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from the normal to diabetic state. First, apelin expression is
increased in the hypothalamus of obese/diabetic mice (42).
Second, acute and chronic intracerebroventricular (icv) injec-
tions of a high quantity of apelin (similar to that observed in
obese/diabetic mice) in fasted normal mice induce type 2
diabetes symptoms such as hyperinsulinemia, hyperglyce-
mia, glucose intolerance, and insulin resistance (11). This re-
sult suggests that hypothalamic apelin may control liver
glucose metabolism, thereby controlling glucose release via
glycogenolysis and/or gluconeogenesis in fasted state. Re-
inforcing this hypothesis, we clearly demonstrated that cen-
tral apelin exerts its glycemic effect by targeting the
ventromedial hypothalamic nuclei (11), a region whose elec-
trical stimulation triggers the activation of hepatic glycogen-
olysis and gluconeogenesis via the ANS (44, 49).

One molecular target of apelin actions is the reactive oxy-
gen species (ROS) such as hydrogen peroxide (H2O2). Finely
balanced mitochondrial ROS (mROS) production may be at
the core of proper metabolic maintenance, and unbalanced
mROS production, which is largely documented, might be an
important trigger of metabolic disorders (15, 23). Data from
literature demonstrate that apelin increases the production of
ROS in neuronal cells culture (57). In the brain, hypothalamic
hyperglycemia increases mROS hypothalamic production,
which, in turn, stimulates peripheral hyperinsulinemia,
thereby supporting the implication of brain mROS in the
control of glucose homeostasis (24). Under metabolic dys-
function, mitochondria are considered the principal source of
H2O2 (2), and an elevated mitochondrial H2O2 emission is a
primary cause of insulin resistance (2, 15).

Thus, unraveling the hypothalamic apelin to liver axis in-
volved in the onset of type 2 diabetes appears to be of major
importance. However, the downstream molecular pathways
and functional effects of hypothalamic apelin on the liver re-
main to be established. Given the well-established role of
central apelin in the control of glycemia, we tested here the
possibility that hypothalamic apelin positively regulates he-
patic glucose production. To address this hypothesis, we used
pharmacological and genetic approaches to increase hypo-
thalamic level of apelin in normal and high-fat diet (HFD)
obese/diabetic mice. These experiments allowed us to ex-
amine whether the increased levels of hypothalamic apelin is
sufficient to modify hypothalamic ROS/H2O2 production
and, consequently, hepatic glucose release via ANS.

Results

Antioxidants counterbalanced icv apelin-induced
fasted-hyperglycemia in mice

We confirmed here that acute apelin icv injection provoked
fasted hyperglycemia in normal mice (Fig. 1A) (11). Since ROS
are potential targets of apelin action, we injected icv apelin in
mice previously treated with an antioxidant, trolox at 1mM.
At this concentration, trolox is able to prevent hyper-
insulinemia generated by glucose-induced hypothalamic ROS
production (8). Treatment with icv trolox completely pre-
vented apelin-induced hyperglycemia (Fig. 1A, B). All icv
conditions did not modify food intake during re-feeding
(Supplementary Fig. S1A; Supplementary Data are available
online at www.liebertpub.com/ars) and plasma apelin levels
(Supplementary Fig. S1B), demonstrating that (i) icv apelin
did not modify the behavior of animals after injection and (ii)
the specificity of central apelin action on glucose homeostasis.

Apelin stimulates hypothalamic ROS
production in mice

The implication of ROS/H2O2 in the control of glucose
metabolism in normal and physiopathological states is well
established (15). To determine whether hypothalamic apelin
requires an H2O2-dependent signaling pathway, our first ap-
proach used an indirectmethod of detection ofH2O2 release by
hypothalamus in response to apelin. We demonstrated that
apelin significantly increased H2O2 release (Fig. 1C). Based on
this result, we developed for the first time in hypothalamic
explants a method using specific amperometric probes that
was highly and specifically sensitive to H2O2 in order to detect
its release in real time (54). As observed in Figure 1D, apelin
rapidly increased hypothalamicH2O2 release from 2 to 20min.
This effect was completely blunted by trolox, thereby dem-
onstrating the existence of an hypothalamic apelin/H2O2

signaling pathway (Fig. 1D). It is well established that the
majority of hypothalamic ROS implicated in rapid signaling
pathway have a mitochondrial origin (3). Data from literature
show that hypothalamic NADPH oxidase is implicated in the
control of energy homeostasis (i.e., food intake) via ROS pro-
duction (19). To test whether NADPH oxidase could be a
major enzymatic target of hypothalamic apelin action, we
tested the effect of icv diphenyleneiodonium (DPI), an inhib-
itor ofNADPHoxidase, on glycemia. icvDPI injection failed to
counterbalance hyperglycemia induced by icv apelin (Fig. 1E).

Central apelin controls glycemia via APJ receptor

Nowadays, there is only one known apelin receptor called
APJ. To determine the specificity of icv apelin on glycemia, we
treated mice with F13A, an APJ antagonist (26). Acute icv F13A
injection blocked icv apelin-induced hyperglycemia (Fig. 1F).

Central apelin stimulates glycogenolysis
and gluconeogenesis via hypothalamic
ROS production and the ANS in mice

During fasting, the liver is the principal organ able to re-
lease glucose via the activation of glycogenolysis and/or
gluconeogenesis. The brain, and more specifically the hypo-
thalamus, contributes to the regulation of liver glucose me-
tabolism during fasting via the ANS. To test whether

Innovation

Central apelin is known to control glycemia in a dose-
dependent manner. In the brain, a slight physiological in-
crease of apelin stimulates a hypothalamic nitric oxide
(NO) pathway, which results in an increase in peripheral
glucose utilization. On the contrary, a high increase in
central apelin, similar to that observed in obese/diabetic
mice, provoked fasted hyperglycemia in normal mice. We
demonstrate that central apelin participates in the estab-
lishment of a type 2 diabetes state by modulating the re-
lease of reactive oxygen species in the hypothalamus.
Consequently, the autonomic nervous system provokes an
over-activation of glycogenolysis and gluconeogenesis in
the liver, resulting in fasted hyperglycemia.
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FIG. 1. Central apelin induces fasting hyperglycemia via hypothalamic hydrogen peroxide (H2O2) production in
normal mice. (A) Effect of acute intracerebroventricular (icv) apelin injection on blood-glucose-fasted mice (n = 10) com-
pared with artificial cerebrospinal fluid (aCSF)-injected fasted mice (n = 9), to Trolox-Apelin-injected fasted mice (n = 6) and
to Trolox-aCSF (Trolox)-injected fasted mice (n = 8). (B) The average area under the curve (AUC) associated with the
previous fasted blood glucose. ap £ 0.05 Apelin versus Control; bp £ 0.01 Apelin versus Control; cp £ 0.05 Apelin versus
Trolox-Apelin; dp £ 0.05 Apelin versus Trolox; ep £ 0.001 Apelin versus Control; fp £ 0.01 Apelin versus Trolox; gp £ 0.01
Apelin versus Trolox-Apelin. (C) Ex vivo hypothalamic H2O2 release measured by indirect enzymatic detection in fasted
mice after injection of apelin (n = 10) or krebs-ringer solution (n = 10); *p < 0.05. (D) Ex vivo hypothalamic H2O2 release
measured by real-time amperometric detection in fasted mice after injection of apelin (n = 5) or aCSF (n = 5) or Trolox-
Apelin (n = 4) or Trolox (n = 4). ap £ 0.05 Apelin versus Control; bp £ 0.05 Apelin versus Trolox; cp £ 0.01 Apelin versus Trolox-
Apelin; dp £ 0.01 Apelin versus Control; ep £ 0.01 Apelin versus Trolox; fp £ 0.001 Apelin versus Trolox-Apelin. (E) Effect of
acute icv apelin injection on blood glucose-fasted mice (n = 10) compared with aCSF-injected fasted mice (n = 9), to di-
phenyleneiodonium (DPI)-Apelin-injected fasted mice (n = 6) and to DPI-aCSF (DPI)-injected fasted mice (n = 6). The ad-
jacent bar graph represents the average AUC. ap £ 0.05 Apelin versus Control; bp £ 0.01 Apelin-DPI versus Control; cp £ 0.01
Apelin versus Control; dp £ 0.01 Apelin versus DPI; ep £ 0.05 Apelin-DPI versus DPI; fp £ 0.001 Apelin versus Control;
gp £ 0.001 Apelin-DPI versus Control; hp £ 0.05 Apelin versus DPI; ip £ 0.01 Apelin-DPI versus DPI; jp £ 0.05 Apelin-DPI versus
Control. (F) Effect of acute icv apelin injection on blood-glucose-fasted mice (n = 10) compared with aCSF-injected fasted
mice (n = 9), to F13A-Apelin-injected-fasted mice (n = 7) and to F13A-aCSF (F13A)-injected fasted mice (n = 5). The adjacent
bar graph represents the average AUC. ap £ 0.05 Apelin versus Control; bp £ 0.01 Apelin versus Control; cp £ 0.05 Apelin
versus F13A; dp £ 0.05 Apelin versus F13A-Apelin; ep £ 0.001 Apelin versus Control; fp £ 0.01 Apelin versus F13A-Apelin;
gp £ 0.01 Apelin versus F13A; hp £ 0.001 Apelin versus F13A-Apelin.
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hypothalamic apelin/ROS triggers fasted hyperglycemia by
mechanisms involving the liver, we measured the conse-
quence of icv apelin – trolox on glycogenolysis and gluco-
neogenesis in fasted mice. An acute icv injection of apelin
decreased hepatic glycogen content as observed by histolog-
ical (Fig. 2A, B) and biochemical (Fig. 2C) measurements.
Consistent with the effect observed in the hypothalamus,
trolox treatment abolished the activation of hepatic glyco-
genolysis in apelin icv-injected mice (Fig. 2A–C). Then, in
response to an intraperitoneal pyruvate injection, apelin sig-
nificantly increased glycemia, demonstrating an activation of
liver gluconeogenesis (Fig. 2D). Similar to glycogenolysis, icv
apelin effect on gluconeogenesis is blocked by icv trolox.

Numerous enzymes are implicated in the control of glyco-
genolysis and/or gluconeogenesis. Among them, the activity of
glucose 6-phosphatase (G6Pase), a key enzyme that is known to
stimulate glycogenolysis and gluconeogenesis (1), was signifi-
cantly increased in the liver of icv apelin-treated mice (Fig. 2E).
This effect was blocked by icv trolox. No significant variation of
phosphoenolpyruvate carboxykinase (PEPCK), glycogen syn-
thase, and glycogen phosphorylase activities was observed in
all experimental conditions (Fig. 2F–H). The effects of icv apelin
on glucose metabolism were not associated to the modification
of plasma triglycerides (TG) (Supplementary Fig. S2A), free
fatty acid (FFA) (Supplementary Fig. S2B), ketone bodies
(Supplementary Fig. S2C), liver TG (Supplementary Fig. S2D),
and lipid (Supplementary Fig. S2E) content.

Given that the sympathetic nervous system (SNS) controls
glycogenolysis and gluconeogenesis, we measured norepi-
nephrine release in the blood of icv apelin– trolox-treated
mice as an index of SNS activation. Norepinephrine levels
were significantly higher in response to icv apelin than control
mice, but not in icv apelin/trolox or trolox-alone treated mice
(Fig. 3A). No significant variation of plasma epinephrine was
observed (Fig. 3B). Alpha(1) adrenergic receptors are the
principle receptors implicated in the control of hepatic glucose
metabolism in mice (28). An intraperitoneal injection of pra-
zosin, an alpha(1) adrenergic receptors antagonist, prevented
icv apelin-induced hyperglycemia (Fig. 3C), thereby demon-
strating the existence of a central apelin-SNS-liver signaling
pathway. In addition to an alpha(1) adrenergic receptors-
mediated effect on glycemia, activation of SNS by icv apelin is
associated to an increase in plasma glucagon release (Fig. 3D),
which further stimulates hepatic glucose production (41).

Apelin over-expression in the medio-basal
hypothalamus stimulates hepatic glycogenolysis
and gluconeogenesis

We have previously demonstrated that the medio-basal
hypothalamus (MBH) is a hypothalamic target of apelin ac-
tion on peripheral glucose homeostasis, as c-Fos expression is
increased in the MBH of hyperglycemic apelin icv-injected
mice (11). Moreover, electrical stimulation of ventro-median
hypothalamus stimulates hepatic glucose release (48). To de-
termine whether apelin controls liver function via an action on
MBH, we injected apelin-expressing lentivectors specifically
in the MBH of normal mice. Four weeks after infection, the
level of apelin mRNAwas significantly increased in the MBH
of mice that received apelin-expressing lentivectors (Fig. 4A).
The relative expression of apelin mRNA was increased by
about 1.5-fold, similar to that observed at the protein level in

obese/diabetic mice (42), demonstrating that this over-
expression of apelin in normal mice corresponds to the level
found in pathological conditions. To identify the impact on
glucose homeostasis, we performed insulin tolerance test
(ITT). Lentivectors apelin-infected mice presented fasted hy-
perglycemia and an insulin intolerance typical features of type
2 diabetes (Fig. 4B). This metabolic phenotype was associated
to an increase in TNFalpha mRNA expression in the hypo-
thalamus of lentivectors apelin-infected mice (Fig. 4C), sug-
gesting an increase in hypothalamic inflammation that is
clearly associated to a diabetic state (51); whereas hypotha-
lamic IL1beta mRNA tends to increase in lentivectors apelin-
infected mice, but did not reach significance ( p= 0.074, Fig.
4D). This inflammatory state was specific to the hypothala-
mus, as we did not observe any modification of mRNA
TNFalpha and IL1beta expressions in the liver and adipose
tissues (Supplementary Fig. S3C–H). In this chronic apelin
expressed model, we showed no significant difference in
plasma apelin (Supplementary Fig. S4F) and liver apelin/APJ
mRNA expressions (Supplementary Fig. S3A, B) between the
two experimental groups, suggesting that central control of
apelin did not affect its own release in periphery.

Then, we measured the impact of apelin over-expression in
the MBH on liver glucose metabolism. Hypothalamic apelin
over-expression decreased liver glycogen content (Fig. 5A–C)
and increased gluconeogenesis (Fig. 5D). This metabolic phe-
notypewas associated to an increase in G6Pase activity during
fasted state (Fig. 5E), but not PEPCK (Fig. 5F), glycogen syn-
thase (Fig. 5G), and glycogen phosphorylase (Fig. 5H). No
signification modification of plasma TG (Supplementary Fig.
S4A), FFA (Supplementary Fig. S4B), ketone bodies (Supple-
mentary Fig. S4C), liver TG (Supplementary Fig. S4D), and
lipid content (Supplementary Fig. S4E) was observed between
the two groups. This result clearly demonstrates that the dia-
betic state generated by apelin over-expression in the MBH is
not associated to the modification of lipid metabolism, but
specifically links to direct alteration of glucose metabolism.

Similar to that observed in response to an acute apelin in-
jection (Fig. 3A, B), apelin over-expression in the MBH was
associated to an increase in plasma norepinephrine (Fig. 6A),
but not epinephrine (Fig. 6B), showing the over-activation of
SNS. On the contrary, we did not observe any significant
difference in plasma glucagon (Fig. 6C), suggesting that SNS
over-activation coupled to modification of G6Pase activity
was sufficient to generate a diabetic state.

Antioxidants counterbalanced icv apelin-induced
fasted hyperglycemia in obese/diabetic mice

We previously found that glycemia of HFD obese/diabetic
mice could further increase in response to acute icv apelin
injection (11), suggesting that the hypothalamic to liver axis is
functionally still able to respond to a central stimulation by
releasing hepatic glucose. Here, we showed that icv trolox
completely abolished the hyperglycemic effect of apelin in
HFD mice (Fig. 7A, B), suggesting that the hypothalamic
apelin/ROS pathway was still effective.

Apelin amplifies the H2O2 release by the hypothalamus
of obese/diabetic mice

The hypothalamic ROS signaling pathway is profoundly
altered in obese/diabetic mice participating in an insulin-
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FIG. 2. Central apelin stimulates glycogenolysis and gluconeogenesis via hypothalamic reactive oxygen species
(ROS) in normal mice. (A) Histological visualization of hepatic glycogen after acute icv apelin injection on fasted mice
(n = 5) compared with aCSF-injected fasted mice (n = 5), to Trolox-Apelin-injected fasted mice (n = 4), and to Trolox-aCSF
(Trolox)-injected fasted mice (n = 5). Scale bar: 200 lm. (B) Quantification of coloration associated with the previous
histological visualization. (C) Effect of acute icv apelin injection on hepatic glycogen content of fasted mice (n = 12)
compared with aCSF-injected fasted mice (n = 13), to Trolox-Apelin-injected fasted mice (n = 12), and to Trolox-aCSF
(Trolox)-injected fasted mice (n = 7). **p < 0.01 versus Apelin; ***p < 0.001 versus Apelin. (D) Effect of acute icv apelin
injection on gluconeogenic activity of fasted mice (n = 8) compared with aCSF-injected fasted mice (n = 8), to Trolox-Apelin-
injected fasted mice (n = 10) and to Trolox-aCSF (Trolox)-injected fasted mice (n = 6). The adjacent bar graph represents the
average AUC. ap £ 0.01 Apelin versus Control; bp £ 0.001 Apelin versus Control; cp £ 0.01 Apelin versus Trolox-Control;
dp £ 0.01 Apelin versus Trolox; ep £ 0.05 Apelin versus Trolox-Apelin; fp £ 0.05 Apelin versus Control; gp £ 0.05 Apelin versus
Trolox. (E) Effect of acute icv apelin injection on hepatic glucose-6-phosphatase (G6Pase) activity-fasted mice (n = 5)
compared with aCSF-injected fasted mice (n = 5), to Trolox-Apelin-injected fasted mice (n = 5) and to Trolox-aCSF (Trolox)-
injected fasted mice (n = 6). *p < 0.05 versus Apelin; **p < 0.01 versus Apelin. (F) Effect of acute icv apelin injection on
hepatic phosphoenolpyruvate carboxykinase (PEPCK) activity-fasted mice (n = 5) compared with aCSF-injected fasted
mice (n = 4), to Trolox-Apelin-injected fasted mice (n = 4) and to Trolox-aCSF (Trolox)-injected fasted mice (n = 6). (G) Effect
of acute icv apelin injection on ratio of phosphorylated hepatic glycogen synthase/total hepatic glycogen synthase on
fasted mice (n = 3) compared with aCSF-injected fasted mice (n = 3), to Trolox-Apelin-injected fasted mice (n = 3) and to
Trolox-aCSF (Trolox)-injected fasted mice (n = 3). (H) Effect of acute icv apelin injection on hepatic glycogen phosphorylase
activity-fasted mice (n = 4) compared with aCSF-injected fasted mice (n = 4), to Trolox-Apelin-injected fasted mice (n = 4)
and to Trolox-aCSF (Trolox)-injected fasted mice (n = 4).
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resistant state (15). Similar to that performed in normal mice,
we measured real-time H2O2 release in response to apelin on
hypothalamic explants from HFD mice. In this pathological
model, apelin stimulated an exacerbated H2O2 release in the
hypothalamus, and this was counterbalanced by trolox
treatment (Fig. 7C).

Central apelin stimulates glycogenolysis but not
gluconeogenesis via hypothalamic ROS in HFD mice

The liver is one of the most important organ in glucose
homeostasis whose activity is deeply disturbed during met-
abolic diseases (36). Indeed, previous data demonstrate that

gluconeogenic activity of the liver of obese/diabetic mice is
exacerbated (55). We demonstrated that HFD mice are able to
increase quickly fasted glycemia (Fig. 7A, B) on apelin treat-
ment; this corresponds to the activation of glycogenolysis but
not gluconeogenesis (45–48). In accordance to glycemia, he-
patic glycogenolysis was activated by icv apelin and blocked
when icv trolox was co-injected (Fig. 8A–C). Acute icv apelin
injection in HFD mice did not significantly modify gluco-
neogenic function in the liver (Fig. 8D). The decrease of gly-
cogen content was mirrored by an increase in liver G6Pase
activity (Fig. 8E) without modification of PEPCK, glycogen
phosphorylase, and glycogen synthase (Supplementary Fig.
S5A–C). Plasma norepinephrine, epinephrine, and glucagon

FIG. 3. Central apelin stimulates glycogenolysis and gluconeogenesis via autonomous nervous system (ANS) activation
in normal mice. (A) Effect of acute icv apelin injection on blood norepinephrine-fasted mice (n = 7) compared with aCSF-
injected fasted mice (n= 9), to Trolox-Apelin-injected fasted mice (n = 7) and to Trolox-aCSF (Trolox)-injected fasted mice
(n = 8). **p< 0.01 versus Apelin. (B) Effect of acute icv apelin injection on blood epinephrine-fasted mice (n = 7) compared with
aCSF-injected fasted mice (n = 9), to Trolox-Apelin-injected fasted mice (n= 7) and to Trolox-aCSF (Trolox)-injected fasted
mice (n= 8). (C) Effect of acute icv apelin injection on blood glucose-fasted mice (n = 11) compared with aCSF-injected fasted
mice (n = 8), to intraperitoneal injection of prazosin before apelin icv injection (Prazosin-Apelin) on fasted mice (n = 6), and to
intraperitoneal injection of prazosin before aCSF icv injection (Prazosin) on fasted mice (n= 6). The adjacent bar graph
represents the average AUC. ap£ 0.05 Apelin versus Control; bp£ 0.01 Apelin versus Control; cp£ 0.05 Apelin versus Prazosin;
dp£ 0.05 Apelin versus Prazosin-Apelin; ep£ 0.001 Apelin versus Control; fp £ 0.01 Apelin versus Prazosin; gp £ 0.001 Apelin
versus Prazosin; hp£ 0.01 Apelin versus Prazosin-Apelin. (D) Effect of acute icv apelin injection on blood glucagon-fasted mice
(n = 4) compared with aCSF-injected fasted mice (n = 5), to Trolox-Apelin-injected fasted mice (n = 5) and to Trolox-aCSF
(Trolox)-injected fasted mice (n= 4). *p < 0.05 versus Apelin.
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concentrations did not vary in our experimental conditions
(Fig. 8G, H).

Blockade of central apelin ameliorates
diabetic state of HFD mice

Our data show that a high level of central apelin participates
in the establishment of a type 2 diabetes. To test whether
blockade of apelin action in the hypothalamus could be a major
target to restore a fasted normal glycemia, we have daily in-
jected icv mice with an APJ antagonist, F13A, during 2 weeks
after 3 months of HFD. Our data show that icv F13A decreased
fasted hyperglycemia and insulin intolerance in HFDmice (Fig.
9A). HFD mice presented a decrease in glycogen content (Fig.
9B–D) at a level similar to thatmeasure in normalmice (Fig. 2C),
demonstrating an amelioration of the diabetic state in HFD
mice. This phenotype is associated to an increase in liver gly-
cogen phosphorylase activity,which could explain the low level
of glycogen store (Fig. 9E). The activities of G6Pase, PEPCK and
glycogen synthase did not vary between the two groups (Sup-
plementary Fig. S6A–C). Plasma norepinephrine and epineph-
rine did not vary between the two groups of mice (Fig. 9F, G).
Plasma glucagon concentration was decreased in F13A mice as
compared with control HFDmice (Fig. 9H), thereby suggesting
that chronic central apelin blockade improves glucose homeo-
stasis regulation during diabetic state.

Discussion

Hypothalamic apelin is implicated in the control of pe-
ripheral glucose utilization in normal and pathological con-

ditions (11). In the present study, we have identified for the
first time the hypothalamic molecular signaling pathway
implicated in deleterious effect of apelin. Moreover, we report
that the couple apelin/ROS in the hypothalamus controls
hepatic glucose production via the SNS to induce peripheral
hyperglycemia.

The role of central apelin in the control of glucose homeo-
stasis is poorly defined. We were the first to demonstrate that
central apelin may have beneficial or deleterious effects on
glucose homeostasis depending on the injected dose and/or
the nutritional state (11). Indeed, an injection of a low dose of
icv apelin induces an increase in glucose tolerance in normal
mice. This result suggests that the slight increase of plasma
apelin concentration observed in fed state in normal micemay
reach the hypothalamus, a neurohemal structure which fa-
cilitates communications with peripheral hormones (25), to
decrease glycemia in fed state (11). On the contrary, obese/
diabetic mice fed a HFD show a disruption of circadian apelin
regulation (11). Then, over-increased hypothalamic apelin
expression observed in obese/diabetic (11, 42) is associated to
abnormal regulation of glycemia (11). To reinforce this hy-
pothesis, an icv injection of a high dose of apelin (used in this
study and similar to that observed in obese/diabetic mice) in
normal mice induces fasted hyperglycemia and insulin re-
sistance (11), characterizing a type 2 diabetes. The liver is the
main organ that is able to release glucose in fasted state via
glycogenolysis and/or gluconeogenesis (30). Thus, we fo-
cused our attention on the hypothalamic apelin to liver axis in
normal and physiopathological conditions. In all the models
investigated, central apelin stimulated hepatic glucose

FIG. 4. Apelin over-
expression into the medio-
basal hypothalamus (MBH)
generates insulin intoler-
ance state. (A) Relative ex-
pression of apelin mRNA in
hypothalamus of lenti-Apelin
mice (n = 4) compared with
lenti-GFP mice (n= 5),
*p < 0.05. (B) Insulin tolerance
test (ITT) in 6-h-fasted lenti-
Apelin mice (n = 5) compared
with lenti-GFP mice (n= 5),
*p < 0.05. Two-way ANOVA
followed by t-test post hoc re-
veals time (***p< 0.001) and
treatment ($$$p< 0.001) ef-
fects. The adjacent bar graph
represents the average AUC.
(C) Relative expression of
TNFalpha mRNA in hypo-
thalamus of lenti-Apelin mice
(n = 4) compared with lenti-
GFP mice (n = 5), *p< 0.05. (D)
Relative expression of ILbeta
mRNA in hypothalamus of
lenti-Apelin mice (n = 4)
compared with lenti-GFP
mice (n = 5).
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production and release via glycogenolysis and/or gluconeo-
genesis. Importantly, the previously described kinetics of
glucose release by the liver (glycogenolysis within minutes;
gluconeogenesis within hours) (45, 46, 48) clearly fits with our
two waves of increased glucose release induced by icv apelin
injections. The only exception of this concept is observed in
HFD mice, where an icv apelin injection did not modify glu-
coneogenesis (Fig. 8D). This result is in accordance with data
from literature showing that liver gluconeogenesis is over-
activated during metabolic disorders (55), leading to hy-

pothesize that icv apelin treatment is not able to stimulate
more than possible the hepatic glucose production. Moreover,
these results could be correlated to the absence of stimulatory
action of icv leptin on liver gluconeogenesis in over-feeding
rats as opposed to normal chow-fed rats (34). In our experi-
mental procedure, it is difficult to evaluate the potential var-
iation of glycogenic and/or gluconeogenic enzymes activities
in response to icv apelin. It is worth noting that the electrical
stimulation of the hypothalamus stimulates hepatic glucose
release in a few minutes, but the kinetic of activation of

FIG. 5. Apelin over-
expression into the MBH
stimulates hepatic glycogen-
olysis and gluconeogenesis.
(A) Histological visualization
of hepatic glycogen of fasted
lenti-Apelin mice (n= 4)
compared with fasted lenti-
GFP mice (n= 5). Scale bar:
200lm. (B) Quantification of
coloration associated with the
previous histological visuali-
zation. **p< 0.01 (C) Hepatic
glycogen content of fasted
lenti-Apelin mice (n= 5)
compared with fasted lenti-
GFP mice (n = 5) *p< 0.05. (D)
Gluconeogenic activity of
fasted lenti-Apelin mice (n= 9)
compared with fasted lenti-
GFP mice (n= 9); *p< 0.05;
**p< 0.01; ***p< 0.001. Two-
way ANOVA followed by t-
test post hoc reveals time
(***p< 0.001) and treatment
($$p< 0.01) effects. (E) Hepatic
G6Pase activity in fasted lenti-
Apelin mice (n= 7) compared
with fasted lenti-GFP mice
(n= 9). **p< 0.01. (F) Hepatic
PEPCK activity in fasted lenti-
Apelin mice (n= 8) compared
with fasted lenti-GFP mice
(n= 8). (G) Ratio of phos-
phorylated hepatic glycogen
synthase/total hepatic glyco-
gen synthase in fasted lenti-
Apelin mice (n= 3) compared
with fasted lenti-GFP mice
(n= 3). (H) Hepatic glycogen
phosphorylase activity in fas-
ted lenti-Apelin mice (n= 5)
compared with fasted lenti-
GFP mice (n= 5).
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enzymes precedes the effect. In fact, in response to hypotha-
lamic stimulation, the activities of G6Pase in the liver are in-
creased in *30 s (46). However, in a longer period of time, a
sustained electrical stimulation of the ventro-median hypo-
thalamus (20 s periods once every 3min for 4 h) increases liver
PEPCK activity after 120min (49). Whether an acute stimu-
lation of hypothalamic nuclei in response to icv apelin

modifies enzymes activities in the liver within seconds or
minutes remains to be determined. Our data suggest a kinetic
of activation closed to this, as variations of glycemia are ob-
served from 15 to 210min in our protocol. For this reason, we
evaluate the activities of four enzymes implicated in the
control of glycogenolysis and/or gluconeogenesis in the liver
in all experimental conditions after 30min of icv treatment.

FIG. 7. Central apelin stimulates fasting hyperglycemia via H2O2 hypothalamic production in obese and diabetic mice.
(A) Effect of acute icv apelin injection on blood glucose fasted high-fat diet (HFD) mice (n= 10) compared with aCSF-injected
fasted HFD mice (n= 9), to Trolox-Apelin-injected fasted HFD mice (n= 10) and to Trolox-aCSF (Trolox)-injected fasted HFD
mice (n= 6). (B) The average AUC associated with the previous fasted blood glucose. ap£ 0.001 Apelin versus Control; bp£ 0.05
Apelin versus Trolox-Apelin; cp £ 0.05 Apelin versus Trolox; dp£ 0.01 Apelin versus Control; ep£ 0.01 Apelin versus Trolox;
fp£ 0.01 Apelin versus Trolox-Apelin. (C) Ex vivo hypothalamic H2O2 release measured by real-time amperometric detection
in fasted HFD mice after injection of apelin (n = 5) or aCSF (n= 5) or Trolox-Apelin (n= 4) or Trolox-aCSF (n = 4). ap £ 0.05
Apelin versus Control; bp£ 0.05 Apelin versus Trolox-Apelin; cp£ 0.01 Apelin versus Trolox; dp £ 0.01 Apelin versus Control;
ep £ 0. 01 Apelin versus Trolox-Apelin; fp £ 0.001 Apelin versus Trolox; gp£ 0.001 Apelin versus Trolox-Apelin.

FIG. 6. Apelin over-expression into the MBH stimulates hepatic glycogenolysis and gluconeogenesis via ANS activa-
tion. (A) Plasma norepinephrine in fasted lenti-Apelin mice (n= 5) compared with fasted lenti-GFP mice (n = 5); *p< 0.05. (B)
Plasma epinephrine in fasted lenti-Apelin mice (n = 5) compared with fasted lenti-GFP mice (n= 5). (C) Plasma glucagon in
fasted lenti-Apelin mice (n= 4) compared with fasted lenti-GFP mice (n = 4).
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FIG. 8. Central apelin stimulates glycogenolysis via hypothalamic ROS release and ANS activation in obese and
diabetic mice. (A) Histological visualization of hepatic glycogen after acute icv apelin injection on fasted HFD mice (n = 6)
compared with aCSF-injected fasted HFD mice (n = 6), to Trolox-Apelin-injected fasted HFD mice (n = 5) and to Trolox-
aCSF (Trolox)-injected fasted HFD mice (n = 4); scale bar: 200 lm. (B) Quantification of coloration associated with the
previous histological visualization. *p < 0.05 versus Apelin; **p < 0.01 versus Apelin. (C) Effect of acute icv apelin injection
on hepatic glycogen content of fasted HFD mice (n = 6) compared with aCSF-injected fasted HFD mice (n = 7), to Trolox-
Apelin-injected fasted HFD mice (n = 13), and to Trolox-aCSF (Trolox)-injected fasted HFD mice (n = 4). *p < 0.05 versus
Apelin; **p < 0.01 versus Apelin. (D) Effect of acute icv apelin injection on gluconeogenic activity of fasted HFD mice (n = 7)
compared with aCSF-injected fasted HFD mice (n = 6), to Trolox-Apelin-injected fasted HFD mice (n = 5) and to Trolox-
aCSF (Trolox)-injected fasted HFD mice (n = 4). The adjacent bar graph represents the average AUC. (E) Effect of acute icv
apelin injection on hepatic G6Pase activity-fasted HFD mice (n = 4) compared with aCSF-injected fasted HFD mice (n = 4),
to Trolox-Apelin injected in fasted HFD mice (n = 4) and to Trolox-aCSF (Trolox)-injected fasted HFD mice (n = 4). *p < 0.05
versus Apelin. (F) Effect of acute icv apelin injection on blood norepinephrine in fasted HFD mice (n = 7) compared with
aCSF-injected fasted HFD mice (n = 9), to Trolox-Apelin-injected fasted HFD mice (n = 7) and to Trolox-aCSF (Trolox)-
injected fasted HFD mice (n = 4). (G) Effect of acute icv apelin injection on blood epinephrine in fasted HFD mice (n = 7)
compared with aCSF-injected fasted HFD mice (n = 9), to Trolox-Apelin-injected fasted HFD mice (n = 7) and to Trolox-
aCSF (Trolox)-injected fasted HFD mice (n = 4). (H) Effect of acute icv apelin injection on blood glucagon in fasted HFD
mice (n = 4) compared with aCSF-injected fasted HFD mice (n = 5), to Trolox-Apelin-injected fasted HFD mice (n = 4), and to
Trolox-aCSF (Trolox)-injected fasted HFD mice (n = 5).

566



Our data show that the central apelin effect on glycemia is
associated to an increase in G6Pase activity in the liver, an
enzyme which is known to be implicated in the control of
glycogenolysis and gluconeogenesis, which is in close corre-
lation with hyperglycemia. In spite of the absence of varia-
tions in PEPCK, glycogen synthase, and glycogen
phosphorylase in normal conditions, lentivectors expressed
apelin or HFD mice models, we cannot totally exclude an
implication of those enzymes on hepatic glucose production
in response to icv apelin. Indeed, due to a large range of time

of kinetics of glycemia (from 0 to 210min) which could make
us miss interesting results, it will be easy to speculate that
specific variations of one or more types of enzymes may vary
during this time-course period.

The importance of ROS in the pathological state is well
documented. Obese and insulin-resistant rodents present a
profoundly altered hypothalamic mROS signaling (8). In-
deed, metabolic abnormal responses are in close correlation
with increased hypothalamic mROS level, leading to a con-
stitutive oxidized environment at both the cellular and

FIG. 9. Blockade of central
apelin ameliorates diabetic
state in HFD mice. (A) ITT in
6-h-fasted HFD mice with
F13A chronic treatment
(n = 6) compared with HFD
mice with aCSF chronic
treatment (n= 5), *p < 0.05,
**p < 0.01. Two-way ANOVA
followed by t-test post hoc re-
veals time (***p< 0.001) and
treatment ($p < 0.05) effects.
The adjacent bar graph rep-
resents the average AUC. (B)
Histological visualization of
hepatic glycogen of fasted
HFD mice with F13A chronic
treatment (n = 5) compared
with HFD mice with aCSF
chronic treatment (n= 4).
Scale bar: 200 lm. (C) Quan-
tification of coloration asso-
ciated with the previous
histological visualization.
*p < 0.05. (D) Hepatic glyco-
gen content of fasted HFD
mice with F13A chronic
treatment (n = 5) compared
with HFD mice with aCSF
chronic treatment (n= 4).
*p < 0.05. (E) Hepatic glyco-
gen phosphorylase activity in
fasted HFD mice with F13A
chronic treatment (n = 5)
compared with HFD mice
with aCSF chronic treatment
(n = 4). *p< 0.05. (F) Plasma
norepinephrine in fasted
HFD mice with F13A chronic
treatment (n = 6) compared
with HFD mice with aCSF
chronic treatment (n = 5). (G)
Plasma epinephrine in fasted
HFD mice with F13A chronic
treatment (n = 6) compared
with HFD mice with aCSF
chronic treatment (n = 5). (H)
Plasma glucagon in fasted
HFD mice with F13A chronic
treatment (n = 5) compared
with HFD mice with aCSF
chronic treatment (n= 3).
*p < 0.05.
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mitochondrial levels associated to a dysfunction in mito-
chondrial respiration (8). Here, we found that hypothalamic
action of apelin needs an ROS/H2O2-dependent production
to stimulate hepatic glucose release to induce fasted hyper-
glycemia. Using specific probes that detect H2O2 in real time,
we demonstrate that exogenous apelin applied on hypotha-
lamic explants from normal mice stimulates H2O2 release.
Interestingly, this H2O2 release is exacerbated in hypotha-
lamic explants from HFD mice. Those data are in accordance
with literature linking high levels of hypothalamic mROS,
and, in particular H2O2, are deleterious for the control of
glucose homeostasis, and, more specifically, in diabetic
models (23). Indeed, mitochondrial respiration that is con-
sidered the primary source of H2O2 (3) is profoundly in-
creased in the hypothalamus of diabetic rodents in association
with high levels of ROS (8). Our original approach to measure
H2O2 is used here for the first time in ex vivo hypothalami and
gives access to a new technology to determine the exact
quantity of H2O2 release directly in tissue, which is of crucial
importance to unravel the role of ROS in the biological process
(32). Then, levels of H2O2 measured in our experimental
conditions reinforced the hypothesis that an increase in H2O2

release by tissue is clearly associated to a pathological state
(53).

In spite of the fact that apelin is known to have an antiox-
idant effect (16), some publications reveal that apelin may be
considered a new oxidativemarker. First, Yu et al. (58) suggest
that high levels of plasma apelin observed in obese/diabetic
patients may be not only the results of compensatory response
to insulin resistance, but also a causative factor of insulin re-
sistance. Then, apelin can participate in the establishment of
an inflammatory and oxidative stress state observed in met-
abolic disorders. In neuronal cell culture, exogenous apelin
treatment increases ROS production (57). Our data show that
apelin effects on hepatic glucose metabolism are mediated by
ROS in in vivo and ex vivo conditions. Such a deleterious en-
vironment caused by apelin in the hypothalamus may be one
of the first signals triggering a diabetic state, that is, fasted
hyperglycemia. The hypothesis of the existence of a link be-
tween apelin and inflammation is reinforced by our results
demonstrating that apelin over-expression in the ven-
tromedian hypothalamus increase the mRNA expression of
the pro-inflammatory marker TNFalpha in the hypothala-
mus. This specific variation in hypothalamic inflammation
generated by apelin, without modification of peripheral in-
flammation, is responsible for the emergence of a type 2 dia-
betic state, including fasted hyperglycemia and insulin
intolerance (6). This diabetic phenotype is clearly linked with
an increase in (i) G6Pase activity in the liver and (ii) plasma
norepinephrine concentration. Then, alteration of hypotha-
lamic signaling (i.e.,ROS and inflammation) by apelin leads to
type 2 diabetes characteristics.

The role of ANS in the control of glucose homeostasis is
well established. Metabolic disorders are characterized by
increased basal SNS activity but an impaired sympathetic
response to various stimuli, such as insulin (18). Here, we
show that basal norepinephrine level is increased in hypo-
thalamic apelin over-expressing mice, suggesting an increase
in basal SNS tone activity. These data are in accordance
with those of Masaki et al. (27), who demonstrate that a
microinjection of apelin into the paraventricular nucleus of
the hypothalamus increases sympathetic nerve activity.

Norepinephrine can exert its action in the whole body via
alpha(1–2) and/or beta(1–2) receptors. In the liver of adult
rodents, hepatic glucose production is regulated via alpha(1)
receptors (28), as (i) blockade of alpha(2) receptors did not
modify glycogenolysis (31), and (ii) beta receptors become
irrelevant in the livers of mice at adulthood (13). Our data
confirm the importance of alpha(1) regulatory pathway of
glycemia, as blockade of alpha(1) adrenergic receptors failed
to increase icv apelin-induced hyperglycemia. Whether SNS
activation occurs early in the process or secondary to long-
standing metabolic syndrome is unclear, but our data ob-
tained after an icv acute injection of apelin strongly supports
the first hypothesis. Indeed, Prior et al. (37) show that a short-
term HFD (4 weeks) drives toward sympathetic activation
associated to an increase in visceral fat depot. On the contrary,
we were not able to observe a significant increase in plasma
norepinephrine levels in our 3 months HFD mice. The logical
explanation of this result is the fact that over time, with obe-
sity, adrenoreceptors down-regulation and/or reduced sen-
sitivity are likely to develop in peripheral tissue, resulting in
reduced sympathetic responsiveness (18). Then, this possi-
bility could also explain the absence of activation of gluco-
neogenesis but not glycogenolysis in HFD mice.

Additional to SNS regulation, hepatic glucose production is
under the influence of glucagon (41). Here, we show that
acute icv apelin stimulates plasma glucagon secretion in
normal mice, suggesting that glucagon is able to participate
to fasted hyperglycemia. In accordance to our results, the
group of Cherrington clearly demonstrates that in response
to a physiological rise in glucagon, the increase observed
in hepatic glucose production is entirely attributable to gly-
cogenolysis but not (or little to quote the authors) to glu-
coneogenesis (41). Then, glucagon could be one important
molecular actor participating in deleterious central action of
apelin during the onset of a type 2 diabetes. In longer time,
when type 2 diabetes is well established, icv apelin cannot
increase glucagon secretion as observed in HFD mice, sug-
gesting that hyperglucagonemia of those diabetic mice is too
important to be even more increased. For all these reasons,
therapeutic strategies cannot rule out the importance of pan-
creatic alpha cells as potential good targets to treat hyper-
glycemia and insulin resistance (5). In our central apelin to
liver axis, the participation of glucagon to hyperglycemia is
real, but lentivectors approach tends to focus on a direct
norepinephrine action on liver, as plasma norepinephrine is
increased in lentivectors apelin mice, but not glucagon.

Our data show that central apelin participates in the estab-
lishment of type 2 diabetes. We have previously shown that
obese/diabetic mice present an increase in plasma apelin (11)
and in hypothalamic apelin expression (42). The hypothalamus
is a neurohemal structure that facilitates communication with
peripheral signal, including hormones andmetabolites. Then, in
physiological and pathological conditions, the hypothalamus
may be influenced by hypothalamic and/or peripheral apelin.
To test whether targeting central apelin in an advanced type 2
diabetes could ameliorate the metabolic phenotype, we have
injected obese/diabetic mice (3 months HFD) during 14 con-
secutive days with icv APJ antagonist. This experimental ap-
proach blocks the potential effect of hypothalamic and
peripheral apelin on hypothalamic neurons. Then, we found
that icv APJ antagonist-treated mice present a clear ameliora-
tion of their diabetic state, including a decrease in insulin
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intolerance, fasted hyperglycemia, plasma glucagon, and liver
glycogen content associated to an increase in glycogen phos-
phorylase activity. No significant variation in plasma norepi-
nephrine and epinephrine was observed between the two
groups, reinforcing the hypothesis of a possible adrenoreceptor
down-regulation in specific tissue and/or reduced sympathetic
responsiveness as explained next. These data confirm that the
decrease in glycogen content and fasted hyperglycemia is the
result of an increase in insulin sensitivity provoked by blockade
of central apelin. We can speculate that a longer time treatment
may modify the activities of others targets such as G6Pase,
PEPCK, and glycogen synthase. In fact, we show that in a well-
established diabetic models (HFD), central apelin may be a
potential target to treat diabetes, with a similar peripheral target
to prediabetic mice (mimicked by icv apelin injected mice and
apelin expressed lentivirals mice), that is, the liver.

Although the present set of experiments link hypothalamic
apelin/ROS with hepatic glucose metabolism, we acknowl-
edge that the exact molecular and cellular mechanisms im-
plicated in the cross-talks observed between these key organs
remained to be elucidated.

In conclusion, we identify a hypothalamic apelin/ROS
signaling pathway that is implicated in the control of liver
glucose metabolism via the SNS. Abnormal hypothalamic le-
vel of apelin observed in obese/diabetic mice participates in
over-activation of SNS,which improves fasted hyperglycemia
a characteristic of type 2 diabetes. Thus, we propose that
central apelin could be one new target at the core of the reg-
ulation of glucose homeostasis and metabolic disorders.

Materials and Methods

Mice

Animals were handled in accordance with the principles
and guidelines established by the National Institute of Med-
ical Research (INSERM) and by the local ethical committee.
C57Bl6/J mice were obtained from Charles River Laboratory.
Mice were housed conventionally at a constant temperature
(20�C–22�C) and humidity (50%–60%) animal room and with
a 12/12 h light/dark cycle (lights off at 7:00 AM) and free
access to food and water through the 24 h period. All injec-
tions and experiments were performed in 13–15-week-old
males. A group ofmalemice was subjected toHFD containing
20% protein, 35% carbohydrate, and 45% fat (SAFE). HFD-fed
mice were followed at regular intervals with measure of
weight and blood parameters (glucose, insulin) until they
were obese and insulin resistant corresponding to 3months of
HFD. Experiments were performed on 6h-fasted mice. Dur-
ing the time of the experiment, mice fed overnight were
placed in a new clean cage without food. In all experiments,
icv apelin did not modify body weight of mice (11) and gen-
eral behavior (unpublished data).

Plasmid construction and lentivector production

The lentiviral plasmid pTRIP-DU3-CMV-MCS was derived
from the pTRIP-DU3-EF1a-EGFP plasmid by replacing the
EF1a promoter and EGFP by the cytomegalovirus (CMV) pro-
moter and a multiple cloning site (MCS), respectively (50). The
cDNA encoding the murine apelin gene (EMBL accession
number AJ290423), corresponding to the coding region flanked
by 100 and 23 nucleotides of 5¢- and 3¢-untranslated regions,
respectively, was subcloned into the lentivectorpTRIP-DU3-

CMV-MCS (43). The lentivectors were produced by tri-trans-
fection of pTRIP-DU3-CMV-apelin and pLvPack and pLvVSVg
packaging plasmids (Sigma-Aldrich) in HEK 293FT cells (4).

Surgical procedures

For in vivo acute perfusions, an indwelling icv catheter
(Alzet Brain Perfusion Kit 3; 1–3mm (Charles River Labora-
tory) - 1mm lateral to the sagittal suture, - 0.2mm posterior
to the bregma and - 1.7mm below the skull surface) was
implanted in anesthetized mice with isoflurane (Abbott).

Acute injections

Apelin. Bolus injection of 2 ll of [Pyr]apelin-13 (concen-
tration 20 nM corresponding to 40fmol; Bachem), the most
active apelin isoform (10), was injected directly into the icv
catheter completed to 2ll of artificial cerebrospinal fluid
(aCSF) for treated mice, or 4ll of aCSF for control mice. Blood
glycemia was measured every 30min from - 30 to 210min
(time 0 corresponding to icv apelin injection). The dose of
apelin (2 ll of 20 nM, i.e., 40 fmol) corresponds approximately
to the half quantity of total tissular apelin found in a normal
mouse hypothalamus (near to 74 fmol per hypothalamus),
and this injection leads approximately to the quantity found
in an HFD mouse (near to 111 fmol per hypothalamus).

Antioxidant. Similar experiments were performed with
an antioxidant, 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox; Sigma), which was dissolved extem-
poraneously in aCSF, and then infused at a concentration of
1mM (2 ll). At this concentration, trolox is known to prevent
peripheral hyperinsulinemia by blocking hypothalamic ROS
production in vivo (24). Trolox infusion was started 30min
before the beginning of the apelin injection.

Inhibitor of NADPH oxidase. Similar experiments were
performedwith an inhibitor of NADPH oxidase, DPI chloride
(Sigma), whichwas dissolved extemporaneously in aCSF, and
then infused at a concentration of 1mM (2 ll). At this con-
centration, DPI inhibits NADPH oxidase in the brain (19). DPI
infusion was started 30min before the beginning of the apelin
injection.

APJ antagonist. Similar experiments were performed
with an APJ antagonist, F13A (polypeptide) (22), which was
dissolved extemporaneously in aCSF, and then infused at a
concentration of 2lg/mouse (2ll). At this concentration,
F13A inhibits apelin effects in the brain (26). F13A infusionwas
started 30min before the beginning of the apelin injection.

Intraperitoneal injection of antagonist of a1-adrenergic
receptors. 120min before apelin or aCSF icv injection, prazo-
sin (Prazosin hypochloride; Sigma)was injected intraperitoneally
as previously described (39). Prazosin was dissolved extempo-
raneously in saline solution, and then infused at a concentration
of 0.3mg/kg. At this concentration, prazosin blocks a1-adren-
ergic receptors without perturbation of fasted glycemia (20).

Chronic injections

F13A. Male mice fed a HFD during 3 months received
every day during 2 weeks a bolus injection of 2 ll of F13A
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(2 lg/mouse) that was injected directly into the icv catheter
completed to 2ll of aCSF for treatedHFDmice, or 4ll of aCSF
for control HFD mice.

Bilateral lentivector injection in the MBH

Protocol is explained in details in Supplementary Materials
and Methods section.

H2O2 measurements by fluorometric methods

Amplex Red (10-acetyl-3,7-dihydrophenoxazine) was used
as a fluorescent probe for the detection of H2O2. Protocol is
explained in detail in Supplementary Materials and Methods
section.

Real-time amperometric H2O2 measurements

Mice were sacrificed after 6 h of fasting conditions. Protocol
is explained in details in Supplementary Materials and
Methods section. Data are expressed as delta variation of
H2O2 release from basal as previously used for amperometric
nitric oxide (NO) measurement (11, 12).

Tissues

Mice were fasted for 6 h, and blood samples were collected
between 15 and 30min after the acute injection of apelin or
aCSF (these times correspond to the period of release of glu-
cose by the liver glycogenolysis), or after the 6 h fasted formice
with lentivirus injection. Plasma was removed and frozen,
powdered in liquid nitrogen, and kept at - 80�C until cate-
cholamine assays were performed.Mice were also decapitated
without anesthesia. After dissection, liver fragments were also
rapidly removed, frozen, powdered in liquid nitrogen, and
kept at - 80�C until glycogen assays were performed.

Liver glycogen determination

Glycogen content was determined as previously described
(21) and explained in the Supplementary Materials and
Methods section.

Enzymatic activities

Hepatic G6Pase activity was determined as previously
described in detail (40). Results are expressed as lmoles/min
per gram of wet tissue. Hepatic PEPCK activity was deter-
minedwith themethods of Pogson and Smith (35). Results are
expressed as nmol/min per gram of wet tissue. Hepatic gly-
cogen phosphorylase activity assay was determined as pre-
viously described (33). Results are expressed as a percentage
of activity. Glycogen Synthase activity was evaluated by the
ratio of phosphorylated protein/total protein. Immunoblots
were performed as previously described (11). Membranes
were incubated overnight at 4�C with a primary polyclonal
antibody against total Glycogen Synthase (dilution 1/1000;
Cell Signaling Technology) or the phosphorylated active form
(Ser641) of Glycogen Synthase (dilution 1/1000; Cell Signal-
ing Technology).

Histological revelation of glycogen or lipid content

Liver lobe was taken along with the tissues for different
assays. The samples were included in Carnoy solution for

24 h, then in 20% sucrose solution for 48 h, and then frozen at
- 80�C in tissue Teck (Polyfreeze; Sigma). Ten-micrometer-
thin cryostat sections were made from livers. Glycogen was
visualized with Periodic Acid-Schiff staining. The quantifying
of the staining was performed with the software Adobe�

Photoshop�. Lipids were visualized by Oil-Red staining.
Hepatic TGs content was determined as described (17).

Plasma assays

Plasma catecholamine concentration was measured after
6 h of fasting in all protocols and after 6 h of fasting and 30min
for acute icv treatment. Catecholamine content of the plasma
was determined as previously described in detail using
high-performance liquid chromatography coupled with
electrochemical detection after alumina extraction (29). Plas-
ma glucagon content was determined with a commercial
available enzyme-linked immunosorbent assay (ELISA) kit
(Glucagon Quantikine; R&D Systems). Plasma ketone bodies
content was determinedwith a commercial kit (Ketone bodies
assay kit, Antibodies). Plasma apelin content was determined
with a commercial available ELISA kit (Phoenix Pharmaceu-
ticals). Plasma TGs were determined as described (17).

Pyruvate tolerance test

Six-hour-fasted mice were injected with an intraperitoneal
pyruvate injection (2mg/g) after an icv acute injection or
unless icv injection (lentivirus). Blood was collected from the
tail vein at - 30, 0, 15, 30, 45, 60, 90, and 120min later for
determination of glucose levels.

Insulin tolerance test

Six-hour-fasted mice were injected with an intraperitoneal
insulin injection (0.5mU/g for mice with lentivirus, or 1mU/
g for HFD mice with chronic icv F13A treatment), as previ-
ously described (52). Blood was collected from the tail vein at
- 30, 0, 15, 30, 45, 60, 90, and 120min later for determination of
glucose levels.

Real-time PCR

Total RNA from tissues was prepared using the TriPure
reagent (Roche) as described (14, 17). Quantization and in-
tegrity analysis of total RNA was performed as previously
described (17). Protocol is explained in detail in Supplemen-
tary Materials and Methods section.

Statistical analysis

Results are presented as mean– SEM. The statistical sig-
nificance of differences was analyzed by student t-test, by
two-way ANOVA followed by a post hoc t-test, or one way
followed by post hoc Bonferroni’s or Dunnett’s multiple
comparison test, when appropriate. Statistical analyses were
assessed by using GraphPad Prism version 5.00 for windows
(GraphPad Software). Results were considered statistically
significant when p < 0.05.
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Central Apelin Controls Glucose Homeostasis
via a Nitric Oxide-Dependent Pathway in Mice

Thibaut Duparc,1,2 André Colom,1,2 Patrice D. Cani,3 Nicolas Massaly,4 Sophie Rastrelli,1,2 Anne Drougard,1,2

Sophie Le Gonidec,1 Lionel Moulédous,5 Bernard Frances,4 Isabelle Leclercq,6 Catherine Llorens-Cortes,7

J. Andrew Pospisilik,8 Nathalie M. Delzenne,3 Philippe Valet,1,2 Isabelle Castan-Laurell,1,2 and Claude Knauf1,2

Abstract

Aims: Apelin and its receptor have emerged as promising targets for the treatment of insulin resistance. Indeed,
peripheral administration of apelin stimulates glucose utilization and insulin sensitivity via a nitric oxide (NO)
pathway. In addition to being expressed on peripheral metabolically active adipose tissues, apelin is also found
in the brain. However, no data are available on the role of central effects of apelin on metabolic control. We
studied glucose metabolism in response to acute and chronic intracerebroventricular (i.c.v.) injection of apelin
performed in normal and obese/diabetic mice. Results: We demonstrate that i.c.v. injection of apelin into fed
mice improves glucose control via NO-dependent mechanisms. These results have been strengthened by
transgenic (eNOS-KO mice), pharmacological (L-NMMA i.c.v. treated mice), and real-time measurement of NO
release with amperometric probes detection. High-fat diet-fed mice displayed a severely blunted response to
i.c.v. apelin associated with a lack of NO response by the hypothalamus. Moreover, central administration of
high dose apelin in fasted normal mice provoked hyperinsulinemia, hyperglycemia, glucose intolerance, and
insulin resistance. Conclusion: These data provide compelling evidence that central apelin participates in the
regulation of glucose homeostasis and suggest a novel pathophysiological mechanism involved in the transition
from normal to diabetic state. Antioxid. Redox Signal. 15, 1477–1496.

Introduction

Every year the number of described adipokines continues
to grow (1). Their roles in physiological and physiopatho-

logical systems, including the development of metabolic syn-
drome, are well documented (28). Apelin is one of few
adipokines whose expression pattern, and that of its cognate
receptor (APJ), include peripheral tissue and central neurons (7,
11). During the last years, numerous studies have demonstrated
a clear relation between energy metabolism and peripheral
apelin action (12, 17, 19). Under normal conditions, a positive
correlation is observed betweenplasma apelin and insulin levels
during the fasting-to-fed transition (3, 18, 42). Under patho-
physiological conditions, the peripheral apelinergic system
seems to be deregulated. While some researchers found that

Innovation

Although apelin is expressed in hypothalamic neurons,
nothing is known concerning its central effect in the control
of glucose homeostasis. We demonstrate that apelin can
modify hypothalamic neuron activity via an NO pathway
and then control peripheral glycemia. Our results clearly
show that central apelin has dose-dependent and pleio-
tropic effects depending on the nutritional state. Despite its
beneficial effect observed at a low-dose level on glucose
homeostasis, we suggest that a high dose of central apelin
could be considered as a novel candidate for the transition
from normal to diabetic state.

1Institut National de la Santé et de la Recherche Médicale (INSERM), U1048, Team 3, Toulouse, France.
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levels of plasma apelin in human and mice are increased in
obesity, diabetes (18, 42), and in insulin resistance (12), other
studies demonstrate that plasma apelin is reduced in type 2
diabetes patients (14). Recently, we have demonstrated that
acute intravenous (iv) apelin decreases glycemia and increases

glucose utilization in the whole body of mice fed normal chow
(NC) by stimulating glucose uptake, especially in skeletal
muscles via an AMPK and endothelial nitric oxide synthase
(eNOS) dependent pathway (12). Also, in high-fat diet (HFD)
induction of insulin-resistant mice; apelin improves glucose

FIG. 1. Dose response of acute i.c.v. apelin injection on peripheral glycemia in fasted and fed state. (A) Effects of 10 pM
and 100pM apelin i.c.v. injected (n = 17 and 6, respectively) on blood glucose in fasted normal chow (NC) WT mice compared
to aCSF injected fasted NC WT mice (NC; n= 18); ***p < 0.001, NC vs. NC apelin 100pM following one-way ANOVA analysis
followed by Dunnett’s post-hoc test. (B) Effects of 5 nM, 20 nM, and 50 nM apelin i.c.v. injected (n = 6, 6, and 8, respectively) on
blood glucose in fasted NC WT mice compared to aCSF injected fasted NC WT mice (n = 8); **p < 0.01, NC vs. NC apelin
50 nM and ***p< 0.001, NC vs. NC apelin 20 nM following one-way ANOVA analysis followed by Dunnett’s post-hoc test. (C)
Effects of 10 pM and 100pM apelin i.c.v. injected (n= 15 and 8, respectively) on blood glucose in fed NC WT mice compared
to aCSF injected fed NCWTmice (n= 10). ***p< 0.001, NC vs. NC apelin 10 pM following one-way ANOVA analysis followed
by Dunnett’s post-hoc test. (D) Effects of 5 nM, 20 nM, and 50 nM apelin i.c.v. injected (NC; n = 10, 8, and 6, respectively) on
blood glucose in fed WT mice compared to aCSF injected fed WT mice (NC; n = 8). Results are the mean– SEM.

FIG. 2. Brain low-dose (LD) apelin controls glucose homeostasis in NC wild-type (WT) mice. (A) Effect of acute i.c.v.
injection of LD apelin (n= 17) on blood glucose in fasted NC WT mice compared to aCSF injected fasted NCWT mice (n = 18).
The adjacent bar graph represents the average area under the curve (AUC). (B) Time course insulinemia evolution before and
after i.c.v. injection of LD apelin (black, n = 5) or aCSF (white, n= 5) in another set of fasted NC WT mice. (C) Effect of i.c.v.
injected LD apelin on blood glucose (n = 15) in fed NC WT mice compared to aCSF injected fed NC WT mice (n = 15). The
adjacent bar graph represents the average AUC. *p< 0.05. (D) Time course insulinemia evolution before and after i.c.v. injection
of LD apelin (black, n = 6) or aCSF (white, n= 5) in another set of fed NC WT mice. (E) OGTT in 6-hour-fasted NC WT mice
i.c.v. injected with LD apelin (n = 10) or aCSF (n = 11). The adjacent bar graph represents the average AUC; *p< 0.05. Two-way
ANOVA followed by t-test post hoc reveals time (#p< 0.001) and treatment (xp< 0.001) effects. (F)OGTT-associated insulinemia
in 6-hour-fasted NC WT mice i.c.v. injected with LD apelin (black, n = 10) or aCSF (white, n = 11). (G) ITT in 6-hour-fasted NC
WT mice i.c.v. injected with LD apelin (n= 9) or aCSF (n = 12); *p < 0.05, **p< 0.01. Two-way ANOVA followed by t-test post
hoc reveals time (#p < 0.001) and treatment ($p< 0.01) effects. (H) Turnover (TO), hepatic glucose production (HGP), glucose
infusion rate (GIR), glycolysis (Glycol), and glycogen synthesis (Gln Synth) obtained during an euglycemic hyperinsulinemic
clamp in 6-hour-fasted NC WT mice i.c.v. injected with LD apelin (n = 6) or aCSF (n = 5). Results are the mean– SEM.
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tolerance and insulin sensitivity (12), suggesting a potential
compensatory role of the high levels of apelin observed in obese
subjects. In keeping with these data, apelin KO mice are hy-
perinsulinemic and insulin resistant (49). Altogether, these data
support a role for apelin in the control of glucose homeostasis.

The receptor APJ is expressed in several hypothalamic struc-
tures (10, 32, 33), including major targets of hormonal, nervous,
andmetabolic signals (22) that canmodify hypothalamic activity.
Apelinergic neuronal cell bodies are located in the preoptic re-
gion, the hypothalamic supraoptic and paraventricular nuclei,
and at highest density in the arcuate nucleus (33). Apelinergic
nerve fibers are also found in hypothalamic structures including
the ventromedial and dorsomedial hypothalamic nuclei (VMH,
DM), arcuate nucleus (ARC), and median eminence (33). Inter-
estingly, intracerebroventricular (i.c.v.) insulin injection has been
shown to modify two major peripheral apelin signaling media-
tors, AMPK (31) and eNOS (5), leading to an increase in
peripheral glucose utilization. Although the localization of ape-
linergic neurons is well documented, the role of brain apelin/APJ
system on glucose metabolism remains unknown.

The objective of this study was to investigate the role of brain
apelin in the control of whole body glucose homeostasis. Using
acute i.c.v. injection, we show that central apelin controls pe-
ripheral glycemia, insulin secretion, and glucose and insulin
tolerance in mice. Using amperometric nitric oxide (NO) real-
time measurement in the hypothalamus, pharmacological and
transgenic approaches,we demonstrate that the beneficial effects
of i.c.v. apelin are mediated through a NO-dependent signaling
pathway that is altered in both HFD obese/diabetic mice and
after administration of an acute high dose of i.c.v. apelin. In
accordancewith these data,we show that chronic i.c.v. perfusion
of a high dose of apelin triggers the onset ofmetabolic alterations
associated with type 2 diabetes, including a decrease in insulin
tolerance. Thus, our data provide novel insight into the role of
apelin in the central regulation of glucose homeostasis, and
identify apelin as a novel central factor mediating the transition
from a normal to insulin resistant state at high levels.

Results

Dose-response effect on glycemia in response to i.c.v.
apelin in fasted or fed mice

Several hormones, such as the incretin glucagon-like peptide
1, exert their action only in hyperglycemic but not in eu-
glycemic conditions (4). Based on this physiological finding, we
speculate that apelin may exert an effect depending of the nu-
tritional state. In accordance with this hypothesis, we found
that high-dose of i.c.v. apelin increased glycemia in the fasted
state (Figs. 1A and 1B) but not in the fed state (Figs. 1C and 1D).
At the opposite, low-dose of i.c.v. apelin had no effect on fasted
state (Fig. 1A), but decreased glycemia in fed conditions (Fig.

1C). Twodoses (2ll of 10pM corresponding to 20.10-3 fmol, or
2ll of 20 nM corresponding to 40 fmol) were selected for this
study in respect to their effects on glycemia (Fig. 1). The first
one (called ‘‘low-dose (LD)’’ in the text) was selected for its
effect on fed glycemia, whereas the second one (called ‘‘high-
dose (HD)’’) for its fasted hyperglycemic effect. The high dose
(HD) of apelin (2ll of 20 nM) corresponds approximately to
half the quantity of total tissue apelin found in C57bl6 mouse
hypothalamus (74–4 fmoles per hypothalamus). These doses
of apelin-13 injected iv did not modify blood glucose or insulin
concentration (unpublished personal data).

Effect of acute i.c.v. LD apelin injection
on peripheral glucose metabolism in physiological
and pathophysiological conditions

In the fasted state, i.c.v. LD apelin injection did not signifi-
cantly affect glycemia (Fig. 2A) and insulinemia (Fig. 2B). In the
fed state, i.c.v. LD apelin induced a significant decrease in gly-
cemia from 60 to 210min (Fig. 2C), without altering insulin
profiles (Fig. 2D). Further, LD apelin treatment significantly
improved glucose tolerance in response to an oral glucose
bolus (Fig. 2E). In keeping with the measures made during
the fed state, insulin levels remained unchanged (Fig. 2F).
Then, we performed an insulin tolerance test (ITT) at su-
praphysiological insulin dose (1mU/g) and found that i.c.v.
LD apelin-treated mice were more insulin tolerant com-
pared to control (Fig. 2G). Nevertheless, euglycemic hyper-
insulinemic clamp studies performed at physiological
insulin levels (2.5mU/kg/min) did not show any modifi-
cation of the peripheral insulin sensitivity. Indeed, no
modification of glucose turnover, hepatic glucose produc-
tion, glucose infusion rate, glycolysis and glycogen synthesis
(Fig. 2H) were observed in i.c.v. LD apelin-treated mice.

Given that during obese/diabetic states, resistance to cen-
tral regulators of metabolism is often observed (30), we per-
fused i.c.v. LD apelin in HFD obese/diabetic mice. In the
fasted state, i.c.v. LD apelin injection did not modify glycemia
(Fig. 3A) and insulinemia (Fig. 3B). The potential improve-
ment of glucose homeostasis of i.c.v. LD apelin was com-
pletely abolished in HFD conditions. Indeed, fed glycemia
(Fig. 3C) and insulinemia (Fig. 3D), glucose tolerance (Figs. 3E
and 3F) and insulin tolerance (Fig. 3G) of HFD i.c.v. treated
LD apelin mice were similar to HFD control mice.

Circadian variations of plasma apelin levels
in NC and HFD mice

We observed that i.c.v. LD apelin failed to improve glu-
cose homeostasis parameters in HFD mice. One explanation
for this result could be that hypothalamus, a circumven-

FIG. 3. Loss of beneficial effects on glucose homeostasis of acute i.c.v. LD apelin in HFD mice. (A) Effect of acute i.c.v.
injection of LD apelin (n = 10) on blood glucose in fasted HFD WT mice compared to aCSF injected fasted HFD WT mice
(n = 9). The adjacent bar graph represents the average AUC. (B) Time-course insulinemia evolution before and after i.c.v
injection of LD apelin (black, n= 7) or aCSF (white, n = 6) in another set of fasted HFD WT mice. (C) Effect of acute i.c.v.
injection of LD apelin (n = 8) on blood glucose in fed HFD WT mice compared to aCSF injected fed HFD WT fed (n = 6). The
adjacent bar graph represents the average AUC. (D) Time course insulinemia evolution before and after acute i.c.v. injection of
LD apelin (black, n= 7) or aCSF (white, n = 6) in another set of fed HFD WT mice. (E) OGTT in 6-hour-fasted HFD WT mice
i.c.v. injected with LD apelin (n = 9) or aCSF (n = 10). The adjacent bar graph represents the average AUC. (F) OGTT-associated
insulinemia in 6-hour-fasted HFD WT mice i.c.v. injected with LD apelin (black, n = 9) or aCSF (white, n= 10). (G) ITT in 6-
hour-fasted HFD WT mice i.c.v. injected with LD apelin (n = 7) or aCSF (n = 8). Results are the mean – SEM.
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tricular structure where the blood–brain barrier displays
physiological modifications (35), may be differentially
stimulated by circulating apelin. In accordance with this
hypothesis, we measured circadian variations of plasma
apelin levels in physiological and physiopathological states.
Plasma apelin levels in NCmice followed a circadian rhythm
with an increase during the dark period (corresponding to
the fed period) (Fig. 4A). In contrast to NC mice, HFD mice
showed a deregulation of this rhythm since apelin plasma
levels increased significantly during the entire day (Fig. 4B).
As expected, plasma insulin levels follow a similar profile to
those of apelin (Figs. 4C and 4D). This set of experiments

supports the hypothesis that high levels of plasma apelin
could contribute to brain neuronal alterations observed in
obese/diabetic state.

Effect of acute i.c.v. of HD apelin injection on peripheral
glucose metabolism in physiological
and physiopathological conditions

As HFD mice showed altered circadian plasma apelin
concentrations, we speculated that HD apelin could modify
the physiological response of the brain. Acute i.c.v. HD apelin
increased peripheral glycemia (Fig. 5A) and insulinemia (Fig.

FIG. 4. Circadian plasma apelin variations are altered in HFD mice. (A) Circadian plasma apelin variations in NC WT
mice (n = 5). All data were compared to 8 hour. #p < 0.05 vs. 8 hour following one-way ANOVA analysis followed by
Dunnett’s post-hoc test. (B) Circadian plasma apelin variations in HFD WT mice compared to NC WT mice (n = 5). ***p < 0.001
NC versus HFD; #p < 0.05 vs. 8 hour following one-way ANOVA analysis, followed by Dunnett’s post-hoc test. (C) Circadian
plasma insulin variations in NC WT mice (n = 5). (D) Circadian plasma insulin variations in HFD WT mice compared to NC
WT mice (n = 5); *p< 0.05, **p< 0.01, and ***p< 0.001 NC versus HFD. Results are the mean– SEM.

FIG. 5. Acute i.c.v. injection of high-dose (HD) apelin alters glucose metabolism. (A) Effect of acute i.c.v. injection of HD
apelin (n= 6) on blood glucose in fasted NC WT mice compared to aCSF injected fasted NC WT mice (n= 18). The adjacent bar
graph represents the average AUC; *p < 0.05, **p< 0.01. (B) Time course insulinemia evolution before and after i.c.v. injection
of HD apelin (hatched, n = 5) or aCSF (white, n = 5) in another set of fasted NC WT mice; *p< 0.05, **p< 0.01. (C) Effect of acute
i.c.v. injection of HD apelin (n = 6) on blood glucose in fed NC WT mice compared to aCSF injected fed NC WT mice (n = 8).
The adjacent bar graph represents the average AUC; *p< 0.05, **p< 0.01. (D) Time course insulinemia evolution before and after
i.c.v. injection of HD apelin (hatched, n = 5) or aCSF (white, n = 5) in another set of fed NC WT mice; *p < 0.05, **p< 0.01. (E)
OGTT in 6-hour-fasted NCWTmice i.c.v. injected with HD apelin (n = 7) or aCSF (n = 11). The adjacent bar graph represents the
average AUC. (F) OGTT-associated insulinemia in 6-hour-fasted NC WT mice i.c.v. injected with HD apelin (hatched, n = 7) or
aCSF (white, n= 11); *p< 0.05. (G) ITT in 6-hour-fasted NC WT mice i.c.v. injected with HD apelin (n= 12) or aCSF (n= 12). (H)
Turnover (TO), hepatic glucose production (HGP), glucose infusion rate (GIR), glycolysis (Glycol), and glycogen synthesis
(Gln Synth) obtained during an euglycemic hyperinsulinemic clamp in 6-hour-fasted NC WT mice i.c.v. injected with HD
apelin (n = 6) or aCSF (n = 5); *p< 0.05, **p< 0.01. Results are the mean– SEM.
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5B) in fasting normal mice. No significant variation of glyce-
mia (Fig. 5C) and insulinemia (Fig. 5D) were observed in the
fed state in response to i.c.v. HD apelin. Glucose tolerancewas
not modified in i.c.v. HD apelin treated mice compared to
control (Fig. 5E), but was associatedwith a significant increase
in insulinemia (Fig. 5F), suggesting a moderate insulin resis-
tance state. Besides the fact that we did not observe any
modification of the insulin tolerance upon supraphysiological
insulin administration during ITT (Fig. 5G), euglycemic hy-
perinsulinemic clamp performed at physiological insulin dose
confirmed that i.c.v. HD apelin promotes insulin resistance.
Indeed, i.c.v. HD apelin decreased whole-body insulin sen-
sitivity, as shown by the reduced glucose infusion rate and
glucose turnover. This phenomenon was associated with a
lower glycogen synthesis (Fig. 5H), whereas the other pa-
rameters were not affected. Because plasma apelin levels
were increased during obesity and since we observed that
injection of i.c.v. HD apelin induced hyperglycemia and
hyperinsulinemia in NC mice, we investigated the effect of
HD apelin i.c.v. injection in a HFD diabetic/obese micemodel
(12). In response to HD apelin, glycemia was significantly
increased during fasting (Fig. 6A) without modification of
insulinemia (Fig. 6B). Fed glycemia/insulinemia (Figs. 6C and
6D), glucose/insulin tolerance (Figs. 6E–6G) were not modi-
fied by acute i.c.v. HD apelin in HFD mice.

Variation of c-Fos expression in the hypothalamus
in response to acute apelin injection
in physiological conditions

Modifications of glycemia/insulinemia in response to
acute i.c.v. apelin varied according to the injected dose and
the nutritional state, raising the possibility that distinct hy-
pothalamic regions were responsible for these effects. To test
this hypothesis, we measured c-Fos expression in three
major hypothalamic regions implicated in glucose metabo-
lism under the previously tested conditions (22). I.c.v. bolus
injection of LD apelin significantly increased c-Fos expres-
sion in the VMH and DM under fasting conditions, and only
in the DM in the fed state in NCmice (Figs. 7A and 7B). c-Fos
expression is significantly increased in the VMH and de-
creased in the ARC of HD apelin-treated mice in the fasted
state (Fig. 7A). I.c.v. bolus injection of HD apelin did not
modify c-Fos expression in studied hypothalamic regions
(Fig. 7B). These data suggest that beneficial vs. deleterious
effects of apelin may be explained by differential activation
of hypothalamic regions. Thus, high quantity of apelin in the
hypothalamus may be a crucial element to the establishment
of a diabetic state.

Hypothalamic NO as a potential target to brain LD apelin

Given that hypothalamic NO is implicated in the control
of glucose homeostasis (36) and NO is a major effector of
apelin signaling in the periphery (12), we measured real-
time NO release ex vivo in the hypothalamus in response to
LD apelin. No significant variation on NO release was ob-
served in hypothalamic slices removed from fasting animals
(Fig. 8A). Delta variation of NO release from basal are
similar to that observed previously (16). In fed state, LD
apelin rapidly increased NO release from hypothalamic
slices from 2 to 15 minutes (Fig. 8B). On hypothalamic ex-
plants, HD apelin did not increase NO release in fasting
conditions (Fig. 8C), and failed to increase continuously NO
release during the 20 minutes of the experiment in fed states
as opposed to LD apelin (Fig. 8D). To explain such differ-
ences according to the nutritional state and apelin concen-
trations, we studied variations of eNOS expression on ex
vivo hypothalamus stimulated by either LD or HD apelin.
Contrary to HD apelin, which did not modify the ratio of
phospho/total eNOS expression in all experimental condi-
tions (Figs. 8E and 8F), LD apelin increased the active
phosphorylated form of eNOS in fed (Fig. 8F) but not in
fasted state (Fig. 8E). These results suggest that NO release
from stimulated-LD apelin hypothalamus implicated an
increase of eNOS activity. As we observed in HFD mice that
1) beneficial effect of LD apelin was impaired and, 2) hy-
pothalamic eNOS pathway was seriously blunted in path-
ophysiological conditions (6), we studied the impact of LD
or HD apelin on NO release from hypothalamic slices taken
from HFD fed mice. No significant variation on NO release
was observed in response to LD or HD apelin in fed state
(Figs. 8G and 8H), and similar results were obtained in
fasted conditions (data not shown).

Altogether these results suggest that obesity and insulin-
resistant state participate to the disruption of the apelin-NO-
dependent hypothalamic response.

Effect of acute i.c.v. LD or HD apelin on peripheral
glucose metabolism in total eNOS KO and L-NMMA
i.c.v. control treated mice

To address the dependence of the observed central apelin
effects on the generation of NO, we repeated the above ex-
periments in total eNOS KO mice. All beneficial effects of
apelin on glucose homeostasis were lost in eNOS KO mice,
including glucose tolerance (Figs. 9A and 9B) and fed glyce-
mia (AUC: eNOS KO Control = 224.8 – 14.9 vs. eNOS KO
Apelin = 205.5– 12.3). eNOS KO mice perfused with i.c.v. NO
donor did not present modification of glucose tolerance (ex-

FIG. 6. Persistent hyperglycemic effect of i.c.v. HD apelin on glucose homeostasis in HFD mice. (A) Effect of acute i.c.v.
injection of HD apelin (n= 6) on blood glucose in fasted HFD WT mice compared to aCSF injected fasted HFD WT mice
(n = 5). The adjacent bar graph represents the average AUC; *p< 0.05, **p < 0.01. (B) Time course insulinemia evolution before
and after i.c.v. injection of HD apelin (hatched, n= 6) or aCSF (white, n = 6) in another set of fasted HFD WT mice. (C) Effect of
acute i.c.v. injection of HD apelin (n= 6) on blood glucose in fed HFD WT mice compared to aCSF injected fed HFD WT mice
(n = 8). The adjacent bar graph represents the average AUC. (D) Time course insulinemia evolution before and after i.c.v.
injection of HD apelin (hatched, n= 6) or aCSF (white, n = 6) in another set of fasted HFD WT mice. (E) OGTT in 6-hour-fasted
HFD WT mice i.c.v. injected with HD apelin (n = 8) or aCSF (n = 10). The adjacent bar graph represents the average AUC. (F)
OGTT-associated insulinemia in 6-hour-fasted HFD WT mice i.c.v. injected with HD apelin (hatched, n = 8) or aCSF (white,
n = 10). (G) ITT in 6-hour-fasted HFD WT mice i.c.v. injected with HD apelin (n= 8) or aCSF (n = 8). Results are the mean –
SEM.
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cept a slight decrease of glycemia at t60 and t90 following
SNAP i.c.v. administration in eNOS KO mice) (Fig. 9A) as-
sociated with a drastic increase in insulin release (Fig. 9B).
This suggests that 1) the lack of response to LD apelin could be
at least in part due to the absence of a functional hypothalamic
eNOS, and 2) insulin resistance is one major characteristic of
eNOS KO mice (37). In accordance with these findings,
pharmacological blockade of NOS using L-NMMA adminis-
tration in wild-type mice completely abolished the beneficial
effects of apelin observed on glucose homeostasis (Figs. 9C
and 9D). Then we found that LD apelin did not increase NO
release from ex vivo hypothalamus taken from eNOS KOmice
(Fig. 9E) or from ex vivo control hypothalamus incubated with
L-NMMA (Fig. 9F).

As we observed that beneficial effect of LD apelin on fed
glycemia in NC mice requires a functional hypothalamic
NO pathway as opposed to HD apelin, we investigated the
effect of HD apelin in eNOS KO mice or L-NMMA i.c.v.
treated normal NC mice. In fed eNOS KO mice, i.c.v. HD
apelin increased peripheral glycemia (Fig. 9G) without
modification of plasma insulin (15.7 – 4.0 vs. 22.9 – 6.0 lU/
mL at t30; 9.8 – 1.7 vs. 14.3 – 4.2 lU/mL at t15; 7.6 – 1.4 vs.
11.7 – 4.3 lU/mL at t120; control vs HD apelin; n= 12 vs.
n = 6, respectively). Glucose and insulin tolerance were not
modified by acute i.c.v. HD apelin in eNOS KO mice and
NO release in fed conditions was unchanged (data not
shown). This suggests first that the hyperglycemic effects are
NO-independent, and second, that in the fed state basal
hypothalamic NO is sufficient to counteract the hypergly-
cemic effects of HD apelin in normal mice. Importantly, and
in agreement with measurements made in the eNOS
KO mice, HD apelin moderately increased peripheral gly-
cemia in L-NMMA i.c.v. treated fed mice (Fig. 9H) without
modification of plasma insulin (10.2 – 2.3 vs. 5.1 – 0.7 lU/mL
at t30; 8.3 – 1.4 vs. 8.3 – 1.5 lU/mL at t15; 5.7 – 1.0 vs.
9.3 – 1.6 lU/mL at t120; control vs HD apelin; n = 5 vs. n= 11,
respectively), corroborating the existence of a second, dis-
tinct NO-independent pathway mediating the HD apelin
effects. All other parameters (glucose/Insulin tolerance, NO
release in fed conditions) were not modified by acute i.c.v.
HD apelin (data not shown).

Effect of i.c.v. chronic HD apelin injection on peripheral
glucose metabolism in physiological conditions

Marked elevations in the circulating concentrations of in-
sulin and leptin are considered hallmarks of the obese and
diabetic condition. Diet-induced obese mice exhibit a parallel
and marked increase in plasma apelin and obese/diabetic
state was associated with a chronic administration of apelin
(Fig. 4). In order to assess the potential effects of a continuous
priming of apelin in the brain, we assessed the effect of a
2-week continuous i.c.v. HD apelin perfusion on glucose ho-
meostasis parameters. Body weight (26.0 – 0.4 vs. 26.4 – 0.3 g
at week 1; 26.5 – 0.4 vs. 26.4 – 0.4 g at week 2, control vs
chronic HD apelin; n = 6 vs. n= 7, respectively) and food in-
take (13.9 – 0.4 vs. 14.2 – 0.2 kcal/day/mouse at week 1;
15.7 – 0.3 vs. 16.1 – 0.6 kcal/day/mouse at week 2, control vs
chronic HD apelin; n = 6 vs. n= 7, respectively) did not vary in
chronic HD apelin-treated mice. In fasted state, glycemia and
insulinemia significantly increased at week 2 of chronic HD
apelin treatment (Figs. 10A and 10B). Fed glycemia and in-

sulinemia did not change during the 2-weeks of experiment
(Figs. 10C and 10D), corroborating the acute effect previously
observed on fed state. Mice treated with HD apelin showed a
significant decrease in insulin tolerance compared to control
mice (Fig, 10F), reinforcing the negative impact of HD apelin
in the brain.

Discussion

The brain, and more precisely the hypothalamus, is per-
haps the primary orchestrator of whole body fuel sensing (26).
We demonstrate here for the first time that hypothalamic
apelin controls glucose homeostasis in physiological and
physiopathological states. The beneficial effects of LD apelin
in the hypothalamus are NO dependent, as opposed to HD
apelin. In fact, our results exhibit a dose-dependent diver-
gence in net metabolic consequence. Thus, our data suggest
elevated hypothalamic apelin as a potential mediator of the
diabetic state (Fig. 11).

One of the major peripheral effectors of apelin function is
eNOS. The apelin/eNOS axis is represented in numerous
physiological processes including vascular functions (45, 50)
and peripheral glucose utilization (12), and not surprising
perturbation of the axis is associated with both hyperten-
sion and diabetes, respectively. Using pharmacological and
transgenic approaches, we demonstrate that NO is implicated
in hypothalamic LD apelin-driven signaling effects. The ob-
served NO release measurements (nanomolar concentrations)
lie within the physiological range and are consistent with
previously published functions of NO (29). Consistent with
the observed effects, both constitutively expressed forms of
NOS (nNOS and eNOS) are found in the hypothalamus. Also,
both forms have previously been shown to be capable of
modulating the central tone of glucose homeostasis (6, 16).
Here, we demonstrate that beneficial effect of i.c.v. LD apelin
implies an increase phosphorylation of eNOS only in fed
conditions. Moreover, our finding that eNOS KO mice do not
respond to i.c.v. LD apelin supports a dominant role for the
eNOS isoform in the apelin-driven effects. We cannot rule out
the fact that one characteristic of eNOSKOmice is to present a
clear insulin-resistant state and the absence of i.c.v. LD apelin
effect could be related to peripheral disturbance. Conversely
to this hypothesis, eNOS KO mice are still able to response to
i.c.v. SNAP by an increase in insulinemia as previously ob-
served in a rat model in which hypothalamus is stimulated by
intracarotid NO donor (27). In spite of a lack of clear ame-
lioration of glucose tolerance, eNOS KO mice present a more
rapid return to normal glycemia (from t60 to t120, Fig. 9A). All
these data suggest that the brain of eNOS KO mice can re-
sponse to NO donor with peripheral physiological changes.
We can speculate that these modifications can be amplifying
in response to higher (supraphysiological) doses of i.c.v.
NO donor.

Interestingly, when challenged with HD central apelin,
both eNOS KO and L-NMMA treated mice present an in-
crease in glycemia in the fed state. These findings suggest that
a basal tone of NO in the hypothalamus is crucial for the
maintenance of a physiological glycemia, and NO from en-
dothelial origin is implicated in the hypoglycemic effect of
apelin. This hypothesis is supported by the work of Shankar
et al. (36) demonstrating that i.c.v. L-NMMA injection in the
rat increases insulin resistance. Finally, ex vivo hypothalami
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FIG. 7. Differential c-Fos activation by i.c.v. LD or HD apelin in the hypothalamus. (A) Representative staining of
c-Fos-expressing cells in the ARC, VMH, and DM nuclei after i.c.v. injection of LD apelin (n = 4), HD apelin (n= 4), or aCSF
(n = 4) in fasted NC WT mice. Means – SEM are represented in a graph; *p< 0.05 versus aCSF. (B) Representative staining of
c-Fos-expressing cells in the ARC, VMH, and DM nuclei after i.c.v. injection of LD apelin (n = 4), HD apelin (n= 4), or aCSF
(n = 4) in fed NC WT mice; *p< 0.05 versus aCSF. Results are the mean– SEM.
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treated with HD apelin did not exhibit increased NO release
throughout the 20 minutes of exposure, suggesting that HD
apelin activates inhibitory signals for NO. In contrast to LD
apelin, we hypothesize that HD apelin may decrease NO re-
lease in hypothalamic explants, as observed with leptin on
pituitary cells (25). This hypothesis supposes that high levels
of hypothalamic apelin are able to stimulate inhibitory factors
of NOS activity such as beta-endorphin (15) or of eNOS co-
factors such as reactive oxygen species (20). In support of such
a mechanism, we have observed that HD apelin stimulates
hydrogen peroxide release from ex vivo hypothalamus (data
not shown). The fact that HD apelin did not increase the
phosphorylation of eNOS in fed conditions as opposed to
LD apelin, further reinforce this hypothesis. An equally
plausible hypothesis would be that the APJ receptor-induced
signaling cascade exhibits desensitization in response to HD
apelin. Indeed, i.c.v. apelin has been shown to induce a
downregulation of the receptor itself in the hypothalamus of
HFD mice (8).

We hypothesized that elevated levels of central apelin
might impair glucose homeostasis since obese/diabetic mice,
which are sensitive to peripheral apelin (12), present increased
plasma apelin levels. Both the finding of abolished circadian
apelin regulation in HFD-treated mice (Fig. 4) and that of
chronic apelin triggering insulin intolerance (Fig. 9) are con-
sistent with this hypothesis. Interestingly, the finding that HD
central apelin increases blood glucose during fasting (Fig. 5)
suggests a link between central apelin and the control of he-
patic glucose production. Although hepatic glucose produc-
tion was not significantly modified during the clamp, a link
between central apelin and liver could be suggested since HD
apelin increases blood glucose during fasting. Numerous
studies have implicated the autonomous nervous system in
the central control of liver glucose metabolism. Indeed, he-
patic denervation (48) and electrical stimulation (38) modify
glycogen liver content. Also, the stimulation of the VMH
produces hyperglycemia by increasing glycogenolysis and
gluconeogenesis (9) which are mediated by sympathetic ef-
ferents. Importantly, the previously described kinetics of
sympathetic gluco-regulation (glycogenolysis within min-
utes; gluconeogenesis within hours) (39–41) clearly fits with
our observation of two waves of increased glucose release
after HD apelin. While these hepatic gluco-regulatory ef-
fects and the c-Fos staining profiles (Fig. 7) clearly highlight an
activity of apelin at the VMH, the concurrent capacity of
apelin to initiate insulin release suggests the additional in-
volvement of parasympathetic regulation and thus of addi-
tional hypothalamic nuclei (the lateral hypothalamus and
periventricular hypothalamic nucleus). Such a concept could

explain the dose dependency of apelin action and places the
apelin/APJ axis as a novel central regulator of glucose ho-
meostasis. In accordance with this hypothesis, we found that
i.c.v. apelin differentially affects glucose metabolism. LD
apelin improve fed glycemia and glucose tolerance. In fasted
state, LD apelin did not changes glycemia, while supraphy-
siological insulin stimulation increased insulin tolerance.
To verify this hypothesis, we performed euglycemic-
hyperinsulinemic clamp studies and did not find any modi-
fication of glucose turnover. Therefore, this suggests that in
the fasted state, the brain cannot adequately respond to LD
apelin as opposed to a hyperglycemic state. Interestingly, HD
apelin markedly increased plasma insulin secretion during
fasted state and oral glucose load. This last observation sug-
gests that HD apelin promotes a moderate insulin resistance
state. Nonetheless, we did not find any changes of insulin
tolerance upon ITT, however, we may not rule out that the
supraphysiological dose of insulin used exceeds the physio-
logical impact of i.c.v. HD apelin, thereby jeopardizing the real
assessment of insulin sensitivity. Therefore, we decided to in-
vestigate insulin sensitivity byusing the gold standardmethod,
namely the euglycemic-hyperinsulinemic clamp studies. Im-
portantly, by using this method, we found that HD apelin
administration promotes whole body insulin resistance.

Although i.c.v. apelin controls peripheral glucose homeo-
stasis, chronic i.c.v. perfusion of apelin does not modify cu-
mulative food intake in our experiment. This result is in
accordance with Taheri et al. (44) which demonstrates similar
effect in rats. At the opposite, numerous studies implicate
central apelin as a positive (47) or negative regulator (43) of
food intake. Such discrepancies could be explain by injection
process (acute vs. chronic), the dose injected in lateral ven-
tricle (low vs. high) and by the nutritional state (fast vs. fed)
(44). In our study, we demonstrate that LD apelin targets
hypothalamic NO in fed conditions. One of the mechanisms
could be explained by the fact that the hypothalamus needs an
impregnation of peripheral factors (including glucose and/or
insulin) to adequately respond to brain apelin via NO. In ac-
cordance with this hypothesis, Becskei et al. (2) demonstrate a
differential expression of c-Fos expression in the arcuate nu-
cleus of fasted, chow-refed or ad libidum fedmice associated to
variations of plasma hormones concentrations (insulin, leptin,
ghrelin). In this study, the authors also demonstrate that
supplementation of food with macronutrients (protein, fat, or
carbohydrates) may modify c-Fos expression in refeeding
mice, suggesting that the arcuate nucleus represents an im-
portant site in the short-term control of energy intake. How-
ever, the feeding-related factors implicated in the genesis of
the transition from fasted to fed state in the hypothalamus,

FIG. 8. i.c.v. LD apelin targets eNOS in the hypothalamus. (A) Ex vivo hypothalamic NO release measured by real-time
amperometric detection in fasted NCWTmice after injection of LD apelin (n= 5) or aCSF (n= 6). (B) Ex vivo hypothalamic NO
release measured by real-time amperometric detection in fed NC WT mice after injection of LD apelin (n = 5) or aCSF (n = 6);
*p< 0.05, **p< 0.01. (C) Ex vivo hypothalamic NO release measured by real-time amperometric detection in fasted NC WT
mice after injection of HD apelin (n = 4) or aCSF (n = 5). (D) Ex vivo hypothalamic NO release measured by real-time
amperometric detection in fed NC WT mice after injection of HD apelin (n= 6) or aCSF (n = 6); *p< 0.05. (E) Representative
blots and quantification of eNOS expression (phosphorylated and total forms) in ex vivo hypothalamus of fasted NC mice
incubated with saline, LD apelin, or HD apelin (n = 4). (F) Representative blots and quantification of eNOS expression
(phosphorylated and total forms) in ex vivo hypothalamus of fed NC mice incubated with saline, LD apelin, or HD apelin
(n = 4); *p < 0.05. (G) Ex vivo hypothalamic NO release measured by real-time amperometric detection in fed HFD WT mice
after injection of LD apelin (n = 5) or aCSF (n= 6). (H) Ex vivo hypothalamic NO release measured by real-time amperometric
detection in fed HFD WT mice after injection of HD apelin (n= 5) or aCSF (n = 6). Results are the mean– SEM.
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and thus contributing to the brain apelin/NO effect during
fed state, remain to be defined. Thus, we can speculate that the
capacity of hypothalamic nuclei to respond to apelin varied in
function of numerous parameters, including the nutritional
state as suggested by our c-Fos study in the hypothalamus
and by plasma apelin variations observed during the day.
Such variations of hypothalamic c-Fos expression during the
nutritional state and/or apelin levels may have consequence
on autonomous nervous system activity which could explain
peripheral variations observed on glycemia and insulin re-
lease. Thus, we can speculate that such a modification of hy-
pothalamus activity in our model may have consequences on
glucose homeostasis, and identification of apelinergic neu-
rons and efferent nervous signals implicated in this control
need to be further explored.

This study shows for the first time that centrally injection of
apelin modulates glucose homeostasis. The downstream ef-
fects are pleiotropic, dose-dependent, and involve several
distinct hypothalamic nuclei that link hepatic glucose
production, insulin release, and centers mediating autonomic
control. Finally, results including generation of a central
apelin-resistant state in vivo reveal apelin/APJ as a novel
mechanistic candidate for the transition from normal to dia-
betic states. In fact, potential therapeutic strategies based on
apelin/APJ system have to preferentially target peripheral
apelin effects since they are conserved in HFD mice model
(12). Evaluation of the quantity of iv apelin able to reach the
brain while retaining beneficial peripheral effect on glycemia
will be a major issue for the future clinical relevance of apelin.

Materials and Methods

Mice

Animals were handled in accordance with the principles
and guidelines established by theNational Institute ofMedical
Research (INSERM) and by the local ethical committee of the
IFR-BMT. C57Bl6/J mice andmice deficient in endothelial NO
synthase (eNOS -/-) on a C57Bl6/J backgroundwere obtained
from Charles River Laboratory (l’Arbresle, France). Mice were
housed conventionally in a constant temperature (20�–22�C)
and humidity (50%–60%) animal room and with a 12/12h
light/dark cycle (lights off at 7:00 AM) and free access to food
and water through the 24h period. All injections and experi-
ments were performed in 13–15-week-old males. A group of
malemicewas subjected to high fat diet (HFD) containing 20%

protein, 35% carbohydrate, and 45% fat (SAFE, Augy, France).
HFD-fedmicewere followed at regular intervalswithmeasure
of weight and blood parameters (glucose, insulin) until they
were obese and insulin resistant corresponding to 3 months of
HFD. Experiments were performed on 6h-fasted or fed mice.
During the time of experiment (3 hours), mice fed overnight
were placed in a new clean cage without food.

Surgical procedures

For in vivo acute and chronic perfusions, an indwelling i.c.v.
catheter (Alzet Brain Perfusion Kit 3, 1-3mm, Charles River,
0.1mm lateral, 0.22mm anteroposterior from the bregma and
1.5mm deep) was implanted in anesthetized mice with iso-
flurane (Abbott, Ringis, France). For chronic perfusions, the
i.c.v. catheter was connected to an osmoticmini-pomp (Model
2004, Alzet; Cupertino, CA), as previously described (21).

Acute injections

Apelin. Bolus injection of 2 ll of [Pyr]apelin-13 (concen-
tration from 10 pM to 50 nM corresponding to 20.10- 3 fmol to
50 fmol, Bachem,UK), themost active apelin isoform (12), was
injected directly to the i.c.v. catheter completed to 2ll of ar-
tificial cerebrospinal fluid (aCSF) for treated mice, or 4 ll of
aCSF for control mice. Blood glycemia was measured every
30min from - 30 to 210min (time 0 corresponding to i.c.v.
apelin injection). To limit stress due to accumulation of tail
blood samples, insulinemia was measured at different time
intervals from - 30 to 120min in another set of mice.

NOS inhibitor. Similar experiments were performedwith a
NOS inhibitor, NG-monomethyl-L-arginine (L-NMMA, Sig-
ma), who was dissolved extemporaneously in aCSF, and then
infused at a concentration of 100lM (2ll). The L-NMMA in-
fusionwas started 30min before the start of the apelin injection.

Chronic perfusion of apelin

Using an osmotic mini-pump system connected to the lat-
eral ventricle, we measured glucose homeostasis parameters,
as previously described in detail (21). Briefly, the osmotic
mini-pump delivers either aCSF or apelin-13 (high-dose, HD;
2ll of 20 nM) over 2 weeks, at a rate of 0.25 ll/h. Fasted/fed
glycemia and insulinemia, bodyweight, and food intake were
evaluated every week. In a different set of mice, ITT were
performed during the treatment.

FIG. 9. Genetic deletion of eNOS or pharmacological blockade of NOS affects i.c.v. LD apelin but not HD apelin effect
on glucose homeostasis. (A) OGTT in 6-hour-fasted NC eNOS KO mice i.c.v. injected with LD apelin (n= 7), the NO donor
SNAP (n = 9), or aCSF (n = 6). The adjacent bar graph represents the average AUC. (B) OGTT-associated insulinemia in 6-hour-
fasted NC eNOS KO mice i.c.v. injected with LD apelin (black, n = 7), SNAP (hatched, n = 9), or aCSF (white, n= 6); *p< 0.05
eNOS KO SNAP vs. eNOS KO Control and **p< 0.01, eNOS KO SNAP vs. eNOS KO LD apelin following one-way ANOVA
analysis, followed by Bonferoni’s post-hoc test. (C) OGTT in 6-hour-fasted NC WT mice treated with L-NMMA and i.c.v.
injected with LD apelin (n= 7) or aCSF (n = 7). The adjacent bar graph represents the average AUC. (D) OGTT-associated
insulinemia in 6-hour-fasted NC WT mice treated with L-NMMA and i.c.v. injected with LD apelin (black, n= 7) or aCSF
(white, n= 7). (E) Ex vivo hypothalamic NO release measured by real-time amperometric detection in fed NC eNOS KO mice
after injection of LD apelin (n= 6) or aCSF (n= 5). (F) Ex vivo hypothalamic NO release measured by real-time amperometric
detection in fed NCWT mice treated with L-NMMA after injection of LD apelin (n = 5) or aCSF (n = 5). (G) Effect of acute i.c.v.
injection of HD apelin (n = 6) on blood glucose in fed NC eNOS KO mice compared to aCSF injected fed NC eNOS KO mice
(n = 11). The adjacent bar graph represents the average AUC; *p< 0.05. (H) Effect of acute i.c.v. injection of HD apelin (n = 11) on
blood glucose in fed NCWT mice treated with L-NMMA compared to aCSF injected fed NCWT mice treated with L-NMMA
(n = 18). The adjacent bar graph represents the average AUC; *p< 0.05, **p< 0.01. Results are the mean – SEM.
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Real-time amperometric NO measurements

Mice were decapitated without anesthesia after 6 hours of
fasting or fed conditions. After dissection, hypothalamus
fragment was washed in Krebs-Ringer bicarbonate/glucose
buffer (pH 7.4) in an atmosphere of 95% O2–5% CO2 and then
immersed in Eppendorf tubes containing 400ll of the same
medium. Each tube contained one hypothalamus. After a
10min recovery period, the spontaneous NO release was
measured at 35�C for 20min by using a NO-specific amper-
ometric probe (ISO-NOPF, 100 lm diameter, 5mm length,
World Precision Instruments, Aston Stevenage, UK) im-
planted directly in the hypothalamus (13, 16). Apelin-13 or
saline was injected directly in the survival medium (final
concentrations: 10 pM or 20 nM). Calibration of the electro-
chemical sensor was performed by the use of different
concentrations of a nitrosothiol donor S-nitroso-N-acetyl-D,L-
penicillamine (SNAP, Sigma), as previously described in de-
tails (16, 24). The concentration of NO gas in solution was
measured in real-time with data acquisition (Apollo1000,
World Precision Instruments, Aston Stevenage, UK) at a

sampling rate of 10 values/sec. The computer-interfaced
DataTrax2 software (World Precision Instruments, Aston
Stevenage, UK) performed data acquisition. Data are ex-
pressed as delta variation of NO release from basal.

Oral glucose tolerance test

6 hour-fasted mice were injected with i.c.v. apelin-13 or
aCSF 120min before oral glucose (3 g/kg) loading. Blood was
collected from the tail vein at - 30, 0, 15, 30, 45, 60, 90, and
120min later for determination of glucose levels. Blood was
also collected 30min before and after 15min glucose loading
for determination of plasma insulin concentration, as previ-
ously described (21–23). In another set of mice, pharmaco-
logical blockade of NOS was induced by i.c.v. L-NMMA
injection 150min before apelin treatment, and consequences
on glycemia and insulinemia were measured. In a similar
way, experiments were performed in the presence of the NO
donor SNAP (S-nitroso-N-acetyl-D,L-penicillamine, Sigma)
that was dissolved extemporaneously in aCSF, and then in-
fused at a dose of 22.7 nmol in 2 ll completed to 2 ll of aCSF in

FIG. 10. Chronic i.c.v. HD
apelin perfusion alters glu-
cose metabolism in NC
mice. (A) 2 weeks time-
course blood glucose in fas-
ted NCWTmice with chronic
i.c.v. perfusion of HD apelin
(hatched, n= 7) or aCSF (white,
n= 6); *p < 0.05. (B) 2 weeks
time-course insulinemia evo-
lution in fasted NC WT mice
with chronic i.c.v. infusion of
HD apelin (hatched, n = 7) or
aCSF (white, n= 6); *p< 0.05.
(C) 2 weeks time-course
blood glucose in fed NC WT
mice with chronic i.c.v. per-
fusion of HD apelin (hatched,
n= 7) or aCSF (white, n = 6).
(D) 2 weeks time-course in-
sulinemia evolution in fed
NC WT mice with chronic
i.c.v. infusion of HD apelin
(hatched, n= 7) or aCSF (white,
n= 6). (E) ITT in 6-hour-fasted
NC WT mice with chronic
i.c.v. infusion of HD apelin
(n= 6) or aCSF (n = 6);
*p< 0.05, **p< 0.01. Two-way
ANOVA followed by t-test
post hoc reveals time
(#p < 0.001) and treatment
(xp< 0.001) effects. Results are
the mean – SEM.
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eNOS KO mice. At this dose, i.c.v. SNAP did not modify
peripheral plasma concentrations of hormones including an-
giotensin II and vasopressin (34). SNAP infusion was started
120min before oral glucose (3 g/kg) loading.

ITT

6 hour-fasted mice were injected with i.c.v. apelin-13 or
aCSF 120min before intraperitoneal insulin injection (1mU/
g), as previously described (46). Blood was collected from the
tail vein at - 30, 0, 15, 30, 45, 60, 90, and 120min later for
determination of glucose levels.

Euglycemic hyperinsulinemic clamp

A femoral iv catheter was implanted 7 days before clamp
studies. Hepatic glucose production (HGP) and whole body
glucose turnover (TO) were evaluated by the hyper-

insulinemic-euglycemic clamp technique, conducted at a 6-h
fast with a continuous infusion of 2.5mU/kg - 1/min- 1

human insulin (Actrapid) coupled with [3-3H]glucose
(0.33 lCi, PerkinElmer, Boston, MA). 6 hour-fasted mice
were injected with i.c.v. apelin-13 or aCSF before starting
the clamp, as previously described (23). Tail blood glycemia
was obtained at time 0 and every 10min thereafter to adjust
a variable 20% glucose infusion rate (GIR) to maintain eu-
glycemia (5–6mM). When steady-state was obtained
(– 90min), blood samples (5 ll) were collected every 10min
for 1 h for estimation of plasma glucose specific activity. At
steady state, the rate of glucose appearance (Ra) measured
as= [3-3H]GIR/glucose specific activity equals the rate of
peripheral glucose disposal (Rd) or TO. In insulin-
stimulated conditions (2.5mU/kg - 1/min - 1), HGP was ob-
tained by subtracting the GIR (mg/kg - 1/min - 1) to the Rd
previously calculated: HGP (Ra) =Rd - GIR. The whole-
body glycolytic flux was calculated from the [3H]2O accu-
mulated in the plasma during the last hour of the infusions.
The whole-body glycogen synthesis (Gln Synth) rate was
calculated by subtracting the glycolytic flux (glycolysis,
glycol) from the glucose turnover rate. For each mouse, the
mean values have been calculated and then averaged with
values from mice from the same group.

Insulin assays

Serum insulin was measured using an ultra-sensitive
mouse insulin ELISA (Mercodia, Uppsala, Sweden).

Variations of plasma apelin levels

Plasma apelin levels for NC and HFDmice were measured
every 4 hours with a commercially available enzyme-linked
immunoassay (ELISA) kit (Phoenix Pharmaceuticals, Burlin-
game, CA). The sensitivity of the assay was 0.2 ng/ml and the
intra-assay error was below 5%. The ELISA had 100% cross-
reactivity with human apelin-12, apelin-13, and apelin-36.

Quantification of c-Fos expression in the hypothalamus

A bolus injection of 2 ll of Apelin-13 was performed as
described above. Mice were anesthetized 2 h after the injec-
tion, perfused with 4% picric acid buffer and 4% formalde-
hyde. The brain was removed from the skull, postfixed with
the formaldehyde buffer, cryoprotected one night in 20% su-
crose, sectioned, and stained for immunohistochemistry, as
previously described in detail (22).

Western blot analysis

Mice were decapitated without anesthesia after 6 hours of
fasting or in fed conditions. After dissection, the hypothala-
mus fragment was washed in Krebs-Ringer bicarbonate/
glucose buffer (pH 7.4) in an atmosphere containing 95% O2–
5% CO2 and then immersed in tubes containing 400 ll of the
same medium. Each tube contained one hypothalamus.
Apelin-13 or saline was injected directly in the survival me-
dium (final concentrations: 10 pM or 20 nM). After 3min of
incubation, each hypothalamus was frozen at -80�C in liquid
nitrogen and homogenized in lysis buffer. Then, blots were
performed as previously described (6). Briefly, the mem-
branes were blocked for 90min at room temperature with 5%
dried milk and incubated overnight at 4�C with a primary

FIG. 11. Apelin mediates the transition from normal to
the diabetic state. In the physiological fed state, the increase
in plasma apelin levels exerts beneficial effects on peripheral
glycemia. In the physiopathological state, the high plasma
apelin levels may exert deleterious effects in the brain, re-
sulting in hyperglycemia and hyperinsulinemia in fasted
conditions, suggesting a novel role of apelin mediating the
transition from normal to the diabetic state.

APELIN CONTROLS HYPOTHALAMIC NITRIC OXIDE 1493



polyclonal antibody against total eNOS (dilution 1/1,000;
Santa Cruz Biotechnology, Santa Cruz, CA) or the phos-
phorylated active form (Ser1177) of eNOS (dilution 1/1,000;
Cell Signaling Technology, Ozyme, St. Quentin Yvelines,
France). After three washes, membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit IgG antibody
(dilution 1/10,000; Amersham Biosciences Europe, Orsay,
France) for 2 hours. Immunoreactivity was detected using an
enhanced chemiluminescence detection kit (ECL system;
Amersham Biosciences Europe) and exposure to X-ray film
(Amersham Hyperfilm ECL, GE Health Care Bio-Sciences
Corp, Piscataway, NJ). Bands were quantified using Image
Quant system (GE Health Care Bio-Sciences Corp). Data are
expressed as percentage of variations of ratio phosphorylated
protein/total protein compared to control.

Statistical analysis

Results are presented as mean – SEM. The statistical sig-
nificance of differences was analyzed by student t-test, by
two-way ANOVA followed by a post hoc t-test, or one-way
followed by post-hoc Bonferroni’s or Dunnett’s multiple
comparison test, when appropriate. Statistical analyses were
assessed by using GraphPad Prism version 5.00 for windows
(GraphPad Software, San Diego, CA). Results were consid-
ered statistically significant when p< 0.05.

Acknowledgments

PDC is research associate from the FRS-FNRS (Fonds de la
Recherche Scientifique) Belgium. This workwas supported by
the ‘‘Société Française de Nutrition’’ (SFN). We thank Pr Jean-
François Arnal for eNOS KO mice generous gift, Amandine
Everard from UCL and the ‘‘Plateforme Genotoul Anexplo’’
from Toulouse for excellent technical assistance. We thank
Nadia De Mota for technical advice.

Author Disclosure Statement

No competing financial interests exist.

References

1. Ahima RS and Osei SY. Adipokines in obesity. Front Horm
Res 36: 182–197, 2008.

2. Becskei C, Lutz TA, and Riediger T. Diet-derived nutrients
mediate the inhibition of hypothalamic NPY neurons in the
arcuate nucleus of mice during refeeding. Am J Physiol Regul
Integr Comp Physiol 297: R100–110, 2009.

3. Boucher J, Masri B, Daviaud D, Gesta S, Guigne C, Maz-
zucotelli A, Castan-Laurell I, Tack I, Knibiehler B, Carpene
C, Audigier Y, Saulnier-Blache JS, and Valet P. Apelin, a
newly identified adipokine up-regulated by insulin and
obesity. Endocrinology 146: 1764–1771, 2005.

4. Burcelin R, Cani PD, and Knauf C. Glucagon-like peptide-1
and energy homeostasis. J Nutr 137: 2534S–2538S, 2007.

5. Cabou C, Campistron G, Marsollier N, Leloup C, Cruciani-
Guglielmacci C, Penicaud L, Drucker DJ, Magnan C, and
Burcelin R. Brain glucagon-like peptide-1 regulates arterial
blood flow, heart rate, and insulin sensitivity. Diabetes 57:
2577–2587, 2008.

6. Cabou C, Cani PD, Campistron G, Knauf C, Mathieu C,
Sartori C, Amar J, Scherrer U, and Burcelin R. Central insulin
regulates heart rate and arterial blood flow: An endothelial

nitric oxide synthase-dependent mechanism altered during
diabetes. Diabetes 56: 2872–2877, 2007.

7. Carpene C, Dray C, Attane C, Valet P, Portillo MP, Churruca
I, Milagro FI, and Castan-Laurell I. Expanding role for the
apelin/APJ system in physiopathology. J Physiol Biochem 63:
359–373, 2007.

8. Clarke KJ, Whitaker KW, and Reyes TM. Diminished met-
abolic responses to centrally-administered apelin-13 in diet-
induced obese rats fed a high-fat diet. J Neuroendocrinol 21:
83–89, 2009.

9. Corssmit EP, Romijn JA, and Sauerwein HP. Review article:
Regulation of glucose production with special attention to
nonclassical regulatory mechanisms: A review. Metabolism
50: 742–755, 2001.

10. De Mota N, Lenkei Z, and Llorens-Cortes C. Cloning,
pharmacological characterization and brain distribution of
the rat apelin receptor. Neuroendocrinology 72: 400–407, 2000.

11. De Mota N, Reaux-Le Goazigo A, El Messari S, Chartrel N,
Roesch D, Dujardin C, Kordon C, Vaudry H, Moos F, and
Llorens-Cortes C. Apelin, a potent diuretic neuropeptide
counteracting vasopressin actions through inhibition of va-
sopressin neuron activity and vasopressin release. Proc Natl
Acad Sci USA 101: 10464–10469, 2004.

12. Dray C, Knauf C, Daviaud D, Waget A, Boucher J, Buleon
M, Cani PD, Attane C, Guigne C, Carpene C, Burcelin R,
Castan-Laurell I, and Valet P. Apelin stimulates glucose
utilization in normal and obese insulin-resistant mice. Cell
Metab 8: 437–445, 2008.

13. Duparc T, Naslain D, Colom AX, Muccioli GG, Massaly
N, Delzenne NM, Valet P, Cani PD, and Knauf C. Jeju-
num inflammation in obese and diabetic mice impairs
enteric glucose detection and modifies nitric oxide release
in the hypothalamus. Antioxid Redox Signal 14: 415–423,
2011.

14. Erdem G, Dogru T, Tasci I, Sonmez A, and Tapan S.
Low plasma apelin levels in newly diagnosed type 2 di-
abetes mellitus. Exp Clin Endocrinol Diabetes 116: 289–292,
2008.

15. Faletti AG, Mastronardi CA, Lomniczi A, Seilicovich A,
Gimeno M, McCann SM, and Rettori V. beta-Endorphin
blocks luteinizing hormone-releasing hormone release by
inhibiting the nitricoxidergic pathway controlling its release.
Proc Natl Acad Sci USA 96: 1722–1726, 1999.

16. Fioramonti X, Marsollier N, Song Z, Fakira KA, Patel RM,
Brown S, Duparc T, Pica-Mendez A, Sanders NM, Knauf C,
Valet P, McCrimmon RJ, Beuve A, Magnan C, and Routh
VH. Ventromedial hypothalamic nitric oxide production
is necessary for hypoglycemia detection and counter-
regulation. Diabetes 59: 519–528, 2010.

17. Frier BC, Williams DB, and Wright DC. The effects of
apelin treatment on skeletal muscle mitochondrial content.
Am J Physiol Regul Integr Comp Physiol 297: R1761–1768,
2009.

18. Heinonen MV, Purhonen AK, Miettinen P, Paakkonen M,
Pirinen E, Alhava E, Akerman K, and Herzig KH. Apelin,
orexin-A and leptin plasma levels in morbid obesity and
effect of gastric banding. Regul Pept 130: 7–13, 2005.

19. Higuchi K, Masaki T, Gotoh K, Chiba S, Katsuragi I, Tanaka
K, Kakuma T, and Yoshimatsu H. Apelin, an APJ receptor
ligand, regulates body adiposity and favors the messenger
ribonucleic acid expression of uncoupling proteins in mice.
Endocrinology 148: 2690–2697, 2007.

20. Jaimes EA, Sweeney C, and Raij L. Effects of the reactive
oxygen species hydrogen peroxide and hypochlorite on en-

1494 DUPARC ET AL.



dothelial nitric oxide production. Hypertension 38: 877–883,
2001.

21. Knauf C, Cani PD, Ait-Belgnaoui A, Benani A, Dray C,
Cabou C, Colom A, Uldry M, Rastrelli S, Sabatier E, Godet
N, Waget A, Penicaud L, Valet P, and Burcelin R. Brain
glucagon-like peptide 1 signaling controls the onset of high-
fat diet-induced insulin resistance and reduces energy ex-
penditure. Endocrinology 149: 4768–4777, 2008.

22. Knauf C, Cani PD, Kim DH, Iglesias MA, Chabo C, Waget
A, Colom A, Rastrelli S, Delzenne NM, Drucker DJ, Seeley
RJ, and Burcelin R. Role of central nervous system glucagon-
like peptide-1 receptors in enteric glucose sensing. Diabetes
57: 2603–2612, 2008.

23. Knauf C, Cani PD, Perrin C, Iglesias MA, Maury JF, Bernard
E, Benhamed F, Gremeaux T, Drucker DJ, Kahn CR, Girard
J, Tanti JF, Delzenne NM, Postic C, and Burcelin R. Brain
glucagon-like peptide-1 increases insulin secretion and
muscle insulin resistance to favor hepatic glycogen storage. J
Clin Invest 115: 3554–3563, 2005.

24. Knauf C, Prevot V, Stefano GB, Mortreux G, Beauvillain JC,
and Croix D. Evidence for a spontaneous nitric oxide release
from the rat median eminence: Influence on gonadotropin-
releasing hormone release. Endocrinology 142: 2343–2350,
2001.

25. Kosior-Korzecka U and Bobowiec R. Leptin effect on nitric
oxide and GnRH-induced FSH secretion from ovine pitui-
tary cells in vitro. J Physiol Pharmacol 57: 637–647, 2006.

26. Lam TK, Schwartz GJ, and Rossetti L. Hypothalamic sensing
of fatty acids. Nat Neurosci 8: 579–584, 2005.

27. Marsollier N, Kassis N, Mezghenna K, Soty M, Fioramonti
X, Lacombe A, Joly A, Pillot B, Zitoun C, Vilar J, Mithieux G,
Gross R, Lajoix AD, Routh V, Magnan C, and Cruciani-
Guglielmacci C. Deregulation of hepatic insulin sensitivity
induced by central lipid infusion in rats is mediated by nitric
oxide. PLoS One 4: e6649, 2009.

28. Maury E and Brichard SM. Adipokine dysregulation, adi-
pose tissue inflammation and metabolic syndrome. Mol Cell
Endocrinol 314: 1–16, 2010.

29. McCann SM, Mastronardi C, de Laurentiis A, and Rettori V.
The nitric oxide theory of aging revisited. Ann NY Acad Sci
1057: 64–84, 2005.

30. Munzberg H and Myers MG, Jr. Molecular and anatomical
determinants of central leptin resistance. Nat Neurosci 8: 566–
570, 2005.

31. Perrin C, Knauf C, and Burcelin R. Intracerebroventri-
cular infusion of glucose, insulin, and the adenosine
monophosphate-activated kinase activator, 5-aminoimidazole-
4-carboxamide-1-beta-D-ribofuranoside, controls muscle
glycogen synthesis. Endocrinology 145: 4025–4033, 2004.

32. Reaux A, De Mota N, Skultetyova I, Lenkei Z, El Messari
S, Gallatz K, Corvol P, Palkovits M, and Llorens-Cortes
C. Physiological role of a novel neuropeptide, apelin, and its
receptor in the rat brain. J Neurochem 77: 1085–1096, 2001.

33. Reaux A, Gallatz K, Palkovits M, and Llorens-Cortes C.
Distribution of apelin-synthesizing neurons in the adult rat
brain. Neuroscience 113: 653–662, 2002.

34. Reis WL, Giusti-Paiva A, Ventura RR, Margatho LO, Gomes
DA, Elias LL, and Antunes-Rodrigues J. Central nitric oxide
blocks vasopressin, oxytocin and atrial natriuretic peptide
release and antidiuretic and natriuretic responses induced
by central angiotensin II in conscious rats. Exp Physiol 92:
903–911, 2007.

35. Rodrı́guez EM, Blazquez JL, and Guerra M. The design of
barriers in the hypothalamus allows the median eminence

and the arcuate nucleus to enjoy private milieus: The former
opens to the portal blood and the latter to the cerebrospinal
fluid. Peptides 31: 757–776, 2010.

36. Shankar R, Zhu J, Ladd B, Henry D, Shen H, and Baron A.
Central nervous system nitric oxide synthase activity regu-
lates insulin secretion and insulin action. J Clin Invest 102:
1403–1412, 1998.

37. Shankar RR,Wu Y, ShenHQ, Zhu JS, and Baron AD.Mice with
gene disruption of both endothelial and neuronal nitric oxide
synthase exhibit insulin resistance. Diabetes 49: 684–687, 2000.

38. Shimazu T. Innervation of the liver and glucoregulation:
Roles of the hypothalamus and autonomic nerves. Nutrition
12: 65–66, 1996.

39. Shimazu T and Fujimoto T. Regulation of glycogen metab-
olism in liver by the autonomic nervous system. IV. Neural
control of glycogen biosynthesis. Biochim Biophys Acta 252:
18–27, 1971.

40. Shimazu T and Fukuda A. Increased activities of glycogen-
olytic enzymes in liver after splanchnic-nerve stimulation.
Science 150: 1607–1608, 1965.

41. Shimazu T, Fukuda A, and Ban T. Reciprocal influences of
the ventromedial and lateral hypothalamic nuclei on blood
glucose level and liver glycogen content. Nature 210: 1178–
1179, 1966.

42. Soriguer F, Garrido-Sanchez L, Garcia-Serrano S, Garcia-
Almeida JM, Garcia-Arnes J, Tinahones FJ, and Garcia-
Fuentes E. Apelin levels are increased in morbidly obese
subjects with type 2 diabetes mellitus. Obes Surg 19: 1574–
1580, 2009.

43. Sunter D, Hewson AK, and Dickson SL. Intracere-
broventricular injection of apelin-13 reduces food intake in
the rat. Neurosci Lett 353: 1–4, 2003.

44. Taheri S, Murphy K, Cohen M, Sujkovic E, Kennedy A,
Dhillo W, Dakin C, Sajedi A, Ghatei M, and Bloom S. The
effects of centrally administered apelin-13 on food intake,
water intake and pituitary hormone release in rats. Biochem
Biophys Res Commun 291: 1208–1212, 2002.

45. Tatemoto K, Takayama K, Zou MX, Kumaki I, Zhang W,
Kumano K, and Fujimiya M. The novel peptide apelin
lowers blood pressure via a nitric oxide-dependent mecha-
nism. Regul Pept 99: 87–92, 2001.

46. Tiraby C, Tavernier G, Capel F, Mairal A, Crampes F, Rami
J, Pujol C, Boutin JA, and Langin D. Resistance to high-
fat-diet-induced obesity and sexual dimorphism in the
metabolic responses of transgenic mice with moderate un-
coupling protein 3 overexpression in glycolytic skeletal
muscles. Diabetologia 50: 2190–2199, 2007.

47. Valle A, Hoggard N, Adams AC, Roca P, and Speakman JR.
Chronic central administration of apelin-13 over 10 days
increases food intake, body weight, locomotor activity and
body temperature in C57BL/6 mice. J Neuroendocrinol 20:
79–84, 2008.

48. Yi CX, Serlie MJ, Ackermans MT, Foppen E, Buijs RM,
Sauerwein HP, Fliers E, and Kalsbeek A. A major role for
perifornical orexin neurons in the control of glucose me-
tabolism in rats. Diabetes 58: 1998–2005, 2009.

49. Yue P, Jin H, Aillaud-Manzanera M, Deng AC, Azuma J,
Asagami T, Kundu RK, Reaven GM, Quertermous T, and
Tsao PS. Apelin is necessary for the maintenance of insulin
sensitivity. Am J Physiol Endocrinol Metab 298: E59–67, 2010.

50. Zhong JC, Yu XY, Huang Y, Yung LM, Lau CW, and Lin SG.
Apelin modulates aortic vascular tone via endothelial nitric
oxide synthase phosphorylation pathway in diabetic mice.
Cardiovasc Res 74: 388–395, 2007.

APELIN CONTROLS HYPOTHALAMIC NITRIC OXIDE 1495



Address correspondence to:
Dr. Claude Knauf
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a  b  s  t  r a  c t

It  has  been  proposed  that the  apelinergic  system (apelin and  its  receptor  APJ)  may  be  a  promising

therapeutic target in obesity-associated  insulin  resistance syndrome.  However,  due to the  extended

tissue-distribution of this system,  the  therapeutic  use of  specific  ligands for  APJ  may  target  numerous

tissues  resulting  putatively  to  collateral deleterious  effects. To unravel specific tissular  dysfunctions  of

this system  under  obesity and  insulin-resistance  conditions,  we measured  the  apelinemia  and gene-

expression level  of both  apelin  (APL)  and APJ in 12-selected  tissues  of  insulin-resistant  obese female mice

fed with  a high fat (HF) diet. In  a preliminary  study,  we compared  between  adult  male  and  female  mice,

the circadian  plasma  apelin  variation  and  the  effect  of  fasting on apelinemia.  No  significant  differences

were found  for  these  parameters suggesting  that  the  apelinemia  is  not affected  by  the sex. Moreover,

plasma  apelin  level  was  not  modulated  during  the  four  days  of the  estrous  cycle in females.  In obese

and insulin-resistant  HF  female mice,  plasma  apelin  concentration  after  fasting was  not modified  but,

the gene-expression  level  of  the  APL/APJ  system was  augmented  in the  white adipose  tissue  (WAT)  and

reduced in  the  brown  adipose tissue  (BAT),  the  liver  and in kidneys.  BAT  apelin  content was reduced  in HF

female  mice.  Our  data  suggest  that  the  apelinergic  system  may  be  implicated  into  specific  dysfunctions

of these  tissues  under  obesity and  diabetes  and  that,  pharmacologic  modulations of this  system may  be

of interest  particularly  in  the  treatment  of adipose, liver  and renal  dysfunctions that  occur  during  these

pathologies.

© 2013  Elsevier Inc.  All rights  reserved.

1. Introduction

Apelin (APL) is  derived from a 77-amino acid precursor, which

undergoes proteolytic maturation generating shorter active apelin

peptides, e.g.  apelin-36, apelin-17, apelin-13 and its pyroglutamyl

isoform (Pyr1)-apelin-13 and apelin-12 [5].  Apelin exerts paracrine

functions by binding and activating the apelin receptor (APJ) [5,19].

However, as apelin is  also a  circulating peptide, it exerts in  addi-

tion physiological actions in the periphery through its transport in

blood. At a cellular level, the activation of the APJ receptor initiates

the downstream phosphoinositide 3-kinase (PI3K), which subse-

quently stimulates protein kinase B (PKB/AKT) and extracellular

signal-regulated kinases (ERKs) pathways [3,19,27].

∗ Corresponding author at: Unité Environnement Périnatal et  Croissance

(EA4489), Université Lille-Nord de France, Equipe Dénutritions Maternelles Péri-

natales, Université de Lille 1,  Bâtiment SN4, F-59655 Villeneuve d‘Ascq, France.

Tel.: +33 0320 33 77 22; fax: +33 0320 33 63  49.

E-mail address: jean.lesage@univ-lille1.fr (J. Lesage).

Apelin and APJ are widely distributed in rodent and human

organs such as the brain, kidneys, heart, lungs, liver, adrenals, adi-

pose tissue, mammary glands, gastrointestinal tract, retina, the

vascular endothelium and muscle [5,24,25]. Increasing evidence

suggest that apelin regulates multiple physiological functions

including body fluid homeostasis, food intake, cell proliferation,

blood pressure regulation, angiogenesis and glucose utilization

[5,24,25]. Therefore, the apelinergic system may interfere in the

etiology and/or in  physiopathological consequences of several

metabolic diseases such as diabetes, obesity, hypertension or car-

diovascular diseases.

In the cardiovascular system, apelin was demonstrated to have

multiple effects of interest. It  has been shown to increase heart

contractility [1],  myocardial glucose uptake [45] and to be angio-

genic [11]. Moreover, apelin is a  potent vasodilatator for both

arteries and veins [22]. Its  effects are endothelium-dependent

and predominantly mediated through nitric oxide (NO)-dependent

pathways [41].  An emerging feature is  the close functional inter-

action between the APL/APJ system and the renin–angiotensin

system in  cardiovascular homeostasis. APJ is able to form

0196-9781/$ – see  front matter © 2013 Elsevier Inc. All rights reserved.
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heterodimers with the angiotensin-II receptor type 1 (AT1) result-

ing to its inactivation [38].  Moreover, the angiotensin-converting

enzyme 2 (ACE2) is also implicated in  both apelin-13 and apelin-

36 inactivations [15]. Under pathological conditions, plasma apelin

level has been reported as a  marker of cardiopulmonary diseases

in rat and in  human [15].

In the brain, the APL/APJ system is highly expressed in  the

hypothalamus and it was proposed that it may  regulate energy

homeostasis. However, reported findings are complex and some-

times contradictory. For example, intracerebroventricular apelin

administration was shown to  decrease food intake in fed and

fasted rats [40] during nocturnally injection whereas, during day-

time, apelin was found to stimulate feeding [31].  In mice, this

central administration of apelin increases food intake and locomo-

tor activity during the nocturnal period but increases only body

temperature during the period of activity of animals [43].  Finally,

apelin induces a  down-regulation of  central APJ in high-fat (HF)

diet fed rats [10] suggesting that a  decreased central response to

APL may  appear during obesity. In line with these findings, an

increase plasma apelin level was reported in morbidly obese sub-

jects [17].  Moreover, apelin plasma level was found to be higher

in obese diabetic patients compared to non-diabetic obese sub-

jects [39]. Accordingly, growing evidence suggest that the APL/APJ

system plays important roles in glucose metabolism and insulin

sensitivity regulations. For examples, apelin was  shown to inhibit

insulin secretion [26] and to exert beneficial effects in HF-obese

and insulin-resistant mice, improving both glucose utilization and

glucose tolerance [13,14].

Considering all these physiological actions, we  can speculate

that the APL/APJ system may  exert critical effects in the initiation

and/or in physiopathological consequences of obesity and diabetes.

Recently, it  has been proposed that this system may  be a  promising

therapeutic target in obesity-associated insulin resistance syn-

drome [6].  However, due to the extended tissue-distribution of

the APL/APJ system, the therapeutic use of specific ligands for

APJ may  target numerous tissues resulting putatively to collateral

deleterious effects of these treatments. To unravel specific tissular

dysfunctions of the apelinergic system under obesity and insulin-

resistance states, we  measured in  the present study, the circulating

apelin plasma level and the gene-expression level of both APL and

APJ in  12-selected tissues of insulin-resistant obese female mice

fed with a HF diet. In addition, as no comparative data between

males and females on  circulating apelin levels are available in

rodents; in the first part of this study, we  measured in  3-month-

old male and female mice, the circadian plasma apelin variation

and the effect of fasting on apelinemia. Finally, in females, plasma

apelin concentration at rest was also investigated during four

consecutive days to  evaluate the putative influence of  the estrous

cycle.

2. Materials and methods

2.1. Animal model and experimental design

Experiments were conducted in  accordance with the European

Communities Council Directive of 1986 (86/609/EEC). Two months

old C57BL/6J female mice (Janvier, Le Genest St Isle, France) were

maintained under temperature, light and hygrometry standards

conditions and had free access to  food. A first experiment was  per-

formed using C57Bl/6J female and male mice (n  =  10/group) in order

to determine putative sexual differences of plasma apelin concen-

trations in  the mouse. At 12 weeks of age, tail blood samples were

collected every 8 h during a 24 h period (08.00, 16.00, 00.00 and

08.00 h). Then, 4 days later, tail blood samples were collected after

6 h of  fasting to study the effect of fasting on plasma apelin level

in both sexes. Finally, in females fed ad libitum, four blood sam-

ples were collected from the tail vein during 4 consecutive days

at 08.00 h to evaluate the effect of  the estrous cycle. In a second

experiment, control mice (C  group; n =  6) were fed by a  standard

diet (SAFE A04, containing 3%  fat, 16% protein, 60% carbohydrate;

2.9 kcal/g) and the second experimental group (HF group; n =  7) was

exposed to  an high-fat diet (Special Diets Service, containing 22%

fat, 18% protein, 50% carbohydrate; 4.63 kcal/g) from 8 to  36 weeks

of age.

2.2. Growth and metabolic parameters measurements

Control mice and HF mice were weighed weekly and glucose

tolerance studies were made at 35 weeks of  age. An oral glucose

tolerance test (OGTT) was realized after 6 h of diurnal fasting. Mice

received orally a  solution containing 3 g/kg of body weight and

blood glucose level was determined using a glucometer (Accu-

Chek® Performa, Roche, France) 30 min  before and 0,  15, 30, 45, 60,

90 and 120 min  post-gavage. An insulin tolerance test (ITT) was per-

formed two  days later after 6 h of fasting. Mice received 1mU/g of

body weight of insulin injected intraperitoneally, thereafter blood

glucose levels were measured at the same time than during the

OGTT analysis.

2.3. Plasma and tissue collections and ELISA

Female mice were decapitated at the age of  36 weeks after 6 h

of fasting. Blood glucose was  measured using a glucometer and

blood samples were collected in tubes pre-rinsed with 5% EDTA and

Table 1
Primers used for RT-qPCR analysis.

Target NCBI detected transcript number Sequence Length of amplicon

Apelin
Forward NM 013912.3 TGTGGAGTGCCACTGATGTTGCC 142 pb

Reverse GGGGGCGCTGTCTGCGAAAT

APJ
Forward NM 011784.3 GGCTAAGGCTGCGAGTCA 100  pb

Reverse GCGTCTGTGGAACGGAAC

�-Actin
Forward NM 007393.3 ACCCGCCACCAGTTCGCCAT 72  pb

Reverse TTTGCACATGCCGGAGCCGT

GAPDH NM 008084.2

Forward TGTGTCCGTCGTGGATCTGA 70 pb

Reverse CACCACCTTCTTGATGTCATCATAC

List of targets with accession numbers, primer positions, and size of PCR products. Accession numbers correspond to  the mRNA sequences.
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Fig. 1. Circadian plasma apelin variations (A) in 12-week-old male and female mice  (n  = 10 animals/group). *P <  0.05 male vs female. The  adjacent bar graph represents the

average AUC (B). Plasma apelin concentrations (C) in fed (ad libitum) and 6-h-fasted mice  (n  =  10/group). *P <  0.05; ***P <  0.001 fed vs  fasted condition. (D) Plasma apelin

concentration at  08.00 h  in 12-week-old female mice (n  = 10) during the four days of  the estrus cycle.

centrifuged at 4000 × g during 10 min  at 4 ◦C. Aliquots of the super-

natant were kept at −20 ◦C. Plasma apelin levels were determined

by the non-selective apelin-12 EIA kit (Phoenix Pharmaceuti-

cal). In each mouse, hypothalamus, pituitary gland, perirenal and

perigonadal fat deposits, brown adipose tissue (BAT), lungs, liver,

kidneys, quadriceps muscles, ovaries, heart and adrenal glands

were removed and weighed before to be frozen in  liquid nitrogen

and stored at −80 ◦C. For tissular apelin assay, 15 mg  of  frozen BAT

and kidney samples were used for apelin content determination

using the non-selective apelin-12 EIA kit (Phoenix Pharmaceutical).

The protocol for peptide extraction and assay characteristics has

been previously described [35]. Results were expressed in ng/mg

tissue.
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were fed with a  control (C) or a  high-fat (HF) diet  beginning at the age of 8 weeks.

Values are means ± S.E.M. (n = 6–7 animals/group). ***P < 0.001 HF vs C group.
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Fig. 3. Oral glucose tolerance test in 35-week-old female mice fed with a  control

(C) or a high-fat (HF) diet. Time course of plasma glucose (A) during OGTT with

corresponding index (B) of area under curve (AUC), expressed in AU. Values are

means  ± S.E.M. (n =  6–7 animals/group). *P  <  0.05; **P < 0.01 HF  vs  C group.
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high-fat (HF)  diet. Time course of plasma glucose (A) during ITT with corresponding

index (B) of area under curve (AUC), expressed in AU. Values are means ± S.E.M.

(n  = 6–7 animals/group). **P  <  0.01; ***P  < .001 HF  vs  C group.

2.4. Quantitative RT-PCR

Gene expression level of both apelin and its APJ receptor in

the 12-selected tissues were determined in control and HF mice

using RT-qPCR on a  Roche Lightcycler 480 as previously described

[21].  RNA was extracted using TRIzol® reagent (Invitrogen, Life

Technologies, France) according the manufacturer’s recommenda-

tions. The quality and quantity of RNA was measured using the

spectrophotometer NanoDrop (Thermo Fisher Scientific, Illkrich,

France). All  RNA used presented a  260/280 and 260/230 absorbance

ratio higher or  equal to 2.0. An equal amount of total RNA (1 �g)

from each sample was used for cDNA synthesis (ThermoscriptTM,

Invitrogen, Life Technologies, France). Relative expression levels of

RNA per sample were quantified by Roche® assay. For each sample,

PCR was performed in duplicates with 10 �L  reaction volumes of

1 �L of cDNA, 8 �L of mix, and 1 �L of each primer set. PCR was  con-

ducted using the following cycle parameters: 15 min  at 95 ◦C and

50 three steps cycles of  10 s at 95 ◦C, 15 s at 60 ◦C and 15 s at 72 ◦C.

The assay was performed following the manufacturer’s recommen-

dations except that the reaction volume was reduced to 10 �L. All

cDNA samples were applied in dilution of 1:20 to obtain results

within the range of the standard. Analysis of transcript level was

carried out using first the determination of the threshold cycle Ct for

each. The amount of target relative to a calibrator was  computed by

2−��CT . Primer sequences are  detailed in the Table 1.  Two  house-

keeping genes (GAPDH and �-actin) were used for normalization.
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Fig. 5. Relative quantification by RT-qPCR analyses of  apelin (A) and APJ (B)

gene-expression level in 12-selected tissues of adult control mice. Values are

means  ± S.E.M. (n = 6 animals/group).

2.5. Statistical analysis

All  data are presented as mean ± S.E.M. Results were analyzed by

Student’s t-tests and two-way ANOVA followed by Newman–Keuls

post hoc test with GraphPad Prism 5.03 software.

3. Results

3.1. Evaluation of sexual dimorphism of apelinemia in mice

Circadian plasma apelin variations were investigated in 12-

week-old male and female mice (Fig. 1A). Only a  significant increase

(P <  0.05) of plasma apelin concentration was  observed in  females

at 08.00 h (at  day 2 of the experiment). However, the calculated

AUC for this study did not show any  significant difference between

males and females (Fig. 1B). Plasma apelin concentration was

similarly reduced after 6 h of fasting in both male (P <  0.05) and

female (P <  0.001) mice (Fig. 1 C). Finally, plasma apelin level at

08.00 h was  not significantly modulated during the four days of

the estrus cycle in  adult female mice (Fig. 1D).

3.2. Evolution of the body weight, OGTT and ITT tests

From 8 to 36 weeks of age, female mice exposed to  the high-

fat diet developed an  increase body weight which was significantly

augmented (P  < 0.001) from week 20 to  36 (Fig. 2). In 35-week-old

female mice, glucose metabolism was  studied using an oral glucose
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Fig. 6. Relative quantification by  RT-qPCR analyses of apelin gene-expression level in 12-selected tissues of 36-week-old female mice fed with a  control (C) or a high-fat (HF)

diet. Values are means ± S.E.M. (n  = 6–7 animals/group). *P  < 0.05 HF vs C group.

tolerance test (Fig. 3)  and an insulin tolerance test (Fig. 4). During

OGTT, basal blood glucose level was similar between groups but

response to a glucose bolus revealed a  glucose intolerance in  HF

female mice demonstrated by  an higher blood glucose level at time

15, 30, 45, 60  and 90 min  after gavage (Fig. 3A) and an increased

value (P <  0.01) of the calculated area under curve during this test

(Fig. 3B). During ITT which was performed two-days later, basal

blood glucose level was increased (P <  0.01) in  fasted-HF female

mice (point T-30 in  Fig. 4A), as well as 90 and 120 min  (P  <  0.001)

after insulin injection (Fig. 4A). The reduced insulin sensitivity in

HF female mice was confirmed by the significant increased value

(P < 0.01) of the calculated area under curve in  this experiment

(Fig. 4B).

3.3. Morphometric and biological parameters in 36-week-old

fasted female mice

At 36 weeks of age, HF female mice were obese as shown by

the drastic increase of their body weight (+56%, P <  0.01, Table 2).

Obese HF females had a  higher amount of perirenal (+176%) and

perigonadal (+158%) fat  deposits as well as brown adipose tissue

(+87%, P  <  0.01, Table 2). A  significant increase (P  <  0.01) of both liver

(+68%) and lungs (+60%) weights were also observed in HF mice

(Table 2). Basal blood glucose level and plasma apelin concentration

were not significantly different between groups (Table 2).

3.4. Apelin and APJ expressions in 36-week-old fasted female mice

We selected 12 tissues known to express of the APL/APJ system

at a  high level. In a  first RT-qPCR experiment performed in  control

mice (Fig. 5), we  measured the amount of APL and APJ mRNAs to

confirm the high expression level of these two factors. In Fig. 5A,

we demonstrated that apelin mRNA was  found to  be expressed in

Table 2
Morphometric and biological parameters after 6 h of fasting of adult female mice

(36 weeks old) fed with a control (C) or a  high-fat (HF) diet.

C  HF

Body weight (g) 24.2 ± 0.6 37.6 ± 1.2**

Blood glucose (mg/dL) 155 ± 14 164 ± 12

Plasma apelin (ng/mL) 6.9 ± 1.5 6.5 ± 1.0

Perirenal fat (mg) 120 ± 15 332 ± 59**

Perigonadal fat (mg) 214 ± 35 554 ± 58**

Brown adipose tissue (mg) 109 ± 9 204 ± 2**

Lungs (mg)  174 ± 11 279 ± 31**

Liver (mg)  1152 ± 91 1951 ± 81**

Spleen (mg) 202 ± 47 216 ± 52

Kidneys (mg)  334 ± 21 392 ± 12

Ovaries (mg) 14  ± 2 24  ± 3

Heart (mg) 160 ± 17 162 ± 9

Adrenal glands (mg) 11  ± 1 15  ± 1

Values are means ± S.E.M., n  = 6–7 animals in each group.
** P <  0.01 HF vs C group.
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Fig. 7. Relative quantification by RT-qPCR analyses of APJ gene-expression level in 12-selected tissues of 36-week-old female mice fed with a control (C) or a  high-fat (HF)

diet. Values are means ± S.E.M. (n  =  6–7 animals/group). *P  <  0.05 HF  vs  C group.

all the selected tissues with a  slight more marked expression in

lungs, kidneys and hypothalamus (Fig. 5A). For APJ, its mRNA was

also found to be expressed in all the selected tissues, but a  higher

expression of this receptor was found in  four tissues: lungs, kidneys,

ovaries and pituitary gland (Fig. 5B). In a second experiment, we

measured the effect of the high-fat diet on APL/APJ mRNAs expres-

sions in these tissues. A  50% reduction of APL mRNAs (P <  0.05) was

found in BAT and in  kidneys of HF mice as well as a  75% reduction

(P < 0.05) in  liver (Fig. 6). For the receptor APJ, its gene expression

was significantly increased (+160%, P < 0.05) in perirenal fat (Fig. 7).

Although not significant, a  tendency to an augmented expression

was observed in  perigonadal fat  and a tendency to a  reduction was

noted in liver (Fig. 7). Finally, a  significant reduction (P < 0.05) of

apelin content was found in  BAT of HF mice (Fig. 8A) whereas only

a tendency to a  decrease APL content was observed in theirs kidneys

(Fig. 8B).

4. Discussion

The first aim of the present study was to  investigate the ape-

linemia in  female mice as, up  to date; no data are available on

the apelinergic system in female rodents. We first postulated that

the apelinergic system may  be sexually dimorphic in the mouse

as the values of plasma APL concentrations found in healthy and

lean men  [4] were close to be doubled in healthy and lean women

[7]. To explore this putative sexual dimorphism in  the mouse, we

measured in 3-month-old male and female mice, the circadian

plasma apelin variation and the effect of fasting on apelinemia. No

significant differences were found for these parameters suggesting

that, in the mouse, the apelinemia is not affected by the sex of the

animal. Moreover, we did not find any modification of the apeline-

mia at rest during the four days of the estrous cycle suggesting an

absence of implication of gonadal hormones in  the regulation of

plasma APL level in female mice. However, as estradiol was shown

to increase apelin gene expression in bovine ovary follicles [36],  a

sex-specific regulation of apelin expression and probably of cellular

action may  occur into specific tissues. The origin of  plasmatic apelin

probably involves numerous tissues but the adipose tissue seems

to be an important contributor to this phenomenon as significant

higher plasma apelin level was reported in obese patients of both

sexes in  several studies [4,7,17].  In female mouse, we demonstrated

in accordance with previous findings in males [23] that apelin gene

is expressed in numerous organs and tissues including here the

ovaries. In addition, it has also been described to  be expressed in the

uterus and mammary gland in female rodents [23,33].  The apelin

receptor APJ gene is ubiquitously expressed but, in  accordance with

others studies [23,33], we demonstrated that some organs express

high level of this receptor, i.e.  lung, pituitary gland, kidneys and

ovaries suggesting important physiological functions of the ape-

linergic system in  these organs. Studies have shown that in the

lung, apelin controls vascular plasticity and activity acting mainly

on endothelial cells and smooth muscle of small pulmonary vessels
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Fig. 8. Quantification of apelin content in BAT (A) and kidneys (B) of  36-week-old

female mice fed with a control (C) or a  high-fat (HF) diet. Values are means ± S.E.M.

(n = 6–7 animals/group). *P  <  0.05 HF vs  C  group.

[16,32]. Recently, the pulmonary APL/APJ system has been impli-

cated in beneficial or pathological effects during hypoxia exposure

[8,44]. In the rat pituitary gland, apelin was shown to  be expressed

mainly in the anterior pituitary and located in  corticotrophs and

to a much lower extent in  somatotrophs [34]. At  this level, in vivo

and ex vivo experiments have clearly demonstrated that apelin sti-

mulates ACTH release through autocrine/paracrine actions [34].  In

the kidney, the inner strip of outer medulla contains the highest

level of APJ mRNA [20]. As  this region is implicated in  the bal-

ance of water and sodium of the body, it  has been proposed that

apelin may  modulate tubular functions to exert its well described

diuretic effects in  addition to  inhibit pituitary arginine vasopressin

(AVP) release [28].  Finally, in ovary, the apelinergic system has

been studied only in bovine [36,37]. In this specie, the APL/APJ

system is involved in angiogenesis and cellular apoptosis pro-

cesses that take place during follicle maturation and corpora lutea

formation.

The second aim of this study was to  evaluate tissue-specific

alterations of the APL/APJ system expression in  obese and

insulin-resistant mice fed with a  high-fat diet during 28  weeks. Sur-

prisingly, in 36-week-old HF female mice, an absence of augmented

basal plasma apelin concentration was found after fasting although

such augmentation has been previously reported in  fasted-obese

HF male mice [5,14] and in obese men  and women [4,7,17].  In

obese and insulin-resistant male mice, it  was demonstrated that HF

diet altered drastically the circadian plasma apelin variation [14].

In addition, these authors also showed that, in  control male mice,

plasma apelin level is  modulated by the nutritional state of animals,

i.e. fed vs fasted state [14].  Thus, we can postulate that in  HF female

mice, the circadian rhythm of apelin secretion may  be altered. Such

alteration may  explain, in the present study, the absence of signif-

icant elevation of plasma apelin in fasted-obese mice at time of

sampling. Alternatively, we cannot rule out that in mouse, females

may have a  different physiological regulation of plasma apelin level

than males under obesity and insulin-resistance conditions. Addi-

tional studies are needed to clarify these hypotheses. We selected

in this study, 12 tissues expressing the APL/APJ dyad to explore spe-

cific tissular dysfunctions of the apelinergic system under obesity

and insulin-resistance states as the majority of available studies

have been focused on a single tissue. Using mRNA quantification of

both apelin and APJ, we found significant modifications of  this sys-

tem mainly in 3 tissues: the adipose tissue (white and brown), the

liver and the kidney. In white adipose tissue (WAT), a  tendency

of increase apelin and APJ expression was found suggesting an

augmented activity of this signaling system in obese and insulin-

resistant females. Inversely, reduced expressions of  this dyad as

well as apelin content were found in brown adipose tissue (BAT).

In human, apelin stimulates glucose uptake by  adipose tissue [2]

and, in vitro,  recent date indicate that autocrine signaling of  apelin

in adipocytes inhibits adipogenesis of  pre-adipocytes and lipolysis

in mature adipocytes [42]. For brown adipose tissue (BAT), central

infusion of apelin-13 was shown to increase BAT temperature and

the activity of the sympathetic nerve activity innervating BAT in

rat [29]. Similarly, in  mouse, apelin treatment increased body tem-

perature and oxygen consumption and regulated the expression of

BAT uncoupling protein 1  (UCP1) expression in naive animals [18].

Altogether, our findings suggest that, in  both white and brown adi-

pose tissues, autocrine activity of the apelinergic signaling system

may be disrupted during obesity and insulin-resistance conditions.

In accordance with this hypothesis, a  study has shown that  the

body fat mass increases in  APKO mice (mice with generalized

deficiency of apelin signaling) reinforcing the concept that this

signaling system controls fat mass development [47]. A  reduced

hepatic expression of the APL/APJ dyad was found in obese and

insulin-resistance female mice in the present study. In human, a

marked activation of  the APL/APJ system was  described in sev-

eral liver diseases such as  biliary atresia [9] or cirrhosis [46], as

well as, during angiogenic and fibroproliferative responses occur-

ring in  chronic liver pathologies [30]. Thus, we can postulate that

in HF female mice, the reduced activity of the autocrine ape-

linergic signaling system may  be a counter regulatory response

to the development of liver alterations induced by HF diet and

during the establishment of obesity and insulin-resistance states.

Finally, similarly to hepatic modulations, a  reduced expression of

the apelinergic system was observed in the kidney of HF female

mice. Accordingly, a  recent study has reported a reduced renal APJ

expression in diabetic mice [12] and has demonstrated that a short

treatment with apelin is able to  retard the progression of diabetic

nephropathy in mouse. Altogether, these data suggest that the renal

APL/APJ system may  be altered by obesity and insulin-resistance

states and thus could be implicated in  the development of  renal

dysfunctions.

In conclusion, we demonstrate in  mouse that the circulating

level of apelin is  not influenced by the sex of animals and by

the day of the estrous cycle in females. In obese and insulin-

resistant female mice, the apelinergic system is  altered mainly in

3 tissues: the adipose tissue, the liver and the kidney. As it has

been suggested that pharmacologic modulations of the autocrine

APL/APJ signaling system may  serve as a therapeutic target for

obesity and type 2 diabetes, we propose that such treatment may

particularly target the fat mass, the liver and kidneys and be of

interest in  the treatment of these organs in obese and diabetic

subjects.
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Abstract

Eph receptors and their ephrin ligands play critical roles in the development of the nervous system, however, less is known
about their functions in the adult brain. Here, we investigated the function of ephrinB1, an ephrinB family member that is
mutated in CranioFrontoNasal Syndrome. We show that ephrinB1 deficient mice (EfnB1Y/2) demonstrate spared spatial
learning and memory but exhibit exclusive impairment in non-spatial learning and memory tasks. We established that
ephrinB1 does not control learning and memory through direct modulation of synaptic plasticity in adults, since it is not
expressed in the adult brain. Rather we show that the cortex of EfnB1Y/2 mice displayed supernumerary neurons, with a
particular increase in calretinin-positive interneurons. Further, the increased neuron number in EfnB1Y/2 mutants correlated
with shorter dendritic arborization and decreased spine densities of cortical pyramidal neurons. Our findings indicate that
ephrinB1 plays an important role in cortical maturation and that its loss has deleterious consequences on selective cognitive
functions in the adult.
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Introduction

Eph receptor/ephrin signaling is a cell-cell communication

pathway that plays a crucial role in embryonic development [1],

yet, increasing evidence shows a role for Eph/ephrin signaling in

adult physiology [2]. There are two classes of Eph receptors and

ephrins (A and B) and in the adult brain, both classes have been

shown to control synaptic development and plasticity in the

hippocampus [3,4,5,6,7]. To date, the EphB receptors and their

ligands the ephrinBs have been implicated in hippocampal LTP

and in spatial learning paradigms. For example, double and triple

mutant mice lacking EphB1, EphB2, and EphB3 showed

significant deficits in dendritic spine formation and clustering of

AMPA and NMDA receptors [8]. EphrinB3 mutant mice have

impairments in hippocampal mossy fibre LTP and in hippocam-

pal-based learning tasks [9], while ephrinB2 conditional knockout

mice showed severe deficits in both LTP and in long-term

depression [10,11].

EphrinB1, which is the third member of the ephrinB family is

expressed predominantly in apical progenitors in the developing

cortex [12] where it has been shown to control the switch between

progenitor maintenance and neuronal differentiation by regulating

levels of miR-124, a pro-neuronal miRNA [13,14]. More recently

we showed that ephrinB1 is required in cortical progenitors to

maintain their apical adhesion thereby ensuring the structural

integrity of the developing cortex [15]. Interestingly, ephrinB1 is

encoded by EfnB1, an X-linked gene associated with the human

CranioFrontoNasal Syndrome (CFNS) [16,17]. This syndrome is

characterized by severe hypertelorism, frontonasal dysplasia,

craniosynostosis and developmental delays [18,19]. In contrast

to ephrinB2 and ephrinB3, very little is known for the role of

ephrinB1 in the adult brain. Previous work in cell culture has

shown that ephrinB1 increases the number of dendritic spines on

hippocampal rat neurons [20], regulates EphB-dependent presyn-

aptic development on cortical rat neurons [21], and undergoes

time-dependent up-regulation in lesion induced plasticity in the

adult mouse hippocampus [22]. Collectively these findings suggest

that ephrinB1 plays a role in synaptic development and plasticity,

yet the role of ephrinB1 in cognitive function remains unknown.

Here we show that EfnB1 deficient mice (EfnB1Y/2) display

normal learning and memory in spatial learning paradigms. No

deficits in locomotion or anxiety were detected in EfnB1Y/2mice;

however, they exhibited a specific impairment in non-spatial

learning and memory tasks. Given that we observed no

impairment in spatial learning, which strongly implicates the

hippocampus (reviewed in [23,24]) and rather observed learning

impairments that are strongly associated with cortical functioning

[25,26,27,28], emphasis was placed on analyzing the cortex,

specifically the perirhinal cortex, in these mutants. Surprisingly, we

established that ephrinB1 does not control learning and memory

through modulation of synaptic plasticity in adults, since it is not

expressed in the adult brain. Further scrutiny of the adult cortex of

EfnB1Y/2 mice showed supernumerary neurons, with increased

interneuron number, and decreased dendritic complexity in

cortical pyramidal neurons as compared to wild-type (EfnB1Y/+)

littermates. Altogether, our findings indicate that the absence of

ephrinB1 results in increased neuron numbers with changes in
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dendritic morphology in the postnatal cortex that correlate with a

selective learning and memory deficit.

Materials and Methods

Animals
Wild-type (WT : EfnB1Y/+), and mutant EfnB1Y/2 male mice

where generated as described [29] and kept in a mixed 129S4/

C57BL/6J genetic background Heterozygote females were crossed

with EfnB1Y/+ or EfnB1Y/2 males to generate all genotypes. All

animal procedures were approved by the Midi-Pyrénées Animal

Experimentation Ethics Committee (MP/07/21/04/11).

Behavioural Testing
All experiments were performed during the light phase. Three-

to 4-month old mice (n = 12 per genotype) were familiarized to the

experimenter and mice were subject to two behavioral tasks; one

non-stressing test (object recognition or object location) and one

aversive task (Morris water maze, passive avoidance or fear

conditioning). The order of experiments was pseudo randomized

to avoid any influence of test order. Locomotor activity was

analyzed during the 10 min familiarization phase of the object

recognition or object location tasks. Anxiety was evaluated based

on percent time spent in the open arms of the elevated plus maze.

Morris water maze. Spatial memory testing was conducted

as described [30,31]. Briefly, mice were introduced to a circular

pool (110 cm in diameter) filled with water made opaque. Subjects

were trained to locate the hidden platform, which was submerged

0.5 cm below the water. One mass-training procedure was

performed to unambiguously separate acquisition from consolida-

tion processes. With this massed procedure, we have the same

hippocampal involvement during acquisition and consolidation as

found in the distributed procedure [32,33]. The procedure

included one training session composed of 4 blocks, each

consisting of three consecutive trials. The phase between

consecutive blocks was 15 to 20 min long, during which the

mouse was returned to its home cage. Twenty-four hours post

acquisition, memory was assessed during a single one minute

probe test in the absence of the platform.

Object recognition. The procedure consisted of three

different phases as described [34]. Briefly, a familiarization phase

in which each mouse was placed in the empty square open-field for

10 min. A sample phase, 24 h later, in which two identical

metallic objects were placed in the middle of the open-field. A test

phase, 24 h later whereby mice were reintroduced into the arena

and exposed to two objects, a familiar object and a novel object, to

test recognition memory. The percent time spent exploring the

novel object was calculated as a preference index to measure novel

object recognition Performance in this non-spatial task, in contrast

to the object location task, is not affected by hippocampal lesions

[35,36] unless conducted in a complex spatial environment [36].

To avoid this bias, we used the original procedure described by

Ennaceur and Delacour [35], which we have previously demon-

strated does not require an intact hippocampus [37].

Object location. The same open-field with the same

environment was used as that of the object recognition task. A

similar procedure was employed except that one of the two

identical objects was moved to a novel location [34]. The percent

time spent exploring the displaced object was calculated as a

preference index to measure spatial memory.

Fear conditioning. Mice were placed in the fear-condition-

ing apparatus chamber for 5 min and 30 sec. After a 2-min

exploration period, a sound (CS) was emitted for 30 sec and a foot-

shock of 0.7 mA (US) was superposed to the tone during the last

2 sec. After 2 min, the paired CS-US was repeated. Twenty four

hours after conditioning, context-dependent freezing rate was

measured in the conditioning chamber for 4 min. Three hours

later, context-independent (tone dependent) freezing rate was

measured. Specifically, mice were placed in a modified context;

2 min after their introduction in the modified chamber, mice

received a 2-min tone presentation. Freezing rates to CS or US

were calculated for EfnB1Y/+ and EfnB1Y/2 mice as described [38].

Passive avoidance. The apparatus consisted of a rectangular

box divided into an illuminated safe compartment and a dark

shock compartment. Subjects were individually placed into the

illuminated compartment and when subjects entered completely

inside the dark box, a foot shock (280 mA for 2 sec) was

administered. Subsequently, the mouse was placed in its home

cage. Retention was measured 24 h later by placing the mouse in

the light compartment and measuring the latency to enter the dark

box.

Brain Sample Preparations
Four to five month old EfnB1Y/+ and EfnB1Y/2 mice month old

mice, following behavioural testing, were anesthetized with an

injection cocktail of 3:3:1 ketamine (100 mg/ml)/xylazine

(20 mg/ml)/acepromazine (10 mg/ml) at a dose of 0.01 ml

injection cocktail/g body weight and intra-cardially perfused with

0.9% saline followed by 4% formaldehyde in phosphate buffered

saline (PBS). The dissected brains post-fixed in 4% PFA at 4uC. All
sample brains were removed from PFA and either equilibrated in

70% ethanol and embedded in paraffin or equilibrated in sucrose

and embedded in OCT blocks for cryostat sectioning. Alterna-

tively, EfnB1Y/+ and EfnB1Y/2 mice, at specified ages were

sacrificed by cervical dislocation and quickly weighed. The brains

were removed, weighed and harvested in RNA LaterH (Ambion)

until use. Coronal sections (7 mM) were obtained and placed on

Superfrost microscope slides (Fisher Scientific) and stored at room

temperature until use.

Cresyl Violet Staining
Multiple serial sections were Nissl-stained to provide a

qualitative view of the cortical and hippocampal structures. The

slides were immersed in 25uC cresyl violet for 10 min, washed

vigorously in rapid exchanges of distilled water to remove the

excess cresyl violet, dehydrated in graded ethanol, cleared in

xylenes, and coverslipped. Images were acquired using a Nikon

Eclipse 80i.

Immunohistochemistry
Sections used for immunohistochemistry were blocked in 3%

goat serum in PBS. Primary antibodies were against ephrin-B1

(1:50, R&D Systems), NPY (1:5000, Sigma Aldrich), PV (1:5000,

Swant), Calretinin (1:5000, Swant), NeuN (1:600, Millipore).

Primary antibodies were visualized by secondary antibodies

conjugated with Alexa (1:300, Jackson Immunoresearch), followed

by nuclear counterstaining with Draq5 (Vector Labs) for

quantification of total cell number. Images were acquired using

a Confocal LEICA SP2 or LEICA SP5.

Neuronal Cell Counts
The mouse brain atlas was used to identify different regions of

the cortex, hippocampus, amydgala and striatum. Serial coronal

sections (7 mm) were obtained. NeuN staining was performed on

every 20th mm -section from postnatal and adult brains (n = 3/

genotype/age). For quantification of cells, images were taken with

a 406 objective using a confocal microscope (Leica SP2 or SP5).

Role of EphrinB1 in the Postnatal Cortex
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Cell counts included all fully visible cells within the 100 mm2

counting frame using the cell counter plugin for ImageJ. For each

cortical area the number of NeuN+ cells was quantified in 3-

nonoverlapping 100 mm2 counting boxes starting at the pial

surface. Emphasis was placed on sections containing perihinal

cortex. For the hippocampal CA1 and CA3 a 100 mm2 counting

box was placed over each region and NeuN-positive cells were

counted manually using the cell counter plug-in from ImageJ. For

the amygda two non-overlapping 100 mm2 counting boxes were

placed in the amygdala region at the level of 2.34 mm to 1.62 mm

posterior to the interaural plane. For the striatum, four coronal

sections at the level of 3.94 mm posterior to the interaural plane

were analyzed. Three non-overlapping 100 mm2 counting frames

were placed vertically starting at the corpus callosum. Interneuron

staining was performed on every 10th section between the

interaural planes 3.10 mm to 1.10 mm (n=6/genotype). A

100 mm2 counting box was placed across three different counting

regions of interest in the frontal, somatosensory or perirhinal

cortices. Triplicate cell counts were performed in each region.

Furthermore, the cortical thickness was measured as the shortest

distance between the grey/white matter boundary and pial

surface. Triplicate measurements were performed on 10 sections

per sample; n= 3 per genotype.

Golgi Cox Impregnation
Brain tissues were removed and processed by Golgi-Cox

staining, using procedures described previously [39]. Briefly,

brains were first stored in the dark for 14 days in Golgi-Cox

solution followed by 3 days in 30% sucrose. The brains were

sectioned 200-mm thick on the coronal plane using a vibratome.

Sections were collected on cleaned, gelatin-coated slides and

stained in ammonium hydroxide for 30 min, followed by Kodak

Fix for film for another 30 min and finally were washed with

water, dehydrated, cleared and mounted using Permount (Fischer

Scientific). Slides were coverslipped and allowed to dry before

quantitative analysis. Several pyramidal neurons impregnated with

the Golgi solution were readily identified in the cortex by their

characteristic triangular soma shape and numerous dendritic

spines. Four to five neurons per animal were reconstructed by

ImageJ software. For spine quantification, a 1006 oil-immersion

objective was used to identify spines in dendrites longer than

10 mm. Quantification of the number of primary dendrites

(defined as dendrites longer than 21 mm emanating directly from

the soma) and total dendrites (defined as the amount of all

dendritic branches) was done on images acquired with 256
objective, in which a circle was drawn around the cell body and

the number of dendrites crossing each circle (primary dendrites)

and the total branches were manually counted. Quantitative

analysis for spines was performed using NeuronStudio and ImageJ

in images acquired with 1006objective. The dendritic branching

patterns were analyzed using Sholl’s method of regularly spaced

concentric circles centred on the neuronal soma [40]. The number

of dendritic intersections crossing each 20 mm-radius circle

progressively more distal from the soma was counted. For each

of these parameters, an average was calculated for each animal.

Means for the EfnB1Y/+ and EfnB1Y/2 groups were then obtained

from these individual values. Spine densities were calculated as

mean numbers of spines per micrometer per dendrite per neuron

in individual mice per group.

Quantitative RT-PCR
RNA from embryonic and adult cortices was harvested in RNA

LaterH (Ambion) and total RNA was extracted using TrizolH
(Invitrogen) according to the manufacturer’s instructions. Messen-

ger RNA expression was measured by qRT-PCR using a Bio-Rad

thermo-cycler. Reverse transcription (RT) was perfomed using

SuperscriptH III (Invitrogen) with 1 mg of total RNA per reaction.

For the qRT-PCR reaction the resultant cDNA was diluted

1:1000. Each RT step was performed in duplicate and the qRT-

PCR in triplicate for each RT reaction. RT-PCR was performed

using SYBR Green JumpStartTM (Sigma-Aldrich). Relative

values were calculated by the 2-DdCT method. Values were

normalized to b-Actin or GAPDH mRNA levels. Results in adult

tissues are standardized to EfnB1 expression values at E16.5.

Primer sequences were as follows:

EfnB1F:TGAAGGTTGGGCAAGATCC, R:GGTTCA-

CAGTCTCATGCTTGC;

EfnB1F:GACAAGCTGGACATCATCTGC,

R:GCCGCCCGCTGCTGTGT;

EfnB1F:TTGGCCAAGAACCTGGAG,

R:GCCCTTCCCACTTAGGAACT.

ActinF:TCGACAACGGCTCCGGCAT,

R:AAGGTGTGGTGCCAGATTTTC.

GapdhF:TGAAGGTCGGTGTGAACGGATTTGGC,

R:CATGTAGGCCATGAGGTCCACCAC.

Note that different primer sequences for EfnB1 were used to

confirm expression levels in adult cortices.

Statistical Analysis
Mean, standard deviation and p values were calculated using

Excel software. For behavioural analyses SYSTAT 11.0 statistical

software was used. The results were analyzed using one or two-

way ANOVAs, or a repeated measure ANOVA when appropri-

ate. Post-hoc multiple comparisons were carried out when allowed,

using Tukey’s Honestly Significant Distance (HSD) test. Student t-

test was performed to determine significant differences between

samples. A value of p,0.05 was considered statistically significant.

For dendritic complexity and spine density, the results are

presented as mean 6 S.E.M. Statistical differences were deter-

mined by Student’s t test for two-group comparisons.

Results

Spatial Memory is Unaffected in EfnB1 Mutant Mice
The general behaviour of EfnB1Y/2 mice is comparable to that

of EfnB1Y/+ mice, as we observed no significant differences in the

level of locomotor activity or anxiety between EfnB1Y/2 mice and

control mice (Fig. 1A). Spatial learning and memory competences

of EfnB1Y/2males were assessed using the Morris Water Maze

(MWM). EfnB1Y/+ and EfnB1Y/2 mice performed equally during

the acquisition phase (Fig. 1B) and during the probe test 24 h after

acquisition (Fig. 1C). These findings demonstrate that EfnB1Y/
2mice showed no deficits in spatial learning and memory as

determined by the MWM.

To validate the notion that loss of ephrinB1 does not influence

spatial memory, EfnB1Y/+ and EfnB1Y/2 male mice were further

assessed in the object location task. During the retention phase,

both EfnB1Y/+ and EfnB1Y/2 mice spent significantly more time

exploring the displaced object, showing a preference index

significantly different from chance level (50%; Fig. 1D). Therefore,
our findings indicate that spatial learning and memory, which are

hippocampus-dependent, were normal in absence of ephrinB1.

Non-spatial Memory Deficits in EfnB1 Mutant Mice
We next studied non-spatial learning and memory competencies

in EfnB1Y/2mice. In the object recognition test, mutant and

control males spent an equal amount of time exploring the two

identical objects during the training phase (data not shown).

Role of EphrinB1 in the Postnatal Cortex
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During the retention test EfnB1Y/+ mice spent significantly more

time exploring the novel object as opposed to the familiar one, so

that the preference index was significantly different from chance

level (50%). In contrast, the preference index for EfnB1Y/2 mice

was not different from chance level indicating that these animals

were not able to recognize the novel object (Fig. 2A). These results
suggest that EfnB1Y/2 mice exhibited a non-spatial memory

deficit. To further explore non-spatial learning and memory in

EfnB1 mutants, the subjects were examined in the passive

avoidance and fear conditioning paradigms. In the passive

avoidance paradigm, EfnB1Y/2 mice exhibited shorter latencies

to enter the dark chamber during the retention test than did the

corresponding EfnB1Y/+ controls (Fig. 2B) therefore indicating that
mutant males displayed a significant memory retention deficit in

this aversive task. We further tested these mice in the fear

conditioning paradigm. Interestingly, we found that EfnB1Y/2mice

demonstrate impairments both in contextual and cued condition-

ing tests (Fig. 2C, D), thus the deficit is not specific to

hippocampus-dependent (context) memories [41]. Altogether

these findings indicate that loss of ephrinB1 leads to impairments

in non-spatial learning and memory that preferentially implicate

the cortex.

Behavioural Deficits Indirectly Correlate with EphrinB1
Function
To establish the neuroanatomical basis of the observed

behavioural deficits in EfnB1 mutants, we performed a histological

analysis of adult brains from EfnB1Y/+ and EfnB1Y/2 mice. EfnB1
mutants displayed similar brain:body mass indices compared to

littermate controls (EfnB1Y/+: 0.21160.05, EfnB1Y/20.20860.07).

The gross morphology of EfnB1Y/2brains was normal (Fig. 3A, B);
however, 28% (4/14) mutants demonstrated a slight enlargement

of the ventricles (Fig. 3B). We did not observe agenesis of the

corpus callosum in EfnB1Y/2mice, even though it has been

previously reported by others [42]. This discrepancy is likely due

to the different genetic backgrounds of the mice under study.

The EfnB1Y/2 mice displayed no deficit in any of the spatial

learning paradigms that are known to strongly involve the

hippocampus [23,24]; but rather showed impairment in non-

spatial learning tasks that have been shown to be largely

independent of hippocampal involvement but involve the cortex

[35,36]. To better understand the putative role of ephrinB1 in

non-spatial learning and memory, we performed immunohisto-

chemical staining to establish the expression pattern of ephrinB1 in

the adult brain. Surprisingly, we could not detect ephrinB1 in the

adult WT cortex or in the adult WT hippocampus at the stage

where behavioural studies were performed (Fig. 3). These findings

indicate that the learning and memory deficit observed may be

independent of ephrinB1 expression in the adult brain. To further

assess the spatio-temporal expression pattern of ephrinB1 in the

postnatal brain we performed qRT-PCR and immunohistochem-

ical analyses and found that while ephrinB1 is expressed at P5 in

the cortex, its levels decrease by P10 and it is no longer detected in

the P15–P150 brain (Fig. 3E). Similar to our findings for the

Figure 1. General behaviour and spatial memory are preserved
in EfnB1 mutant mice. A. Locomotor activity and anxiety levels in
EfnB1 mutant (EfnB1Y/2) mice as compared to control (WT) mice. B.
Graph presenting swim path length as a function of individual training
sessions (S1–S4). Throughout the training sessions, EfnB1Y/2 mice
learned equally well to locate the hidden platform and exhibited
decreasing swim distances over blocks of trials (F3,45 = 12.58, p,0.001).
C. Number of annulus crossings during probe tests. All groups of mice

showed similar preference for the target zone where the platform was
located during training sessions as compared to the adjacent (Adj1 and
Adj2) and opposite zones (target vs others, **p,0.01; ***p,0.001). D.
Performances in the object location task are expressed as the group
mean (6 SEM) preference index. The horizontal line represents equal
exploration of the two objects. EfnB1Y/2 and WT mice presented the
same level of reaction to the object displacement (F1,17 = 0.139,
p= 0.714) and spent significantly more time exploring the displaced
object than the non-displaced one (###p,0.001; index vs chance level
(50%)). NS: not significant.
doi:10.1371/journal.pone.0088325.g001
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cortex, we found that ephrinB1 is expressed throughout the

hippocampus in the early postnatal brain and not expressed in the

adult (Fig. 3F, G). Therefore, ephrinB1 expression coincides with

early postnatal brain maturation.

Supernumerary Neurons in the Cortex of Adult EfnB1Y/2

Mutant
Given that ephrinB1 is not expressed in the adult brain we asked

whether the cortex exhibited anomalies at the cellular level that

may correlate with the non-spatial learning and memory deficit.

We performed immunohistochemistry with the pan-neuronal

marker (NeuN) at various postnatal stages and observed that

Figure 2. EfnB1 mutant mice present a deficit in non-spatial memory. A. Performances in the object recognition task are expressed as the
group mean (6 SEM) preference index. The horizontal line represents equal exploration of the two objects. EfnB1Y/2male mice exhibited severe
deficits in this task (F1,14 = 17.890 p,0.001) and were not able to distinguish the new object. B. In the passive avoidance paradigm, EfnB1Y/2 male
mice exhibit decreased memory performance relative to wild-type littermates (F1,15; 6.002 p= 0.027). C. Acquisition curve for the percentage freezing
rate in the fear conditioning task. EfnB1Y/2 mice in the 2 groups showed similar levels of freezing before the presentation of any tones (F3,45 = 0.272
p= 0.845). During the two tone presentation, the freezing performances are not different between the two groups (first tone: (F1,15 = 2.282
p= 0.110;second tone: F1,15 = 1.472 p= 0.244) and subsequent to the first tone presentation, all mice showed increased freezing (F6.90 = 3.781
p= 0.002). Even though lower levels of freezing behaviors were observed in EfnB1Y/2 mice, this difference was not significant (F1,15 = 3.48 p = 0.082).
Solid lines represent tone and arrows indicate the presentation of a foot shock D. 24 h following conditioning, male mutant mice were impaired in
contextual fear conditioning (F1,15 = 13.694 p= 0.002) and in cued fear conditioning (F1,15 = 7.921 p= 0.013). E During the two tests, the dynamic of
the freezing response is not different between the two groups indicating that the deficit in performances reflects more a global decrease in the
quantity of freezing than a deficit in delayed recall (contextual: F3,45 = 1.268 p= 0.297; cued: F3,45 = 0.636 p= 0.596). **P,0.01. NS: not significant.
doi:10.1371/journal.pone.0088325.g002
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Figure 3. EphrinB1 is not expressed in the adult cortex. A, B. Representative coronal section of the brain from wild type (A) and EfnB1 mutant
(B) adult mice showing normal gross morphology of the brain. Both mutant and wild type brains have similar sizes. A slight enlargement of the
ventricles was observed in some of the mutant brains (B, asterisks). C–D’’’. Immunohistochemistry for EphrinB1 at noted postnatal (P) dates in EfnB1Y/+

and EfnB1Y/2 cortices. EphrinB1 is not detected in EfnB1Y/+ adult cortices (C), rather strong, positive signals are observed at P5 (C’’’) and decline by P15
(C’) in EfnB1Y/+ samples. E. Quantitative RT-PCR of P30–150 whole brain (WB) extracts and cortical extracts were analysed for EfnB1 expression and

Role of EphrinB1 in the Postnatal Cortex
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starting at P10, a significantly greater number of NeuN positive

cells were present in the cortex of EfnB1Y/2 compared to EfnB1Y/+

mice (Fig. 4A–C). This difference in neuron number was still

present at p150, where counts were conducted in all cortical

regions; the frontal cortex, the somatosensory 1 cortex (S1), the

somatosensory 2 cortex (S2), and the perirhinal cortex (Phr).

Importantly, this increase in cell number did not correlate with an

increased thickness of the mutant cortex (Fig. 4D). To determine

whether the increase in neuron number was specific to the cortex,

we quantified NeuN positive cells in the striatum, amygdala and

hippocampal CA1 and CA3 regions. We observed no statistical

difference in NeuN positive cells in any of these structures in

EfnB1Y/2 compared to EfnB1Y/+ mice (Fig. 4E). Altogether, these

results indicate that loss of ephrinB1 leads to a postnatal increase

in cortical neuron number.

Increased Interneuron Number in Adult EfnB1Y/2 Mutants
Changes in interneuron numbers have been widely implicated

in a number of cognitive deficits [43], therefore we quantified

cortical interneuron populations including parvalbumin (PV+;
Fig. 5A, B), calretinin (CR+; Fig. 5C, D), and neuropeptide Y

(NPY+; Fig. 5E, F) interneurons in EfnB1Y/+ and EfnB1Y/2

mutants. Counts were conducted in all cortical regions; the frontal

cortex, S1, S2, and Phr of EfnB1Y/+ and EfnB1Y/2 mice.

Importantly, only the proportion of CR+ neurons, specifically in

the S2 cortical region, was significantly increased in absence of

ephrinB1 (Fig. 5G).

Decreased Dendritic Arborisation and Synaptic Density in
EfnB1 Mutants
We next sought to determine whether changes in neuronal

number correlated with modification of synaptic contacts in the

cortex of EfnB1Y/2mice. The dendritic complexity of the layer II/

III pyramidal neurons from three different regions of the mouse

cortex: the frontal cortex, S1, S2, and Phr cortical neurons was

analysed in adult EfnB1Y/+ and EfnB1Y/2 mice (Fig. 6A, B). Sholl

analysis showed a significant difference in the number of

intersections at longer distances from the cell soma (Fig. 6C).

Further, the dendritic branching of neurons from EfnB1Y/2 mice

was less complex than that observed in EfnB1Y/+ animals.

Moreover, the majority of dendritic intersections in the cortex of

EfnB1Y/2 mice were found proximal to the soma, at a distance of

,20–50 mm compared to EfnB1Y/+ (Fig. 6C). Quantitative

morphological analysis of neurons in the cortex of EfnB1Y/+ and

EfnB1Y/2 mice showed that the length of dendritic branches was

significantly reduced in EfnB1Y/2 samples (88 mm612) compared

to EfnB1Y/+ controls (125 mm67) (Fig. 6D). In addition, we

observed varicosities on dendrites from EfnB1Y/2samples (Fig. 6B,

F) that are not seen in EfnB1Y/+ controls (Fig. 6E). Dendritic spines

were then analyzed on the basilar tree of the pyramidal neurons.

The number of morphologically distinct dendritic spines on the

basilar tree of cortical layer II/III pyramidal neurons was

significantly different between EfnB1Y/+ and EfnB1Y/2 samples

(Fig. 6E, F). Long, thin spines were prevalent on dendritic

varicosities of neurons from EfnB1Y/2 mice (Fig. 6F). Analysis of

spine morphology revealed that neurons in EfnB1Y/2 cortices have

a significantly higher number of thin spines and reduced numbers

of mushroom or stubby shaped spines compared to neurons in

EfnB1Y/+ controls (Fig. 6G). Analysis of the total number of spines

along a dendrite showed fewer spines throughout the entire length

of the basal dendrites of neurons from EfnB1Y/2 samples (Fig. 6H).

Discussion

Here we show that loss of ephrinB1 leads to specific cognitive

deficits in adult mice. EfnB1 deficient mice exhibit defects in non-

spatial learning and memory but performed equally to the EfnB1Y/

+ controls in all spatial learning tasks. Strikingly, while mutant

mice were able to detect spatial differences in the object location

task, all subjects showed impairment in the object recognition task.

Mutant mice also displayed a significant memory retention deficit

in the passive avoidance task and in the fear conditioning

paradigm. While ephrinBs were recently implicated in neuropath-

ic pain responses [44], we found no difference in the response of

wild type and EfnB1 mutant mice to the shock in the fear

conditioning experiment, indicating that all subjects were able to

sense pain in these learning paradigms. These findings demon-

strate that the absence of ephrinB1 does not lead to a general

cognitive impairment, but rather to a highly selective deficit. To

the best of our knowledge, this is a type of cognitive phenotype

affecting specifically non-spatial learning and memory has not

been reported to date.

Non-spatial learning and memory employs a number of

different structures including cortical regions such as the

entorhinal and perirhinal cortices, sub-cortical structures such as

the amygdala and striatum, and occasionally the hippocampus

[45,46]. Using a number of different learning paradigms with

distinctive methodologies, we aimed to identify the most probable

brain structure impaired in absence of ephrinB1. For example, the

cortex, amygdala and striatum are involved in passive avoidance

[46] and fear conditioning [27,28,47,48] and so are potential

candidate structures to explain the performance deficit in EfnB1

mutant mice. However, the striatum and amygdala are not

implicated in the object recognition task suggesting that a different

structure may be involved in the behavioural deficits observed in

our mutant mice. The non-spatial learning tasks are not

completely independent of hippocampal functioning as these tests

are conducted in a specific context. It is possible, however, to

reduce hippocampal involvement by reducing the complexity of

the contextual environment [36]. For this reason, we used the

object recognition task with the simplest possible context; the

passive avoidance task was performed with a very small light

chamber in a dark experimental room; and the fear conditioning

task employed two different procedures, one in the same context

and the second in a different context. As we obtained a deficit in

all these procedures, this strongly suggested that the deficit is not

context dependant and therefore is independent of hippocampal

functioning. Given that the EfnB1 mutant mice displayed no

impairment in either of the spatial learning paradigms employed,

which strongly involve the hippocampus, we concluded that the

most likely structure implicated in learning and memory deficit in

EfnB1 mutants is the cortex and we thus focused our neuroan-

atomical analyses on the cortex.

Interestingly, we could not detect ephrinB1 expression in the

adult cortex or hippocampus at the time the behaviour studies

were performed. While an earlier study has shown widespread

diffuse ephrinB1 expression in adult brain in mice [49], we show

here, using the EfnB1 knockout mouse line as a control, that

ephrinB1 is not expressed in the adult cortex or hippocampus.

compared to control embryonic (E) day 16.5 cortical extracts that express EfnB1. n=3/age. F–G’. Immunohistochemistry for ephrinB1 in EfnB1Y/+ and
EfnB1Y/2 hippocampi at P5 and P150. EphrinB1 is not detected in EfnB1Y/+ adult hippocampi (F), but observed in the CA1 region at P5 (F’; inlet).
doi:10.1371/journal.pone.0088325.g003
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Therefore our findings suggest that ephrinB1 does not control

learning and memory through direct modulation of synaptic

transmission or synaptic plasticity, but instead plays a role in

postnatal cortical maturation. Given that ephrinB2 and ephrinB3

have been shown to directly modulate hippocampal synaptic

plasticity and learning and memory [50,51], our findings show

that ephrinB1 impacts learning and memory through a mecha-

nism that is distinct from other ephrinBs. Further analyses of

EfnB1Y/2 adult brain showed a significant increase in the number

of neurons only in the cortex of EfnB1Y/2 mice. The increase in

the number of neurons was traced to a postnatal event since

neuron numbers were not significantly different between wild type

and EfnB1 mutant mice at birth (P0). How loss of ephrinB1 leads

to an increased number of cortical neurons is unknown, yet the

timing of appearance of this phenotype is suggestive of a decrease

in programmed neuronal cell death that normally takes place in

the cortex around P5. A number of studies have shown a potential

role for Eph receptors and ephrins in brain region specific

Figure 4. Changes in cell number in EfnB1 mutant cortices. A, B. Representative images of cortical sections from EfnB1Y/+ (WT; A) and EfnB1Y/2

(B) mice at P150 stained for NeuN. Shown are areas of the frontal cortex. C. Quantification of NeuN stained cells demonstrating an increase in NeuN-
positive cells in P150 EfnB1Y/2 mice, P10 EfnB1Y/2 mice and not at P0 stages. * p,0.05. D. Ratio of cortical thickness in EfnB1Y/2 mice as compared to
controls. E. Quantification of NeuN positive cells in the CA3 and CA1 region of the hippocampus, and in the striatum and amygdala in P150 EfnB1Y/+

and EfnB1Y/2 mice.
doi:10.1371/journal.pone.0088325.g004
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apoptosis (reviewed in [52]). Previous work has linked EphA/

ephrinA signalling to the control of cell number in the developing

brain, via a direct effect on survival of embryonic neural

progenitors [53]. While these studies all show a role for Eph/

ephrin signaling on apoptosis of neural progenitors, this is the first

report to show that a member of the Eph/ephrin family, ephrinB1,

is important to control neuron number in the postnatal cerebral

cortex. Future work is required to understand the role of ephrinB1

in this apoptotic molecular cascade. Interestingly we noted no

difference in cortical thickness from EfnB1Y/+ and EfnB1Y/2

cortices despite changes in cortical neuron numbers. This finding

suggests that neuronal packing may be changed in absence of

ephrinB1.

In correlation with the increased neuronal numbers, we found

aberrant dendritic morphology and arborisation, along with a

significant decrease in spine density on pyramidal cortical neurons

in EfnB1Y/2 cortices. This reduced branching of the neurons from

EfnB1Y/2 mice could explain the maintenance of cortical thickness

in EfnB1Y/2 mice despite changes in cortical neuron numbers.

Whether reduced branching is a consequence of increased neuron

numbers is currently unknown. Neurons from EfnB1Y/2 mice

displayed dendritic varicosities, a peculiarity seen in some cases of

infantile neurobehavioral failure, in addition to a number of

progressive neurodegenerative disorders including Huntington’s

disease frontal lobe dementia and Alzheimer’s disease (reviewed in

[54]). The cause of the varicosities is not well known, yet

varicosities are related to dendritic spine dysgenesis and loss.

Closer scrutiny of dendritic spines revealed a significantly higher

number of thin spines on neurons in EfnB1Y/2 mutants with

reduced mushroom or stubby shaped spines. Spines form a variety

of shapes and sizes that correlate with their synaptic strength,

motility, and structural plasticity [55]. Evidence shows that thin

spines are abundant in the early postnatal brain and undergo

refinement to promote dendritic spine maturation and synapse/

dendrite stability [2,54]. Previous studies have shown that

stimulation of cultured neurons with soluble recombinant

ephrinB1 protein induces dendritic spine formation and matura-

tion [20,56]. These findings suggest a direct role of ephrinB1 in

spine maturation and suggest that the abundance of thin spines in

EfnB1Y/2cortices could be a manifestation for the privation of

postnatal spine maturation in the absence of ephrinB1. An

increase in thin spines has been associated with several hereditary

forms of intellectual disability, and is often observed for many

genes that underlie X-linked intellectual disability [57]. It is thus

possible that the defective architectural structuring of synaptic

connections in EfnB1Y/2cortical pyramidal neurons underlies

cognitive impairment of these mutants. Alternatively, changes in

the number of CR+ cells have been reported in various disorders

[58], and we have observed an alteration of the CR+ interneuron

subtype in the somatosensory cortex of EfnB1 mutant mice. To

date the functional properties of CR+ interneurons have been

primarily studied in the hippocampus where they are responsible

in synchronizing dendritic inhibitory cells [59] to regulate input

information into principal neurons [60]. Why CR+ interneurons

were increased specifically in the S2 cortical region of EfnB1Y/

2mutants and whether this increase contributes to the behavioural

impairment observed in these mice remains unknown. Overall our

findings suggest that in the absence of ephrinB1, postnatal

neuronal cell death does not occur normally, thus leading to

imbalance between neuronal subtypes and to improper matura-

tion of dendritic arbors.

Mutations in EfnB1 are associated with a human syndrome

called CranioFrontoNasal Syndrome (CFNS) [16,17]. CFNS is a

rare X-linked disorder that shows paradoxically greater severity of

craniofacial abnormalities in heterozygous females than in

hemizygous males. This is due to the fact that these abnormalities

are exacerbated by cellular mosaicism due to random X-

Figure 5. Increased interneuron number in adult EfnB1Y/2

mutants. A–F. Representative immunofluorescent images of EfnB1Y/+

(A, C, E) and EfnB1Y/2 (B, D, F) mutant somatosensory S2 cortices stained
for PV (A, B), CR (C, D) and NPY (E, F) The percent of interneuron
numbers per 100 micro(m)m2 is shown for the S2 region of EfnB1Y/+

versus EfnB1Y/2 samples. G.We observed an overall increase in PV+, CR+
and NPY+ neurons in EfnB1Y/2 mutants as compared to EfnB1Y/+ in all
cortical regions studied. A significant increase was detected for CR+
neurons in the EfnB1Y/2 S2 cortical region. * p,0.05.
doi:10.1371/journal.pone.0088325.g005
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Figure 6. Comprised dendritic arbors in ephrinB1 mutant cortical pyramidal cells. A, B. Representative photomicrographs of golgi-cox
impregnated S2 pyramidal neurons from EfnB1Y/+ (A) and EfnB1Y/2 (B) cortices. Note the presence of dendritic varicosities on dendrites from EfnB1Y/2

samples (arrows). C. Sholl analysis of the structure of dendritic arbors. Mean number of dendritic intersections of layer II/III cortical pyramidal neurons
show a significant decrease in the number of intersections in pyramidal neurons from EfnB1Y/2 cortex at longer distances from the cell soma. Note
that majority of dendritic intersections in EfnB1Y/2 cortex were found proximal to the soma, at a distance of,20–50 mm compared to EfnB1Y/+ cortex.
D. Quantitative analysis of dendritic branch length shows a statistically significant decrease in the branch length of pyramidal neurons from EfnB1Y/2

samples compared to controls (EfnB1Y/+= 125 mm67; EfnB1Y/2= 88 mm612; p,0.01). E, F. Higher magnified photomicrographs of EfnB1Y/+ (E) and
EfnB1Y/2 (F) pyramidal neurons in the S2 field. Note the varicosities in dendrites from EfnB1Y/2 samples. G. Quantitative analysis of the number of
morphologically different spines on the basilar tree of cortical layer II/III pyramidal neurons in EfnB1Y/+ and EfnB1Y/2 samples. A significantly higher
number of thin spines are observed on neurons from EfnB1Y/2 mice. H. Analysis of the total density of spines along a dendrite showed fewer spines
throughout the entire length of the basal dendrites. Each dot represents 4–5 neurons per individual. n = 5/genotype. * p,0.05, **p,0.001.
doi:10.1371/journal.pone.0088325.g006
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inactivation in female patients. This peculiar feature of CFNS is

also observed in mice, since heterozygous females present more

penetrant and generally stronger -yet similar- phenotypes than

hemizygous males [61,62]. To date there is only sporadic

information on the cognitive capacity of CFNS male or female

patients; however, our study suggests that this syndrome may share

a number of characteristic features with other neurodevelopmental

disorders. Interestingly, cortical anomalies observed in EfnB1Y/2

mutants also partially resemble those seen in genetic models for

Fragile-X Syndrome, which exhibit a striking inhibitory/excitato-

ry synapse imbalance and disrupted synaptic contacts [63].

Altogether, our findings demonstrate that ephrinB1 is involved

in cortical maturation and in non-spatial learning and memory.
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Résumé Le cerveau, et plus particulièrement l’hypothalamus,
est le centre intégrateur de nombreux signaux d’origines
diverses impliqués dans le contrôle de la satiété et du méta-
bolisme énergétique. Par l’intermédiaire des systèmes endo-
crinien et/ou nerveux, les tissus périphériques (tube digestif,
tissu adipeux parmi les principaux) peuvent alors envoyer des
messages à l’hypothalamus, qui en retour modulera la prise
alimentaire et l’utilisation périphérique du glucose. Ainsi, la
genèse d’un message périphérique aberrant et/ou l’arrivée
d’une information erronée dans l’hypothalamus peuvent par-
ticiper à l’apparition des maladies métaboliques (obésité, dia-
bète de type 2). En plus des troubles périphériques liés à ces
pathologies, il devient d’une importance majeure de traiter ces
« troubles hypothalamiques » en agissant, dans la mesure du
possible, directement sur des cibles hypothalamiques ou au
contraire en ciblant des acteurs moléculaires, cellulaires et
tissulaires périphériques connus pour communiquer avec
l’hypothalamus. Dès lors, le traitement des maladies métabo-
liques passerait par une vision globale de l’organisme via la
communication inter-organes et le système nerveux central
comme centre intégrateur.

Mots clés Hypothalamus · Métabolisme · Obésité ·
Adipokines · Intestin

Abstract The brain, and more particularly the hypothala-
mus, is an integrative center for numerous signals from
various origins implicated in the control of satiety and
energy metabolism. Peripheral tissues (gut, adipose tissue)

are able to send endocrine and/or nervous messages to the
hypothalamus which, in turn controls food intake and peri-
pheral glucose utilization. Then, the generation of an abnor-
mal peripheral message and/or the arrival of aberrant infor-
mation directly in the hypothalamus could be involved in the
settlement of metabolic disorders (obesity and type 2 diabe-
tes). In addition to peripheral disorders related to such disea-
ses, it becomes of crucial importance to address these major
“hypothalamic disorders” by acting, when possible, directly
on hypothalamic targets or instead targeting molecular, cel-
lular and tissue actors known to be in close communication
with the hypothalamus. Therefore, the treatment of metabo-
lic disorders needs a global vision of the body through the
inter-organ communication, and the central nervous system
behaving as an integrative center.

Keywords Hypothalamus · Metabolism · Obesity ·
Adipokines · Intestine

Introduction

La communication inter-organe est essentielle au maintien
du contrôle du métabolisme énergétique. Dans ce dialogue
complexe impliquant les systèmes nerveux et endocrinien,
l’hypothalamus prend une part non-négligeable dans la régu-
lation de l’homéostasie énergétique en jouant le rôle de cen-
tre intégrateur d’informations d’origines diverses. Ainsi,
l’hypothalamus va recevoir des messages de type nerveux,
endocriniens ou métaboliques, et va générer une réponse
adaptée permettant de moduler la prise alimentaire et la
dépense énergétique. Son rôle majeur dans le contrôle de
l’homéostasie énergétique a été démontré par l’utilisation
de modèles animaux présentant des lésions de noyaux hypo-
thalamiques [1,2], ce qui a permis d’identifier l’implication
de différentes régions, à savoir l’hypothalamus ventromé-
dian (VMN), l’hypothalamus dorsomédian (DMN), l’aire
latérale hypothalamique (LHA), le noyau paraventriculaire
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(NPV) et le noyau arqué (ARC). Les projections neuronales
entre ces différentes régions sont nombreuses, augmentant
ainsi les échanges d’informations entre les différentes struc-
tures, mais augmentant également la difficulté de compré-
hension des mécanismes de régulation (Fig. 1). Parmi toutes
les structures hypothalamiques, l’ARC présente l’originalité
d’être localisé au dessus de l’éminence médiane, zone où la
barrière hémato-encéphalique présente des modifications
morpho-fonctionnelles permettant le passage de certaines
molécules informatives telles que les hormones et les méta-
bolites [3]. L’ARC est donc une des premières structures
capables de détecter des variations du taux d’hormones péri-
phériques circulantes. De plus, l’ARC est en connexion avec
le tronc cérébral, ce qui lui donne la possibilité de recevoir
également des informations périphériques via une voie ner-
veuse afférente [4,5].

En ciblant l’ARC, l’ensemble de ces facteurs va moduler
l’activité de neurones orexigènes, le système NPY/AgRP
(Neuropeptide Y/Agouti and Related Peptide) ; et de neuro-
nes anorexigènes, le système POMC/CART (ProOpioMela-
noCortin et Cocaine-and-Amphetamine-Related Transcript),
connu également pour augmenter la dépense énergétique en
activant les récepteurs à la mélanocortine (MC3R et MC4R)
[6]. Ainsi, une dérégulation de ces systèmes au cours du
développement et/ou en réponse à un régime alimentaire ina-

dapté participe à l’apparition de maladies métaboliques. Dès
lors, l’identification des acteurs moléculaires impliqués dans
le contrôle central de l’homéostasie énergétique est d’une
importance cruciale dans la mise en place de nouveaux trai-
tements luttant contre l’obésité ou le diabète de type 2.
L’objectif général de cette revue est de faire un bilan des

acteurs moléculaires impliqués dans des communications
inter-organes mettant en jeu l’hypothalamus dans les condi-
tions physiopathologiques. Ainsi, l’intestin, le tissu adipeux
et certaines hormones métaboliques vont pouvoir moduler
l’activité neuronale hypothalamique.

Obésité/Diabète et axe « intestin-cerveau »

Lors de la prise alimentaire, le glucose est détecté par des
cellules spécialisées, cellules « senseurs » au glucose, loca-
lisées au niveau du pancréas [7] , du tractus digestif [8] et du
cerveau [9]. Lors de la prise alimentaire, les premiers sen-
seurs détectant les variations de glucose sont ceux présents
dans le tube digestif, et plus précisément dans la paroi intes-
tinale et dans la veine hépato-portale [10-12]. Ces senseurs
transmettent alors des messages nerveux et/ou hormonaux
aux autres tissus périphériques (pancréas, muscles,...), mais
également à l’hypothalamus [13]. Chez la souris, l’injection

Fig. 1 Communication inter-organes dans le contrôle du métabolisme énergétique et de la prise alimentaire. L’hypothalamus reçoit

des informations nerveuses et/ou hormonales en provenance de l’intestin (capable de détecter la présence de certains nutriments)

et du tissu adipeux (adipokines). La modification d’activité des neurones à NPY et à POMC résultant de la sommation de ces informa-

tions aboutie à une modification du comportement alimentaire et à une modification de l’utilisation périphérique du glucose. Au cours

de l’obésité, des perturbations de détection de nutriments dans l’intestin et de la sécrétion des adipokines aboutissent à une réponse ina-

daptée de l’hypothalamus, augmentant la prise alimentaire et provoquant une insulino-résistance périphérique
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intragastrique (ig) de glucose, à une dose stimulant spécifi-
quement ces senseurs entériques (sans modifier la glycémie
périphérie et donc sans stimuler les autres senseurs), génère
un message nerveux afférent se traduisant par une augmen-
tation de l’expression de c-Fos (marqueur d’activité neuro-
nale) dans le tronc cérébral, et une diminution de ce même
marqueur dans l’ARC, le VMN et le DMN [13]. La modifi-
cation d’activité neuronale mesurée dans l’hypothalamus
correspond à un ciblage des neurones à NPY à la base de
la création d’un message nerveux efférent permettant d’aug-
menter l’utilisation du glucose au niveau musculaire [13].
Chez la souris en régime hyperlipidique, cet axe intestin-
cerveau-périphérie est fortement perturbé. En effet, le même
type d’injection ig de glucose ne modifie ni l’expression de
c-Fos dans le cerveau, ni l’utilisation du glucose en périphé-
rie suggérant ainsi que 1) les senseurs entériques détectent
mal le glucose et/ou envoient un message erroné au cerveau,
et 2) une altération des systèmes de détection entérique au
glucose participe à la mise en place de l’obésité (modifica-
tion de l’activité des neurones à NPY) et du diabète de type 2
(insulino-résistance). Cette dernière hypothèse est renforcée
par le travail de Duparc et al [14] qui montre, dans un
modèle de souris obèses/diabétiques génétiquement modi-
fiées (db/db), l’absence d’augmentation de libération hypo-
thalamique de monoxyde d’azote (NO) en réponse à une
injection ig de glucose comparée aux souris contrôles [14].
Le NO étant un acteur moléculaire hypothalamique contrô-
lant l’utilisation périphérique de glucose [15], une altération
des systèmes de détection entérique au glucose pourrait par-
ticiper à l’apparition de troubles métaboliques. Des données
de la littérature suggèrent actuellement qu’une inflammation
intestinale, liée à un régime nutritionnel inadapté [13] ou liée
à une modification génétique [14], serait à l’origine des per-
turbations de l’axe intestin-cerveau.
L’implication de cet axe intestin-cerveau-périphérie est

clairement démontré au cours de la chirurgie bariatrique,
notamment lors du gastric bypass, permettant une perte de
poids pouvant atteindre 50 % du poids initial. Dans ce type
de chirurgie, l’ensemble des mécanismes nerveux et endo-
criniens, qui étaient perturbés chez l’individu obèse/diabé-
tique, sont à nouveau “remaniés” afin de permettre une
réponse améliorée de l’axe intestin-cerveau en agissant
aussi bien sur les hormones gastro-intestinales que sur les
voies nerveuses afférentes [16]. Les conséquences de cette
chirurgie bariatrique sur le tronc cérébral et l’hypothalamus
ont largement été décrites dans différents modèles expéri-
mentaux, et le ciblage indirect de ces régions du système
nerveux aboutit à une diminution de la prise alimentaire et
de la prise de poids. Récemment, Breen et al [17] ont mon-
tré que la détection des nutriments au niveau intestinal, via
un relais central, jouait un rôle clé dans l’amélioration de
l’homéostasie glucidique chez le rat opéré d’un « gastric
bypass ».

Enfin, certains chercheurs tentent de faire le lien entre les
modifications de la flore intestinale observées au cours du
diabète et de l’obésité, et des modifications potentielles de
l’activité hypothalamique (prise alimentaire, dépense éner-
gétique) [18].

Obésité/Diabète et axe « tissu adipeux-
cerveau »

Le tissu adipeux est capable de sécréter de nombreux fac-
teurs appelés adipokines connus pour être impliqués dans
le contrôle du métabolisme énergétique, et dont la sécrétion
est fortement perturbée lors des maladies métaboliques
[19,20]. Leurs interactions avec les tissus périphériques
(muscles, pancréas, foie,...) et le cerveau sont extrêmement
nombreuses [21]. Récemment, en plus de la leptine, l’adipo-
kine la plus étudiée dans le contrôle central de l’obésité et
des maladies métaboliques, notre groupe a été le premier à
identifier le rôle de l’apeline dans le maintien de l’homéo-
stasie glucidique [22].

Leptine

Les effets hypothalamiques de la leptine sont largement
décrits dans la littérature à savoir inhibition de la prise ali-
mentaire, diminution de la prise de poids et de la glycémie,
stimulation de la thermogenèse et de l’oxydation des acides
gras [23]. En agissant sur son récepteur fortement exprimé
dans l’hypothalamus [23], la leptine peut ainsi inhiber l’ac-
tivité des neurones à NPY [24,25] et stimuler celle des neu-
rones à POMC [24]. La délétion génique du récepteur à la
leptine dans l’hypothalamus [26] ou spécifiquement dans les
neurones à POMC chez la souris [27] aboutit à l’apparition
d’un phénotype obèse. De plus, il est clairement établi que
l’obésité provoque une résistance centrale à la leptine. Cette
résistance pourrait être liée à une diminution du transport à la
leptine dans le cerveau et/ou une altération de la transduction
du signal de la leptine [28].

Apeline

Parmi les adipokines potentiellement impliquées dans le
contrôle du métabolisme glucidique, notre groupe s’inté-
resse au rôle de l’apeline, découverte en 1998 [29], et iden-
tifiée par notre équipe comme adipokine en 2005 [30].
L’apeline est synthétisée sous la forme d’un précurseur de
77 acides aminés qui va ensuite être clivé en un peptide de
55 acides aminés, lequel pourra donner à son tour des pepti-
des de différentes tailles (l’apeline 13 pyroglutaminée étant
la forme la plus active). L’ARNm du gène codant l’apeline
est exprimé dans de nombreux tissus périphériques comme
le tissu adipeux, les poumons, le cœur et les gonades, mais
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également au niveau central. En périphérie, l’apeline pos-
sède un effet inotrope positif sur le système cardiovasculaire,
une action sur l’homéostasie des fluides corporels et est
capable de stimuler la prolifération cellulaire [31]. Au niveau
central, et plus précisément au niveau de l’hypothalamus,
l’apeline a 1) des effets controversés sur la prise alimentaire,
effets semblant dépendre du modèle animal et des doses
perfusées [32-34], et 2) une puissante action diurétique via
l’inhibition de la libération de vasopressine [35]. L’apeline
est le ligand endogène du récepteur orphelin APJ, récepteur
à 7 domaines transmembranaires couplé à une protéine de
type Gi/Go, dont l’activation conduit à une réponse cellu-
laire impliquant de nombreuses voies de signalisation. Ce
récepteur est exprimé dans presque tout l’organisme, mais
de façon plus marquée dans l’hypothalamus, le cœur, les
poumons et le tissu adipeux [36]. L’apeline a donc la parti-
cularité d’être une des rares adipokines ayant également un
rôle de neurotransmetteur : il a été mis en évidence l’exis-
tence de neurones apelinergiques au niveau de l’hypothala-
mus, du noyau supra-optique et du noyau caudé [37].
Notre groupe a récemment montré que l’apeline, injectée

en périphérie par voie intraveineuse (iv), avait des effets
bénéfiques chez des souris normales mais également chez
des souris rendues obèses et diabétiques suite à un régime
hyperlipidique [22]. En effet, une injection iv d’apeline pro-
voque une diminution de la glycémie, une amélioration de la
tolérance au glucose et de la sensibilité à l’insuline [22,38],
ainsi qu’une augmentation de l’utilisation du glucose par les
muscles et le tissu adipeux blanc [22]. De plus, l’apeline est
capable d’augmenter l’absorption du glucose au niveau
intestinal [39]. Concernant ses effets dans le système ner-
veux, notre groupe a démontré que l’injection intracérébro-
ventriculaire (icv) d’apeline a des effets différentiels en fonc-
tion du statut nutritionnel et de la dose injectée. Ainsi, de
faibles doses d’apeline injectées en icv, doses similaires à
celles retrouvées chez la souris normale, améliorent la tolé-
rance au glucose et à l’insuline chez la souris normale en
condition nourrie [40]. A l’inverse, de fortes doses d’apeline
injectées en icv, similaires à celles retrouvées dans l’hypo-
thalamus de souris obèses/diabétiques [41], provoquent une
insulino-résistance périphérique chez la souris normale à
jeun [40]. Ces résultats suggèrent que 1) l’action directe de
l’apeline sur les neurones hypothalamiques est totalement
différente en fonction de l’état diabétique du modèle étudié,
et 2) l’apeline par son action centrale participe à la mise en
place de l’obésité et du diabète de type 2. Contrairement au
phénomène de résistance à la leptine observé au cours de
l’obésité, l’action de l’apeline dans le système nerveux cen-
tral est conservée, puisque l’injection icv chez la souris
obèse augmente la glycémie à jeun, amplifiant l’hyperglycé-
mie à jeun caractéristique d’un diabète de type 2 [40]. Une
partie des effets hypothalamiques de l’apeline pourrait pas-
ser par une action sur les neurones à POMC, qui exprime le

récepteur APJ, et dont la stimulation par l’apeline génère une
libération d’alpha-MSH [41]. Les effets centraux de l’ape-
line sur le contrôle des fonctions périphériques impliquent
également le système nerveux autonome [42].

Conclusion

Ainsi, un régime alimentaire inadapté génère l’apparition
d’un message périphérique aberrant (nerveux, hormonal) pou-
vant avoir une origine adipocytaire et/ou intestinale. En plus
des modifications périphériques largement décrites dans la
littérature, ces messages erronés peuvent moduler l’activité
du système nerveux central, et plus précisément l’hypothala-
mus, ce dernier étant l’élément intégrateur final contrôlant la
prise alimentaire et l’utilisation périphérique du glucose.
Ainsi, cibler les actions moléculaires hypothalamiques de
messages périphériques pourrait être à la base de futures
approches thérapeutiques pour les maladies métaboliques.
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