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 Background: Adipocyte-secreted apelin contributes to decreased adiposity and to improved insulin resistance, but the mech-
anisms remain unknown. The present study aimed to assess if apelin-13 is an upstream signal regulation fac-
tor of aquaporin 7 (AQP7), a water-glycerol transporter present in the plasma membrane of adipocytes that 
plays a key role in the regulation of lipid accumulation.

 Material/Methods: 3T3-L1 pre-adipocytes were induced to fully differentiated adipocytes; hypertrophic adipocytes were then in-
duced using palmitate. The effects of apelin-13 on AQP7 expression in hypertrophic adipocytes were investi-
gated before and after treatment with LY249002, a PI3K inhibitor. Accumulation of cytoplasmic triglycerides 
(TG) in hypertrophic adipocytes was also determined.

 Results: We found that 0.1 mM of palmitate induced a model of hypertrophic adipocytes with a lower AQP7 expression 
(0.26±0.07 vs. 0.46±0.04, P<0.05). Apelin-13 100 nM or 1000 nM upregulated AQP7 mRNA expression (100 
nM: 0.54±0.06 and 1000 nM: 0.58±0.09 vs. control: 0.33±0.04, both P<0.05), and decreased accumulation of 
cytoplasmic triglycerides in hypertrophic adipocytes. Pretreatment using 10 µM LY294002 prevented the in-
crease in AQP7 expression observed when using apelin-13 alone (apelin-13 + LY49002: 0.38±0.03 vs. apelin-13: 
0.54±0.06, P<0.05), as well as the decreased cytoplasmic TG accumulation (apelin-13 + LY294002: 3.79±0.04 
µM per µg/ml vs. apelin-13: 3.32±0.08 µM per µg/ml, P<0.05).

 Conclusions: Apelin-13 decreases lipid storage in hypertrophic adipocytes in vitro, possibly through the upregulation of AQP7 
expression by the PI3K signaling pathway. Treatment using apelin-13 and AQP modulators might represent 
novel treatment strategies against obesity and its related complications.
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Background

Adipose tissue is a major endocrine organ producing a variety 
of adipokines affecting energy balance [1]. Obesity is charac-
terized by increases in the number (hyperplasia) and in the 
size (hypertrophy) of adipocytes through mitosis and differ-
entiation [2], and through increased triglycerides (TG) stor-
age in mature adipocytes [3]. Obesity is intimately associ-
ated with many metabolic diseases, such as lipid disorders, 
coronary heart diseases, hypertension, and diabetes mellitus. 
Therefore, investigating safe, effective, and long-term ways 
to decrease body weight is an important issue in preventing 
a number of chronic diseases.

Aquaporin-7 (AQP7) is expressed in adipose tissue, testis, kid-
ney, and heart [4–7], and is regulated through fasting/feeding, 
insulin, dexamethasone, glucocorticoids, cytokines, epineph-
rine, and peroxisome proliferator-activated receptor (PPAR)-g 
agonists, including rosiglitazone, which activates adipogene-
sis and lipid accumulation in tissues, as well as increasing in-
sulin sensitivity [8]. AQP7 plays an important role in glycerol 
secretion from adipose tissue [4] and facilitates glycerol trans-
port, leading to a reduction in TG levels [9,10].

Apelin is a small peptide found in a number of tissues, includ-
ing adipose tissue, and has emerged as a new factor with po-
tent effects on energy metabolism and on the improvement 
of insulin sensitivity [11–13]. Previous studies reported that 
apelin was associated with obesity [14–16], but the mecha-
nisms are still largely unknown.

A study reported that long-term (2 weeks) peripheral injection 
of apelin decreased the TG content in adipose tissue and the 
weight of different fat tissues in chow-fed mice and in obese 
mice [17]. Plasma TG levels were also decreased in normal 
and obese apelin-treated mice. Among insulin-responsive tis-
sues, the apelin receptor is expressed in adipose tissue, skel-
etal muscles, and the liver [18].

However, upstream signal regulatory factors leading to ape-
lin-induced effects are still not completely elucidated. A pre-
vious study showed that apelin-13 increased vascular smooth 
muscle cell proliferation through the PI3K pathway [19], but 
the involvement of PI3K in adipocyte metabolism is unknown. 
We selected apelin-13 because it was previously investigated 
in obese mice and was shown to influence adiposity in these 
mice [17], as well as being one of the most active isoforms 
[12,18]. We hypothesized that apelin decreases lipid storage, 
at least in part, through an autocrine pathway involving AQP7. 
Therefore, the purpose of this study was to assess the effects 
of apelin-13 on decreased lipid storage and on AQP7 expres-
sion in hypertrophic adipocytes, and the involvement of the 
PI3K signaling pathway.

Material and Methods

Cell culture

The 3T3-L1 pre-adipocytes were purchased from the Cell 
Bank of the Type Culture Collection of the Chinese Academy 
of Sciences (Shanghai, China). 3T3-L1 pre-adipocytes were 
cultured in DMEM (GIBCO, Invitrogen Inc., Carlsbad, CA, USA) 
supplemented with 10% calf serum (GIBCO, Invitrogen Inc., 
Carlsbad, CA, USA) with 5% CO2 at 37°C. Upon reaching 100% 
confluence, cells were incubated with DMEM supplemented 
with 10% calf serum for 2 days and then transferred into a 
differentiation-induction medium containing methylisobutyl-
xanthine (0.5 mM), dexamethasone (1 µM) (Sigma, St Louis, 
MI, USA), and insulin (5 mg/L) (Sigma) in DMEM containing 
10% fetal bovine serum (FBS) (Hyclone, South Logan, UT, USA). 
After 2 days (at day 4), the differentiation-induction medium 
was replaced with DMEM containing only insulin (5 mg/L) for 
another 2 days. Cells were then cultured in DMEM without 
insulin. On days 8–10, more than 90% of cells displayed an 
adipocyte phenotype with the accumulation of lipid droplets 
[20,21]. Cells were harvested in these conditions. To induce 
hypertrophic adipocytes, differentiated adipocytes were cul-
tured for 12 h in serum-free DMEM to synchronize them; they 
were then cultured in DMEM containing 10% FBS and 0.1 mM 
palmitate (Sigma) for 48 h.

Hypertrophic 3T3-L1 cells were treated with 0, 1, 10, 100, and 
1000 nM of apelin-13 (Phoenix Biotech, Phoenix, USA) for 0, 
12, 24, 36, and 48 h. Cells were cultured with 10 µM rosigl-
itazone (TaiJi Group, Chongqing, China) as the positive con-
trol. To determine the involvement of PI3K in apelin-stimulated 
AQP7 expression, LY294002 10 µM (Sigma) [22] was preincu-
bated 30 min before the incubation of hypertrophic 3T3-L1 
cells with 100 nM of apelin-13.

Oil Red O staining

After differentiation or hypertrophy, adipocytes were stained 
with Oil Red O to detect lipid droplets [23]. Cells were washed 
3 times with phosphate-buffered saline (PBS), fixed with 4% 
paraformaldehyde for 30 min at room temperature, and stained 
with filtered Oil Red O solution (60% isopropanol and 40% wa-
ter) for 1 h at 37°C. After staining, Oil Red O was removed and 
the plates were rinsed with water and dried. Images were ob-
tained using a microscope (ECLIPSE TE2000-S, Nikon instru-
ments, Tokyo, Japan).

Measurement of triglyceride content

Cells were treated with palmitate at concentrations of 0, 0.1, 
0.2, and 0.4 mM for 48 h in 6-well plates after adipocyte dif-
ferentiation for 8 days. Hypertrophic 3T3-L1 adipocytes were 
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cultured for 48 h with apelin-13 100 nM, with or without a 30-
min preincubation with LY294002 10 µM. Cells were washed 
with PBS twice to remove glycerin, and were treated with 200 
µl of lysis buffer on ice. Lysates (50 µl) were heated at 70°C 
for 10 min, and centrifuged at 2000 rpm for 5 min at room 
temperature; cellular TG content in supernatant was then as-
sessed with the Triglyzyme-V commercial TG assay kit (Applygen 
Technologies, Beijing, China). TG content was normalized to 
protein concentrations. The remaining lysates were used to 
quantify protein concentration using a BCA Protein Assay Kit 
(Pierce Chemical, Dallas, TX, USA).

Semi-quantitative RT-PCR

Total cellular RNA was extracted using Trizol (Invitrogen). The 
ratio of the absorbance at 260 nm and 280 nm (A260/A280) 
was used to assess RNA purity. Reverse transcription was per-
formed with 0.2 µg of total RNA using the High-Capacity cDNA 
Reverse Transcription Kit (Beijing TransGen Biotech Co. Ltd., 
China). PCR was performed using a MyCycler™ Thermal Cycler 
PCR system (Bio-Rad, Hercules, CA, USA) using: AQP7: forward 
5’-GAA CAG TGA GAA AAA GAC CG-3’ and reverse 5’-CCA GAC 
AAT CCA GAG TTC AT-3’; 18S ribosomal RNA (18S rRNA): for-
ward 5’-TTG GTG GAG CGA TTT GTC TG-3’ and reverse 5’-AAT 
GGG GTT CAA CGG GTT AC-3’). All reactions involved initial de-
naturation at 95 °C for 5 min followed by 36 cycles of 95°C for 
30 s, 54°C for 30 s, and 72°C for 30 s. PCR products were sep-
arated by 2% agarose gel electrophoresis, stained with ethid-
ium bromide, and analyzed using the Alpha Innotech software 
(Bio-Rad). A kinetic study was performed using different num-
bers of cycles in order to determine the optimal number of cy-
cles for mRNA quantification during the exponential phase. 
We observed that 36 cycles provided the best results. AQP7 
expression was normalized to the 18S rRNA expression level, 
and was quantified using a standard curve. There was no sig-
nificant difference in baseline 18S rRNA levels between con-
trol and apelin-13- or palmitate-treated adipocytes.

Western blot analysis

Cells were treated with the RIPA lysis buffer (Biocolor BioScience 
& Technology CO., Ltd., Shanghai, China) on ice for 10 min, and 
centrifuged at 4 °C, 12000 × g for 15 min. Protein concentra-
tions were determined using a BCA protein assay. Cell lysates 
(40 µg) were separated by 12% SDS polyacrylamide gel elec-
trophoresis, and then transferred on polyvinylidene difluoride 
(PVDF) membranes (0.45 µM; Millipore Corp., Billerica, MA, USA) 
at 4°C. Membranes were blocked with 5% skimmed milk in Tris-
buffer (TBS) with 0.1% Tween 20 (TBST), for 2 h at room tem-
perature. Membranes were blotted with rabbit polyclonal an-
tibody against AQP7 (1:500 dilution, Abcam, Cambridge, MA, 
USA) and mouse monoclonal antibody against b-actin (1:1000, 
Boster Bioengineering Co., Ltd., Wuhan, China) overnight at 

4°C. After being washed 4 times (10 min each) in TBST buffer 
at room temperature, membranes were incubated with horse-
radish peroxidase (HRP)-conjugated goat anti-mouse IgG and 
HRP-conjugated goat anti-rabbit IgG (Boster Bioengineering 
Co., Ltd.) for 1.5 h. Immunoreactive proteins were detected us-
ing a chemiluminescence ECL assay kit (GE Healthcare, Little 
Chanfont, UK) according to the manufacturer’s instructions. 
Bands were visualized using a Universal Hood II 76S/0608 im-
age analyzer (Bio-Rad, Hercules, CA, USA). Grayscale value of 
each band in imaging data was analyzed using Quantity One 
software (Bio-Rad, Hercules, CA, USA).

Statistical analysis

All measurements were performed in triplicates during 3 or 
4 independent experiments. Because results from each tripli-
cate was averaged and because the average of the 3–4 exper-
iments was used for analysis, data are expressed as means –
SEM [24]. Differences between 2 groups were assessed using 
the Student’s t-test. ANOVA and the least-square difference 
(LSD) tests were used for multiple comparisons. Analyses were 
performed with SPSS 13.0 for Windows (SPSS Inc., Chicago, 
IL, USA). A P-value <0.05 (2-tailed) was considered significant.

Results

Palmitate induced intracellular lipid accumulation in 
differentiated adipocytes

The hypertrophic 3T3-L1 adipocytes created by incubation with 
0.1 mM palmitate for 48 h were identified by Oil Red O stain-
ing (Figure 1C and 1D) and they had a different appearance 
from fully differentiated 3T3-L1 adipocytes not exposed to 
palmitate, as shown by Oil Red O staining (Figure 1A and 1B). 
After Oil Red O staining, compared with differentiated 3T3-
L1 adipocytes not exposed to palmitate, hypertrophic adipo-
cytes were qualitatively characterized by: 1) an increased cel-
lular volume; 2) lipid droplets increased in number and in size; 
and 3) decreased cellular adhesion [22,25] (Figure 1C and 1D).

Levels of cytoplasmic TG adjusted for total cytoplasmic pro-
tein levels were different in adipocytes treated with palmi-
tate. The 3T3-L1 differentiated adipocytes treated with 0.1 
mM palmitate for 48 h accumulated significantly more cyto-
plasmic TG compared with control cells (0.1 mM: 6.93±0.80 
µM per µg/ml vs. control: 5.04±0.33 µM per µg/ml, P<0.05). 
There were no statistically significant differences among ad-
ipocytes treated with 0.2 mM and 0.4 mM of palmitate and 
control cells (all P>0.05) (Figure 1E). Palmitate induced an in 
vitro model of hypertrophic adipocytes with decreased AQP7 
mRNA expression compared with control cells (0.26±0.04 vs. 
0.46±0.07, P<0.05) (Figure 1F).
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Figure 1.  Palmitate induced an in vitro model of hypertropic adipocytes with increased accumulation of cytoplasmic triglycerides (TG) 
and decreased AQP7 expression. Lipid droplet (arrows) accumulation in the fully differentiated 3T3-L1 adipocytes using 0.1 
mM palmitate for 48 h. (A) Fully differentiated 3T3-L1 adipocytes not treated with palmitate (×400). (B) Fully differentiated 
3T3-L1 adipocytes identified by Oil Red O staining (×400). (C) Hypertrophic 3T3-L1 adipocytes induced by palmitate (×400). 
(D) Hypertrophic 3T3-L1 adipocytes created using palmitate and identified by Oil Red O staining (×400). (E) Effects of different 
concentrations of palmitate for 48 h on intracellular TG content in fully differentiated adipocytes. (F) AQP7 mRNA levels in 
fully differentiated adipocytes (control) and fully differentiated adipocytes treated with 0.1mM palmitate (treated) were 
determined by RT-PCR. 18S rRNA was used as an internal control and results were obtained from a standard curve. Results are 
expressed as means ±SEM from 3 or 4 independent experiments, each performed in triplicate. * P<0.05 vs. the control group.
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Apelin-13 significantly upregulated AQP7 expression and 
decreased accumulation of cytoplasmic triglycerides in 
hypertrophic adipocytes

Apelin-13 significantly upregulated AQP7 mRNA levels, with-
out having an effect on 18S rRNA. There was a significant dif-
ference compared with controls (no apelin-13 or 0 h) when 
hypertrophic adipocytes were treated with 100 nM and 1000 

nM of apelin-13 (100 nM: 0.54±0.06 and 1000 nM: 0.58±0.09 
vs. control: 0.33±0.04, both P<0.05) (Figure 2A) or with 100 
nM of apelin-13 for 12, 24 and 36 h (Figure 2B). As shown in 
Figure 2A, upregulation of AQP7 mRNA expression by ape-
lin-13 1000 nM was similar to upregulation by rosiglitazone 10 
µM (positive control) (apelin-13 1000 mM: 0.58±0.09 vs. rosi-
glitazone 10 µM: 0.61±0.09, P>0.05). AQP7 protein levels fol-
lowed a similar trend with mRNA expression when hypertrophic 
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Figure 2.  Apelin-13 upregulated AQP7 expression in hypertrophic adipocytes. (A) AQP7 mRNA levels in the presence of 0, 1, 10, 100, 
and 1000 nM of apelin-13 for 24 h. (B) AQP7 mRNA levels in the presence of 100 nM of apelin-13 for 0, 12, 24, 36, and 48 h. 
mRNA levels were determined by RT-PCR. 18S rRNA was used as an internal control. (C) AQP7 protein levels in the presence 
of 0, 1, 10, 100, and 1000 nM of apelin-13 for 24 h. (D) AQP7 protein levels in the presence of 100 nM of apelin-13 for 0, 
12, 24, 36, and 48 h. Protein expression was assessed by Western blot. b-actin was used as an internal control. Results are 
expressed as means ±SEM from 3 or 4 independent experiments, each performed in triplicate. * P<0.05, ** P <0.01 vs. the 
controls (no apelin-13 or 0 h).
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adipocytes were treated with 100 nM and 1000 nM of ape-
lin-13 (Figure 2C) or with 100 nM of apelin-13 for 24 and 36 h 
(Figure 2D). Apelin-13 upregulated AQP7 protein levels (ape-
lin-13: 0.54±0.06 vs. control: 0.28±0.06, P<0.05) (Figure 3A) 
while decreasing TG accumulation in hypertrophic adipocytes 

(apelin-13: 3.32±0.08 µM per µg/ml vs. control: 3.82±0.13 µM 
per µg/ml, P<0.05) (Figure 3B).

Apelin-13 upregulated AQP7 expression by the PI3K 
signaling pathway

The PI3K signaling pathway has been reported to play an impor-
tant role in the apelin-mediated regulation of energy metabo-
lism [14,22]. In the present study, pretreatment using LY294002 
10 µM for 30 min prevented the increase in AQP7 expression 
observed when using apelin-13 alone (apelin-13+LY294002: 
0.38±0.03 vs. apelin-13: 0.54±0.06, P<0.05) (Figure 3A), as 
well as the decreased cytoplasmic TG accumulation (apelin-13 
+ LY294002: 3.79±0.04 µM per µg/ml vs. apelin-13: 3.32±0.08 
µM per µg/ml, P<0.05) (Figure 3B).

Discussion

In the present study, using 0.1 mM of palmitate, we imple-
mented a model of hypertrophic adipocytes characterized by 
lipid droplets accumulation in the cytoplasm; higher palmitate 
concentrations did not induce adipocyte hypertrophy, possibly 
due to intracellular palmitate cytotoxicity [10,26]. We showed 
that apelin-13 treatment increased AQP7 expression. Finally, 
LY294002, a PI3K inhibitor, prevented the effects of apelin-13. 
These results suggest that apelin-13 decreases lipid storage 
through upregulating AQP7 expression in hypertrophic adipo-
cytes by the PI3K signaling pathway.

Adipocyte differentiation and growth is highly controlled, and 
a number of crucial genes are involved. A number of studies 
showed that AQP7, as no other aquaporin in adipose tissue, 
has been linked to regulation of fat tissue metabolism during 
periods of feast and famine, and that it is regulated by known 
regulators of fatty acids metabolism, such as insulin, dexa-
methasone, and epinephrine [8,27]. AQP7 is barely expressed 
in pre-adipocytes, while it is markedly expressed in mature ad-
ipocytes [28]. AQP7 facilitates glycerol transport from the cells, 
leading to the decrease of cytoplasmic TG levels through a de-
creased TG synthesis due to a lack of substrate [29]. An AQP7-
knockout mice model showed that increased adipose glycerol 
kinase activity accelerates TG synthesis in adipocytes, finally 
inducing obesity [9,30]. Indeed, AQP7 expression in adipose 
tissue is different in lean individuals compared with obese pa-
tients [31] and the delicate balance in AQP7 expression is per-
turbed in obese subjects [32]. Moreover, some patients with 
a mutated or parafunctional AQP7 gene are at increased risk 
of developing obesity and/or type 2 diabetes [33,34]. A down-
regulated AQP7 expression could then be involved in obesi-
ty susceptibility by reducing glycerol release and by promot-
ing the accumulation of lipids in subcutaneous adipose tissue 
[31]. Studies also suggested that AQP7 expression is higher in 
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Figure 3.  Apelin-13 upregulated AQP7 protein expression by the 
PI3K signaling pathway in hypertrophic 3T3-L1 cells. 
Hypertrophic 3T3-L1 cells were treated with apelin-13 
(100 nM) for 24 h and pretreated with a PI3K inhibitor, 
LY294002 (10 µM), for 30 min. (A) AQP7 protein levels 
were determined by Western blot. b-actin was used as 
an internal control. (B) Cytoplasmic TG content. Results 
are expressed as means ±SEM from 3 or 4 independent 
experiments, each performed in triplicate. * P<0.05 vs. 
the control group (both apelin-13 + LY294002 non-
treated); # P<0.05 apelin-13 + LY294002 vs. apelin-13.
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visceral adipose tissue from obese subjects, compared with 
subcutaneous, in agreement with the fact that visceral adipose 
tissue is more metabolically active (higher lipolytic capability) 
than subcutaneous (higher fat accumulation) [35,36]. Therefore, 
in the present study, palmitate-induced TG accumulation in ad-
ipocytes may be associated with a decreased AQP7 expres-
sion. Designing new modulators of AQP7 expression might 
be a way to treat obesity and its related complications [27].

Adipose tissue is a major endocrine organ, producing a vari-
ety of adipokines affecting energy balance. Previous studies 
reported that apelin secreted by adipocytes contributes to de-
creased adiposity and to improved insulin resistance [22,37], 
but the mechanisms are still unknown. In the present study, 
we observed that apelin-13 upregulated AQP7 expression while 
decreasing TG accumulation. Rosiglitazone prevents lipid ac-
cumulation by increasing AQP7 expression in adipocytes [38]. 
The present study showed that the levels of AQP7 mRNA were 
not significantly different in adipocytes treated with 1000 nM 
of apelin-13 or 10 µM of rosiglitazone. Since AQP7 is known to 
increase glycerol transport out of the adipocytes, leading to a 
reduction in TG synthesis, we hypothesize that apelin down-
regulated TG accumulation in adipocytes by upregulating AQP7 
expression. However, the effects of apelin-13 on the expres-
sion levels of key lipolytic enzymes still need to be assessed. 
Nevertheless, since apelin is effective in inducing AQP7 expres-
sion in hypertrophic adipocytes, its use might be beneficial in 
treating obesity, as previously shown in mice [17]. The effects 
of apelin-13 on AQP7 expression vanished after 48 h, which 
may be associated with apelin-13 degradation.

A major finding of our study is that the PI3K pathway is involved 
in AQP7 upregulation by apelin-13 in adipocytes. Apelin and its 
receptor are expressed in many tissues, and previous studies 
observed that the PI3K/Akt pathway is downstream of the ape-
lin receptor [22]. The present study showed that LY294002, a 

PI3K inhibitor, prevented the effects of apelin-13 in apelin-treat-
ed hypertrophic adipocytes. These results suggest that AQP7 is 
a new factor involved in apelin-mediated decreased lipid stor-
age and attenuated insulin resistance, and that the PI3K path-
way is involved. Our results are in agreement with a previous 
study suggesting that insulin and leptin modulate AQP7 expres-
sion through the PI3K pathway [39]: inhibiting the PI3K also de-
creased the effects of insulin and leptin on AQP7 expression. A 
study also showed that apelin-13 is involved in vascular smooth 
muscle cell proliferation through the PI3K pathway [19], sug-
gesting that apelin-13 might also be involved in the prolifera-
tion of other cell types, such as in the hyperplasia observed in 
obesity. However, other transduction signal pathways (such as 
ERK, p38 MAPK, and protein C kinase) may be involved, and fu-
ture research should also assess their effects on AQP7 expres-
sion in adipocytes and their role in lipid accumulation [40–44].

Conclusions

In conclusion, our results suggest that apelin-13 decreases 
lipid storage in hypertrophic adipocytes through an AQP7 up-
regulation, and that the PI3K signaling pathway is involved in 
these effects, suggesting potential therapeutic targets against 
obesity and related health problems.
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