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Abstract Skeletal muscle triglyceride accumulation is asso-
ciated with insulin resistance in obesity. Recently, it has been
suggested that a lipoic acid (ALA) improves insulin sensitiv-
ity by lowering triglyceride accumulation in nonadipose tis-
sues via activation of skeletal muscle AMP-activated protein
kinase (AMPK). We examined whether chronic ALA supple-
mentation prevents muscular lipid accumulation that is as-
sociated with high-fat diets via activation of AMPK. In
addition, we tested if ALA supplementation was able to im-
prove insulin sensitivity in rats fed low- and high-fat diets
(LFD, HFD). Supplementing male Wistar rats with 0.5%
ALA for 8 weeks significantly reduced body weight, both on
LFD and HFD (—24% LFD+ALA vs. LFD, P < 0.01, and
—29% HFD+ALA vs. HFD, P< 0.001). Oil red O lipid stain-
ing revealed a 3-fold higher lipid content in skeletal muscle
after HFD compared with LFD and ALA-supplemented
groups (P < 0.05). ALA improved whole body glucose toler-
ance (~20% lower total area under the curve (AUC) in ALA
supplemented groups vs. controls, P < 0.05). These effects
were not mediated by increased muscular AMPK activation
or ALA-induced improvement of muscular insulin sensitiv-
ity.ill To conclude, the prevention of HFD-induced muscu-
lar lipid accumulation and the improved whole body glucose
tolerance are likely secondary effects due to the anorexic
nature of ALA.—Timmers, S., J. de Vogel-van den Bosch,
M. C. Towler, G. Schaart, E. Moonen-Kornips, R. P. Mensink,
M. K. Hesselink, D. G. Hardie, and P. Schrauwen. Prevention
of high-fat diet-induced muscular lipid accumulation in
rats by «a lipoic acid is not mediated by AMPK activation.
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Obesity has reached epidemic proportions globally and
the situation is likely to deteriorate further. It is well known
that obesity predisposes individuals to a range of serious
health complications with high morbidity rates including
insulin resistance, type 2 diabetes mellitus, and cardiovas-
cular diseases (1). The mechanisms underlying the pro-
gression from obesity to insulin resistance and, ultimately,
type 2 diabetes are not fully elucidated (2). It is speculated
that excessive FFA mobilization from adipose tissue leads
to an increase in plasma FFA with ectopic deposition of
triglycerides in muscle, the liver, and the pancreas as a re-
sult. The increased intramyocellular lipid (IMCL) content
could disturb muscle insulin signaling, which ultimately
results in muscle insulin resistance (3).

Alpha lipoic acid (ALA), also known as thioctic acid, is a
naturally occurring short-chain fatty acid with a powerful
antioxidant capacity. It is synthesized in small amounts by
plants and animals, including humans (4, 5). Endoge-
nously synthesized ALA is an essential cofactor for several
mitochondrial enzyme complexes that catalyze critical re-
actions related to energy production (6). ALA can also be
exogenously derived from various food sources such as to-
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Long Evans Tokushima Fatty.
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matoes, spinach, broccoli, and Brussels sprouts (7). ALA
has been suggested to have influence on glucose homeo-
stasis. Short-term incubations of L6 muscle cells with a
rather high concentration of 10 mM of ALA increased glu-
cose uptake by 40-80%, and ex vivo incubation of muscles
derived from ob/ob mice with 10 mM ALA showed a sub-
stantial increase in glucose uptake (8). Acute and chronic
parenteral treatments with ALA in obese Zucker (fa/fa)
rats, an animal model of insulin resistance, significantly
improved insulin-stimulated 2-deoxyglucose uptake in epi-
trochlearis muscles by 62% and 64% (9). In an uncon-
trolled study of 20 patients with type 2 diabetes, intravenous
infusion of 500 mg/day of racemic ALA for 10 days im-
proved insulin-stimulated glucose disposal measured 24 h
after the last infusion (10). Moreover, in a placebo-con-
trolled, mult-center study, 74 patients with type 2 diabetes
were randomized to receive 600 mg ALA or placebo orally
once, twice, or three times daily for 4 weeks. It was shown
that patients who received ALA significantly improved
their insulin-stimulated glucose disposal compared with
those on the placebo although no significant differences
regarding the various doses of ALA were observed (11).
These studies suggest that ALA has the potential to im-
prove insulin sensitivity via an effect on skeletal muscle
glucose uptake.

In that respect, recent experimental research indicates
that ALA might improve insulin sensitivity by lowering
triglyceride accumulation in nonadipose tissues like mus-
cle. Feeding diabetic Otsuka Long Evans Tokushima Fatty
(OLETF) rats with ALA-supplemented chow reduced tri-
glyceride accumulation in skeletal muscle and pancreatic
islets compared with their untreated counterparts (12).
The reduced triglyceride accumulation in skeletal muscle
was attributed to the activation of skeletal muscle AMP-
activated protein kinase (AMPK) (13), an enzyme that is ac-
tivated when the cellular energy is depleted (14). Previous
experiments in cells and animals showed that AMPK could
stimulate glucose uptake independently of insulin, lower
triglyceride accumulation in nonadipose tissues via in-
creased fat oxidation, and increase mitochondrial biogen-
esis (15-19). Thus, activation of AMPK by ALA may lead to
a lower accumulation of IMCL via an increased oxidation
of long-chain fatty acids and might improve whole body
insulin sensitivity.

To test this hypothesis, we studied whether supplemen-
tation of ALA to a high-fat diet prevented dietinduced
obesity and muscular lipid accumulation. In addition, we
studied if ALA supplementation could improve insulin
sensitivity over time and if this was mediated by changed
activity of skeletal muscle AMPK.

METHODS

Animals and diets

A total of 32 eleven-week-old male Wistar rats (Charles River
Laboratories) were individually caged and randomly assigned to
one of the four dietary treatments for 8 weeks. The first two
groups were fed a semi-purified diet containing 10% of kcal as fat

with an energy density of 3.85 kcal/g (D12450B; 20% energy (%
E) protein, 70% E carbohydrate, and 10% E fat consisting of
225% E soybean oil and 180% E lard; Research Diets, Inc., New
Brunswick, NJ) supplemented with or without 0.5% DL-ALA
(Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands).
The other two groups received a semi-purified diet containing
45% of kcal as fat with an energy density of 4.73 kcal/g (D12451;
20% E protein, 35% E carbohydrate, 45% E fat consisting of
225% E of soybean oil and 1598% E lard; Research Diets) supple-
mented with or without 0.5% DL-ALA. Rats were maintained at
ambient temperature (22 + 1°C), with 12:12 h light-dark cycles
and allowed ad libitum access to food and water. Food consump-
tion and body weight were recorded weekly. To calculate net ab-
sorption of nutrients during the diet intervention, fecal samples
were collected during the last week of the intervention period,
freeze-dried, and together with samples from the diet, analyzed
for gross energy content using adiabatic bomb calorimetry
(Ika-calorimeter system C4000 Heitersheim, Germany). All experi-
ments were approved by the Institutional Animal Care and Use
Committee of the Maastricht University and complied with the
principles of laboratory animal care.

Intraperitoneal glucose tolerance tests

To investigate the effect of DL-ALA on glucose tolerance, rats
were subjected to an intraperitoneal glucose tolerance test (ip-
GTT) after 4 and 8 weeks of the dietary treatment. Rats were ad-
ministered 1.5 g/kg glucose (ICN Biomedicals, Inc., Aurora,
OH) after a 6 h fast. A baseline blood sample was immediately
taken (t =0), and this was repeated at t = 15, 30, 60, and 120 min.
Samples were collected in Na-EGTA coated Eppendorf tubes and
centrifuged immediately at 4,000 rpm for 10 min. Plasma was
then separated and stored at —80°C for the determination of in-
sulin concentrations by Insulin (Rat) Ultrasensitive EIA (Alpco
Diagnostics, Salem, NH).

Tissue collection

After 8-1/2 weeks of ALA supplementation, rats were eutha-
nized after a 6 h fast. Rats received an intraperitoneal injection of
insulin (10u/kg) and were anesthetized after 9 min by a mixture
of 79% of CO, and 21% of O, for 1 min, followed by cervical
dislocation. For histological analysis, the medial region of the left
gastrocnemius muscle (mostly compromised of type 2 muscle
fibers) was dissected and freed from any visible fat and blood,
embedded in Tissue-Tek (Sakura Finetek, Zoeterwoude, The
Netherlands), and frozen in liquid nitrogen-cooled isopentane
(2-methyl-butane, Fluka, Zwijndrecht, The Netherlands). The
right gastrocnemius muscle was rapidly dissected and immedi-
ately frozen in liquid nitrogen-cooled isopentane for Western
blot analyses. All samples were stored at —80°C until further
analysis.

Histological analysis of IMCL

Briefly, cryosections (5 pm) from the midbelly region of the
gastrocnemius were thaw mounted on uncoated precleaned
(96% ethanol) glass slides. Immediately after mounting, air-
dried, fresh cryosections were fixed in 3.7% formaldehyde for
1 h. Then, the sections were treated with 0.5% Triton X-100 in PBS
for b min and washed three times with PBS. Thereafter, sections
were incubated for 30 min with a polyclonal rabbit antibody
against the basement membrane protein laminin (Sigma-Aldrich,
St. Louis, MO; 1:50 dilution in PBS) and a monoclonal antibody
raised against adult human slow myosin heavy chain (A4.840, de-
veloped by Dr. Blau; Developmental Studies Hybridoma Bank,
University of Towa, Iowa City, IA) (20) to visualize individual cell
membranes and distinguish between type 1 and 2 muscle fibers.
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This was followed by 30 min incubation with the appropriate sec-
ondary antibodies conjugated with Alexa Fluor488 and Alexa
Fluorb55 (Invitrogen, Groningen, The Netherlands). After wash-
ing with PBS, glass slides were immersed in the ORO working
solution for 30 min for the detection of lipid droplets (21) and
rinsed three times with deionized water for 30 s followed by 10
min of washing with running tap water. Stained sections were
embedded in Mowiol.

All sections were examined using a Nikon E800 fluorescence
microscope (Nikon Instruments Europe B.V., Badhoevedorp,
The Netherlands) coupled to a Basler A101C progressive scan
color charge-coupled device camera. All sections were processed
and analyzed using Lucia GF 4.80 software (Nikon, Diisseldorf,
Germany). Special care was taken to use the same camera settings
(gain and exposure time) while grabbing all images. For IMCL,
>800 cells per muscle were analyzed.

All images were analyzed for the lipid droplet over myocyte
area fraction. To this end, a semiautomatic macro was written
that allowed: I) autodetection of the cellular membrane (identi-
fied in the blue channel), 2) measurement of the area covered by
the measured myocytes with distinction between type 1 and type
2 fibers (identified in the green area), and 3) measurement of
the area covered by lipid droplets (identified in the red chan-
nel). The area fraction was computed by dividing the area cov-
ered by the lipid droplets (in p,m2) by the cell surface of the
measured myocytes (in pm®). Thus, the mean area fraction re-
flects the percentage of total measured cell surface covered by
lipid droplets.

Western blot analyses

Muscle homogenates for Western blot analysis of p-Akt pro-
tein were performed as described before (22). Equal amounts of
protein were loaded on SDS-PAGE and after Western blotting,
incubated with Akt and p-Akt antibodies (#9271 and #9272, re-
spectively, Cell Signaling Technology, Bioké, Leiden, The Neth-
erlands). After incubation with the appropriate secondary
antibodies, specific protein bands were visualized by chemilumi-
nescence and analyzed by Chemidoc XRS system (Bio-Rad,
Veenendaal, The Netherlands).

For GLUT4 detection equal amounts of muscle membrane
and muscle cytosol protein fractions were loaded on SDS-PAGE
and after Western blotting, incubated with a GLUT4-antibody
(sc-1608, Santa Cruz, Bio-Connect, Huissen, The Netherlands).
After incubation with the appropriate secondary IRDye680-
labeled antibody (Licor, Westburg, Leusden, The Netherlands),
the specific GLUT4 protein was detected and analyzed using the
Odyssey near Infrared Scanner (Licor).

AMPK activity and ACC phosphorylation

Kinase assays of total AMPK activity have been described previ-
ously (23). Briefly, total AMPK activity was measured in the tissue
lysates by immunoprecipitating with a combination of al- and
a2-specific antibodies. Activities are presented in units per milli-
gram protein, where a unit is defined as nanomoles of phosphate
incorporation into the SAMS peptide per minute.

Western blot analyses of acetyl-CoA carboxylase (ACC) was
carried out as follows. Muscle samples were powdered under lig-
uid nitrogen and homogenized at a ratio of 1:4 (w/v) in the fol-
lowing buffer 0.05 M Tris-HCI pH 7.4, 0.25 M Sucrose, 0.001 M
EDTA, 0.001 M EGTA, 1% TX-100, 0.001 M NaVO, 0.05 M NaF,
0.005 M Na,PO,, 0.1% DTT, and protease inhibitor cocktail tab-
let (1 tablet/10 ml) (Roche, Hertfordshire, UK). A total of 15 pg
protein was loaded on a NuPage 3-8% Tris-Acetate gel (Invitro-
gen, Paisley, UK) and separated by SDS-PAGE followed by trans-
fer onto nitrocellulose membrane. Membranes were blocked for
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1 h with Odyssey blocking buffer (Licor, UK) and probed over-
night with sheep polyclonal phosphospecific ACC1/2 (P-s"/
P-$**") antibody and total ACC antibody (Cell Signaling Technol-
ogy, Beverly, MA). The phosphospecific polyclonal antibody was
raised against a 13-amino-acid peptide that comprised amino
acid 221 of human ACC2 coupled to KLH, and a 12-amino-acid
peptide that comprised amino acid 79 of rat ACC1. After immu-
nization of sheep with the peptides, antibodies were extracted
from sera by Sephadex affinity column. Columns were washed
with tris-buffered saline with 1% Tween-20 and eluted in 50 mM
glycine (pH 2.5). A total of 75 mM tris pH 8 was added to eluted
antibodies. Membranes were washed in TBS-T and incubated for
1 h with secondary antibodies IRDye 800 conjugated to streptavi-
din (picks up total ACC), and sheep IRDye 680 (picks up P-ACC)
(Rockland Inc., Lorne Laboratories, Reading, UK). Membranes
were washed again in TBS-T and analyzed using the Licor Odyssey
near Infrared Scanner.

Statistical analysis

Results are presented as the mean + SE. Differences between
groups were analyzed by one-way ANOVA with a Bonferroni’s
post hoc correction. The accepted level of statistical significance
was P < 0.05 for all analyses. All calculations were done using the
Statistical Package for the Social Sciences (SPSS 11.0 software).

RESULTS

Body weight gain and composition

Body weights gradually increased over the 8 weeks of
diet intervention in the low-fat diet (LFD) and the high-fat
diet (HFD) rats. However, compared with animals on the
LFD, rats receiving the HFD gained more weight during
the intervention period (Fig. 1A). Supplementation of
ALA to LFD or HFD attenuated weight gain, resulting in
significantly lower final body weights (-24% in LFD+ALA
vs. LFD, P < 0.01 and —29% in HFD+ALA vs. HFD, P <
0.001, Fig. 1A). Epididymal and perirenal fat pad weights
were significantly higher in HFD animals compared with
rats on the LFD (P< 0.001). ALA treatment resulted in an
~50% lower epididymal and perirenal fat mass in the
ALA-treated animals compared with their controls (P <
0.01, Fig. 1B). Thus, these data suggest that the differences
in body weight between the groups are, at least in part,
due to differences in adiposity (Fig. 1B).

Food intake and net absorption

Analysis of food intake and fecal energy content over
the last week revealed that gross energy absorption was
30% lower in the ALA supplemented groups compared
with control groups (P< 0.01) (data not shown). This re-
duction in gross energy absorption was completely ac-
counted for by a 30% lower food intake in animals treated
with ALA (P<0.001, Fig. 1C), with no differences in fecal
energy content between the groups (data not shown).

Glucose and insulin levels following ipGTT

IpGTTs were performed 4 and 8 weeks after commence-
ment of dietary treatment to study time-dependent effects
of the diet on whole body glucose tolerance. Fasting blood
glucose values were not different between ALA and con-
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trol animals after 4 and 8 weeks (Fig. 2A, C). Glucose injec-
tion in the animals after 4 weeks diet intervention resulted
in similar peak blood glucose values at time-point 15 min
between groups. Glucose clearance in the ALA treated ani-
mals was faster than in the corresponding LFD and HFD
fed rats (~17% lower total area under the curve (AUC),
P<0.05, Fig. 2B). After 8 weeks of treatment, glucose levels
peaked again at time point 15 min after injection of the
glucose bolus and values were not different between
groups. Glucose clearance remained faster in the LFD+ALA

perirenal

Fig. 1. ALA prevents high-fat diet-associated obe-
sity. A: Body weight (n = 8). B: Epididymal and perire-
nal fat mass at sacrifice (n = 8). C: Food intake (n =
8). Values are expressed as means = SEM. * P < 0.05
versus LFD; ** P< (.05 versus HFD.

versus LFD group and HFD+ALA versus HFD group (~
20% lower total AUC, P< 0.05, Fig. 2D).

Fasting plasma insulin levels were lower in the groups
receiving ALA compared with controls after 4 weeks of
treatment (1.08 + 0.19 vs. 2.43 + 0.30 ng/ml-min in
LFD+ALA vs. LFD, P<0.001, and 0.66 £ 0.06 vs. 1.60 + 0.34
ng/ml-min in HFD+ALA vs. HFD). Total area under the
curve was ~30% lower in the ALA supplemented animals
compared with the control LFD and HFD groups (P <
0.05, Fig. 3A). After 8 weeks of ALA supplementation, fast-
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154 1250+ during ipGTT after 8 weeks of diet intervention (n =
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ing plasma insulin levels remained lower compared with
the control matched animals (1.36 + 0.31 vs. 2.52 + 0.36
ng/ml-min in LFD+ALA vs. LFD, P< 0.05, and 0.87 + 0.10
vs. 1.90 £ 0.21 ng/ml-min in HFD+ALA vs. HFD, P<0.001).
Total AUC was again ~30% lower in the ALA versus con-
trol treated animals; however, due to the high variance
this did not reach statistical significance (P = 0.34, Fig.
3B).

Intramyocellular lipid levels

After 8 weeks of dietary intervention, IMCL content was
3-fold higher in the animals receiving the HFD (P< 0.05).
There were no differences in IMCL accumulation between
type 1 and 2 muscle fibers (data not shown). Supplemen-
tation of ALA in rats on the HFD reduced lipid accumula-
tion significantly, resulting in an intramyocellular lipid
content that was comparable to animals receiving the LFD
(P<0.05, Fig. 4). ALA did not further reduce IMCL in the
LFD group. Representative images demonstrating differ-
ences in staining between the four different diets are in-
cluded as supplementary Fig. 1.

Insulin signaling

Muscle insulin signaling was analyzed to see whether the
ALA-induced increase in whole body glucose tolerance,
together with the lower muscular lipid accumulation, re-
sulted in improved insulin-stimulated glucose disposal.

Among the different dietary interventions there were
no differences in insulin-induced Akt phosphorylation
(Fig. 5A). In parallel, ALA treatment failed to increase
insulin-stimulated GLUT4 translocation (Fig. 5B).

AMPK activity

No differences in total AMPK a-isoform activity were ob-
served after 8 weeks supplementation with 0.5% ALA to
rats on both a LFD or HFD (Fig. 6A). Consistent with this
finding, no effect of ALA on phosphorylation of ACC on
either LFD or HFD was observed (Fig. 6B).

DISCUSSION

Recently, it has been suggested that ALA may improve
insulin sensitivity by lowering triglyceride accumulation in
nonadipose tissues (12). The reduced triglyceride accu-
mulation in skeletal muscle was suggested to be attributed
to activation of skeletal muscle AMPK (13). Therefore, it is
possible that ALA supplementation can prevent the lipid
accumulation that is associated with high-fat diets via acti-
vation of AMPK and thereby, improve insulin sensitivity.
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LFD LFD+ALA HFD HFD+ALA

Here, we indeed show that ALLA supplementation reduces
high-fat dietinduced accumulation of body fat and in-
tramyocellular lipid content and improves whole body glu-
cose tolerance, but these effects are not associated with
increased muscular AMPK activation.

ALA supplementation prevented high-fat diet-associated
obesity, as evidenced by significantly lower gain in total
body weight as well as lower fat mass. Measuring fat pad
weights at euthanasia indicated that animals receiving the
HFD had significantly more fat mass than animals on the
LFD, and this diet-induced increase in fat mass was com-
pletely prevented by supplementation of ALA. Interest-
ingly, the net loss of fat is independent of the amount of
fat in the diet. These effects were most likely due to pro-
nounced effects of ALA on food intake and body weight
gain of the animals. Already after one week of supplemen-
tation with ALA, animals had significant lower food intake
and body weight gain compared with control groups. This
pattern persisted over the entire 8 week intervention pe-
riod. The reduction in food intake was not compensated
by changes in food absorption as fecal energy loss was un-
affected by ALA supplementation. These results are in
agreement with those of Kim et al. (24), who found that
feeding male Sprague-Dawley rats standard rat chow con-
taining ALA for 2 weeks significantly reduced food intake
and body weight in a dose-dependent manner. They sug-
gested that the anorexic effect of ALA is the direct result
of suppression of hypothalamic AMPK activity because in-
tracerebrovascular injection of small doses of ALA reduced
food intake. Indeed, several reports showed that inhibi-
tion of hypothalamic AMPK activity has an anorexic effect

0.50+
_.|_

Area fraction (%)

LFD LFD+ALA HFD HFD +ALA

Fig. 4. Intramyocellular lipid levels in left gastrocnemius muscle
after 8 weeks of diet intervention (n = 8). Values are expressed as
means + SEM. * P< 0.05 versus LFD; ** P< 0.05 versus HFD.
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Fig. 5. Effect of 8 week treatment with dietary ALA
= on (A) Akt phosphorylation and (B) GLUT4 translo-
cation in right gastrocnemius muscle (n = 8). Values
are expressed as means + SEM.

LFD LFD+ALA HFD HFD+ALA

(25, 26). Furthermore, the ALA-induced anorexic effects
were not due to illness, as no adverse pathology was seen
during the study or at time of euthanasia of the animals. It
also seems unlikely that the decreased food intake is the
result of taste aversion, because intraperitoneal injection
of ALA in Sprague-Dawley rats caused a similar decrease in
food consumption, and a conditioned taste aversion test
showed that there was no difference in preference ratio of
saccharine intake between ALA and saline injected ani-
mals (24).

Increasing evidence in humans and animal models indi-
cates that accumulation of muscle triglyceride is associated
with decreased insulin induction of glucose disposal into
skeletal muscle due to interference of fatty acid metabo-
lites with insulin signaling at multiple levels. Here, we
found that ALA supplementation completely prevented
the high-fat dietinduced increase in muscular lipid con-
tent. Animals receiving the HFD experienced 3-fold higher
IMCL levels distributed both in the type 1 and type 2 fi-
bers. Supplementing ALA in the HFD group reduced lipid
accumulation significantly, resulting in an intramyocellu-
lar lipid content that is comparable to animals receiving
the LFD. In accordance with the reduction of muscular
lipid content, whole body glucose tolerance was improved
after 4 and 8 weeks of ALA treatment. At both time points,
rats receiving the LFD and HFD supplemented with ALA
had lower AUC compared with their control groups. To-
gether with the improved glucose tolerance, plasma insu-
lin levels were significantly lower in the groups receiving
ALA, albeit that these results did not reach statistical sig-
nificance after 8 weeks of treatment. Together, these find-
ings seem to indicate that ALA supplementation is able to
improve whole body insulin sensitivity even when high-fat
diets are consumed. The mechanisms by which ALA de-
creases ectopic lipid accumulation and improves whole

A B

LFD LFD+ALA HFD HFD+ALA

body glucose tolerance may be multifactorial. First of all, it
has been speculated that ALA can activate skeletal muscle
AMPK. AMPK is known to induce GLUT4 translocation in
skeletal muscle, thereby improving muscular glucose up-
take independent of insulin signaling. In addition, AMPK
increases fatty acid oxidation by inhibiting ACC. Thus,
ALA-induced AMPK activation in muscle would decrease
IMCL levels by stimulating fatty acid oxidation as well as
directly stimulating glucose uptake via increased GLUT4
translocation, thereby bypassing insulin resistance induced
by muscular lipid accumulation. Indeed, 3 days of ALA
supplementation to diabetic OLETF rats activated AMPK
in skeletal muscle and improved insulin sensitivity, whereas
adenoviral infection of dominantnegative AMPK pre-
vented ALLA-induced increase in insulin-stimulated glucose
uptake and failed to increase fatty acid oxidation and ACC
phosphorylation (13). Also, numerous studies have shown
that ALA can improve glucose tolerance in both diabetic
animal models as well as individuals with type 2 diabetes
(8, 10, 11, 27). However, here we could not confirm these
results. Despite the fact that ALA affected insulin sensitiv-
ity at the whole body level, no change in muscle specific
insulin-stimulated Akt phosphorylation and GLUT4 trans-
location was noticed. Thus, skeletal muscle insulin sensitiv-
ity was not affected by ALA treatment. Moreover, we could
not detect a positive effect of ALA treatment on skeletal
muscle AMPK activity nor ACC phosphorylation. It is pos-
sible that the effects of ALA treatment on whole body glu-
cose tolerance are due to the anorexic effects of ALA,
thereby reducing not only the triglyceride accumulation
in the different fat depots but also targeting ectopic lipid
accumulation. It is well known that moderate reduction in
caloric intake, without causing malnutrition, is effective in
obese diabetic rats to improve insulin stimulated glucose
uptake and lower insulin levels during a GTT (28, 29).
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Fig. 6. Effect of 8 week treatment with dietary ALA
on (A) AMPK activityand (B) $’*/$*' ACC phosphor-
ylation in right gastrocnemius muscle (n = 8). Values
are expressed as means + SEM.
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At first sight, these results are in contrast with previous
findings showing that ALA improves insulin sensitivity pos-
sibly by increasing AMPK activity (13, 30). Although the
study of Lee et al. (13) applied the same dosage of ALA
(0.5%) and route of administration, the duration of ALA
supplementation was shorter. So, the different outcome of
our study may be explained by the acute versus chronic
treatment with ALA. AMPK activity might only be influ-
enced by short-term ALA administration. On the other
hand, Gupte et al. (30) reported that chronic ALA supple-
mentation increased AMPK activity and improved insulin
signaling. However, a major difference in study protocol is
the route of administration of ALA. ALA was dissolved in
Tris HCL (120 mM, pH 7.4) and administered through
daily injections intraperitoneally at a dosage of 30 mg/kg
body weight. By investigating the metabolism of ALA
through administration of radioactively labeled ALA to
rats, Harrison and McCormick (31) reported that the re-
tention of the radioactive label in the body of rats was ap-
proximately twice as high after oral administration than
after intraperitoneal administration. This was as expected
given the slower rate of excretion of radioactivity in urine
and 14C02 after oral administration (31). Bioavailability
and excretion of ALA seems to be influenced by the route
of administration, making comparison between studies
difficult. The anesthesia used and the method of euthana-
sia of animals is often different in study protocols investi-
gating the effect of ALA on insulin sensitivity and AMPK
activity. AMPK activity can be increased if animals suffer
from hypoxia (32). Both CO, and barbiturates have the
same working principle and with an overdose can depress
the respiratory center, which is followed by cardiac arrest
(33). So, studies that euthanize the animals by intraperito-
neal injection of sodium pentobarbital may influence
AMPK activity. We only sedated the rats with CO, for one
minute, after which they were euthanized by cervical dislo-
cation. So, it is unlikely that hypoxia occurred and affected
the AMPK activity measurements.

In conclusion, we have confirmed that ALA supplemen-
tation can prevent the lipid accumulation that is associ-
ated with high-fat diets. Moreover, we have shown that the
reduction in ectopic lipid accumulation is associated with
an improved whole body glucose tolerance. However,
these effects of ALA are not mediated via ALA-induced ac-
tivation of muscle AMPK or ALA-induced improvement in
muscular insulin sensitivity. Possibly, ALA could have af-
fected AMPK activity in the food-regulating center in the
hypothalamus. Therefore, we propose that the prevention
of HFD-induced muscular lipid accumulation and the im-
proved whole body glucose tolerance may partly result
from the anorexic nature of ALA Bl
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