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Endospanin1 affects oppositely body weight
regulation and glucose homeostasis by
differentially regulating central leptin signaling
Virginie Vauthier 1,7, Clara Roujeau 1,7, Patty Chen 1, Chamsy Sarkis 2, Stéphanie Migrenne 3, Toru Hosoi 4,
Koichiro Ozawa 4, Yves Rouillé 5, Marc Foretz 1, Jacques Mallet 2, Jean-Marie Launay 6, Christophe Magnan 3,
Ralf Jockers 1, Julie Dam 1,*
ABSTRACT

The hypothalamic arcuate nucleus (ARC) is a major integration center for energy and glucose homeostasis that responds to leptin. Resistance to
leptin in the ARC is an important component of the development of obesity and type 2 diabetes. Recently, we showed that Endospanin1 (Endo1) is
a negative regulator of the leptin receptor (OBR) that interacts with OBR and retains the receptor inside the cell, leading to a decreased activation
of the anorectic STAT3 pathway. Endo1 is up-regulated in the ARC of high fat diet (HFD)-fed mice, and its silencing in the ARC of lean and obese
mice prevents and reverses the development of obesity.
Objective: Herein we investigated whether decreased Endo1 expression in the hypothalamic ARC, associated with reduced obesity, could also
ameliorate glucose homeostasis accordingly.
Methods: We studied glucose homeostasis in lean or obese mice silenced for Endo1 in the ARC via stereotactic injection of shRNA-expressing
lentiviral vectors.
Results: We observed that despite being leaner, Endo1-silenced mice showed impaired glucose homeostasis on HFD. Mechanistically, we show
that Endo1 interacts with p85, the regulatory subunit of PI3K, and mediates leptin-induced PI3K activation.
Conclusions: Our results thus define Endo1 as an important hypothalamic integrator of leptin signaling, and its silencing differentially regulates
the OBR-dependent functions.

� 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The central nervous system integrates neural, hormonal, and nutrient-
related signals into outcomes that correctly maintain energy- and
glucose-homeostasis. Afferent hormonal signals from the periphery,
such as the adipokine leptin, mediate information regarding the body
energy status to the brain in order to control food intake, energy
expenditure, fat mass, and glucose homeostasis. Dysfunction along a
metabolic neuronal pathway can trigger the development of obesity
and type 2 diabetes (T2D).
Leptin is mainly secreted by the adipose tissue and circulates to the
brain to activate the long signaling-competent isoform of the leptin
receptor (OBR) in the feeding centers of the hypothalamus, particularly
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the arcuate nucleus (ARC). Deficiencies of leptin (ob/ob mice) or the
leptin receptor (db/db mice, fa/fa rats) trigger morbid obesity and T2D
in both rodents and humans due to uncontrolled food intake,
decreased energy expenditure, and insulin resistance [1,2]. Leptin-
deficient mice and humans can be successfully treated with leptin
leading to correction of metabolic abnormalities including T2D [3].
However, most obese people, in proportion to their fat mass, often
exhibit elevated circulating leptin levels, to which they are not
responsive. This lack of responsiveness is likely a consequence
of desensitization to leptin, a phenomenon referred to as “leptin
resistance” [4,5]. Several molecular mechanisms have been hypoth-
esized to account for leptin resistance [6], such as endoplasmic
reticulum stress [7], decreased transport of leptin into the mediobasal
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hypothalamus [8], or a defect in OBR trafficking including diminished
exposure of OBR at the neuronal cell surface leading to lower leptin
signaling [9,10]. The amount of OBR at the plasma membrane is
crucial since only a small fraction of OBR (5e20%) is exposed at the
cell surface [11,12], where receptor localization is required to trigger a
signaling response.
Leptin regulation of energy balance, food intake, and energy expen-
diture is mainly mediated by the hypothalamus and implicates the
Janus Kinase 2 (JAK2)/signal transducer and activator of transcription
3 (STAT3) pathway [13,14]. A large body of evidence also supports an
important role of central leptin on glucose homeostasis through the
PI3K/AKT pathway and leptin action on ARC neurons is part of this
regulation [15e17]. The PI3K/AKT pathway is also a crucial mediator
of insulin receptor (IR) signaling, and crosstalk between insulin and
leptin were revealed at this level [18,19].
We had previously shown that Endospanin1 (Endo1), a small four-
transmembrane protein, generated in humans from the same lepr
gene as OBR, but with no amino-acid sequence similarity with the
receptor [20e22], behaves as a negative regulator of OBR function
[9,10,21]. Similar to OBR, Endo1 mRNA was detected in central and
peripheral tissues, suggesting ubiquitous expression [21]. Endo1,
mainly localized in intracellular compartments, interacts with OBR,
retains the receptor inside the cells, and targets it to endosomes for
lysosomal degradation [21]. Increasing the expression of Endo1 in cells
leads to diminished OBR cell surface exposure, while Endo1 silencing
augments the number of OBR at the cell surface, concomitant with
enhanced leptin-induced STAT3 phosphorylation [9,10]. In line with
this, Endo1 silencing in the mouse ARC, where its expression level is
increased in response to high fat diet (HFD), was sufficient to prevent
and reverse the development of obesity in a HFD-Induced Obesity (DIO)
mouse model [9,10]. We therefore defined Endo1 as a valuable
therapeutic target against obesity.
Since decreasing obesity often leads to amelioration of T2D [23,24], in
the present work, we investigated whether silencing Endo1 in the
hypothalamic ARC, associated with reduced body weight (BW), could
also ameliorate glucose homeostasis accordingly. In two different
experimental settings (in which Endo1 is silenced either before or after
DIO challenge), we reveal that the depletion of Endo1 in the ARC
surprisingly worsens glucose homeostasis under conditions of
enriched food. Interestingly, at the cellular level, Endo1 silencing has
differential effects on leptin signal transduction. The absence of Endo1
increases leptin-induced STAT3 phosphorylation, while its presence is
required for leptin-stimulated AKT phosphorylation through its physical
interaction with p85, the regulatory subunit of PI3K.

2. RESULTS

2.1. Endo1 downregulation in the ARC of obese mice after DIO
decreases body weight but impairs glucose homeostasis
Endo1 silencing in the hypothalamic ARC was achieved by stereotactic
bilateral injection of Endo1 shRNA-expressing lentiviral vectors in the
ARC (Supplem Figure S1AeD) of male C57/Bl6 mice with fully
developed obesity and T2D leading to a downregulation of Endo1 in the
ARC (Supplem Figure S1CeD), as previously described [10]. Obese
animals treated with Endo1 (versus control shRNA) were kept on HFD
(Endo1-HFD-HFD vs CTRL-HFD-HFD) or returned to regular chow diet
(CD) conditions (Endo1-HFD-CD vs CTRL-HFD-CD) (Figure 1A).
Diminishing Endo1 levels specifically in the ARC of obese mice, in
combination with CD, clearly facilitates the recovery from DIO, by
allowing leptin to better activate STAT3 phosphorylation in the ARC
(Supplem Figure S2A), and to induce sustained weight loss (Figure 1B)
160 MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. T
with decreased fat mass (Supplem Figure S2B) and food intake
(Supplem Figure S2C; see also [10]).
As expected, mice with continuous HFD (both control (CTRL-HFD-HFD)
and Endo1-silenced (Endo1-HFD-HFD) animals) showed more elevated
fasting blood glucose than control animals switched to CD (CTRL-HFD-
CD) (Figure 1C). Unexpectedly, when switched to CD, Endo1 silencing
in Endo1-HFD-CD mice was incapable of normalizing fasting glycemia,
which was more elevated than in control animals (CTRL-HFD-CD)
(Figure 1C). In line with this, the intraperitoneal (ip) glucose tolerance
test (ip-GTT) revealed higher glucose intolerance in Endo1-silenced
mice compared to controls in both diets (Figure 1DeE). Altogether,
these data reveal that mice silenced for Endo1 in the ARC, despite
eating less and being leaner than control mice, showed altered glucose
homeostasis resulting in increased fasting plasma glucose levels and
glucose intolerance.

2.2. Endo1 downregulation in the ARC of obese mice after DIO
impairs sympathoadrenal activity and leads to decreased glucose-
induced insulin secretion
To investigate the underlying mechanism of the altered glucose ho-
meostasis, insulin secretion was monitored in response to glucose
challenge. CTRL-HFD-CD mice robustly responded to glucose stimu-
lation by increasing insulin secretion upon an ip challenge of glucose
(Figure 2A). As expected, this response was largely diminished in
obese mice kept on HFD (CTRL-HFD-HFD), an experimental condition
known to induce b-cell alteration [25]. However, as opposed to CTRL-
HFD-CD, Endo1-HFD-CD mice exhibited only a weak increase in
plasma insulin at a magnitude similar to mice kept on HFD, suggesting
that Endo1 silencing in the ARC is responsible for altered insulin
secretion (Figure 2A). This is further illustrated by the diminished
amount of insulin released upon glucose injection in Endo1-silenced
mice both on CD and HFD (Figure 2B). While insulin secretion is
impaired, pancreatic insulin levels are not significantly different in all
groups (Figure 2C) suggesting that the disturbance in insulin secretion
does not come from alteration of islets integrity.
The sympathoadrenal system is a well-known regulator of insulin
secretion as exemplified by the direct inhibitory effect of catechol-
amines on insulin release by b-cells [26e28]. Given the impairment of
insulin secretion in Endo1-silenced mice, plasma catecholamines were
quantified. As opposed to CTRL-HFD-CD mice, we observed that
Endo1-HFD-CD mice exhibited higher plasma epinephrine and
norepinephrine levels, suggesting an enhanced sympathoadrenal ac-
tivity (Figure 2DeF). Indeed, glucose-induced inhibition of plasma
epinephrine and norepinephrine was significantly reduced in Endo1-
silenced mice (Figure 2EeG). These data suggest that the dysregu-
lation in sympathoadrenal tone, as reflected by abnormal increase of
plasma catecholamine observed in silenced mice, participates in the
reduction of insulin secretion and altered glucose homeostasis
observed upon Endo1 silencing in the ARC of obese mice.

2.3. Endo1 silencing in the ARC of mice prior to DIO prevents
obesity but impairs glucose homeostasis when mice are challenged
with a HFD
The alteration in glucose homeostasis upon Endo1 silencing in the ARC
could arise from the inability of this treatment to reverse the diabetic
phenotype already installed in obese mice after 3 months on HFD. To
investigate this possibility, we silenced Endo1 in the ARC of naïve and
lean C57Bl/6 mice prior to any HFD treatment by bilateral stereotactic
injection of Endo1 shRNA-expressing lentiviral vectors (Figure 3A). As
expected, mice silenced for Endo1 in the ARC were protected against
the development of obesity after 10 weeks of HFD (Endo1-CD-HFD)
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Endo1 downregulation in the ARC of obese mice after DIO decreases body weight but impairs glucose homeostasis. (A) Experimental Protocol for the “Obesity
reversal experiment”. (B) Body weight of obese mice after stereotactic injection of lentiviral vectors expressing control (CTRL) or Endo1 shRNA in the ARC and kept on HFD (CTRL or
Endo1-HFD-HFD) or switched to CD (CTRL or Endo1-HFD-CD). CTRL-HFD-CD vs Endo1-HFD-CD: *, p < 0.05; **, p < 0.01; ***, p < 0.005. CTRL-HFD-HFD vs Endo1-HFD-HFD: #,
p < 0.05; ##, p < 0.01 (n ¼ 15e20 per group). (C) Fasting blood glucose at week 32. *, p < 0.05; ***, p < 0.005 (n ¼ 15e20 per group). (D) Intraperitoneal Glucose Tolerance
Test (ip-GTT) (2 g/kg). CTRL-HFD-CD vs Endo1-HFD-CD: #, p < 0.05. CTRL-HFD-HFD vs Endo1-HFD-HFD: *, p < 0.05; **, p < 0.01; ***, p < 0.005 (n ¼ 15e20 per group). (E)
Area Under the Curve of (D). *, p < 0.05; **, p < 0.01. Data are presented as means � SEM.
(Figure 3B; see also [9]), with reduced fat mass (Supplem Figure S3A),
lower food intake (Supplem Figure S3B), and better leptin-induced
STAT3 phosphorylation in the ARC (Supplem Figure S3C).
When glucose homeostasis was investigated, we observed that
silencing of Endo1 in lean mice on CD did not trigger obvious glucose
intolerance in ip (Figure 3C) or oral glucose tolerance test (Figure 3F,
MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. This is an op
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Supplem Figure S3D) compared to the controls. Those results suggest
that a low level of Endo1 in the ARC does not have a significant
impact on glucose homeostasis when mice are fed with a CD.
Conversely, Endo1-silenced mice put on HFD (Endo1-CD-HFD), despite
being leaner, exhibited a lower glucose tolerance compared to CTRL-
CD-HFD controls (Figure 3CeG, Supplem Figure S3D). Euglycemic
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 161
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Figure 2: Endo1 downregulation in the ARC of obese mice after DIO impairs sympathoadrenal activity and leads to decreased glucose-induced insulin secretion. (A)
Plasma insulin monitored 20 min after ip glucose injection (2 g/kg). ns, p > 0.05; *, p < 0.05; **, p < 0.01; ****, p < 0.001 (n ¼ 15e20 per group). (B) Glucose-induced insulin
release calculated from (A). **, p < 0.01; ****, p < 0.001. (C) Insulin content from acid/ethanol pancreas extract (n ¼ 8 per group). (D) Plasma norepinephrine monitored 20 min
after ip glucose injection (2 g/kg). **, p < 0.01; ****, p < 0.001 (n ¼ 15e20 per group). (E) Glucose-induced inhibition of norepinephrine calculated from (D). **, p < 0.01. (F)
Plasma epinephrine monitored 20 min after ip glucose injection (2 g/kg). ns, p > 0.05; **, p < 0.01; ****, p < 0.001 (n ¼ 15e20 per group). (G) Glucose-induced inhibition of
epinephrine calculated from (F). *, p < 0.05. Data are presented as means � SEM.

Original Article
hyperinsulinemic clamps of HFD mice were performed to further
assess insulin sensitivity on obesigenic diet. Endo1-CD-HFD mice are
characterized by a significant fall in overall glucose uptake (GUR), a
lower liver glucose production (EndoRa), and an overall decrease in
162 MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. T
insulin sensitivity compared to CTRL-CD-HFD, as suggested by the
lower glucose infusion rate (Figure 3H). Altogether, the data indicate
that Endo1 silencing in the ARC does not have an impact on CD-fed
mice but leads to molecular modifications that worsen the status of
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Endo1 silencing in the ARC of mice prior to DIO prevents obesity but impairs glucose homeostasis on HFD. (A) Experimental Protocol for the “Obesity prevention
experiment”. (B) Body weight after stereotactic injection of lentiviral vectors expressing control (CTRL) or Endo1 shRNA in the ARC and kept on CD (CTRL or Endo1-CD-CD) or
switched to HFD (CTRL or Endo1-CD-HFD). CTRL-CD-HFD vs Endo1-CD-HFD: *, p < 0.05; **, p < 0.01; ***, p < 0.005; ****, p < 0.001. (n ¼ 8 per group). (C) Intraperitoneal
Glucose Tolerance Test (ip-GTT) (2 g/kg). CTRL-CD-HFD vs Endo1-CD-HFD: *, p < 0.05 (n ¼ 15e18 per group). (D) Area Under the Curve (AUC) of (C). ****, p < 0.001. (E)
Intraperitoneal Glucose Tolerance Test (ip-GTT) normalized to fasting blood glucose of HFD mice. *, p < 0.05; ***, p < 0.005 (n ¼ 15e18 per group). (F) Oral Glucose Tolerance
Test (o-GTT) (3 g/kg) (n ¼ 8 per group). (G) Oral Glucose Tolerance Test (o-GTT) normalized to fasting blood glucose of HFD mice. *, p < 0.05; **, p < 0.01 (n ¼ 8 per group). (H)
Glucose utilization rate, endogenous glucose production (EndoRa), and glucose infusion rate required to maintain euglycemia in euglycemic hyperinsulinemic clamp. *, p < 0.05
(n ¼ 4 per group). Data are presented as means � SEM.

MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

163

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
diabetes of silenced mice challenged with a HFD, despite the pre-
vention of obesity.

2.4. Endo1 silencing in the ARC prior to DIO impairs
sympathoadrenal activity and leads to defective glucose-stimulated
insulin secretion and to higher glucagon levels on HFD
Since Endo1 silencing in obese mice after DIO was characterized by
an alteration of insulin secretion, this was later investigated in
response to glucose administration in mice silenced for Endo1 prior to
DIO. Endo1-CD-CD and CTRL-CD-CD mice exhibited analogous insulin
secretion profiles (Figure 4A) along with a similar glucose tolerance,
supporting no obvious alteration in glucose homeostasis of Endo1-
silenced mice on CD. In contrast, on HFD, while CTRL-CD-HFD
exhibited the expected compensatory increase in insulin secretion
in the glucose tolerance test, Endo1-CD-HFD animals exhibited a
strongly diminished insulin response (Figure 4A). This result suggests
a lack of adaptation in insulin secretion of Endo1-CD-HFD in regard to
insulin resistance evidenced in clamp studies, in which an increase in
insulin secretion would have been expected to compensate for insulin
resistance (Figure 3H). Similarly, Endo1-animals on HFD (Endo1-CD-
HFD) were characterized by higher plasma glucagon (Figure 4B).
Analysis of pancreatic content of insulin and glucagon revealed no
significant changes in pancreatic insulin (Figure 4C) and glucagon
levels (Figure 4D) of mice on the same diets.
In agreement with the known inhibitory effect of catecholamines
on insulin secretion [26e29], the time course of glucose-
stimulated insulin release was inversely correlated to plasma
norepinephrine levels (Figure 4E). Norepinephrine levels remained
high in Endo1-CD-HFD mice, paralleling the low insulin release
in response to glucose. Indeed, Endo1-CD-HFD mice are character-
ized by markedly attenuated inhibition of plasma norepinephrine
upon glucose administration (Figure 4F). Here again, alteration of the
sympathoadrenal system could account for the abnormal insulin
and glucagon secretion of Endo1-CD-HFD mice during glucose
administration.
Collectively, our data show that Endo1 silencing in the ARC, before and
after DIO, i) alters norepinephrine release leading to aberrant insulin
and glucagon secretion in response to glucose, and ii) decreases in-
sulin sensitivity promoting a diabetic phenotype, when mice have been
once fed a HFD. The molecular mechanism leading to impaired glucose
homeostasis in Endo1-silenced mice cannot be intuitively explained by
known functions of Endo1.

2.5. Endo1 interacts with p85, the regulatory subunit of PI3K
To understand the molecular mechanism underlying the impact of
Endo1 silencing on glucose metabolism, we determined the inter-
actome of Endo1 with the Ultimate Y2H� yeast-two-hybrid assay
(Hybrigenics). Among the top proteins interacting with Endo1, p85, the
regulatory subunit of the class I phosphoinositide 3-kinase (PI3K), was
assigned with a confidence score as “Good Confidence in the inter-
action.” p85 protein caught our attention as the PI3K pathway has
been shown to be responsible for the effect of leptin on glucose ho-
meostasis in the hypothalamus [16,17,30].
Co-immunoprecipitation experiments in transfected Human Embryonic
Kidney (HEK293) cells confirmed the interaction between Endo1 and
p85 (Figure 5A) and showed that Endo1 and p85 co-immunoprecipitated
along with OBR (Figure 5B), suggesting the formation of a tricomplex.
Furthermore, Endo1 and p85 colocalized in transfected HeLa cells as
revealed by proximity ligation assay (Figure 5C). Importantly, the
interaction between endogenous Endo1 and endogenous p85 was
validated in HEK293 (Figure 5D) and in N46 hypothalamic cells
164 MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. T
(Figure 5E). We further investigated the existence of the protein complex
in mouse tissues and showed that Endo1 interacts with p85 in the
hypothalamus of wild type (WT) mice but not of Endo1 knock-out (KO)
mice as a control (Figure 5F).

Collectively, these results suggest that Endo1, by interacting with p85,
regulates leptin-stimulated PI3K pathway and plays a role in the control
of glucose homeostasis.

2.6. Endo1 silencing increases leptin-induced STAT3 activation but
inhibits PI3K/AKT signaling
Our finding that Endo1 is involved in the PI3K pathway is in line with a
very recent study defining the function of Endo1 in insects. The latter
suggested that Endo1 silencing in Helicoverpa armigera larvae was
correlated with a decrease in the transcript levels of PI3K in larvae and
an increased level of the Forkhead transcription factor FoxO, known to
be regulated by the PI3K signaling pathway [31]. However, unlike in
insects, the absence of Endo1 in mammals does not impact on the
protein levels of p85 (PI3K) or FoxO as investigated in the mouse
hypothalamus, cortex, and brainstem of Endo1 KO mice compared to
WT, and in human HeLa cells silenced for Endo1 (Supplem Figure S4).
On the other hand, considering the crucial role of leptin-regulated PI3K
in glucose homeostasis [16,17], in combination with the altered
glucose homeostasis seen in Endo1-silenced mice, suggested a
defective leptin-mediated PI3K activation. We therefore hypothesized
that the interaction between Endo1 and the regulatory subunit of PI3K,
p85, would be required to convey leptin-mediated activation of PI3K.
To investigate this possibility, we assessed the effect of Endo1
silencing on the phosphorylation of AKT, also known as protein kinase
B (PKB), which is a major downstream target of PI3K. The impact of
Endo1 silencing on leptin signaling was assessed in cellular models,
with siRNA achieving 80% Endo1 silencing at the mRNA (Supplem
Figure S5A) and protein levels (Supplem Figure S5B). Endo1
silencing enhanced leptin-induced STAT3 phosphorylation in a HEK293
cell line stably expressing the signaling-competent long isoform of the
leptin receptor, OBRb, confirming our previous work [9,10] (Figure 6A).
In contrast, Endo1 downregulation inhibited leptin-stimulated AKT
phosphorylation in the same cells (Figure 6B). In line with this, leptin-
mediated AKT phosphorylation was attenuated in a cellular model
where Endo1 expression is totally absent, i.e. primary hepatocytes
from Endo1 KO mice compared to WT primary cells (Supplem
Figure S5C). Importantly, the effect of Endo1 on receptor signaling
seemed to be OBRb-specific since Endo1 silencing in cells did not alter
the ability of insulin or the leukemia inhibitory factor (LIF) to activate the
phosphorylation of AKT (Supplem Figure S6).
Next, we verified the effect of Endo1 silencing on leptin signaling in the
ARC. As previously shown, STAT3 phosphorylation upon leptin injection
was increased in the hypothalamic ARC punches of Endo1-silenced
mice vs controls (Supplem Figures S2A and S3C, see also [9,10]).
However, whereas leptin increased phospho-AKT immunoreactivity in
the ARC of brain sections of control mice as expected, this effect was
abrogated in Endo1-silenced mice (Figure 6C). These results suggest
that i) Endo1 is essential for the leptin-induced activation of the PI3K/
AKT pathway, and ii) Endo1 exerts differential effects on OBR signaling.
Altogether, our data show that, under HFD conditions or when
mice have been challenged with HFD, Endo1 silencing in the hypo-
thalamic ARC triggers a leaner phenotype (see also [9,10]) but elevated
levels of plasma catecholamines, a lower glucose-stimulated insulin
secretion, a higher plasma glucagon, a diminished glucose uptake in
tissues, and an attenuated insulin sensitivity, all ultimately leading to
altered glucose homeostasis. At the molecular level, Endo1 silencing
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Endo1 downregulation in the ARC of mice prior to DIO impairs sympathoadrenal activity and leads to decreased glucose-induced insulin secretion and
higher glucagon release when challenged a HFD. (A) Plasma insulin monitored during oral Glucose Tolerance Test (o-GTT). CTRL-CD-HFD vs Endo1-CD-HFD: **, p < 0.01; ***,
p < 0.005; ****, p < 0.001 (n ¼ 5e8 per group). (B) Plasma glucagon monitored at fasting and 15 min during o-GTT. ***, p < 0.005; ****, p < 0.001 (n ¼ 4 per group). (C) Insulin
content from acid/ethanol pancreas extract (n ¼ 4 per group). (D) Glucagon content from acid/ethanol pancreas extract (n ¼ 4 per group). (E) Plasma norepinephrine monitored
during o-GTT after oral glucose administration. CTRL-CD-HFD vs Endo1-CD-HFD: ****, p < 0.001 (n ¼ 8 per group). (F) Glucose-induced inhibition of norepinephrine calculated
from (E). **, p < 0.01; ***, p < 0.005 (n ¼ 8 per group). Data are presented as means � SEM.
enhances leptin-induced STAT3 signaling, but impairs the activation of
PI3K/AKT in response to leptin.

3. DISCUSSION

In the present study, we designed two experimental protocols to study
the influence of Endo1 downregulation on glucose homeostasis. Endo1
MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. This is an op
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negatively regulates the leptin-induced activation of the JAK2/STAT3
pathway, while, by interacting with p85, Endo1 is required for leptin-
induced activation of the PI3K pathway, demonstrating that Endo1 is an
important integrator of leptin signaling. This central role on leptin
function is further supported by the observation that the down-
regulation of Endo1, which is up-regulated in the ARC upon HFD [10],
is sufficient to prevent [9] and reverse DIO [10] but not T2D.
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Figure 5: Endospanin1 interacts with p85, the regulatory subunit of PI3K. (A) Representative western blot of Endo1 co-immunoprecipitated with p85 in HEK293TSA cells,
transiently expressing p85-YFP and Endo1-Rluc. Cell lysates were submitted to p85 immunoprecipitation with anti-GFP antibody (n ¼ 4). (B) Representative western blot of Endo1
and p85 co-immunoprecipitated with OBR in HEK293TSA cells, transiently expressing OBRb-Ypet, p85 and Endo1-Rluc. Cell lysates were submitted to OBR immunoprecipitation
with anti-GFP antibody (n ¼ 3). (C) Microscopy images of p85/Endo1 interaction by in situ Proximity Ligation Assay (PLA) in HeLa cells transiently expressing p85 alone (top), or p85
and 6Myc-Endo1 (bottom). The nuclei were stained with DAPI. (DeE) Representative western blot of endogenous Endo1 co-immunoprecipitated with endogenous p85 in
HEK293TSA cells (D) or hypothalamic N46 cells (E). Cell lysates were submitted to p85 immunoprecipitation, with anti-p85 antibody, or control IgG for negative control (n ¼ 3e7).
(F) Endo1 is co-immunoprecipitated with p85 from hypothalamus lysates from WT mice but not from Endo1 KO mice.

Original Article
3.1. Endo1 silencing leads to dissociation between obesity and
diabetes
It is commonly accepted that T2D is a consequence of overweight and
obesity and that the majority of T2D are overweight or obese. However,
the obese phenotype is not necessarily linked to and can be separated
from the diabetic phenotype. Indeed, the prevalence of pre-diabetes and
T2D is around 40% in obese patients [23]. The mechanisms underlying
the dissociation between obesity and T2D have been elusive, but
several studies attempted to understand this divergence and proposed a
functional involvement of peripheral tissues such as the adipose tissue
[32,33]. Other studies suggested that BW and glucose metabolism
could be separately controlled via central regulation. s/s mice mutated
for STAT3 docking sites on OBRb, in which leptin was therefore unable
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to activate STAT3, are hyperphagic and obese, similar to OBRb-deficient
db/db mice, but their glucose homeostasis is relatively unaltered
compared to db/db mice [15]. Interestingly, Bates and colleagues also
reported dissociation between leptin-regulated control of energy ho-
meostasis and reproductive functions, which could be discriminated at
the level of JAK2/STAT3 pathway [13]. Furthermore, genetically engi-
neered mice, in which OBRb expression was selectively restored in the
ARC, were found to exhibit only modest effects on food intake and BW,
while they showed markedly improved hyperinsulinemia and normal-
ized blood glucose levels [16]. Inversely, the deletion of both insulin
receptor and OBR from POMC neurons resulted in impaired glucose
tolerance and insulin resistance, despite maintaining normal BW [34].
Our current results on Endo1 corroborate those studies and bring new
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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light on the molecular mechanism. Endo1 silencing in the ARC corrects
obesity (see also [9,10]) but not hyperglycemia or glucose intolerance in
response to HFD.
From a mechanistic point of view, the differential effect of Endo1 on
STAT3 and PI3K/AKT pathways constitutes the molecular basis un-
derlying the dissociation between obesity and diabetes. Interestingly, a
very recent study established a link between Endo1 and PI3K signaling
in insect larvae, suggesting that Endo1 regulation of PI3K may be
conserved during evolution although through different mechanisms
from insects to mammals [31].

3.2. Endo1 regulates differentially leptin receptor signaling
A noteworthy and unexpected finding of the present study is that the
effect of Endo1 on OBR signaling is pathway-specific, defining Endo1
as a mediator of biased OBR signaling. Indeed, Endo1 downregulation
increases STAT3 signaling but abrogates PI3K/AKT signaling promoted
by leptin. Endo1 silencing has been shown to increase OBR cell surface
exposure and leptin-induced JAK2/STAT3 signaling, most likely by
decreasing lysosomal degradation of OBR and increasing its recycling
back to the plasma membrane [9,10,21]. In the present study, despite
the expected increase of OBR cell surface expression, we show that
leptin-induced activation of the PI3K/AKT pathway is largely diminished
in the absence of Endo1. This suggests an additional mechanism of
action of Endo1 on OBR signaling, that is independent from its effect on
the number of OBR exposed at the plasma membrane. The interaction
between Endo1 and p85, the regulatory subunit of PI3K could provide a
physical basis for the specific effect of Endo1 on PI3K activation. The
leptin-induced recruitment of IRS4 on OBRb pY1077 has been shown
to mediate the interaction of p85 on OBRb [35], the latter being
associated with Endo1. In this signaling complex, Endo1, by also
interacting with p85, could be required for the conformational change
within PI3K (p85ep110), alleviating the inhibitory repression mediated
by p85 on p110, the catalytic subunit of PI3K [36]. A similar hypothesis
has been proposed for the endosomal Rab5 effector, which, through its
interaction with p85, is required for insulin-mediated activation of PI3K
[37]. Hence, Endo1 is a regulatory molecule that is not only a trafficking
molecule directing OBR from endosomes to lysosomes but also directly
participates in the regulation of OBR signaling. Proteins such as Endo1
support the importance of accessory molecules in determining re-
ceptor function.

3.3. Endospanin1 silencing in the ARC leads to altered glucose
homeostasis
Previous studies suggested a clear link between central leptin-
mediated PI3K and control of glucose homeostasis [17,19,38].
Restoring OBRb expression in the ARC of OBR-deficient rats increased
insulin sensitivity in a manner dependent on central PI3K signaling
[17]. Herein, we identified multiple outcomes resulting from an alter-
ation of leptin-mediated PI3K pathway associated with an enhanced
activation of STAT3 to the diabetic phenotype following the central
silencing of Endo1.
We gathered strong evidence, suggesting that silencing of Endo1 in the
ARC could lead to a diminished pancreatic capacity to secrete insulin
and to inhibit glucagon release in response to glucose. Excessive
stimulation of sympathoadrenal activity reflected by increased pro-
duction of epinephrine and norepinephrine was shown to lead to the
inhibition of insulin secretion [26,27] and the increase of glucagon
release [39e41]. A similar situation exists in mice silenced for Endo1
in the ARC, in which elevated epinephrine/norepinephrine levels
were elevated. Likewise, the impairment of insulin secretion in
response to glucose in silenced mice could also additively promote
MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. This is an op
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hyperglucagonemia [42]. Multiple studies suggested that hypothalamic
leptin is indeed involved in the inhibitory effect of pancreatic insulin
release [43e46]. In our study, under conditions of Endo1 down-
regulation in the ARC, impairment of the fine tuning between important
leptin-dependent signaling pathways would trigger aberrant regulation
by central leptin of peripheral insulin/glucagon secretion in response to
glucose. Modifications of leptin signaling in the ARC upon Endo1
downregulation disturb the molecular signaling balance at a site crucial
for the homeostatic control resulting in metabolic alterations.
Furthermore, the central action of leptin is known to regulate glucose
metabolism in skeletal muscle, the main tissue taking up circulating
glucose. Indeed, central administration of leptin in wild type animals
increases glucose uptake in peripheral tissues including skeletal
muscle [47,48]. The intracerebroventricular administration of leptin in
lean rats [38] and in obese leptin-deficient (ob/ob) mice [19] improved
glucose metabolism in muscle in a hypothalamic PI3K dependent
manner [38]. More precisely, leptin-mediated hypothalamic activation
of PI3K potentiates muscle insulin sensitivity, promoting glucose up-
take and fatty acid b-oxidation [38,49,50]. The alteration of central
leptin-induced PI3K is foreseen to alter glucose uptake by skeletal
muscle. In line with this, overall insulin sensitivity is impaired in mice
silenced for Endo1 demonstrated by a decrease of glucose utilization
rate and glucose infusion rate as evidenced in clamp studies.

3.4. Importance of Endo1 expression levels
Our results raise the question of whether Endo1 contributes to leptin
resistance. The observed increase of Endo1 in the ARC of HFD fed mice
[10] presumably diminishes OBR at the cell surface and favors its
degradation, thus leading to a decrease in OBR signaling and
contributing to leptin resistance. On the other hand, low levels of Endo1
alter leptin-stimulated PI3K signaling favor development of T2D.
Because of its dual impact on OBR trafficking and signaling, a fine
balance of Endo1 expression in the hypothalamus would be required to
preserve an intact metabolic physiology. Genetic epidemiology should
give answers on the involvement of Endo1 in the development of
diabetes in humans, primarily by looking at Endo1 variants in lean
diabetic individuals where we could expect that Endo1 expression or
function is dramatically diminished.
Endo1 silencing in the ARC does not seem to impact BW or glucose
homeostasis when mice are fed a normal diet. However, decreasing
Endo1 levels in HFD worsens glucose homeostasis, even after having
removed HFD. Since Endo1 is necessary for leptin-mediated PI3K/AKT
signaling, but not STAT3 signaling, this suggests that the increase of
Endo1 expression upon obesigenic diet is foreseen to contribute in
counteracting HFD-mediated deleterious effects on glucose homeo-
stasis, to the detriment of BW regulation. Indeed, the role of Endo1 in
HFD would be protective if improving glucose homeostasis by facili-
tation of the PI3K activation, which could be considered more impor-
tant than abolishing the anorectic action of leptin through the STAT3
pathway. This Endo1-mediated biased signaling is in agreement with
the concept of selective leptin resistance [51].
The importance of Endo1 in the regulation of energy homeostasis in
the ARC raises the question of its specific role in POMC and AgRP
metabolic neurons. The phenotype of Endo1-silenced mice would be
compatible with higher activation of STAT3 in AgRP neurons (lean-
ness, [52]). However, in the latter, an impairment of the leptin-
induced PI3K/AKT activation, subsequent to Endo1 silencing, would
prevent leptin-mediated inhibition of AgRP neurons [53]. In line with
this, we previously observed an unexpected increase of AgRP mRNA
levels in the ARC of Endo1-silenced mice [10]. This suggests that a
change in AgRP is not necessarily correlated with a modulation of food
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Figure 6: Endospanin1 is necessary for leptin-induced PI3K activity. (AeB) Representative western blot of 10 nM leptin-stimulated STAT3 (A) and AKT (B) phosphorylation
following 2 consecutive transfections of HEK293-OBRb with Endo1 or control siRNA for 4 days. Densitometry analysis of (A) and (B) is presented on the right panel. *, p < 0.05; **,
p < 0.01; ***, p < 0.001 (n ¼ 3e5). (C) Representative images showing phospho-AKT (Ser473) immunoreactivity in the ARC of mice 8 weeks after stereotactic injection with CTRL
shRNA or Endo1 shRNA-expressing lentiviral vectors. CTRL-CD-CD or Endo1-CD-CD mice received for 15 min intraperitoneal injections of either vehicle (saline) or leptin (2 mg/kg).
Densitometry analysis is presented on the right panel. Leptin increased the number of phospho-AKT (Ser473)-immunoreactive cells in the ARC, while Endo1 silencing significantly
abrogated this effect. ns, p > 0.05; *, p < 0.05 (n ¼ 3e6). Data are presented as means � SEM.

Original Article
intake, as previously observed by others [52,54]. On the other hand,
mice with inhibition of PI3K through deletion of p110b in AgRP
neurons also display a lean phenotype with reduced adiposity, lower
food intake, and resistance to diet-induced obesity [55], similar to the
phenotype of Endo1-silenced mice in the ARC. In the same line,
increased leptin-induced STAT3 activation in Endo1-silenced POMC
neurons would be expected to trigger greater stimulation of the
melanocortin system known to mediate leptin effect on energy intake
[56]. Furthermore, leptin signaling in POMC neurons is also known to
have a key role in the regulation of glucose homeostasis [57,58]. The
alteration of glucose control with Endo1 silencing suggests the
involvement of Endo1 in mediating leptin action in POMC neurons
for this control. Clearly a synergic regulation between these two
neuronal populations via specific signaling pathways is required for an
168 MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. T
integrated and proper response to leptin, regulation that could be
Endo1-dependent.
Finally, the role of Endo1 in the whole body where OBR is also largely
expressed (other brain regions and peripheral tissues) warrants further
investigations. The examination of ubiquitous or tissue-specific mouse
KO models for Endo1 would give insight into the impact of this protein
on the control of energy homeostasis.
In conclusion, this work, combined with our previous studies, shows
that Endo1 is up-regulated in the ARC of obese mice, and its silencing
in the ARC of lean and obese mice subjected to HFD prevents and
reverses obesity development, respectively, but impairs glucose
homeostasis. These opposite effects result from a differential regu-
lation of OBR signaling pathways in an Endo1-dependent manner
(Figure 7).
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Figure 7: Scheme summary. The differential effect of Endo1 silencing on leptin signaling contributes to the dissociation between obesity and type II diabetes.
4. RESEARCH DESIGN AND METHODS

4.1. Animals
Animal use and procedures were approved by the French ethics
committee. C57BL/6J male mice (Charles River) were housed in
specific pathogen-free biosafety level 2 animal facility in a standard
12-hr on/off light cycle, according to institutional guidelines. Mice were
fed a standard rodent diet or high fat diet (D12451; Research Diets)
and were provided with water and food ad libitum. BW was monitored
weekly. For more details, see SI Experimental Procedures.

4.2. Lentivirus production and intracerebral stereotactic injection
Lentiviral production and stereotactic injection were performed as pre-
viously described [9]. For more details, see SI Experimental Procedures.

4.3. RNA extraction and quantitative real-time RT-PCR
For more details, see SI Experimental Procedures.

4.4. Generation of Endo1 KO mice
Conversely to humans, the mouse Endo1 gene localized on chromo-
some 4 contains four exons and is not genetically linked to the OBR
gene, allowing for the generation of transgenic mice with specific
Endo1 gene disruption without affecting OBR expression. The pro-
cedure for the generation of Endo1 KO mice is described in SI
Experimental Procedures.
MOLECULAR METABOLISM 6 (2017) 159e172 � 2016 The Authors. Published by Elsevier GmbH. This is an op
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4.5. Measures of glucose tolerance
Glucose tolerance tests were performed by intraperitoneal D-glucose
(2 g/kg) Injection following a 16 h fast. For oral glucose tolerance test,
3 g/kg D-glucose was orally administered. Blood glucose levels were
determined from the tail vein at 0, 15, 30, 60, 90, and 120 min using a
hand-held glucometer (One Touch Ultra, LifeScan).

4.6. Plasma assays
Plasma was obtained from whole blood collected from tail vein on
heparin capillaries and centrifuged at 5000 g for 5 min. Plasma
immunoreactive insulin and glucagon levels were determined by ELISA
(Crystal Chem Inc., Chicago). Plasma epinephrine and norepinephrine
was determined by HPLC.

4.7. Pancreatic insulin and glucagon content
The whole pancreas was dissected free from fat immediately after the
mousewas killed. After themeasurement of thewetweight, the pancreas
was homogenized with ULTRA-TURRAX and acid-ethanol extracted
(0.18 M HCl in 70% ethanol) for 16 h at 4 �C. Insulin and glucagon
concentration in clarified supernatant (after centrifugation at 4000 g)
were determined by Ultrasensitive Mouse Insulin kit (Crystal Chem).

4.8. Euglycemic-hyperinsulinemic clamps
Mice were catheterized 7 days before the experiment as previously
described [59]. Briefly, after being fasted for 6 h, awake animals were
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placed unrestrained in their home cage for the duration of the clamp
experiment. After a bolus of 80 mU/kg insulin, glucose (15%) infusion
started, whereas insulin infusion was kept constant at 3.3 mU/kg/min.
Blood glucose levels were determined from tail blood samples (5 ml) at
t ¼ 0 and then every 15 min (glucose analyzer Accu-check, Roche).
Glucose infusion rate was changed in order to maintain euglycemia.
Steady state was ascertained when glucose measurements were
constant for at least 20 min at a fixed glucose infusion rate and was
achieved within 50e80 min.

4.9. Yeast-two hybrid screen
A yeast-two-hybrid screen against a human brown adipose tissue
cDNA library was performed by Hybrigenics (Paris, France) using hu-
man Endo1 intracellular loop (amino-acid residue 51e70) as bait.
Proteineprotein interactions were individually assigned a statistical
confidence score (from A to F) where categories A, B, and C represent
positive interactions at different levels of confidence [60]. The positive
clones encoding p85 were computed with a confidence score of C (i.e.
“Good Confidence in the interaction”).

4.10. Co-immunoprecipitation
For detailed information, see SI Experimental Procedures. Briefly, hy-
pothalamic tissues were dissected from fasted 12-week old Endo1 KO
and WT mice. OBRb-Ypet and p85-YFP transfected cells or dissected
hypothalami were lysed with CHAPS 10 mM (Sigma). Cleared lysates
were subjected to p85 or OBR immunoprecipitation with Protein G
Sepharose� (Sigma) and anti-GFP antibody (Roche) or anti-p85 (Mil-
lipore) as specified for each experiment. For endogenous experiments,
control rabbit IgG (Santa Cruz Biotechnology) was used as negative
control. Protein complexes were denatured in Laemmli buffer
supplemented with 50 mM DTT, separated by SDS-PAGE and analyzed
by WB.

4.11. Proximity ligation assay (PLA)
Transfected HeLa cells, plated onto glass coverslips, were fixed with
4% PFA (PolySciences Europe) for 15 min at RT. Fixed cells were
permeabilized with 0.1% Triton X-100 for 10 min, followed by blocking
in PBS containing 10% horse serum for 1 h at RT. Cells were incubated
with rabbit anti-p85 (1:1000, Millipore) and mouse anti-Myc (1:200,
Santa Cruz Biotechnology) antibodies overnight at 4 �C. PLA was
conducted using Duolink� In Situ-Fluorescence kit (Sigma), following
the instructions of the manufacturer. Images were captured using a
Zeiss Axioskop Observer Z.1 microscope equipped with epifluor-
escence, with laser excitation filters at 548e572 nm and emission
lines at 590e624 nm. Deconvoluted images were further analyzed
with ImageJ software (NIH, Bethesda).

4.12. Signaling in Endo1-silenced cells
Protein Endo1 downregulation was efficiently performed by trans-
fecting cells with either CTRL or Endo1 siRNA (SI Experimental
Procedures). 16 h-starved cells were stimulated with 10 nM leptin
(PLR Ltd), or 10 ng/mL LIF (Sigma) or insulin in dose response (Sigma)
before being lysed in Laemmli buffer with phosphatase inhibitors and
analyzed in WB.

4.13. Leptin signaling in HEK cells, hepatocyte primary culture and
hypothalamic ARC
Hepatocytes were isolated from liver (25e30 g) of fed 12-week old
Endo1 KO and WT mice, by collagenase. Hypothalamic ARC was
recovered by micropunches of 200 mm frozen brain sections. For more
details, see SI Experimental Procedures.
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4.14. Western blot (WB)
WB protocols and antibodies used are described in SI Experimental
Procedures.

4.15. Immunohistochemistry
After dissection, the brains of perfused animals were fixed, dehy-
drated, and sectioned throughout the hypothalamus on a cryostat.
Fixed brain sections were incubated with the anti-phospho-AKT
Ser473, IHC-specific (Cell Signaling Technology) and with a bio-
tinylated secondary goat anti-rabbit antibody and then treated with
ABC (Vector Laboratories) solution according to manufactures in-
structions. For more details, see SI Experimental Procedures.

4.16. Statistics
Data were analyzed by two-tailed unpaired Student’s t-test, one
sample t-test, or by one-way or two-way ANOVA (corrected for
repeated measures if required) followed by Fisher’s LSD, Tukey or
Sidak’s multiple comparisons tests, using Graphpad software (Cali-
fornia). Results are presented as means � SEM, and differences were
considered significant if p < 0.05.
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