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Angiopoietin-related growth factor antagonizes obesity 
and insulin resistance
Yuichi Oike1, Masaki Akao1, Kunio Yasunaga2, Toshimasa Yamauchi3, Tohru Morisada1, Yasuhiro Ito1, 
Takashi Urano1, Yoshishige Kimura1, Yoshiaki Kubota1, Hiromitsu Maekawa1, Takeshi Miyamoto1, Keishi Miyata1, 
Shun-ichiro Matsumoto2, Juro Sakai4, Naomi Nakagata5, Motohiro Takeya6, Haruhiko Koseki7, Yoshihiro Ogawa8, 
Takashi Kadowaki3 & Toshio Suda1

Angiopoietin-related growth factor (AGF), a member of the angiopoietin-like protein (Angptl) family, is secreted predominantly 
from the liver into the systemic circulation. Here, we show that most (>80%) of the AGF-deficient mice die at about embryonic 
day 13, whereas the surviving AGF-deficient mice develop marked obesity, lipid accumulation in skeletal muscle and liver, and 
insulin resistance accompanied by reduced energy expenditure relative to controls. In parallel, mice with targeted activation of 
AGF show leanness and increased insulin sensitivity resulting from increased energy expenditure. They are also protected from 
high-fat diet–induced obesity, insulin resistance and nonadipose tissue steatosis. Hepatic overexpression of AGF by adenoviral 
transduction, which leads to an approximately 2.5-fold increase in serum AGF concentrations, results in a significant (P < 0.01) 
body weight loss and increases insulin sensitivity in mice fed a high-fat diet. This study establishes AGF as a new hepatocyte-
derived circulating factor that counteracts obesity and related insulin resistance.

Obesity is an increasingly prevalent medical and social problem with 
potentially devastating consequences because it clusters with type 2 
diabetes, hypertension and hyperlipidemia in the metabolic syndrome 
or syndrome X1,2. The molecular mechanisms underlying obesity have 
not been fully clarified, and effective therapeutic approaches are cur-
rently of general interest. Inhibition of weight gain requires that we 
burn more calories than we take in. From this perspective, adaptive 
thermogenesis, which is the process of heat production in response 
to diet or environment temperature, is an important defense against 
obesity3,4.

Recently, we and several groups independently identified several mol-
ecules containing a coiled-coil domain and a fibrinogen-like domain, 
motifs structurally conserved in angiopoietins5,6. Because these mol-
ecules do not bind the angiopoietin receptor, Tie-2, they were named 
angiopoietin-like proteins (Angptl). We identified angiopoietin-related 
growth factor (AGF, also known as Angptl6 and encoded by the gene 
Angptl6) as a member of the Angptl family and showed that it is a 
circulating orphan peptide secreted by liver that induces angiogenesis 
and proliferation of skin cells, and thereby promotes wound healing6–8. 
Furthermore, several early reports have indicated that there are addi-
tional members of the Angptl family, which are currently considered 
orphan ligands, as angiogenic factors in the vascular system6,9–11. On 
the other hand, several reports indicate that Angptls have biological 

effects on nonvascular cells. For example, Angptl4 (refs. 12,13; also 
known as PGAR and FIAF) and Angptl3 (refs. 14,15) regulate fat and/or 
lipid metabolic homeostasis in addition to controlling angiogenesis10,11. 
These findings suggest that Angptls exert multiple biological functions; 
however, the physiological and pathological roles of each member of 
the Angptls have not been fully clarified.

Here we show that most (>80%) of the mice with mutations in AGF 
(Angptl6−/− mice) die at about embryonic day 13, with apparent cardio-
vascular defects including poorly formed yolk sac and vitelline  vessels. 
Notably, the surviving Angptl6–/– mice become markedly obese and have 
obesity-related metabolic disorders. In parallel, mice with  targeted acti-
vation of AGF in vivo (Angptl6-transgenic mice) show markedly reduced 
adiposity and insulin sensitivity. Furthermore, Angptl6-transgenic mice 
are completely resistant to high-fat diet–induced obesity and impaired 
insulin sensitivity. Moreover, we found that hepatic overexpression 
of AGF by adenoviral transduction, which leads to an approximately 
2.5-fold increase in serum AGF concentrations, results in a significant 
(P < 0.01) body weight loss and ameliorates insulin sensitivity in mice 
fed a high-fat diet. Based on these findings, we report here that AGF 
is a new hepatocyte-derived circulating factor counteracting high-fat 
diet–induced obesity and related insulin resistance through increased 
energy expenditure, thereby suggesting a therapeutic potential in coun-
teracting obesity and diabetes.
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RESULTS
Disruption of Angptl6 in vivo
To investigate the physiological role of AGF, we generated mice 
with mutations in Angptl6 (Supplementary Fig. 1 online). Most 
(>80%) of Angptl6−/− mice die at approximately embryonic day 13 
(Supplementary Fig. 1), with apparent cardiovascular defects includ-
ing poorly formed yolk sac and vitelline vessels (data not shown). 
Notably, the surviving Angptl6−/− mice become markedly obese even 
on a normal chow diet, suggesting that AGF has a crucial role in regu-
lating adiposity in adulthood (Fig. 1a). We therefore focused on how 
AGF functions in the pathogenesis of obesity and associated disor-
ders.

Obesity in Angptl6–/– mice 
Twelve weeks after birth, Angptl6−/− mice showed increases in body 
weight that surpassed those seen in wild-type (Angptl6+/+) mice on 
a normal chow diet (Fig. 1b). There were no phenotypic differences 
between male and female mice. Macroscopic and computed tomo-
graphic (CT) analyses taken 8 months after birth showed that both 
visceral and subcutaneous fat depots were significantly increased in 
Angptl6−/− mice compared to wild-type mice (Fig. 1c–e). Sections of 
white adipose tissue (WAT) from Angptl6−/− mice showed increased 
adipocyte size relative to controls (Fig. 1e,f). A large amount of lipid 

accumulation in liver, skeletal muscle and brown adipose tissue (BAT) 
was observed in Angptl6−/− mice compared with Angptl6+/− and wild-
type mice (Fig. 1g).

Metabolic disorders in Angptl6–/– mice  
To address alternative causes of increased body weight in Angptl6−/− 
mice, we compared lipid metabolism, rectal temperature, basal meta-
bolic rate and food intake of Angptl6−/− and wild-type mice. Significant 
increases were observed in serum cholesterol and free fatty acid (FFA) 
concentrations in Angptl6−/− mice, whereas there were no significant 
differences in serum triglyceride concentration between genotypes 
(Fig. 2a). Angptl6−/− mice also showed significant decreases in rectal 
temperature and whole-body oxygen consumption rates compared 
with wild-type mice (Fig. 2b). A small, statistically insignificant increase 
was observed in daily food intake in Angptl6−/− mice compared with 
controls (Fig. 2b). 

Adipose tissue has a substantial influence on systemic glucose 
homeostasis through secretion of adipocytokines2,16,17. Angptl6−/− 
mice showed mild hyperglycemia and severe hyperinsulinemia 
(Fig. 2c). To investigate this point further, we performed intraperi-
toneal glucose and insulin tolerance tests (IGTT and IITT, respec-
tively). Both hyperglycemia and hyperinsulinemia were detected 
in Angptl6−/− mice throughout the time course of the experiment 
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Figure 1  Obesity in Angptl6−/− mice on a normal diet. (a) Gross appearance of Angptl6–/– mice and wild-type control mice. (b) Body weight of each genotype 
(n = 8). (c–g) Abdominal cavity (c), CT findings at a level of 8 mm above the top of the iliac bone (d), visceral fat (n = 5) and subcutaneous fat (n = 5) weight/
body weight, and histological analysis (e) and distribution of cell size (f) of WAT of Angptl6–/– mice and wild-type mice. (g) Triglyceride levels in liver (n = 5) and 
gastrocnemius muscle (n = 5), and hematoxylin and eosin–stained sections of BAT of Angptl6–/– and wild-type mice. Data are mean ± s.d. Bars in histological 
sections indicate 50 µm. *P < 0.05, **P < 0.01, between the two genotypes indicated. Female mice 8 months after birth were used for all experiments.
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(Fig. 2c). Moreover, the glucose-lowering effect of insulin was 
decreased in Angptl6−/− mice relative to controls, indicating insulin 
resistance in Angptl6−/− mice (Fig. 2d). Recent studies have shown a 
role for tumor necrosis factor (TNF)-α18,19 secreted from adipose 
tissue as a mediator of insulin resistance, and adiponectin20,21 and 
leptin22,23 have a role in insulin sensitivity. The leptin concentration 
in Angptl6−/− mice was significantly higher than that seen in controls, 
whereas no significant differences were observed in adiponectin and 
TNF-α concentrations between genotypes (Fig. 2e). 

Molecular alterations in Angptl6–/– mice
The physiological data presented above indicate that inactivation of 
AGF in vivo leads to decreased energy expenditure and obesity. Recent 
studies indicate that BAT and skeletal muscle function as tissues medi-
ating adaptive thermogenesis, which is an important defense against 
obesity24,25. To determine the molecular basis of these metabolic 
changes in Angptl6−/− mice, we examined the expression of molecules 
with proposed roles in obesity and associated metabolic action in BAT 
and skeletal muscle. Quantitative RT-PCR analysis showed significant 
decreases in expression of PPARα, PPARγ, PGC-1β and UCP1 in 
BAT (Fig. 2f) and PPARδ and UCP3 in skeletal muscle (Fig. 2g) in 

Angptl6−/− mice, suggesting that such alterations in gene expression 
underlie susceptibility to obesity in Angptl6−/− mice.

Generation of Angptl6-transgenic mice
Observations that AGF ablation causes obesity prompted us to further 
investigate whether AGF functions in resistance to obesity and associ-
ated disorders. To generate mice overexpressing AGF constitutively, we 
targeted the activation of Angptl6 in vivo by driving its expression from 
the chicken β-actin promoter with the cytomegalovirus immediate-early 
enhancer (CAG promoter)26,27 (Supplementary Fig. 2 online). The CAG 
promoter has been reported to be strongly active in a variety of tissues. In 
our mice, the promoter drove high expression of the Angptl6 transgene 
in BAT, heart and skeletal muscle relative to expression of the endog-
enous gene in each tissue (Supplementary Fig. 2). AGF concentration 
in the circulation of Angptl6 transgenic mice increased approximately 
twofold compared with basal concentrations in nontransgenic controls 
(Fig. 3a). 

Leanness in Angptl6 transgenic mice
Despite a daily food intake similar to that of controls when individu-
ally housed and fed a normal chow diet (transgenic mice, 0.17 ± 0.05 
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Figure 2  Metabolic effects of AGF deficiency on a normal diet. (a) Serum cholesterol, triglyceride and FFA concentrations in Angptl6–/– and wild-type control 
mice at 5 months of age (n = 5 in each group). (b) Rectal temperature, oxygen consumption (VO2)/lean body weight and food intake/lean body weight in 
Angptl6–/– and wild-type mice at 6 months of age (n = 8 in each group). (c,d) Glucose (c) and insulin (d) tolerance tests in Angptl6–/–, Angptl6+/− and wild-
type mice at 3 months of age (n = 6 in each group). (e) Serum leptin, adiponectin, and TNF-α concentrations in Angptl6–/– and wild-type mice at 5 months 
of age (n = 5 in each group). (f,g) Expression of genes associated with energy expenditure in BAT (f) and skeletal muscle (g) of Angptl6–/– relative to wild-type 
mice (100%) at 3 months of age (n = 5 in each group). Data are mean ± s.d. *P < 0.05, **P < 0.01, between the two genotypes indicated or among three 
genotypes. Female mice were used for all experiments.
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versus control mice, 0.15 ± 0.03 g/g lean body mass/d), 5-month-old 
Angptl6 transgenic mice showed marked reductions in body weight 
and adiposity compared with controls (Fig. 3b–d). Although there was 
no alteration in body weight at birth between genotypes, a reduction 
in body weight of Angptl6 transgenic mice compared to controls was 
noted 4 weeks after birth and persisted throughout their life. There 
were no differences of this alteration in body weight between male 
and female mice. Furthermore, only WAT weight per body weight in 
Angptl6 transgenic mice was markedly decreased compared to that of 
controls (Fig. 3e). Adipocytes from Angptl6 transgenic mice are smaller 
in size compared to those from controls, indicating that a reduction 
in total fat mass may result from decreased triglyceride accumulation 
(Fig. 3f,g). 

Metabolic alterations in Angptl6 transgenic mice
There was no difference in in vitro adipocyte differentiation of embry-
onic fibroblasts between Angptl6 transgenic mice and controls (data 
not shown). To address alternative causes for decreased adiposity in 
Angptl6 transgenic mice, we compared rectal temperature and basal 
metabolic rates of Angptl6 transgenic mice and controls. Transgenic 
mice showed a small, statistically insignificant increase in rectal tem-
perature and a statistically significant increase in whole-body oxygen 
consumption rates relative to controls (Fig. 4a), suggesting the enhanced 
energy expenditure in Angptl6 transgenic mice. The microvasculature 

assists in heat dissipation at sites of active thermogenesis, increasing the 
efficiency of lipid release from fat stores28,29. Angptl6 transgenic mice 
showed an increase in the number of capillary-sized vessels in skeletal 
muscles compared to controls (Fig. 4b), suggesting that AGF assists in 
part to increase thermogenesis in Angptl6 transgenic mice.

Quantitative RT-PCR analysis showed significant increases in expres-
sion of the genes encoding PPARα, PPARγ and PGC-1β in BAT (Fig. 4c) 
and of the genes encoding PPARα, PPARδ, PGC-1α and UCP2 in skel-
etal muscle (Fig. 4d) in Angptl6 transgenic mice. These findings suggest 
that overexpression of AGF in vivo activates molecules involved in stimu-
lating energy expenditure, and thereby leads to decreased adiposity.

Insulin sensitivity in Angptl6 transgenic mice
A lack of fat causes decreases in serum levels of leptin and adiponectin 
and leads to insulin resistance and diabetes21,22,30,31. Although Angptl6 
transgenic mice showed decreased serum leptin levels, identical serum 
adiponectin levels were observed in transgenic and wild-type mice 
(Fig. 4e). Serum adiponectin levels per WAT mass in Angptl6 transgenic 
mice were markedly increased compared with that of wild-type mice, 
whereas there was no difference in serum leptin levels per WAT mass 
(Fig. 4e), suggesting that adipose tissues in Angptl6 transgenic mice 
secrete adiponectin abundantly. Notably, IGTT and IITT showed that 
Angptl6 transgenic mice show increased insulin sensitivity despite the 
greatly decreased serum leptin and identical serum adiponectin levels 
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Figure 3  Angptl6 transgenic mice are lean as a result of a loss of WAT mass. (a) Western blotting analysis for serum AGF in Angptl6 transgenic (TG) and 
nontransgenic control (NTG) mice at 4 months of age. The ratio for the control is set as 100%. (b–g) Body weight (b), and gross appearance of visceral 
adipocyte (c) in TG and NTG mice at 4 months of age. (d) Comparison of visceral fat and subcutaneous fat weight/body weight between TG and NTG mice at 
5 months of age. Tissue weight/body weight in TG and NTG mice at 4 months of age (e). n = 10–15 in each group. Histological analysis (f) and distribution of 
cell size (g) of WAT from TG and NTG mice at 4 months of age. Scale bars, 50 µm. Data are mean ± s.d. *P < 0.05, **P < 0.01, between the two genotypes 
indicated. N.S. indicates no significant difference compared with nontransgenic wild-type mice. Female mice were used for all experiments.
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(Fig. 4f,g), suggesting that increased insulin sensitivity observed in Angptl6 
transgenic mice depends on direct effects of increased serum AGF.

Resistance to obesity in Angptl6-transgenic mice
To investigate whether Angptl6 transgenic mice show resistance against 
developing obesity, we challenged 8-week-old female mice with a high-
fat diet containing 32% (wt/wt) fat for 12 weeks to stimulate weight 
gain. Angptl6 transgenic mice fed this diet showed significant differences 
from controls: at the end of the feeding period, the net weight gains were 
7.13 ± 1.03 g and 21.86 ± 4.03 g, respectively, for Angptl6 transgenic and 
controls (Fig. 5a,b). As expected, high-fat feeding causes massive lipid 
accumulation in both visceral and subcutaneous fat depots in controls, 
whereas few of these changes are seen in Angptl6 
transgenic mice (Fig. 5c,d). Notably, the size of 
WAT from Angptl6 transgenic mice was mark-
edly smaller than that of WAT from controls 
(Fig. 5e). No appreciable fatty acid accumu-
lation in BAT, liver and skeletal muscle was 
observed in Angptl6 transgenic mice, whereas 
nontransgenic mice develop tissue steatosis 
(Fig. 5e,f). There was no significant difference 
in blood glucose levels between genotypes 
(Fig. 5g). But plasma insulin levels in Angptl6 
transgenic mice were much lower than those 
seen in controls (Fig. 5g). Whereas high-fat feed-
ing increases serum cholesterol and FFA levels 
by twofold in controls, Angptl6 transgenic mice 
showed a lipid profile closer to that of wild-type 
mice fed a standard chow diet (Fig. 5g). 

AGF antagonizes obesity and insulin 
resistance 
To clarify whether AGF decreases body weight 
and insulin resistance of obese mice, we intra-
venously injected adenovirus expressing mouse 
AGF (Ad-AGF) into female mice fed a high-fat 
diet containing 32% (wt/wt) fat for 12 months. 
For controls, adenovirus expressing green fluo-
rescent protein (GFP) (Ad-GFP) was injected. 
There was no significant difference in body 
weight between the mice with AGF treatment 
and controls (54.4 ± 2.2 g and 52.9 ± 2.1 g, 
respectively: P = 0.18, n = 8). Throughout the 
time course of the experiment, mice contin-
ued to receive a high-fat diet. On day 20, mice 
receiving AGF showed approximately 2.5-fold 
increases in serum AGF levels compared to con-
trols (Fig. 6a), and showed significant loss of 
body weight compared to controls (Fig. 6b). No 
significant difference between the two groups 
was observed in daily food intake (Fig. 6c). 
Furthermore, significant decreases in fasting 
and random fed glucose levels were observed 
in high-fat diet–induced obese mice after treat-
ment with AGF compared to those in controls 
(Fig. 6d,e). IGTT and IITT showed that high-
fat diet–induced obese mice with AGF treat-
ment showed improved glucose tolerance and 
increased insulin sensitivity (Fig. 6f,g). Taken 
together, these data clearly show that AGF coun-
teracts obesity and related insulin resistance.

DISCUSSION
AGF, a member of the Angptl family, is a circulating angiogenic protein 
secreted by liver7. Here, we show that most (>80%) of the AGF-deficient 
mice die at approximately embryonic day 13, with apparent cardiovascular 
defects including poorly formed yolk sac and vitelline vessels. Notably, 
the surviving Angptl6−/− mice become markedly obese and show obesity-
related metabolic disorders. Furthermore, Angptl6−/− mice show decreased 
whole-body oxygen consumption and expression of genes involved in 
energy dissipation. In parallel, Angptl6 transgenic mice show resistance 
against diet-induced obesity, insulin resistance and hyperlipidemia. These 
phenotypes are associated with increases in energy expenditure, support-
ing the hypothesis that AGF regulates energy metabolism in mice.
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Figure 4  Metabolic and vascular alteration in Angptl6 transgenic mice. (a) Rectal temperature and 
oxygen consumption (VO2)/lean body weight in Angptl6 transgenic (TG) and nontransgenic (NTG) 
female mice at 5 months of age (n = 10–12 in each group; these mice were also used in Fig. 4e,f). 
(b) Representative photograph of CD31/PECAM-1-stained capillary vessels and quantitative estimation 
of capillary vessel density in the gastrocnemius muscle in TG and NTG female mice at 4 months of age. 
Scale bars, 50 µm. (c,d) Relative ratio of gene expression associated with increased energy expenditure 
in BAT (c) and skeletal muscle (d) in TG mice relative to that seen in NTG female and male mice at 
4 months of age. The ratio for the data from NTG mice is set as 100%. (e) Serum adiponectin and 
leptin levels and serum adiponectin and leptin levels/ WAT mass in TG and NTG female mice at 
4 months of age. (f,g) Glucose (f) and insulin (g) tolerance tests in TG and NTG female mice at 
4 months of age. Data are mean ± s.d. (n = 5–15). *P < 0.05, **P < 0.01, between the two 
genotypes indicated. N.S. indicates no significant difference compared with NTG mice. 
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Metabolic analysis of energy balance using Angptl6−/− and Angptl6 
transgenic mice showed that one way AGF functions to regulate adi-
posity is through control of energy dissipation. Recent studies indi-
cate that BAT and skeletal muscle regulate adaptive thermogenesis, 
which is mediated by PPARα, PPARδ, PPARγ and their coactivators, 
PGC-1α and PGC-1β, in response to energy overload3,16,26,32–35. We 
found statistically significant decreases in the expression of PPARα, 
PPARγ and PGC-1β  in BAT and of PPARδ in skeletal muscle in 
Angptl6−/− mice, and increases in expression of PPARα, PPARγ and 
PGC-1β in BAT and of PPARα, PPARδ, and PGC-1α in skeletal mus-
cle of Angptl6 transgenic mice. In fact, Angptl6 transgenic mice show 
phenotypes similar to those seen in transgenic mice with activated 
PPARδ36–38 and PGC-1β26. Skeletal muscle is a direct target tissue of 
AGF, because AGF protein binds to C2C12 myocytes (Supplementary 
Fig. 3 online). Treatment of C2C12 myocytes with AGF stimulated 
ligand activities of PPARα and PPARδ (Supplementary Fig. 3). 

Moreover, AGF activates p38 MAPK in muscle (Supplementary 
Fig. 3), which directly enhances the stabilization and activation of 
PGC-1 protein34,35. We therefore propose that AGF stimulates fat 
burning in peripheral tissues through the p38 MAPK pathway and 
downstream effects on respiration and gene expression linked to mito-
chondrial uncoupling and energy expenditure. 

The microvasculature assists in heat dissipation at sites of active ther-
mogenesis in peripheral tissues28,29. Because AGF increases the number 
of capillary-sized vessels in mice8, we examined whether the vascula-
ture is altered in Angptl6−/− and Angptl6 transgenic mice. Angptl6−/− 
mice were susceptible to obesity and showed significantly (P < 0.05) 
decreased blood-flow perfusion in skeletal muscle, suggesting that loss 
of AGF enhances observed decreases in the efficiency in energy dissipa-
tion (Supplementary Fig. 4 online). In parallel, a significant (P < 0.01) 
increase in the number of microvessels was observed in skeletal muscle 
of Angptl6 transgenic mice, which may antagonize obesity by facilitat-
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Figure 5  Resistance to high-fat diet-induced obesity and related metabolic 
disorders seen in Angptl6 transgenic mice. (a) Representative gross 
appearance of AGF-transgenic (TG) and nontransgenic control (NTG) female 
mice after 3-months high-fat feeding. (b) Change in body weight in TG and 
NTG male and female mice after 3-months high-fat feeding (n = 10). 
(c) CT findings, which were shown at a level of 8 mm above the top of 
the iliac bone in a. (d) Visceral fat (n = 10) and subcutaneous fat (n = 
10) weight/body weight. (e) Hematoxylin and eosin–stained sections 
and distribution of cell size of WAT, and hematoxylin and eosin–stained 
sections of BAT from TG and NTG mice after 3 months of high-fat feeding. 
(f) Triglyceride content in liver (n = 5) and gastrocnemius muscle (n = 5) 
from TG and NTG mice after 1 month (left) and 3 months (right) of high-fat 
feeding. (g) Blood glucose, plasma insulin, serum cholesterol, triglyceride, 
and FFA concentrations in TG and NTG mice after 3-months of high-fat 
feeding. (n = 10 in each group). Scale bars in e, 50 µm. Data are 
mean ± s.d. *P < 0.05, **P < 0.01, between the two genotypes indicated. 
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ing increases in energy dissipation. Furthermore, by providing a local 
angiogenic signal, AGF might increase the efficiency of lipid release 
from fat stores to maintain energy homeostasis. AGF induces angio-
genesis in peripheral tissues, partially explaining how AGF counteracts 
obesity in addition to the direct effects of AGF on tissues functioning 
in adaptive thermogenesis.

Recent studies indicate that abnormal accumulation of triglycerides 
in muscle and liver results in insulin resistance by inhibiting insulin 
receptor signaling cascades39,40. Even on a high-fat diet, Angptl6 trans-
genic mice are protected against hepatic and muscle steatosis, resulting 
in the maintenance of insulin sensitivity. These findings suggest that 
one mechanism whereby AGF affects insulin sensitivity is inhibition of 
abnormal lipid stores in insulin target tissues. Adipose tissue has a sub-
stantial impact on systemic glucose homeostasis through production 
of adipokines34,35. Recent studies show a role for adiponectin20,21 and 
leptin22,23 as mediators of insulin sensitivity and TNF-α18,19 in mediat-
ing insulin resistance. In lipoatrophic diabetes, adiponectin and leptin 
deficiency resulting from lack of fat is associated with insulin resistance 
and diabetes20,22,30,31. Despite a greatly decreased WAT mass, Angptl6 
transgenic mice show increased insulin sensitivity, suggesting that AGF 
may increase insulin sensitivity. In contrast with decreased serum leptin 
levels, serum adiponectin levels in Angptl6 transgenic mice were iden-
tical to those seen in wild-type mice. This may partially contribute to 
increased insulin sensitivity in Angptl6 transgenic mice.

Findings derived from Angptl6 transgenic mice, in which AGF expres-
sion is driven from the CAG promoter, led us to ask whether AGF in the 
circulation affects obesity and related metabolic abnormalities, because 
AGF is secreted primarily from hepatocytes. In this study, mice with 
high-fat diet–induced obesity overexpressing AGF in liver as a result 
of adenoviral transduction showed 2.5-fold increases in serum AGF 
levels over in controls and showed significant (P < 0.01) body weight 
loss and improved insulin sensitivity. Moreover, we observed that serum 

AGF levels in Angptl6 transgenic mice described here and those seen 
in K14-Angptl6 transgenic mice7,8, in which AGF is driven by a skin-
specific (K14) promoter, were approximately identical (Supplementary 
Fig. 5 online). Notably, K14-Angptl6 transgenic mice 8 months after 
birth show marked reduction in body weight and adiposity compared to 
controls, and this phenotype is similar to that seen in Angptl6 transgenic 
mice created by driving Angptl6 expression from the CAG promoter 
(Supplementary Fig. 5). K14-Angptl6 transgenic mice also showed 
increased insulin sensitivity despite an extremely decreased WAT mass 
(Supplementary Fig. 5). These findings indicate that increasing serum 
AGF levels could counteract obesity and related insulin resistance, sug-
gesting a physiological role of circulating AGF secreted from liver in 
antagonizing obesity. 

Angptl3 is a circulating factor from liver functioning to regulate lipid 
metabolism14,15. Angptl4 is also predominantly expressed in liver and 
adipose tissue, and its expression is altered in nutrition and fasting, 
suggesting a role for Angptl4 in regulating fat metabolism12,13. Here, we 
show that AGF is a new hepatocyte-derived circulating factor counter-
acting high-fat-induced obesity and related insulin resistance through 
increased energy expenditure. Taken together with these findings, 
members of Angptl family function as endocrine factors with over-
lapping function secreted mainly from the liver to regulate metabolic 
homeostasis. As a next step to understand the role of Angptl family 
members in regulating metabolic homeostasis, identification of their 
cognate receptors and studies aimed at understanding their functional 
interactions are necessary.

In summary, we provide the first evidence that AGF directly antago-
nizes obesity and related insulin resistance. In addition to this direct 
effect, we propose that AGF-induced angiogenesis facilitates increased 
energy expenditure. Thus, AGF is a potential target for developing 
attractive pharmacological interventions counteracting obesity and 
related metabolic diseases. 

METHODS
Gene targeting of Angptl6, generation of Angptl6 transgenic mice, cell culture, 
transcription assays, western blot analyses and laser Doppler blood flow analy-
sis. Please see Supplementary Methods online.

Blood analysis and tissue triglyceride assay. For IGTT, female mice were deprived 
of food 16 h and given 0.75 mg glucose per g body weight intraperitoneally; 
3-month-old Angptl6−/− mice and controls and 4-month-old Angptl6 transgenic 
mice and controls were used (n = 5–6 each). For IITT, female mice were given 
0.75 U human insulin per kg body weight by subcutaneous injection; 3-month-
old Angptl6−/− mice and controls and 4-month-old Angptl6 transgenic mice and 
controls were used (n = 5–6 each). Blood was withdrawn from the supraorbital 
vein at indicated times. Blood glucose was measured by glucose oxidase method 
(Sanwa Kagaku). Serum FFA, triglyceride and cholesterol levels were determined by 
nonesterified fatty acid C-test, triglyceride L-type and cholesterol L-type (Wako), 
respectively. Plasma insulin was measured by insulin immunoassay (Eiken Kagaku). 
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b Figure 6  AGF decreased body weight and increased insulin sensitivity 
in high-fat fed-induced obese mice. (a) The relative ratio of serum 
concentrations of AGF in Ad-AGF injected and Ad-GFP injected mice on day 
20 relative to each mouse on day 0. The value of serum AGF concentrations 
on day 0 is set at 100% (n = 5–8 in each group). (b) Alteration in body 
weight of high-fat fed-induced obese female mice after Ad-AGF and Ad-GFP 
injections (n = 8 in each group). (c-g) Comparison of food intake/lean body 
weight (c), fasting blood glucose (d), random fed blood glucose (e), glucose 
tolerance test (f) and insulin tolerance test (g) between Ad-AGF injected 
and Ad-GFP injected mice (n = 5-8 in each group). Data are mean ± s.d. 
*P < 0.05, **P < 0.01, between the two groups. N.S. indicates no 
significant difference compared with Ad-GFP–injected mice.
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Leptin, adiponectin and TNF-α were assayed by leptin assay kit (Linco Research 
Inc.), ELISA-based adiponectin immunoassay kit (Otsuka Seyaku) and ELISA-
based TNF-α immunoassay kit (Techne Corporation), respectively, according to the 
manufacturer’s instructions. Tissues were excised, weighed and homogenized. We 
added 500 µl of homogenates to 3 ml of methanol/chloroform at 1:2 (vol/vol). The 
mixture was shaken for 10 min and then centrifuged. We removed the organic layer 
and saved it, and re-extracted the aqueous layer with 3 ml of methanol/chloroform, 
and evaporated a small aliquot of the combined organic extracts. The triglyceride 
concentration of this aliquot was determined as described earlier.

Physiological measurements. For measurement of food consumption, 
6-month-old Angptl6−/− mice and controls (n = 8 each), and 5-month-old 
Angptl6-transgenic mice and controls (n = 10 each) were housed individually. 
We measured consumption of food, as well as body weight, for 7 d consecu-
tively. Mice were fed a normal chow diet (CE-2) or a high-fat diet (HFD-32) 
(CLEA). The high-fat diet study with 6-week-old Angptl6 transgenic mice and 
controls was followed for a period of 12 weeks. Rectal temperature was moni-
tored (6-month-old Angptl6−/− mice and controls (n = 8 each), and 5-month-old 
Angptl6-transgenic mice and nontransgenic control mice (n = 10 each)) using 
an electronic thermistor (Model BAT-12) equipped with a rectal probe (RET-
3, Physitemp). Oxygen consumption (VO2) was determined in 6-month-old 
Angptl6−/− mice and controls (n = 5 each), and 5-month-old Angptl6-transgenic 
mice and controls (n = 12 each), with an O2/CO2 metabolic measuring system 
(Model MK-5000, Muromachikikai) at 24 °C as described elsewhere41. Mice 
were kept unrestrained in the chamber for 24 h without food. We determined 
VO2 when the minimum plateau shape was obtained during the light cycle, 
which corresponded to the period of sleep or inactivity. VO2 is expressed as the 
volume of O2 consumed per kilogram weight of lean body mass per minute. 

Quantitative RT-PCR. Total RNA was isolated from the BAT and musculus gas-
trocnemius of mice (6-month-old Angptl6−/− mice and controls (n = 5 each), and 
6-month-old Angptl6-transgenic mice and controls (n = 5 each)). Preparation 
of DNase-treated total RNA, reverse transcription, and PCR protocols were 
performed as previously described8. The oligonucleotides used for PCR are listed 
in Supplementary Table 1 online. We monitored the levels of PCR products 
with an ABI PRISM 7700 sequence detection system and analyzed them with 
ABI PRISM 7700 SDS software (Applied Biosystems JAPAN Ltd). The relative 
abundance of transcripts was normalized to constitutive expression of 18sRNA, 
β-actin or HPRT mRNA. 

CT scan analysis. The adiposity of mice was examined radiographically using 
CT (LaTheta, ALOKA) according to the manufacturer’s protocol. We per-
formed CT scanning at 2-mm intervals from the diaphragm to the bottom of 
the abdominal cavity. 

Hepatic overexpression of AGF by adenoviral transduction. To prepare high-fat 
diet–induced obese mice, 8-week-old C57BL/6 female mice were fed a high-fat 
diet containing 32% (wt/wt) fat (HFD-32) for 12 months. Subsequently, mice 
with high-fat diet–induced obesity (n = 8) received 5 × 109 plaque-forming 
units (p.f.u.) of Ad-AGF. Serum AGF level was elevated by a single injection of 
Ad-AGF. For controls, mice with high-fat diet–induced obesity (n = 8) received 
5 × 109 p.f.u. of Ad-GFP at the same time. We monitored body weight and food 
intake daily after intravenous injection of Ad-AGF and Ad-GFP. On day 16 after 
injection, random fed blood glucose levels were examined. Subsequently, IITT 
was performed. On day 20 after injection, we examined levels of serum AGF and 
fasting blood glucose. Subsequently, IGTT was performed. 

Statistical analysis and ethical considerations. Results are expressed as the mean 
± s.d. or mean ± s.e.m. Differences between groups were examined for statistical 
significance using Student t test or analysis of variance (ANOVA) with Fisher’s 
PLSD test. The Ethics Review Committee for Animal Experimentation of Keio 
University approved the experimental protocol. 

Note: Supplementary information is available on the Nature Medicine website.
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