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Abstract Lipoic acid (LA) is an antioxidant with
therapeutic properties on several diseases like diabetes
and obesity. Apelin is a novel adipokine with
potential beneficial actions on glucose metabolism
and insulin resistance. The aim of this study was to
examine in 3T3-L1 adipocytes the effects of LA on
apelin gene expression and secretion, as well as
elucidate the signaling pathways involved. We also
tested the regulation of adipose apelin gene expres-
sion by LA supplementation in a model of high-fat
diet-induced obesity. LA increased apelin secretion
but not apelin gene expression in 3T3-L1 adipocytes.
The AMPK inhibitor Compound C induced an
increase in LA-stimulated apelin production, and, on
the contrary, the AMPK activator AICAR completely
reversed the LA stimulatory effects on apelin secre-
tion, also inducing a significant reduction in apelin
mRNA levels in this in vitro model. Apelin mRNA

levels were increased in those animals fed with the
high-fat diet, while the caloric restriction decreased
apelin mRNA to control levels. However, apelin gene
expression was not significantly modified in rats
treated with LA compared with the obese group.
The current data suggest the ability of LA to modulate
apelin secretion by adipocytes. However the insulin-
sensitizing effect of LA in vivo is not related to
changes in apelin gene expression in our model of
diet-induced obesity.
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Introduction

Apelin is a bioactive peptide identified as the
endogenous ligand of the orphan G protein-coupled
receptor, APJ. It is secreted by adipocytes as well as
by several tissues including heart, brain, lungs, and
pancreatic islet cells among others [14]. Apelin has
been shown to be involved in the regulation of
cardiovascular functions, fluid homeostasis, vessel
formation, and cell proliferation [5, 31]. More
recently, apelin has been described as an adipocyte-
secreted factor (adipokine) with an emerging role in
energy metabolism. In fact, several studies have also
described that apelin is up-regulated in obesity and
insulin resistance [2, 32]. Also, insulin and TNFα
have been found to be important up-regulators of
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apelin gene expression in adipose tissue [8]. Recent
studies have demonstrated that apelin, administered in
a physiological range, improves in vivo glucose
metabolism in normal and insulin-resistant high-fat-
fed mice by increasing glucose utilization in insulin-
sensitive tissues [10]. A very recent study has also
demonstrated that apelin stimulates glucose uptake in
human adipose tissue ex vivo [1]. Because of this and
other beneficial actions of apelin, it has been
suggested that over-production of apelin could be
one of the last protective defense before the emer-
gence of obesity-related disorders such as insulin
resistance and type 2 diabetes [5, 6, 9, 38].

Lipoic acid (LA) is a short chain fatty acid, described
as an important cofactor of several mitochondrial
bioenergetic enzymes [36] and with important antiox-
idant properties due to its ability to chelate free radicals
and regenerate other intracellular antioxidants [39].
Several studies have demonstrated the beneficial
properties of LA on obesity and its related comorbid-
ities. In this context, previous studies from our group
described that ingestion of a high-fat diet supplemented
with LA decreased body weight gain by a reduction of
food intake, feed efficiency, and inhibition of intestinal
sugar absorption [27]. Moreover, Butler et al. [3]
showed that LA improves hypertriglyceridemia in rats
by down-regulating hepatic GPAT-1 and DGAT-2 gene
expression, by inhibiting liver TG secretion as VLDL,
and by stimulating clearance of TG-rich lipoproteins.
Recent studies in humans also reported that LA has
beneficial effects in the treatment of pre-obese and
obese subjects by decreasing body weight, blood
pressure and abdominal circumference [4]. In addition,
LA has also beneficial effects on glucose metabolism
and it has been proposed as a potential therapy for type
2 diabetes [15, 23, 30, 34, 37]. Thus, LA treatment
improved glucose tolerance and insulin sensitivity of
skeletal muscle in obese insulin-resistant Zucker rats
by reducing oxidative stress [16, 35]. Furthermore,
studies carried out in 3T3-L1 adipocytes described that
LA stimulates basal and insulin-stimulated glucose
transport [33]. Moreover, LA also provides partial
protection against the impaired insulin-stimulated
glucose transporter 4 translocation and protein kinase
B/Akt activation mediated by oxidative stress [11].

In the present study, we investigated the direct
effects of LA on apelin production by 3T3-L1
adipocytes and the signaling pathways involved.
Furthermore, we also aimed to investigate the effects

of dietary supplementation with LA on apelin mRNA
levels in white adipose tissue (WAT) in rats fed a high-
fat diet in order to find out if LA effects on apelin could
explain, at least in part, its protective properties against
the development of insulin resistance.

Materials and methods

Culture and differentiation of 3T3-L1 cells

Mouse 3T3-L1 cells (American Type Culture Collection,
Rockville, MD, USA) were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 4.5 g/L
glucose, 10% (v/v) calf bovine serum (Invitrogen, CA,
USA), and 1% (v/v) antibiotics (penicillin/streptomycin)
(Gibco, Invitrogen Corporation, CA, USA) and man-
tained in an incubator set to 37°C and 5% of carbon
dioxide [20, 22]. Two days post-confluence pre-
adipocytes were induced to differentiate into adipocytes
by culturing them for 48 h in DMEM containing
4.5 g/L glucose, 10% fetal bovine serum (FBS)
(Invitrogen), antibiotics, and supplemented with dexa-
methasone (1 mM; Sigma, St. Louis, MO, USA),
isobutylmethylxantine (0.5 mM; Sigma) and insulin
(10 mg/mL; Sigma). Then, cells were cultured with
10% FBS and insulin for another 48 h. After that,
media were replaced with 10% FBS and antibiotics,
without insulin and changed every 2 days up to day
8 post-confluence, when cells were considered to be
differentiated into mature adipocytes.

Different treatments were added to differentiated
3T3-L1 adipocytes day 8 post-confluence for a period
time of 24 h.

Treatments

α-Lipoic acid (Sigma-Aldrich) was dissolved in
ethanol. The inhibitors SP600125 (Calbiochem,
San Diego, CA, USA), PD98059 (Sigma),
LY294002 (Sigma), Compound C (Calbiochem),
H89 (Santa Cruz Biotechnologies, Santa Cruz, CA,
USA), and KT5823 (Calbiochem) were dissolved in
DMSO. The AMPK activator AICAR (Sigma) was
dissolved in deonized sterile water. All compounds
were prepared as 1,000× stock solutions and added
to the culture medium. Control cells were treated
with the same proportion of the corresponding
vehicle.
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Prior to the addition of the appropriate treat-
ments, fully differentiated 3T3-L1 adipocytes were
serum starved overnight. Then, cells were treated
with or without LA (250 μM) during 24 h. For the
identification of the signaling pathways involved in LA
action on apelin, 3T3-L1 adipocytes were preincubated
for 1 h with selective inhibitors or activators, the JNK
inhibitor, SP600125 (20 μM), the MAPK inhibitor
PD98059 (50 μM), the PI3K inhibitor, LY 294002
(50 μM), the AMPK inhibitor, Compound C (20 μM),
and the AMPK activator AICAR (2 mmol/l).

Animals and diets

Six-week-old male Wistar rats were obtained from the
Centre of Applied Pharmacology (CIFA, Pamplona,
Spain). Animals were housed in polycarbonate cages
(3–4 rats per cage) in temperature-controlled rooms
(22±2°C) with a 12-h light–dark cycle, fed a pelleted
chow diet, and given deionized water ad libitum for
an adaptation period of 5 days.

Rats were then assigned into four experimental
groups for 8 weeks. The control group (n=10) was
fed with a standard diet (Harlam Tekland Global
Diets, Madison, WI, USA) containing 16.7% of
energy as protein, 78.6% as carbohydrate, and 4.6%
as lipid per dry weight. The other three experimental
groups (obese, OLIP, and PF) were fed with a high-fat
diet (OpenSource diets Research Diets Inc. New
Brunswick, NJ, USA) containing 60% of energy as
lipid, 20% as carbohydrate, and 20% as protein per
dry weight. The obese group was fed ad libitum with
the high-fat diet (n=10), the OLIP group was fed ad
libitum with the high-fat diet supplemented with LA
in a proportion of 0.25 g LA/100 g of diet (n=12),
and the pair-fed (PF) group received the same amount
of high-fat diet eaten by the group OLIP, but without
adding LA (n=6). At the end of the experimental
period, rats were euthanized, and blood and tissue
samples were collected, including WAT depots (epidid-
ymal, retroperitoneal, mesenteric, and subcutaneous) as
previously described [7]. All fat depots were weighed
and kept at −80°C for subsequent analysis. Visceral
WAT depot was estimated by the sum of epididymal,
retroperitoneal, and mesenteric depot weights.

All experimental procedures were approved and
performed according to National and Institutional
Guidelines for Animal Care and Use at the University
of Navarra.

Assays

Apelin concentration in the media was determined
after 24 h of culture by ELISA for mouse/rat apelin
from Phoenix Peptide (Burlingame, CA, USA).

Serum insulin levels weremeasured by ELISA for rat/
mouse Insulin ELISA kit (Linco, St. Charles, MI, USA).

Serum glucose levels were assayed using a Cobas
Mira Autoanalyzer (Roche Diagnostic, Basel, Swiss),
as previously described [26].

Analysis of mRNA levels

Total RNA was extracted from 3T3-L1 cells and
epididymal fat depots using TRIzol® reagent (Invitro-
gen) according to the manufacturer's instructions. RNA
concentrations and quality were measured by Nano-
drop Spectrophotometer ND1000 (Thermo Scientific,
Wilmington, DE, USA). RNAwas then incubated with
an RNAse-free kit DNase (Ambion, Austin, TX, USA)
for 30 min at 37°C. RNA (2 μg) was reverse-transcribed
to cDNA using MMLV (Moloney Murine Leukaemia
Virus) reverse transcriptase (Invitrogen). For the real-
time quantitative polymerase chain reaction analyses,
4.5 μl of 1/50 dilution of cDNA per reaction were used
in a final reaction volume of 10μl. Apelin mRNA levels
were determined using predesigned TaqMan® Assays-
on-Demand (Mm00443562_m1 and Rn00581093_m1)
(Applied Biosystems, Foster City, CA, USA). Taqman
Universal Master Mix was also provided by Applied
Biosystems. The reaction conditions were followed
according to manufacturer's instructions. Amplification
and detection of specific products were performed
using the ABI PRISM 7900HT Fast System Sequence
Detection System (Applied Biosystems).

Apelin mRNA levels were normalized by the house-
keeping gene beta actin also obtained from Applied
Biosytems (Mm02619580 and Rn00667869_m1). All
samples were analyzed in duplicate. Ct values (the cycle
where the emitted fluorescence signal is significantly
above background levels and is inversely proportional to
the initial template copy number) were generated by the
ABI software. Finally, the relative expression level of
each gene was calculated as 2−ΔΔCt.

Data analysis

Data are expressed as mean with standard errors (SE).
Differences were set up as statistically significant at
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p<0.05. Comparisons between the values for different
variables were analyzed by one-way ANOVA, followed
by Bonferroni post hoc test or by Student's t test or
Mann–Whitney U test after testing the normality with
the Kolmogorov–Smirnoff and Shapiro–Wilk tests.
GraphPad Prism 4.0 (Graph-Pad Software Inc., San
Diego, CA, USA) was used for the statistical analyses.

Results

Effects of LA on apelin secretion and gene expression
in 3T3-L1 adipocytes

Treatment with LA (250 μM) during 24 h signifi-
cantly increased basal apelin secretion (p<0.01) in
3T3-L1 adipocytes (Fig. 1a). A similar pattern of
expression was observed in apelin mRNA levels after
LA treatment, although it did not reach statistical
significance (Fig. 1b).

Signaling pathways involved in the LA stimulatory
effects on apelin secretion

To further characterize the stimulatory effects of LA on
apelin secretion, 3T3-L1 adipocytes were preincubated
with several kinase inhibitors or activators as described
in the “Materials and methods” section. Interestingly,
the AMPK inhibitor Compound C stimulated (p<0.05)
apelin secretion and induced an additional and signif-
icant (p<0.05) increase in LA-stimulated apelin pro-
duction (Fig. 2a), but without significantly affecting
apelin gene expression (Fig. 2b). On the contrary, the
AMPK activator AICAR completely reversed (p<
0.05) the LA stimulatory effects on apelin secretion
(Fig. 2a), suggesting that AMPK inhibition could be
involved in the regulation of apelin secretion by LA.

However, treatment with AICAR alone did not modify
basal apelin secretion, while it induced a significant
reduction in apelin mRNA levels, which was also
observed in the presence of LA (Fig. 2b).

Treatment with the PI3K inhibitor LY294002
increased (p<0.05) basal apelin secretion, while a
significant down-regulation was observed on apelin
mRNA levels (Fig. 2b).

Finally, treatment with the JNK inhibitor
SP600125 or the MAPK inhibitor PD98059 did not
modify either apelin gene expression (Fig. 2b) or
protein secretion (Fig. 2a).

Effects of LA supplementation on body and white
adipose tissue weights

As expected, the high-fat diet intake significantly
increased (p<0.001) both body weight (Fig. 3a) and
fat mass (Fig. 3b) compared with the control group,
which was completely prevented by the dietary
supplementation with LA. This anti-obesity effect of
LA was secondary in part to reduced food intake
(19.39±0.27 and 16.19±0.19 g/day, p<0.001 for
obese vs. OLIP groups). However, the fat mass
lowering actions observed in LA-treated animals were
higher than those observed in the PF group (p<0.05)
(Fig. 3b).

Effects of LA supplementation on glucose metabolism

As expected, high-fat feeding caused hyperglycemia
(p<0.05) (Fig. 3c) and hyperinsulinemia (p<0.01)
(Fig. 3d) as well as increased HOMA index (p<
0.001) (Fig. 3e), suggesting the development of
insulin resistance in these animals.

Interestingly, dietary supplementation with LA
dramatically decreased insulin levels and HOMA

Fig. 1 Effects of LA
(250 μM) treatment on a
apelin secretion and b
mRNA levels in 3T3-L1
adipocytes. **p<0.01 vs.
control group
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index (p<0.001 and p<0.01, respectively), indicating
that LA supplementation improves the insulin resis-
tance caused by the high-fat diet. Moreover, the
reduction in insulin levels observed in the OLIP

animals was higher than the one observed in the PF
group, suggesting a direct effect of LA on insulin
homeostasis and not secondary to calorie restriction
(Fig. 3d).

Fig. 2 Signaling pathways
involved in the regulation of
a apelin secretion and b gene
expression. 3T3-L1 adipo-
cytes were treated with LA
(250 μM) in the presence or
absence of JNK inhibitor
SP600125, the MAPK
inhibitor PD98059, the PI3K
inhibitor LY294002, the
AMPK inhibitor Compound
C, and the AMPK activator
AICAR. *p<0.05 and
***p<0.001 vs. basal
control group; a p<0.05,
b p<0.01, and c p<0.001 vs.
basal LA-treated group

Fig. 3 Effects of dietary supplementation with LA (0.25% w/w)
during 56 days on a body weight, b white fat mass, c glucose,
and d insulin, as well as e HOMA index. *p<0.05; **p<0.01,

and ***p<0.001 vs. control group. #p<0.05, ##p<0.01, and
###p<0.001 vs. obese group. a p<0.05 vs. OLIP group
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Effects of LA on apelin gene expression in high-fat-fed
rats

We next evaluated the effects of a high-fat diet and
LA supplementation on apelin gene expression. As
shown in Fig. 4, apelin mRNA levels were increased
in those animals fed with the high-fat diet (p<0.05),
whereas calorie restriction (PF group) decreased
apelin mRNA to control levels. However, apelin gene
expression was not modified in rats treated with LA
in comparison with the obese group while a tendency
to increase apelin mRNA levels in comparison with
the PF group was observed.

Discussion

Previous studies have demonstrated the ability of LA to
regulate the production of several adipokines involved
in energy metabolism such as leptin [13, 28, 29].

However, this is the first study where the direct
effects of LA on apelin production in adipocytes have
been analyzed. Thus, we have demonstrated the
ability of LA treatment to increase apelin secretion
in 3T3-L1 adipocytes. Previous studies have also
reported that other bioactive molecules such as the
omega-3 eicosapentaenoic acid (EPA) are able to
stimulate apelin production in 3T3-L1 adipocytes [21]
as well as in adipose tissue [25].

The lack of significant effects of LA on apelin gene
expression suggests that LA stimulates apelin produc-
tion via post-transcriptional mechanisms. Moreover, our
data also suggest that these mechanisms could involve
inhibition of AMPK in adipocytes. The role of AMPK
pathway in mediating LA actions is complex and seems
to be tissue-dependent. In this context, the anti-obesity
effects of LA are mediated by suppression of hypotha-
lamic AMPK [15]. However, other studies have

reported that AMPK activation is mediating some of
the beneficial effects of LA in different disease models.
Thus, α-LA acid increases insulin sensitivity by
activating AMPK in skeletal muscle in Otsuka Long
Evans Tokushima Fatty (OLEFT) rats [18]. Moreover,
it has been found that LA decreases hepatic lipogenesis
through both AMPK-dependent and independent
mechanisms [24]. LA has been also shown to prevent
endothelial dysfunction in obese rats via activation of
AMPK [17].

Furthermore, we also found that the AMPK
activator AICAR caused a down-regulation of basal
apelin gene expression, which suggests that this
pathway could be also involved in the transcriptional
regulation of apelin. To our knowledge, this is the
first study reporting the potential role of AMPK in
regulating apelin production, although the mecha-
nisms seem to be complex and require further
investigation.

Our data also showed that treatment with the PI3K
inhibitor LY294002 dramatically inhibited apelin
gene expression, as it has been previously reported
[2]. However, we found that basal apelin secretion
was increased after treatment with this inhibitor,
suggesting a complex post-transcriptional regulation
of this adipokine, as we have previously described
[21].

Many studies have reported an upregulation of
apelin production in obesity associated to hyper-
insulinemia both in humans and in rodents [2, 6,
19]. However, it has been suggested that the over-
production of apelin in obesity could be one of the
last protections before the emergence of the obesity-
related disorders such as type 2 diabetes [25]. In this
context, a previous study from our group has
demonstrated that oral supplementation with EPA
ethyl ester induced a significant increase in apelin
gene expression in adipose tissue of rats fed a high-fat

Fig. 4 Effects of dietary
supplementation with LA
(0.25% w/w) during 56 days
on apelin gene expression in
epididymal fat from high-
fat-fed rats. *p<0.05 vs.
control group
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diet. Moreover, HOMA, an index of insulin resis-
tance, was negatively correlated with apelin, suggest-
ing that, to some extent, the insulin-sensitizing effects
of EPA could be also related to its stimulatory action
on apelin gene expression in visceral fat [25]. Other
studies found that dietary supplementation of high-fat
diet with vitamin C counteracts the upregulation of
apelin mRNA expression induced by high-fat diet in
subcutaneous fat, probably as a consequence of the
reduction observed on the size of this fat depot [12].
In the present study, we found an over-expression of
apelin mRNA levels in epididymal fat from obese and
hyperinsulinemic rats, as previously reported [2, 25].
This upregulation of apelin gene expression was
reversed by caloric restriction (PF group) in parallel
with the reduction of adiposity and hyperinsulinemia. In
contrast, rats treated with LA, which also exhibited
lower adiposity and insulin levels, did not show a
significant decrease in apelin mRNA levels in compar-
ison with the obese group and even a certain stimulatory
effect of LA on this adipokine was observed when
compared with the PF group. This fact suggests a certain
stimulatory action of LA on apelin in vivo in agreement
with our in vitro data. However, no significant relation-
ships were observed between these effects of LA on
apelin and the HOMA index or insulin levels, suggest-
ing that the previously described insulin-sensitizing
effects of LA are not mediated by apelin, at least under
our experimental conditions.

In conclusion, our data suggest that LA increased
apelin secretion in 3T3-L1 adipocytes. However, we
cannot conclude that changes in apelin mRNA levels
are involved in the insulin-sensitizing effects of LA
observed in an in vivo model of obesity induced by a
high-fat diet.
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