S104 DOI 10.1002/mnfr.200900522

ReseARcH ARTICLE

Mol. Nutr. Food Res. 2010, 54, S104-S111

Eicosapentaenoic acid up-regulates apelin secretion and

gene expression in 3T3-L1 adipocytes

Silvia Lorente-Cebrian’, Matilde Bustos?, Amelia Marti’, Jose Alfredo Martinez’

and Maria Jestus Moreno-Aliaga’

TDepartment of Nutrition, Food Science, Physiology and Toxicology, University of Navarra, Pamplona, Spain
2Division of Hepatology and Gene Therapy, Center for Applied Medical Research, University of Navarra,

Pamplona, Spain

Recent studies have shown the ability of apelin to restore glucose tolerance in obese and
insulin-resistant mice. Eicosapentaenoic acid (EPA) is a polyunsaturated fatty acid (PUFA)
from the omega-3 family that has many beneficial effects in obesity-linked disorders. The aim
of this study was to examine in vitro the effects of EPA on apelin secretion and gene
expression in mature 3T3-L1 adipocytes. Treatment with EPA (100 and 200 uM) significantly
increased basal (p<0.01) and insulin-stimulated (p<0.001) apelin secretion and gene
expression in adipocytes. EPA also stimulated Akt phosphorylation, a down-stream target of
phosphatidylinositol 3-kinase (PI3K), in 3T3-L1 adipocytes. Moreover, treatment with the
PI3K inhibitor LY294002 completely blocked EPA-stimulatory action on apelin mRNA gene
expression (p<0.001), but not modified the stimulatory effect of EPA on basal apelin
secretion. Furthermore, the stimulatory effect of EPA on basal apelin release was also
observed in the presence of Actinomycin D and Cycloheximide, suggesting that EPA might
also regulate apelin secretion by via post-transcriptional mechanisms. These findings suggest
that the mechanisms mediating EPA-induced apelin synthesis and/or secretion are complex,
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involving steps that are PI3K dependent and steps that are PI3K independent.
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1 Introduction

Apelin is a newly identified adipokine produced by adipo-
cytes as well as other cell types such as cardiomyocytes, and
whose production is dysregulated in obesity and insulin
resistance [1, 2]. Many studies have reported an up-regula-
tion of apelin production in obesity associated to hyper-
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insulinemia both in humans and in rodents [1, 3, 4] while
no changes were observed on apelin production when
glucose and insulin levels remained in normal values [1].
Over-production of apelin in obesity has been suggested to
be one of the last protections before the development of
obesity-linked disorders such as type 2 diabetes and cardio-
vascular diseases [5, 6]. In fact, apelin restored glucose
tolerance and increased glucose utilization in obese and
insulin-resistant mice suggesting that apelin represents a
promising target in the management of insulin resistance
[7]. This supports the increasing interest on the study of the
regulation of apelin production by adipocytes.

A strong relationship between adipocyte-secreted apelin
and insulin has been suggested. Thus, insulin up-regulated
apelin secretion and expression both in vivo [1] and in vitro
[1, 8, 9]. In addition, other studies have demonstrated that
the pro-inflammatory cytokine Tumour Necrosis Factor-
alpha (TNF-o), which has been described to induce insulin
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resistance in obesity [10], also increased apelin secretion and
gene expression in human and mice adipose tissue [2].
Moreover, apelin gene expression is up-regulated by Growth
Hormone [8] and down-regulated by dexamethasone in 3T3-
L1 adipocytes [9].

Regarding the signaling pathways involved in apelin
production in adipocytes, a direct contribution of phospha-
tidylinositol 3-kinase/Akt (PI3K/Akt) and mitogen-activated
protein kinase (MAPK) pathways on apelin production has
been suggested [1, 2, 8]. In fact, inhibition of PI3K/Akt and
MAPK pathways blocked the stimulatory action of insulin
[1], TNF-a [2] and Growth Hormone [8] on apelin secretion
and gene expression in adipocytes.

Eicosapentaenoic acid (EPA) is an omega-3 poly-
unsaturated fatty acid (n-3 PUFA) that is found in fish and
fish oils. Many interesting and important benefits on health
have been attributed to EPA such as improvements of
inflammatory conditions, obesity, insulin resistance and
type 2 diabetes [11-13]. Many of these actions have been
related to the ability of n-3 PUFAs to regulate adipokines
production such as leptin and adiponectin in vitro [14, 15]
and in vivo [16, 17].

In this context, a recent study of our group has demon-
strated an up-regulation of apelin mRNA in visceral adipose
tissue after EPA supplementation in high-fat fed rats, which
was negatively correlated with the homeostasis model
assessment (HOMA) index, a marker of insulin resistance.
This fact suggested that the insulin-sensitizing properties of
EPA in vivo might be related to this stimulatory action on
apelin gene expression in white adipose tissue [18].
However, it still remains to be established if EPA stimulates
apelinergic system by direct or indirect mechanisms.

The aims of this study were to examine the EPA direct
effects on basal and insulin-stimulated apelin secretion and
gene expression in adipocytes. Besides, we also investigated
the potential mechanisms and signaling pathways involved in
the regulation of basal apelin production by EPA in adipocytes.

2 Materials and methods
2.1 Cell culture and differentiation of 3T3-L1 cells

Mouse 3T3-L1 cells were purchased from American Type
Culture Collection (Rockville, MD) and were differentiated
as described previously [19, 20]. Briefly, 2 days post-conflu-
ence pre-adipocytes were cultured for 48h in DMEM (Invi-
trogen, Grand Island, NY) containing 25 mM glucose, 10%
fetal bovine serum (Invitrogen), antibiotics and supple-
mented with dexamethasone (1 uM; Sigma, St. Louis, MO),
isobutylmethylxantine (0.5 mM; Sigma) and insulin (10 pg/
mlL; Sigma). After that, cells were cultured with 10% fetal
bovine serum and insulin for 48 h and then, adipocytes were
cultured without insulin until day 6-8 post-confluence when
cells were completely differentiated to adipocytes. Prior to
the addition of the appropriate treatments, cells were serum
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starved overnight and then treated with or without EPA (100
and 200 uM; Cayman Chemical, Ann Arbor, MI) and/or
insulin (1.6nM) for 24 h. When the selective PI3K inhibitor,
LY 294002 (Sigma) was used, adipocytes were pre-incubated
for 30min with LY 294002 (50 uM; Sigma) prior to the
addition of EPA and/or insulin. Actinomycin D (5 pg/mlL;
Sigma) and Cycloheximide (10 png/mL; Sigma) were added at
the same time as EPA. Control cells were treated with the
same amount of vehicle (DMSO and/or Ethanol).

2.2 Assays

The total amount of apelin released to the media was
determined by ELISA for mouse/rat apelin from Phoenix
Peptide (Burlingame, CA) [21].

2.3 Analyses of apelin mRNA levels

Total RNA was extracted according to the procedure of
Trizol (Invitrogen) and then, the RNA was incubated with
RNAse-free DNase kit (Ambion, Austin, TX). 1ug of RNA
was reverse-transcribed to cDNA by using Moloney-Murine
Leukemia Virus Reverse Transcriptase (Invitrogen). Apelin
mRNA and Cyclofilin levels were determined by quantitative
real-time PCR using the ABI PRISM 7000HT Sequence
Detection System (Applied Biosystems, Foster City, CA).
Quantitative real-time PCR analysis was performed as
described previously [15]. Fold changes of gene expression
were calculated by the 272" method.

2.4 Western blot analysis

3T3-L1 cells were cultured and induced to differentiate as
described previously [19, 20]. Akt activation was performed
in 7 days post-differentiation cells. Cells were serum-starved
overnight (18h) and then incubated with the appropriate
treatment.

Western blot was performed [22] using antibodies speci-
fic for p-Akt (Ser-473) and Akt from Cell Signalling Tech-
nologies (Beverly, MA). Equal loading of samples was
confirmed by Ponceau S staining.

2.5 Measurement of intracellular apelin

Intracellular apelin levels were determined in control and
EPA-treated adipocytes after 24 h of treatment. Medium was
discarded and cells were lysed with 200 uL of lysis buffer
(2mM Tris, pH 8, 0.137mM NaCl, glycerol 10%, 1mM
sodium ortovanadate, 2mM EDTA, 1mM PMSF and 1%
protease inhibitor) and then incubated for 30min at 4°C.
After the incubation period, cell lysates were centrifuged at
200g for 10min at 4°C and supernatant was collected in
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order to determine intracellular apelin levels. The
measurement of apelin concentration in the whole cell
lysate was quantified by using apelin mouse/rat ELISA kit
from Phoenix Peptide (Burlingame) according to the
manufacturer’s protocol.

2.6 Data analysis

Results are given as mean values and SDs. The statistical
analysis was performed by repeated measures one-way
ANOVA followed by Tukey post hoc test or by a paired
Student’s t-test in order to determine differences between
groups. Differences were considered as statistically signifi-
cant at p<0.05. The statistical analyses were performed
using GraphPad Prism software (GraphPad Software, San
Diego, CA).

3 Results

3.1 EPA stimulates apelin secretion and mRNA
expression in 3T3-L1 adipocytes

To determine whether EPA could be directly involved in the
regulation of apelin production, we investigated apelin
secretion and mRNA expression in 3T3-L1 mature adipo-
cytes.

Treatment of 3T3-L1 adipocytes with EPA (100 and
200 uM) induced a strong increase on basal apelin secretion
after 24h (EPA 100puM: +227.64+83.5% of control,
p=0.0343 and EPA 200uM: +236.8+75.4% of control,
p=0.0044) (Fig. 1A).

Apelin mRNA levels were also significantly increased by
EPA treatment reaching significant differences for EPA
200 uM (+178.0+73.2% of control, p = 0.0333). These data
showed that the stimulatory effect of EPA on apelin gene
expression was less potent than the increase observed in
apelin secretion, suggesting that EPA’s-stimulatory action
on apelin secretion is likely to be secondary, only in part, to
the increase observed in apelin gene expression (Fig. 1B).

3.2 EPA potentiates insulin-stimulated apelin
secretion

Treatment of adipocytes with insulin (1.6nM) for 24h
induced a significant increase on apelin secretion
(+184.7+68.1% of control, p=0.018). Interestingly, co-
treatment of insulin and EPA (200 uM) further enhanced
apelin secretion (+447.1+133.3% of control, p=0.0003),
suggesting an additive effect of both agents (Fig. 2A).
Regarding to the effects on apelin gene expression, treat-
ment with insulin induced an increase in apelin mRNA
levels (+136.0+37.5% of control, p=0.0049) similarly as
the effects observed for apelin secretion. Besides, this
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Figure 1. Effects of EPA (100 and 200 uM) on apelin secretion (A)
and mRNA levels (B) in mature adipocytes after 24 h of treat-
ment. *p<0.05; **p<0.01 as compared with control. Results are
representative of at least five to six independent experiments.
Data are expressed as mean+SD.

stimulatory effect of insulin was also enhanced by the
presence of EPA (+205.5+54.2% of control, p=0.0159),
which is consistent with the increase in apelin production as
described previously (Fig. 2B).

3.3 EPA induces Akt phosphorylation and PI3K
inhibitor LY 294002 abrogates EPA-stimulated
apelin gene expression

Insulin-stimulated apelin production is known to be regu-
lated by several signaling pathways including PI3K/Akt and
MAPK. To further investigate the mechanisms involved in
EPA’s stimulatory effect on the regulation of apelin
production, we tested whether PI3K/Akt and/or MAPK
could be a potential intracellular target involved in EPA-
induced up-regulation of apelin production.

Treatment of mature 3T3-L1 adipocytes with EPA did not
modify phosphorylation of ERK 1/2, the main protein
involved in MAPK signaling pathway. However, our data
showed that incubation of 3T3-L1 mature adipocytes with
EPA resulted in a dose-dependent activation of Akt (Ser-473)
(Fig. 3A), demonstrating the ability of EPA to activate PI3K/
Akt pathway in adipocytes.

We also tested the effects of treatment with the PI3K
inhibitor LY 294002 (50 tM) on apelin gene expression and
protein secretion. Figure 3B shows that the presence of LY
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Figure 2. Effects of EPA (200 uM) and insulin (1.6 nM) on apelin
secretion (A) and apelin gene expression (B) in mature 3T3-L1
adipocytes after 24h of treatment. *p<0.05; **p<0.01;
***5<0.001 as compared with control cells. 2p<0.05; ®p<0.01
as compared with insulin-treated cells. *p<0.05 as compared
with EPA-treated cells (200 uM). Results are representative of at
least five to six independent experiments. Data are expressed as
mean+SD.

294002 significantly decreased basal (LY: —92.3+1.0 of
control, p = 0.001) and EPA-stimulated apelin mRNA levels
(EPA 100 pM: —87.6+6.3%, p=0.0008 and EPA 200 uM:
—84.4412.2%, p=0.0009, as compared with control). This
fact demonstrates that PI3K/Akt pathway is essential for the
intracellular up-regulation of apelin gene expression by EPA
in adipocytes.

However, treatment of adipocytes with PI3K inhibitor LY
294002 (50 pM) did not modify the stimulatory effect of EPA
on apelin secretion. Surprisingly, LY per se also stimulated
apelin secretion (Fig. 3C).

3.4 Effects of Actinomycin D and Cycloheximide on
EPA-stimulated apelin secretion and gene
expression

To further characterize the regulation of EPA-induced
apelin production, we next examined the effects of Actino-
mycin D, a transcriptional inhibitor, and Cycloheximide, an
inhibitor of protein synthesis, on EPA-stimulated apelin
secretion and gene expression in 3T3-L1 adipocytes.

As expected, the transcriptional inhibition with Actino-
mycin D completely blocked apelin gene expression
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Figure 3. (A) Analysis of Akt (Ser-473) and ERK 1/2 (Thr-202/Tyr-
204) activation in mature 3T3-L1 adipocytes after treatment for
30 min with EPA (100 and 200 uM). (B and C) Effects of EPA on
apelin mRNA and apelin secretion in 3T3-L1 adipocytes after 24 h
of EPA treatment (100 and 200 uM) alone or in the presence of
PI3K inhibitor LY 294002 (50 uM). Differentiated 3T3-L1 adipo-
cytes were pre-incubated for 30 min with LY 294002 prior to the
addition of EPA. *p<0.05; **p<0.01, ***p<0.001 as compared
with control. ?p<0.05 and “p<0.01 as compared with EPA-
treated cells (100 and 200 uM). Results are representative of at
least six independent experiments. Data are expressed as
mean +SD.

(Fig. 4A), however, did not modify the stimulatory action
of EPA on apelin secretion and even moderately
enhanced the total amount of apelin released to the media
(Fig. 4B). Interestingly, we also found that apelin secretion
(basal and EPA-stimulated) was not modified by treatment
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with the protein synthesis inhibitor Cycloheximide In this study, we report a stimulatory action of EPA
(Fig. 4C). (100-200 pM) on both apelin secretion and gene expression

In order to test if EPA stimulated the release of a stored
cytosolic pool of apelin, we analyzed the intracellular apelin
levels. The data showed that EPA treatment during 24h
did not modify intracellular levels of this adipokine (Fig. 4D).
No significant changes were either observed after short peri-
ods of EPA treatment (15-240 min, data not shown).

4 Discussion

Many studies have reported an up-regulation of apelin
production in obesity associated to hyperinsulinemia both in
humans and in rodents [1, 3, 4]. 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 [5]. In this
context, a recent study of our group has demonstrated that an
oral supplementation with EPA ethyl ester induced a signifi-
cant increase in apelin gene expression in adipose tissue of
rats fed a high fat diet. Moreover, HOMA, an index of insulin
resistance, was negatively correlated with apelin mRNA
suggesting 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 [18], although the potential
contribution of apelin coming from other tissues such as
heart can not be ruled out.
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in mature 3T3-L1 adipocytes. These concentrations of EPA
were used based on the previously published data concern-
ing tissue distribution of orally administered esterified EPA
in animals, suggesting that these doses are comparable to its
plasma concentrations after intake of dietary EPA [23].
Moreover, several studies supported the effectiveness of
similar concentrations of EPA in adipocyte biology and
function, including the regulation of adipogenesis [24], the
secretion of different adipokines such as leptin [14, 25]
adiponectin [15], and visfatin [20], as well as the suppression
of the pro-inflammatory effects of TNF-o in adipocytes co-
cultured with macrophages [26].

Our present data in cultured adipocytes suggest that the
stimulation of apelin gene expression observed after EPA
supplementation in vivo is likely to be secondary to the
ability of EPA to directly modulate the mechanisms involved
in apelin synthesis and secretion by the adipocytes.

Our data agree with previous studies showing that
insulin up-regulated apelin production in adipocytes [1, 9].
However, the fold of change in apelin in response to insulin
was not as strong as described in other studies [1, 9, 27],
because we used a lower concentration of insulin (1.6 nM
versus 50-100 nM), which is closer to the physiological range
of insulin in vivo. We also found that the stimulatory action
of insulin on apelin secretion and expression was signifi-
cantly increased in the presence of EPA, suggesting that
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EPA and insulin have a certain additive effect on apelin
production. Previous studies have demonstrated that the
direct stimulation of apelin by insulin is clearly associated
with the activation of PI3K/Akt and MAPK pathways [1].
Our data suggest that EPA stimulates apelin by a MAPK-
independent manner, since we demonstrate that EPA did
not modify phosphorylation of ERK 1/2, the main protein
involved in MAPK signalling pathway. However, EPA
stimulated the phosphorylation of Akt, a down-stream target
of insulin receptor substrate-1 (IRS-1) and a key regulator of
insulin signalling pathway [28]. In this way, previously
published data in hepatoma cells have also demonstrated
the ability of EPA to stimulate both basal and insulin-
induced tyrosine phosphorylation of insulin receptor
substrate-1, insulin receptor substrate-1-associated PI3K,
and its downstream target Akt kinase activity [29]. Moreover,
our data demonstrated that the presence of PI3K inhibitor
LY 294002 completely abrogated the up-regulation of basal
apelin gene expression by EPA-treatment, suggesting that
the transcriptional up-regulation on apelin expression
induced by EPA is mediated via PI3K/Akt pathway.
Although, it still remains to be determined, taken together,
our present and previous [29] data, it is likely to hypothesize
that the stimulatory action of EPA on insulin-induced apelin
gene, might be also mediated, at least in part, by activation
of PI3K/Akt pathway.

PI3K is a key player in vesicle trafficking in adipocytes
and other cell types. It transduces a myriad of growth and
metabolic effects of insulin, including, but not limited to,
stimulation of glucose transport, gene transcription, and
insulin-stimulated protein synthesis [30]. However, the
absence of effects of LY 294002 on the amount of EPA-
induced apelin secreted to the media, suggest that EPA
seems to regulate apelin production also by mechanisms
independent of the PI3K/Akt pathway. We also observed
that treatment with the PI3K inhibitor increased apelin
secretion as much as EPA or co-administration did. These
findings suggest that the mechanisms mediating basal- or
EPA-induced apelin synthesis and/or secretion are complex,
involving steps that are PI3K dependent and steps that are
PI3K independent.

The fact that EPA caused a higher stimulation on apelin
protein secretion than on gene expression, raised the
possibility that EPA might regulate apelin production via
post-transcriptional mechanisms. In fact, the presence of
Actinomycin D did not modify the enhancement induced by
EPA on apelin secretion, supporting the involvement of
post-transcriptional mechanisms in the regulation of apelin
production. Moreover, the lack of effect of Cycloheximide on
EPA-stimulated apelin secretion suggests that apelin secre-
tion does not depend on protein synthesis. This fact raises
the possibility that apelin might be secreted to the media
from a pre-existing pool present in mature adipocytes or that
the post-transcriptional stimulation of apelin by EPA might
be dependent on apelin degradation rather than altered
protein secretion.
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Several studies have reported that some adipokines, as
leptin, are likely to be secreted in part from a pre-existing
intracellular pool in adipocytes [30, 31]. However, our
present data argue against the possibility that EPA might
enhance the release of a pre-existing cytosolic pool of apelin.
A previous study in cardiomyocytes also support that there
is a storage form of apelin, although these cells do not have
large stores of apelin, and then secretion relies mostly on the
expression and synthesis of de novo apelin [32]. These
apparently conflicting results might be due to differences on
the cell type used (cardiomyocytes versus adipocytes) and
thus, to the regulation mechanism of apelin secretion.

Taken together, all our present data suggest that EPA-
induced apelin secretion does not depend on protein
synthesis but rather on protein degradation. A similar post-
transcriptional regulatory mechanism has been proposed for
glucagon-induced aquaporin-8 expression [33]. Vickers et al.
reported that angiotensin-converting enzyme (ACE2) was
able to hydrolyze bioactive apelin-13 and apelin-36 [34]. It
has been suggested that n-3 PUFA and their metabolites
could function as ACE enzyme inhibitors [35, 36]. Moreover,
a recent study has demonstrated that ACE2 is expressed in
mouse adipocytes and regulated by a high-fat diet [37].
These facts suggest the possibility that EPA could up-regu-
late apelin secretion in adipocytes by inhibiting ACE2, its
hydrolyzing enzyme, although this speculative issue
requires further investigation. Based on this hypothesis,
inhibition of protein synthesis with Cycloheximide could
cause a decrease in the protein involved in apelin degrada-
tion, and therefore increasing the amount of apelin available
to be secreted. This would explain the increased secretion
of apelin in EPA+Cycloheximide versus EPA-treated
adipocytes.

Our study demonstrates for the first time that apelin
production by adipocytes can be regulated by fatty acids.
However, it still remains to be determined if the ability of
EPA to stimulate apelin is unique for this fatty acid or is also
shared by other C:20 fatty acids or other PUFAs. In this
context, previous studies of our group and others have
observed differential effects on the regulation of other
adipokines, such as leptin and visfatin, depending on the
type of fatty acid. Thus, we demonstrated that EPA [14] but
not DHA (unpublished data) stimulated leptin gene
expression and secretion by primary rat adipocytes. In
contrast, arachidonic [38], linoleic [39], and conjugated
linoleic [40] acids inhibited leptin production. Moreover, in
contrast with the n-3 PUFA EPA [20], the saturated palmi-
tate and mono-unsaturated oleate down-regulated visfatin
mRNA gene expression in 3T3-L1 adipocytes [41].

In summary, the results presented here show that EPA
stimulates both basal and insulin-stimulated apelin secre-
tion in adipocytes. EPA-stimulated apelin secretion seems to
be mediated by both transcriptional and post-transcriptional
mechanisms. Further studies are necessary to more
precisely define the molecular components involved in these
processes.
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