2,
298 can function as signaling molecules to activate a
299 number of stress sensitive serine/threonine kinase
300 pathways linked to insulin resistance [5]. Insulin
301 signaling enzymes offer a number of potential sub-
302 strates for these activated serine kinases including the
303 insulin receptor and the family of insulin receptor
304 substrate proteins, which act to increase glucose
305 transport through activating downstream enzymes
306 such as Akt and AS160. Numerous agents that induce
307 insulin resistance, such as TNF-a, platelet-derived

308growth factor, angiotensin and hyperinsulinemia, all
309impair insulin signaling through induction of ROS
310[22, 29], which might explain their insulin de-sensi-
311tizing effects. In contrast, since we find that neither
312Akt nor AS160 phosphorylation were significantly
313impacted upon by GO treatment, the source of the
314ROS-induced impairment of insulin sensitivity lies, at
315least in part, elsewhere. Additional research that links
316the production of ROS and its removal by GT and
317other antioxidants, to impairment of insulin signaling
318events is clearly warranted to clarify this issue.
319In conclusion, we found that acute oxidative stress
320impaired insulin-stimulated glucose transport in L6
321myotubes, while pre-treatment with GT reversed this
322impairment. However, the disconnect between glu-
323cose uptake and the phosphorylation state of selected
324proteins in the insulin signaling cascade suggests that
325GT improves glucose transport via both insulin-
326dependent and independent mechanisms. Our results
327suggest that dietary supplementation with GT may
328play a preventive role in counteracting effect of oxi-
329dative stress on glucose uptake by skeletal muscle
330cells. In addition, identification of the molecular basis
331for this observation might lead to the discovery of
332pharmacological targets for novel therapies to pre-
333vent, reverse or delay the onset of insulin resistance
334and resultant pathogenesis.
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