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Angiogenesis is tightly associated with the outgrowth of adipose
tissue, leading to obesity, which is a risk factor for type 2 diabetes
and hypertension, mainly because expanding adipose tissue
requires an increased nutrient supply from blood vessels.
Therefore, induction of vessel abnormality by adipokines has
been well-studied, whereas how altered vascular function pro-
motes obesity is relatively unexplored. Also, surviving Prox1
heterozygous mice have shown abnormal lymphatic patterning
and adult-onset obesity, indicating that accumulation of adipo-
cytes could be closely linked with lymphatic function. Here, we
propose a new antiobesity strategy based on enhancement of
lymphatic and blood vessel integrity with apelin. Apelin knockout
(KO) mice fed a high-fat diet (HFD) showed an obese phenotype
associated with abnormal lymphatic and blood vessel enlarge-
ment. Fatty acids present in the HFD induced hyperpermeability
of endothelial cells, causing adipocyte differentiation, whereas
apelin promoted vascular stabilization. Moreover, treatment of
apelin KO mice with a selective cyclooxygenase-2 inhibitor,
celecoxib, that were fed an HFD improved vascular function and
also attenuated obesity. Finally, apelin transgenic mice showed
decreased subcutaneous adipose tissue attributable to inhibition of
HFD-induced hyperpermeability of vessels. These results indicate
that apelin inhibits HFD-induced obesity by enhancing vessel
integrity. Apelin could serve as a therapeutic target for treating
obesity and related diseases. Diabetes 62:1970–1980, 2013

O
besity appears to be associated with a combi-
nation of genetic susceptibility, increased con-
sumption of high-energy foods, and decreased
physical activity, leading to excessive accumu-

lation of white adipose tissues that serve to store surplus
energy in the form of lipid within adipocytes (1). It is
correlated with type 2 diabetes, cardiovascular disease,
and certain types of cancer, and therefore represents
a serious public health problem. Although the molecular
mechanisms underlying obesity have not been fully clari-
fied, effective therapeutic approaches are needed.

The blood and lymphatic systems are composed of
dense networks of capillaries. Blood vessels are in-
dispensable to import and carry fluid, dissolved proteins,
and cells into interstitial space, whereas lymphatic vessels
drain protein-rich lymph and traffic immune cells from the
extracellular space (2). Adipose tissue is mainly composed
of adipocytes surrounded by stromal vascular tissue. The

balance of adipokine production is disrupted by excess
adipose tissue, leading to chronic vascular inflammation,
which in turn may lead to cardiovascular disease (3). The
outgrowth of adipose tissue is tightly correlated with
angiogenesis (4). Thus, antiangiogenesis therapy has emerged
as a potential treatment of obesity. However, this idea
remains controversial not only because angiogenesis is
physiologically important but also because brown adipose
tissue consumes more energy if angiogenesis is increased
(5). Moreover, there is an increasing emphasis on lym-
phatic function in obesity research. Chy mice, a naturally
occurring mouse model of lymphedema attributable to
heterozygous inactivating mutations in vascular endothe-
lial growth factor receptor (VEGFR)-3, exhibit adipose
layer accumulation (6). Also, surviving Prox1 heterozy-
gous mice show abnormal lymphatic patterning and adult-
onset obesity (7). Thus, accumulation of adipocytes could
be closely linked with the structure and function of lym-
phatic vessels. However, little is known about how vessel
integrity influences adipocyte dynamics.

The apelin gene encodes a 77-amino-acid preprotein,
which is cleaved to shorter active peptides that bind to the
apelin receptor (APJ), a G-protein-coupled receptor (8).
The full-length mature peptide comprises 36 amino acids
(apelin-36), and other active fragments, including a 13-
amino-acid peptide known as apelin-13, also are formed.
Apelin is expressed widely in the vascular endothelium
and acts both locally and via endocrine signaling to acti-
vate APJ, which is expressed in cardiomyocytes, endo-
thelial cells, and vascular smooth muscle cells (9). Apelin/
APJ signaling is located downstream of angiopoietin-1/Tie2
signaling in endothelial cells (10). Apelin transgenic mice
develop enlarged, but not leaky, blood vessels in ischemia,
leading to functional recovery (11). More recently, we have
shown that apelin attenuates edema formation and in-
flammation by promoting lymphatic function in vivo (12).

Herein, we show that the apelin/APJ system enhances
the integrity of lymphatic and blood vessels exposed to
dietary fatty acids, resulting in inhibition of high-fat diet
(HFD)-induced obesity. These results suggest that apelin
may be a new therapeutic target in the treatment of obesity
and its related diseases.

RESEARCH DESIGN AND METHODS

Animals. Male and female apelin-deficient mice (knockout [KO]) and apelin
transgenic mice under the control of keratin 14 on a C57/BL6 background (K14-
apelin) were generated as described previously (11). All animals were housed
in groups (n = 3–10) in a temperature-controlled room with a 12-h/12-h light–
dark cycle. Both wild-type (WT) and KO mice (7–11 weeks old) were main-
tained on HFD (D12492, 60 kcal % fat; Research Diets, New Brunswick, NJ) for
17 weeks. In other studies, WT and KO mice fed the same HFD were further
divided into two groups (n = 3–7) cotreated with vehicle or 0.1% selective
cyclooxygenase (COX) 2 inhibitor celecoxib (CEL; LC Laboratories, Woburn,
MA) from the age of 7–8 weeks for 8 weeks. Moreover, K14-apelin and WT
mice at age 4–5 weeks were fed HFD (D12451, 45 kcal % fat; Research Diets)
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for 8 weeks. Mice had free access to food and water. We measured body
weight and the mass of food consumed every week. At the end of the study,
we weighed the inguinal and mesenteric fat pads and collected the ears, back
skin, and mesenteric fat for histological analysis, and collected blood samples
for analysis of the circulating levels of glucose, triglyceride, free fatty acids,
HDL cholesterol, insulin, leptin, and adiponectin. Plasma of HR-1 hairless mice
fed a regular diet (RD; CRF-1; Oriental Yeast, Tokyo, Japan) or HFD (D12492,
60 kcal % fat; Research Diets) for 11 weeks also was collected. The current
study was approved by the Ethics Committee of Shiseido Research Center in
accordance with the guidelines of the National Institute of Health.
Immunohistochemical and computer-assisted morphometric vessel

analysis. Immunofluorescence analysis was performed on 6-mm cryostat
sections of mouse back skin or 12-mm cryostat sections of mesenteric fat using
antibodies against the macrophage monocyte marker CD11b (BD Biosciences,
Bedford, MA), the blood vessel–specific marker meca-32 (BD Biosciences),
the lymphatic-specific marker LYVE-1 (MBL, Nagoya, Japan), podoplanin
(AngioBio, Del Mar, CA), APJ (10), perilipin (PROGEN Biotechnik GmbH,
Heidelberg, Germany), Ki-67 antigen (Dako Cytomation, Glostrup, Denmark),
and corresponding secondary antibodies labeled with AlexaFluor488 or
AlexaFluor594 (Molecular Probes, Eugene, OR). Routine hematoxylin and
eosin staining also was performed. Sections were examined with an Olympus
AX80T microscope (Olympus, Tokyo, Japan) and images were captured with
a DP-controlled digital camera (Olympus). Morphometric analyses were per-
formed using the IP-LABORATORY software as described (13). Three different
fields of each section were examined and the number of macrophages and the
average vessel size in the dermis and in the mesenteric fat were determined.
Whole-mount immunohistochemical analysis of ear skin was performed. Tis-
sues were incubated in 30% H2O2, 3% normal goat serum (Invitrogen, Cama-
rillo, CA), and 0.25% Triton X-100 in PBS, and incubated overnight at 4°C with
anticlaudin-5 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-
CD31 antibody (BD Biosciences), as an endothelial marker, and anti-
podoplanin antibody (AngioBio, Del Mar, CA) or anti-LYVE-1 antibody, as
a lymphatic marker. Then, corresponding secondary antibodies labeled with
AlexaFluor488 or AlexaFluor594 (Molecular Probes) were applied. Speci-
mens were viewed with a LSM5 Pascal confocal laser-scanning microscope
(Carl Zeiss, Thornwood, NY).
Adipose tissue imaging. Adipose tissue imaging of inguinal fat was performed
as described previously (14). The inguinal subcutaneous fat was minced into
small pieces and incubated with BODIPY (4,4-difluoro-3a,4a-diaza-s-indacene)
conjugated with Alexa Fluor (Invitrogen-Molecular Probes, Carlsbad, CA) as a
lipid droplet marker and Isolectin IB4 Alexa Fluor dye conjugates (Invitrogen-
Molecular Probes) as an endothelial marker. The three-dimensional structure
of adipocytes was observed using a LSM5 Pascal confocal laser-scanning
microscope (Carl Zeiss). Adipocyte diameter was determined using IPLab
software. Four image fields were acquired from three animals in each group,
and the diameters of 20 cells in each field were measured by an observer
blinded regarding the status of the sample. Adipocytes were defined as regu-
lar, round, BODIPY+ cells without plasma membrane disruption.
Blood analysis. Plasma glucose, HDL cholesterol, and triglyceride levels were
measured using a Fuji DRI-CHEM analyzer (Fuji Film, Tokyo, Japan). Plasma
free fatty acid level was determined with a Wako NEFA C test kit (Wako
Chemicals, Neuss, Germany). Insulin, leptin, and adiponectin were assayed
with a mouse insulin ELISA kit (Shibayagi, Gunma, Japan) and a leptin and
adiponectin ELISA kit (R&D Systems, Minneapolis, MN), respectively, according
to the manufacturers’ instructions.
Plasma extravasation and lymphatic functional analysis. To examine the
blood vascular permeability, Miles assay was performed as previously de-
scribed (11). Briefly, mice were anesthetized and intravenously injected with
100 mL of a 1% solution of Evans blue dye in 0.9% NaCl. At 30 min after dye
injection, pictures were taken and the epididymal fat was removed. The dye
was eluted from dissected samples with formaldehyde at 56°C and the optical
density was measured by spectrophotometry (Biotrak II; GE Healthcare,
Fairfield, CT) at 620 nm. For lymphatic functional analysis, a 1-ml aliquot of 1%
solution of Evans blue dye in 0.9% NaCl was injected intradermally at the inner
surface of the rim of the ear using a 10-mL Hamilton syringe; this is a standard
method to macroscopically visualize cutaneous lymphatic vessels and lym-
phatic drainage. Mouse ears were photographed at 1 and 5 min after the dye
injection. Additionally, 100 mL of 1% solution of Evans blue dye in 0.9% NaCl
was injected into the stomach and at 30 min after dye injection, the mesenteric
fat was carefully removed from the intestine. The optical density of the eluted
dye in the mesenteric fat was measured.
Cells. Human dermal lymphatic endothelial cells (LECs) were isolated from
neonatal human foreskins by immunomagnetic purification as described pre-
viously (15). Lineage-specific differentiation was confirmed by real-time RT-
PCR for the lymphatic vascular markers Prox1, LYVE-1, and podoplanin, as
well as by immunostaining for Prox1 and podoplanin as described (13). Hu-
man umbilical vein endothelial cells were purchased (PromoCell, Heidelberg,

Germany) and cultured in endothelial basal medium (Lonza, Verviers, Swit-
zerland) with supplements provided by the suppliers for up to 11 passages.
Primary human subcutaneous preadipocytes (Lonza) were cultured as rec-
ommended by the supplier in preadipocyte basal medium 2 containing 10%
FBS, 2 mmol/L L-glutamine, and antibiotics. The 3T3-L1 preadipocytes were
cultured in DMEM with 10% FBS and antibiotics.
Permeability assay. LECs and human umbilical vein endothelial cells were
grown to confluence on the fibronectin-coated surface of 0.4-mm pore-size
tissue culture inserts (Corning, Lowell, MA). Oleate (20 or 100 mmol/L) and
steareate (20 or 100 mmol/L) were placed into the upper and lower chambers
for 5 h after incubation with apelin-13 (1,000 ng/mL) or a selective COX2 in-
hibitor, CEL (1 mmol/L), for 1 h. FITC-dextran was added to the upper
chambers, and the apparatus was then placed in a CO2 incubator at 37°C. After
incubation for 15 min, a 100-mL sample was taken from the lower chamber and
the absorbance of FITC-dextran was determined at 492 nm using a spectro-
photometer (Fluoroskan Ascent; Thermo Fisher Scientific, Waltham, MA).
Adipocyte differentiation assay. Differentiation of 3T3-L1 preadipocytes
was performed by treatment with insulin, dexamethasone, and 3-isobutyl-1-
methylxanthine in DMEM with 10% FBS for 2 days as described (16). Then, the
medium was replaced with DMEM containing 10% FBS and insulin before
coculture with LECs. Coculture was performed by incubating LECs to con-
fluence on the 0.4-mm pore-size cell culture insert (Corning) and placing them
in 6-well plates containing 3T3-L1 adipocytes differentiated for 2 days; 0.5%
plasma from mice fed RD or HFD for 11 weeks was added to the upper
chambers. After incubation for 7 days, the cells in the lower wells were stained
with Oil-Red-O (Wako Pure Chemical Industry, Osaka, Japan) as described
previously (17). The stained lipids present in the mature adipocytes were
solubilized with isopropanol and measured spectrophotometrically at 510 nm.
To induce differentiation of human preadipocytes into mature adipocytes,
confluent preadipocytes in plates were cultured in preadipocyte basal medium
2 plus 10% FBS, 2 mmol/L glutamine, and antibiotics for 2 days and then
switched to preadipocyte basal medium 2 plus 10% FBS, 2 mmol/L glutamine,
antibiotics, 10 mg/mL insulin, 500 mmol/L isobutylmethylxanthine, 1 mmol/L
dexamethasone, and 200 mmol/L indomethacin in the presence or absence of
oleate (100 mmol/L) and steareate (100 mmol/L). After 9 days of incubation,
cells were fixed with 10% formaldehyde, stained with Oil-Red-O (Wako Pure
Chemical Industry) and observed under a bright-field microscope (Olympus)
as described previously (17).
Immunofluorescence microscopy. LECs and human umbilical vein endo-
thelial cells were seeded on cover slips and incubated until confluence. For the
detection of VE-cadherin, cells were fixed with 1% PFA and incubated with anti-
VE-cadherin antibody (R&D Systems, Minneapolis, MN). AlexaFluor594-la-
beled secondary antibody was used for fluorescence detection. All images
were acquired using a DP-controlled digital camera (Olympus) on an Olympus
AX80T microscope (Olympus).
Quantitative real-time RT-PCR. Total RNAs were isolated from LECs cul-
tured in the presence or absence of apelin (1,000 ng/mL) for 4 h after serum
starvation. The expression of COX2 mRNA was examined by quantitative real-
time RT-PCR using a LightCycler 480 (Roche Applied Science, Indianapolis,
IN). The primers for COX2 were as follows: forward primer, 59- TAGAGC-
CCTTCCTCCTGTGC-39, and reverse primer, 59- CTGGGCAAAGAATGCAAA-
CA-39. Expression levels were normalized with respect to b-actin as an
internal control (forward primer: 59-TCACCGAGCGCGGCT-39; reverse primer:
59-TAATGTCACGCACGATTTCCC-39).
Statistical analysis. All data are expressed as means 6 SD and as the sta-
tistical significance of differences with an unpaired t test.

RESULTS

Disruption of apelin/APJ signaling in vivo promotes
obesity. To investigate the physiological role of apelin in
obesity, apelin KO mice were fed HFD. Surprisingly, after 5
weeks of HFD, apelin KO mice showed increased body
weight compared with WT littermates (Fig. 1A); at the end
of the feeding period, the body weight gains were 20 6
0.5 g for WT mice and 30 6 0.5 g for apelin KO mice (P ,
0.01) (Fig. 1B). As expected, both inguinal subcutaneous
and mesenteric fat depots were significantly increased
by HFD in apelin KO mice compared with WT mice (Fig.
1C, D). Moreover, hematoxylin and eosin staining re-
vealed a thickened subcutaneous adipose layer in the
skin of HFD-fed apelin KO mice as compared with WT
mice (Fig. 1E). To visualize the three-dimensional struc-
ture of adipose tissue, we used fluorescence staining with
BODIPY, which recognizes intercellular lipid droplets in
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adipocytes. Subcutaneous adipocytes in HFD-fed apelin
KO mice were increased in size (Fig. 1F) and surrounded
by endothelial cells, which appeared to form crown-like
structures in obese fat pads, as described previously (14).
Morphometric analysis confirmed that adipocytes were
enlarged in the HFD-fed apelin KO mice (Fig. 1G). Sec-
tions of subcutaneous white adipose tissue around lymph
nodes and sections of mesenteric fat tissue showed in-
creased adipocyte size of apelin KO mice as compared
with controls (Fig. 1H–J). Double immunofluorescence
staining using antibodies against proliferation marker
Ki67 and perilipin revealed no significant difference of
proliferating adipocytes in mesenteric fat tissues between
apelin KO mice and WT mice after HFD (Fig. 1K).
No major abnormality of food consumption or lipid
metabolism in apelin KO mice. Because apelin/APJ
signaling in the central nervous system contributes to body

fluid homeostasis (18), we investigated the food con-
sumption of HFD-fed apelin KO mice to determine if the
obese phenotype of apelin KO mice was elicited by
abnormality of hypothalamic function after HFD feed-
ing. There was no significant difference in the amount of
weekly food intake between apelin KO mice and their
WT littermates (Fig. 2A). The plasma insulin level in
obese apelin KO mice was slightly, but not significantly,
decreased as compared with WT mice (Fig. 2B). How-
ever, the leptin concentration in apelin KO mice was
significantly increased, whereas the adiponectin level
was significantly decreased (Fig. 2C, D). We also mea-
sured the levels of circulating glucose, HDL cholesterol,
triglycerides, and free fatty acids in the plasma of obese
apelin KO mice and their WT counterparts but found
no significant difference in any of these factors (Fig.
2E–H).

FIG. 1. Obesity in HFD-fed apelin KO mice. A: Body weight of HFD-fed apelin KO and WT mice (N = 7). Increased body weight (B), inguinal
subcutaneous fat weight (C), and mesenteric fat weight (D) in apelin KO mice after 17 weeks of HFD. E: Hematoxylin and eosin staining showed
a thickened subcutaneous fat layer in apelin KO mice. BODIPY (green) and Isolectin (red) staining revealed increased lipid droplet (green) size in
subcutaneous adipocytes in apelin KO mice (F). Morphometric analysis of adipocyte size confirmed enlargement of adipocytes in apelin KO mice
(G). Arrows show crown-like structures in obese fat pads. Hematoxylin and eosin staining of subcutaneous adipose tissue surrounding lymph
nodes (LN) (H) and of mesenteric fat tissue (I). J: Morphometric analysis of mesenteric adipocyte size. Bars indicate 200 mm except in (E), which
shows 1 mm. Date are expressed as mean values 6 SD. K: Double immunofluorescence staining with Ki67 (green) and perilipin (red) in the
mesenteric fat of WT and apelin KO mice after HFD. Arrows show proliferating adipocytes. ***P < 0.001, **P < 0.01, *P < 0.05.

ROLE OF APELIN IN OBESITY
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Abnormal lymphatic dysfunction and inflammation in
skin of HFD-fed apelin KO mice. To examine infiltration
of macrophages in the adipose tissue, we used immuno-
histochemical staining for CD11b. The results demon-
strated an increase of infiltrating macrophages in the
subcutaneous adipose layer of HFD-fed apelin KO mice, as
compared with WT mice (Fig. 3A). Morphometric analysis
confirmed an increased number of infiltrating macro-
phages in the subcutaneous adipose tissue of apelin KO
mice (P , 0.01) (Fig. 3B). We have previously demon-
strated that apelin promotes lymphatic function during
inflammation (12). Therefore, to determine whether apelin
depletion could lead to vascular abnormality in obese

mice, we examined the expression of the APJ in lymphatic
and blood vessels in vivo. Double immunofluorescence
staining for the lymphatic marker podoplanin or the vas-
cular marker meca-32 and APJ revealed weak APJ ex-
pression in cutaneous lymphatic vessels from mice fed RD,
whereas HFD-fed mice showed increased expression of
APJ in LECs (Fig. 3C). In contrast, APJ expression levels
were similar in blood vessels of RD-fed and HFD-fed mice
(Fig. 3D). Given these data, we speculated that disruption
of apelin signaling resulted in abnormal structure of lym-
phatic or blood vessels and increased their leakiness.
Lymphatic and blood vessels in dermis of HFD-fed apelin
KO mice were clearly enlarged (Fig. 3E), and the diameter
of lymphatic and blood vessels was increased compared
with those in WT controls (Fig. 3F). In addition, to analyze
the enlarged lymphatic structure in apelin KO mice, whole-
mount immunofluorescence for claudin-5 also was per-
formed. We confirmed that the large vessels stained for
claudin-5 were lymphatic marker podoplanin-positive
vessels (Fig. 3G). Whole-mount immunofluorescence for
claudin-5 of ear skin from HFD-fed WT and apelin KO mice
also revealed dilation of lymphatic vessels in apelin KO
mice (Fig. 3G). Surprisingly, obese apelin-KO mice showed
not only angiogenesis but also lymphatic hyperplasia in the
subcutaneous fat layer, whereas this was not the case in
subcutaneous adipose tissue of HFD-fed WT mice (Fig.
3H). Functional analyses by means of intradermal in-
jection of Evans blue dye into mouse ears revealed lym-
phatic backflush and leakiness in HFD-fed apelin KO mice
as compared with WT mice (Fig. 3I).
Dietary fatty acids cause hyperpermeability of lymphatic
and blood vessels and adipocyte hypertrophy. To un-
derstand the mechanism through which HFD-fed apelin
KO mice developed significant obesity, we investigated in
vitro the effects of dietary fatty acids on LECs. The 3T3-L1
preadipocytes were cocultured with confluent LECs on
Transwell inserts in the presence of plasma from HFD-fed
or RD-fed WT mice to mimic the lymphatic endothelial
wall (Fig. 4A). Surprisingly, the amount of lipid droplets
was increased in the presence of plasma from HFD-fed
mice, whereas no major difference was found in the
presence or absence of plasma from RD-fed mice (Fig. 4B,
C). Because significant increases of oleic acid and stearic
acid were found in plasma of HFD-fed mice (M. Takagi,
unpublished observation), we speculated that the ele-
vated fatty acids in plasma of HFD-fed mice would induce
dysfunction of lymphatic and blood vessels via apelin
depletion, thereby promoting obesity. Treatment of LECs
with 20 and 100 mmol/L oleic acid resulted in hyper-
permeability of LECs compared with untreated cells (Fig.
4D). Moreover, we confirmed that these dietary fatty
acids promoted differentiation of human subcutane-
ous adipocytes (Fig. 4E). Preincubation with apelin-13
blocked the hyperpermeability of lymphatic and blood
vessel endothelial cells induced by oleic acid (Fig. 4F, G).
Moreover, whereas unstimulated endothelial cells were
stained evenly with VE-cadherin at sites of cell–cell
junctions, cells incubated with oleic acid displayed dis-
continuous staining with considerable gaps. Surprisingly,
cells pretreated with apelin-13 before incubation with
oleic acid retained the normal staining pattern of VE-
cadherin (Fig. 4H). These data indicate that the oleic acid
in HFD enhances the leakiness of lymphatic and vascular
structures via disruption of VE-cadherin, and that leakage
of dietary fatty acids from the vessels mediates adipocyte
hypertrophy.

FIG. 2. No significant difference was found in food consumption or lipid
metabolism between apelin KO and WT mice after HFD. A: Food intake
was similar in apelin KO mice and WT littermates. B: Obese apelin KO
mice had a lower plasma insulin level, but the difference was not sig-
nificant. C: Serum leptin levels were approximately two times higher in
apelin KO mice than in WT mice (**P < 0.01). D: Serum adiponectin
levels tended to be lower in apelin KO mice, but the difference was not
significant. There was no significant difference of plasma glucose (E),
HDL cholesterol (HDLC; F), triglyceride (G), or free fatty acid (FFA;
H) between apelin KO mice and WT mice. Data are expressed as mean
values 6 SD (N = 7; **P < 0.01, †P < 0.1). N.S., not significant.
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FIG. 3. Enhanced inflammation and vascular malformation in obese apelin KO mice. A: Increased CD11b
+
macrophages (green) in the subcutaneous

adipose layer of skin from apelin KO mice. B: Morphometric analysis showed that the number of CD11b
+
macrophages was significantly increased in

apelin KO mice. Double immunofluorescence staining for podoplanin (C, red) or meca-32 (D, red) and for APJ (green) revealed upregulated ex-
pression of APJ in lymphatics of skin of HFD-fed mice. E: Double immunofluorescence staining of skin for LYVE-1 (green) and meca-32 (red) revealed
enlargement (arrowheads) and enhanced formation of LYVE-1

+
lymphatic vessels and meca-32

+
blood vessels in apelin KOmice. F: Computer-assisted

morphometric analyses of lymphatic and blood vessels in skin. G: Immunofluorescence staining for claudin-5 in a whole-mount of ear skin. Lymphatic
vessels in apelin KOmice were partly dilated compared with controls. Double immunofluorescence staining of claudin-5 (green) and podoplanin (red)
confirmed that the nonuniform vessels were podoplanin-positive lymphatic vessels. H: Immunofluorescence analysis of mouse skin for podoplanin
(red) revealed lymphatic hyperplasia in the adipose layer of apelin KO mice. I: Intradermal injection of Evans blue dye visualized enhanced leakiness
of enlarged lymphatic vessels and lymphatic backflush (arrowheads) in apelin KO mice at 1 and 5 min after the injection. Scale bars indicate 200 mm
except in (G), which indicates 100 mm. Data are expressed as mean values 6 SD. **P < 0.01, ***P < 0.001.

ROLE OF APELIN IN OBESITY
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A selective COX2 inhibitor blocked the disruption of
apelin/APJ signaling. To determine how the lymphatic
and vascular systems affect HFD-induced obesity in vivo,
we treated HFD-fed apelin KO mice with a selective COX2
inhibitor, CEL. It has been shown that COX2 inhibitors
block angiogenesis and lymphangiogenesis during tumor
growth (19). The CEL-treated, HFD-fed, apelin KO mice
gained 30% less weight than HFD-fed apelin KO mice, and
showed differences in subcutaneous and mesenteric fat
accumulation (Fig. 5A–D). Hematoxylin and eosin staining
of skin sections confirmed a decreased adipose layer in the
CEL-treated apelin KO mice, with a decreased adipocyte
diameter (Fig. 5E, F). However, no significant difference in

weight gain or fat accumulation was found between WT
mice fed with and without CEL (Fig. 5A–D). Immunohis-
tochemical analyses revealed that CEL blocked enlarge-
ment of lymphatic and blood vessels in HFD-fed apelin
KO mice (Fig. 5G), and morphometric analysis confirmed
that the vessel size was decreased (Fig. 5H). Moreover, fat
pads from CEL-treated, HFD-fed, apelin KO mice showed
decreased CD11b+ macrophages (Fig. 5I). CEL-treated,
HFD-fed, apelin KO mice showed a decreased number of
macrophages in subcutaneous adipose tissue (Fig. 5J).
Further, CEL blocked the lymphatic and blood vascular
hyperpermeability induced by oleic acid, like apelin-13
(Fig. 5K). In contrast, COX2 expression in LECs was

FIG. 4. Apelin inhibits vascular hyperpermeability induced by oleic acid, thereby blocking adipocyte differentiation. A: Schematic illustration of
coculture study of LECs with 3T3-L1 preadipocytes in the presence or absence of plasma. Confluent LECs were inserted with or without plasma on
day 2 after initiation of differentiation. B: 3T3-L1 preadipocytes were stained with Oil-red-O (red) on day 9 after initiation of differentiation. C:
Quantitative evaluation of lipid droplets of 3T3-L1 preadipocytes. D: Treatment with oleic acid increased the fluorescence intensity of permeated
FITC-dextran from LECs, as compared with the control. E: Human subcutaneous preadipocytes were stained with Oil-red-O (red) on day 9 after
initiation of differentiation with oleic acid or stearic acid. Fatty acid–exposed culture showed an increased amount of lipid droplets compared with
the control. The addition of apelin-13 blocked the hyperpermeability of LECs (F) and human umbilical vein endothelial cells (HUVECs; G) induced
by oleic acid. H: Immunohistochemistry of VE-cadherin (red) in LECs and HUVEC, showing discontinuous staining of VE-cadherin after incubation
with oleic acid. Apelin-13 blocked the discontinuity of staining of VE-cadherin and the gap formation induced by oleic acid. Scale bars indicate 200
mm (E) and 100 mm (B and H). Data are expressed as mean values 6 SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIG. 5. Obesity induced by apelin depletion after HFD was blocked by orally administered selective COX2 inhibitor. A: Weight gain in WT and
apelin KO mice maintained on HFD or HFD containing CEL (N = 3–7). The change of body weight (B) and tissue weight of inguinal subcutaneous
(C) and mesenteric (D) fat after HFD or HFD with CEL. E: Histological analysis of skin and subcutaneous adipose tissue imaging using BODIPY
(green) and Isolectin (red) showed that hypertrophic adipocytes (green) were reduced in CEL-treated HFD-fed apelin KO and WT mice. Arrows
show crown-like structures in obese fat pads. F: Mean adipocyte size in CEL-treated, HFD-fed, apelin KO mice was smaller than in HFD-fed apelin
KO mice. G: Immunohistochemical analyses for LYVE-1 (green) and meca-32 (red) revealed that enlargement of lymphatic and blood vessels
(arrowheads) in the skin of HFD-fed apelin KO mice was inhibited by CEL. H: Morphometric analyses of lymphatic and blood vessels in CEL-
treated, HFD-fed, apelin KO mice and HFD-fed apelin KO mice. I: Double immunofluorescence staining for CD11b (red) and FABP4 (green) showed
that macrophage infiltration in the subcutaneous fat layer from HFD-fed apelin KO mice was blocked by CEL. J: The number of infiltrated mac-
rophages was decreased in apelin KO mice fed HFD with CEL. K: Increased permeability in LECs and human umbilical vein endothelial cells
(HUVECs) after the treatment with oleic acid was blocked by the addition of CEL. Bars indicate 1 mm (E, top) and 200 mm (E, bottom, G, and I).
Data are expressed as mean values 6 SD. L: COX2 expression after apelin treatment of LECs. ***P < 0.001, **P < 0.01, and *P < 0.05.
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similar in controls and apelin-treated cells (Fig. 5L). Taken
together, these results show that the selective COX2 in-
hibitor CEL ameliorated both inflammation and the dys-
function of lymphatic and blood vessels in HFD-fed apelin
KO mice, resulting in the inhibition of HFD-induced obesity.
Resistance to obesity in apelin transgenic mice. To
examine whether the stabilization of lymphatic and blood
vessels by apelin inhibits the accumulation of fat tissue, we
used apelin transgenic mice under the control of K14 (K14-
apelin). Interestingly, HFD-fed K14-apelin mice showed
significant inhibition of weight gain and decreased accu-
mulation of subcutaneous adipose tissue as compared with
HFD-fed WT mice, although there was no significant dif-
ference of weekly food intake between the two groups
(Fig. 6A, B). The adipose layer of skin and the amount of
subcutaneous adipose tissue in HFD-fed K14-apelin mice
were decreased (Fig. 6C, D). Morphometric analysis also
confirmed a decrease of lipid droplets within adipocytes in
K14-apelin mice (Fig. 6E). Next, lymphatic function in the
mesenteric fat was analyzed by injecting dye into the
stomach, revealing the inhibition of lymphatic hyper-
permeability in K14-apelin mice as compared with WT
mice (Fig. 6F). To evaluate the structural change of lym-
phatic and blood vessels, we performed whole-mount
staining for LYVE-1 (green)/meca-32 (red) in ears of mice.
Interestingly, both blood and lymphatic vessels of WT mice
were enlarged after HFD, whereas the diameters of blood
and lymphatic vessels were comparable between RD- and
HFD-fed K14-apelin mice (Fig. 6G). These results are
consistent with the idea that apelin regulates the accu-
mulation of adipose tissue by promoting vessel integrity.
Structural and functional change of vessels in the
adipose tissues of K14-apelin and KO mice after HFD.
Miles assay was performed to determine of the effect of
apelin on blood vessels in epididymal fat. We found that
leakiness was inhibited in K14-apelin mice and enhanced
in apelin KO mice after HFD (Fig. 7A). Quantitative anal-
ysis showed that HFD enhanced dye leakage in WT mice,
whereas the increase of dye leakage was inhibited in K14-
apelin mice. In contrast, dye leakage was strongly en-
hanced in apelin KO mice after HFD (Fig. 7B).

Immnofluorescence analysis was performed with anti-
bodies for blood vessels (Fig. 7C) and lymphatic vessels
(Fig. 7E). HFD induced enlargement of lymphatic and
blood vessels of WT mice as compared with RD-fed WT
mice. Moreover, lymphatic vessels as well as blood vessels
were markedly enlarged in HFD-fed apelin KO mice.
Morphometric analysis of lymphatic and blood vessels
confirmed an increase in the average size of lymphatic
vessels of HFD-fed WT mice as compared with RD-fed WT
mice. Importantly, HFD induced marked enlargement of
both blood and lymphatic vessels in apelin KO mice. In
contrast, no significant difference of blood vessels was
found between RD- and HFD-fed WT mice (Fig. 7D, F).

DISCUSSION

Our results indicate that apelin/APJ signaling plays a cru-
cial role in the control of fat accumulation by enhancing
the integrity of lymphatic and blood vessels. It is well-
established that fat intake is associated with the growth of
adipose tissue vasculature. This, in turn, suggests that in-
hibition of angiogenesis in adipose tissue could be an ap-
proach to treat obesity, but this idea is controversial
because of the physiological importance of angiogenesis. It
was reported that partial blockade of the VEGFR pathway

had no effect on diet-induced obesity (5). Additionally,
recent reports indicated that blocking the VEGFR-3 path-
way in skin resulted in an increase of subcutaneous adipose
tissue (20), and that Prox1 heterozygous mice showed
obesity and abnormal lymphatic function, particularly at the
mesentery and thoracic duct (7). These results suggest that
there is a link between lymphatic function and adipose
tissue accumulation. Here, we propose that a strategy of
enhancing the integrity of lymphatic and blood vessels
could be a novel approach to antiobesity therapy.

Although HFD-fed apelin KO mice showed a markedly
obese phenotype accompanied by dysfunction of lym-
phatic and blood vessels, it was also found that there was
no significant difference of either vessel function or fat
accumulation between apelin KO and WT mice fed a nor-
mal diet. These results led us to hypothesize that dietary
fatty acids accelerate vascular damage via apelin de-
pletion, because fatty acids are absorbed by lymphatic
vessels and transported to peripheral tissues by blood
vessels. Our in vitro study demonstrated that plasma from
HFD-fed mice increased the amount of lipid droplets of
3T3-L1 preadipocytes by disrupting lymphatic integrity
and that oleic acid, a dietary fatty acid, directly mediates
hyperpermeability of endothelial cells by disrupting
adherens junctions. Apelin is required for the assembly of
functional vasculature during angiogenesis (11). Inter-
estingly, apelin inhibited oleic acid–induced vascular
hyperpermeability by modulating VE-cadherin in vitro.
Taken together, these results indicate that HFD-fed apelin
KO mice develop abnormal vascular leakiness and struc-
ture as a result of the synergistic effects of apelin depletion
and increase of oleic acid. Importantly, lymphatic back-
flush and abnormal leakiness were found in the ear skin of
HFD-fed apelin KO mice. In vitro, lymphatic permeability
was induced in the presence of fatty acids, whereas apelin
attenuated the fatty acid–induced hyperpermeability. Be-
cause leakiness and structural abnormalities of skin lym-
phatic vessels are seen in apolipoprotein E–deficient mice
(21), these results suggest that abnormal transportation
and lymphatic absorbance of fatty acids from peripheral
tissues like skin could be involved in the development of
obesity. Moreover, lymphatic hyperplasia was found in the
subcutaneous fat layer from extremely obese apelin KO
mice in contrast to normal and obese WT mice. In inflamed
skin, increased interstitial fluid pressure caused by in-
creased leakage from blood vessels may increase fluid
drainage through lymphatic vessels, but this may impair
lymphatic function (22). Thus, an increase of lymphatic
vessels could facilitate lymphatic drainage and resolution
of the related inflammation (23,24). Therefore lym-
phangiogenesis in adipose tissue could be a significant
therapeutic target, although further study is needed to
determine whether infiltrated macrophages in obese adi-
pose tissue or mature adipocyte-derived VEGF-C are in-
volved in the promotion of lymphangiogenesis in adipose
tissue.

What is the role of apelin in obesity? In vivo, an orally
administered COX2 inhibitor rescued apelin KO mice from
HFD-induced obesity. A COX2 inhibitor directly affects
vascular function, suppressing angiogenesis and lym-
phangiogenesis associated with tumor growth (19). The
COX2 inhibitor, CEL, blocked angiogenesis and blood/
lymphatic vessel enlargement in HFD-fed apelin KO mice.
In vitro, we found that CEL treatment blocked oleic acid–
induced hyperpermeability of lymphatic and blood vessel
endothelial cells. Taken together with the fact that several
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dietary fatty acids increased the expression level of tran-
scription factors associated with adipocyte differentiation,
including peroxisome proliferator–activated receptors
(25), leakage of dietary fatty acids, possibly from hyper-
permeable vessels, could accelerate adipocyte differenti-
ation. In addition, a selective COX2 inhibitor did not affect
fat accumulation of WT mice, although the number of
blood vessels in skin was decreased. Taking into account
the fact that no significant change of COX2 expression was

found after apelin treatment in endothelial cells, this is
consistent with the idea that a selective COX2 inhibitor
could directly block the development of vascular hyper-
permeability in HFD-fed apelin KO mice, leading to in-
hibition of obesity. The increased leakage of fatty acids
attributable to the disruption of lymphatic and vascular
function could trigger adipocyte hypertrophy. Recently, it
has been reported that overexpression of COX2 in skin
increased energy expenditure via recruitment of brown

FIG. 6. Resistance to obesity in K14-apelin mice. A: Change in body weight of HFD-fed K14-apelin and WT mice (N = 4–7). B: Average weekly food
intake of each genotype. C: Hematoxylin and eosin staining of skin sections from HFD-fed, K14-apelin, and WT mice. A reduced subcutaneous
adipose layer was found in K14-apelin mice. D: BODIPY (green) and Isolectin (red) staining revealed decreased size of subcutaneous adipocytes
(green) in K14-apelin mice after HFD feeding. E: Morphometric analysis of adipocyte size confirmed that adipocytes were smaller in HFD-fed K14-
apelin mice. Data are expressed as mean values 6 SD. F: Inhibition of lymphatic dye leakage in mesenteric fat of K14-apelin mice after HFD. G:
Whole-mount staining of mouse ears using antibodies against LYVE-1 (green) and CD31 (red) revealed that HFD induced enlargement of both
lymphatic and blood vessels, whereas no significant difference was found between RD- and HFD-fed K14-apelin mice. Two parallel yellow lines as
indicated in (G) show vascular size. Bars indicate 1 mm (C) and 200 mm (D, G). **P < 0.01, *P < 0.05.
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adipocytes (26). Therefore, further investigation of the role
of apelin in COX2-overexpressing brown adipose tissue is
needed.

In conclusion, our results indicate that apelin/APJ sig-
naling promotes lymphatic and blood vessel integrity and
blocks the increase of permeability induced by dietary
fatty acids, resulting in inhibition of fat accumulation.
Apelin might be a novel target for prevention of obesity
and obesity-related diseases via enhancement of vascular
integrity.
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