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restores insulin signaling in hypothalamus and
enhances (-cell function of obese Zucker rats
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ABSTRACT

Objectives: Hypothalamic lipotoxicity has been shown to induce central insulin resistance and dysregulation of glucose homeostasis; never-
theless, elucidation of the regulatory mechanisms remains incomplete. Here, we aimed to determine the role of de novo ceramide synthesis in
hypothalamus on the onset of central insulin resistance and the dysregulation of glucose homeostasis induced by obesity.

Methods: Hypothalamic GT1-7 neuronal cells were treated with palmitate. De novo ceramide synthesis was inhibited either by pharmacological
(myriocin) or molecular (si-Serine Palmitoyl Transferase 2, siSPT2) approaches. Obese Zucker rats (OZR) were intracerebroventricularly infused
with myriocin to inhibit de novo ceramide synthesis. Insulin resistance was determined by quantification of Akt phosphorylation. Ceramide levels
were quantified either by a radioactive kinase assay or by mass spectrometry analysis. Glucose homeostasis were evaluated in myriocin-treated
0ZR. Basal and glucose-stimulated parasympathetic tonus was recorded in OZR. Insulin secretion from islets and B-cell mass was also
determined.

Results: We show that palmitate impaired insulin signaling and increased ceramide levels in hypothalamic neuronal GT1-7 cells. In addition, the
use of deuterated palmitic acid demonstrated that palmitate activated several enzymes of the de novo ceramide synthesis pathway in hypo-
thalamic cells. Importantly, myriocin and siSPT2 treatment restored insulin signaling in palmitate-treated GT1-7 cells. Protein kinase C (PKC)
inhibitor or a dominant-negative PKCC also counteracted palmitate-induced insulin resistance. Interestingly, attenuating the increase in levels of
hypothalamic ceramides with intracerebroventricular infusion of myriocin in 0ZR improved their hypothalamic insulin-sensitivity. Importantly,
central myriocin treatment partially restored glucose tolerance in OZR. This latter effect is related to the restoration of glucose-stimulated insulin
secretion and an increase in B-cell mass of OZR. Electrophysiological recordings also showed an improvement of glucose-stimulated para-
sympathetic nerve activity in OZR centrally treated with myriocin.

Conclusion: Our results highlight a key role of hypothalamic de novo ceramide synthesis in central insulin resistance installation and glucose

homeostasis dysregulation associated with obesity.
© 2017 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 evidenced by the deregulation of energy homeostasis [1,3]. Central

lipotoxicity has also been shown to be deleterious for the hypothalamic
An increasing body of evidence shows that lipids control energy bal-  control of glucose homeostasis [4,5]. Indeed, it is well established that
ance through their action on the hypothalamus [1,2]. Obesity following  in rodents fed with HFD, excessive lipid intake induces hypothalamic
a high fat diet (HFD) but also intra-hypothalamic injections of saturated insulin resistance (IR) and decreases liver insulin sensitivity, resulting
fatty acids (FFAs) have been shown to induce central lipotoxicity, in increased liver glucose production [4,5].

"Sorbonne Paris Cité, Université Denis Diderot, Unité de Biologie Fonctionnelle et Adaptative, CNRS UMR 8251, Batiment Buffon, PO box 7126, 4, rue Marie-Andrée Lagroua
Weill-Halle, 75205 Paris Cedex 13, France 2INSERM U1016, Université Paris-Descartes, Institut Cochin, Paris, France CEA, DRF, Institut Joliot, Service de Pharmacologie et
d’Immunoanalyse, UMR 0496, Laboratoire d’Etude du Métabolisme des Médicaments, MetaboHUB, Université Paris Saclay, F-91191 Gif-sur-Yvette cedex, France 4INSERM
U1138, Centre de Recherche des Cordeliers, Paris, France ®Laboratoire de Chimie et Biochimie Pharmacologique et Toxicologiques, Université Paris Descartes CNRS UMR
8601, Paris, France ®Molecular Neuroendocrinology of Food intake, Neuroscience Paris-Saclay Institute (NeuroPSI), UMR 9197, Université Paris-Sud, France

*Corresponding author. Unité Biologie Fonctionnelle et Adaptative, CNRS UMR 8251, Equipe Régulation de la glycémie par le systéme nerveux central, Université Paris
Diderot, Paris, France. E-mail: hlestunff62@gmail.com (H. Le Stunff).

Abbreviations: IR, insulin resistance; HFD, high fat diet; T2D, Type 2 diabetes mellitus; PKCs, proteins kinase C; ER, endoplasmic reticulum; CerS, ceramide Synthase;
Thr-308, Threonine 308; Ser-473, Serine 473; DH-C,-cer, dihydroceramide; d4-palmitate, Deuterium-labeled palmitate; SPT2, Serine-palmitoyl transferase 2; C,-Cer,
C,-Ceramide; LZR, Lean Zucker rat; OZR, Obese Zucker rat; ICV, intracerebroventricular; M, myriocin

Received September 14, 2017 « Revision received October 17, 2017 « Accepted October 27, 2017 « Available online 7 November 2017

https://doi.org/10.1016/j.molmet.2017.10.013

MOLECULAR METABOLISM 8 (2018) 23—36 © 2017 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/). 23
www.molecularmetabolism.com


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hlestunff62@gmail.com
https://doi.org/10.1016/j.molmet.2017.10.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2017.10.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Mechanisms of hypothalamic insulin resistance induced by central
lipotoxicity are still not completely understood, although it has been
demonstrated that B-oxidation of FFAs may be involved [5,6]. Indeed,
inhibition of the hypothalamic carnitine palmitoyl transferase 1, which
regulates FFA 3-oxidation [7], improves hepatic insulin action [5,6]. We
and others showed previously that HFD or palmitate activation of PKCO
in hypothalamus, leading to impairment of central insulin signaling
[4,8] is associated with hepatic IR [4]. Studies have shown an increase
in lipids such as ceramides and diacylglycerols in the hypothalami of
mice fed with HFD, centrally infused with palmitate, and in obese
Zucker rats (0ZR) [4,9]. Interestingly, infusion of ceramide analogs in
the hypothalamus has been shown to deregulate energy homeostasis
by regulating ER stress [10,11].

Since ceramides have been linked to peripheral lipotoxicity, especially
in the onset of IR [12,13], the aim of the present study was to
decipher the role of endogenous ceramide synthesis on the dereg-
ulation of hypothalamic insulin signaling and its consequences on
glucose homeostasis. We found that de novo ceramide synthesis
induced a hypothalamic IR through the activation of PKCC. Interest-
ingly, we also found that inhibition of de novo ceramide synthesis in
the hypothalami of OZR improved glucose tolerance. The inhibition of
hypothalamic ceramide synthesis slightly improved peripheral insulin
sensitivity in OZR. In contrast, central inhibition of de novo ceramide
synthesis in 0ZR was correlated to an increase of pancreatic B-cell
area and insulin secretion by activation of the parasympathetic
nervous system.

2. MATERIAL AND METHODS

2.1. Materials

Tissue culture medium was from Gibco. [y->2PJATP was purchased
from PerkinElmer. Palmitate, fatty-acid-free BSA, MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide], ethylene-
diamine-tetra-acetic acid (EDTA), disodium salt, perchloric acid,
hydrogen chloride, Anti-HA (hemagglutinin), SPT2 antibodies, and insulin
human solution were from Sigma—Aldrich. Myriocin, L-cycloserine,
D609, C,-ceramide, Co-dihydroceramides, and N-butyldeoxynojirimycin
were from Enzo Life Sciences. Ro31-8220 and DAG kinase were from
Calbiochem. All solvents were from Merck Eurolab or Fisher Scientific.
phospho-Akt (Thr 308), phospho-Akt (Ser 473), Akt, p-PKCC (Thr 410-
403), PKCC, and B-actin antibodies were from Cell Signaling. Ultrapure
water was obtained with a Milli-Q system (Millipore, Bedford, MA, USA).
Adenoviruses containing the cDNA of GFP, wild-type PKCZ (WT- PKC),
constitutive active PKC{ (CA-PKC(), or kinase-dead PKCZ (KD-PKCY)
were prepared as previously described [14]. All PKCZ constructs con-
tained an HA tag for monitoring their expression.

2.2. Cell culture

GT1-7 murine hypothalamic cells (kindly provided by the Dr. P. Mellon,
UCSD, USA) were cultured in DMEM medium supplemented with 10%
FBS and 100 U/mL penicillin/streptomycin [15]. Palmitate was con-
jugated with fatty acid-free BSA (molar ratio FFA/BSA was 5:1) and
diluted in DMEM supplemented with 1% FBS to obtain a 0.5 or 1 mM
final concentration. After palmitate treatment, cells were stimulated
with insulin (100 nM) for 5 min.

2.3. Measurement of cell viability

Cells were treated with MTT (1 mg/ml) for 4 h. Supernatants were
discarded, and DMSO was added. Absorbance was measured at
560 nm using a microplate reader (Dynex-MRX).

2.4. Implantation of intracerebroventricular (icv) cannulae and
central treatments

Ten-weeks-old male obese Zucker rats (0ZR; 300—350 g) and lean
Zucker rats (LZR; 250—300 g) (Charles River) were used. The
experimental protocol was approved by the institutional animal care
and use committee of the Paris Diderot University (CEEA40). Chronic
icv cannulae were implanted under isoflurane anesthesia, and animals
received a 10 pg/kg i.p. administration of xylazine. They were then
placed on a stereotaxic frame. A catheter tube was connected from the
brain infusion cannulae to an osmotic minipump flow moderator
(model 2004; Alzet, Rabalot, France). The minipump was inserted in a
subcutaneous pocket on the dorsal surface of the animal, created
using blunt dissection and connected through a catheter to a depth-
adjustable cannula implanted on ICV (X:—0.8 mm; Y:—1.5 mm;
Z:—3.5 mm). Specificity of the ICV injections was controlled as pre-
viously described [16]. Zucker rats were then chronically infused for 28
days with either (300 nM) myriocin or vehicle (NaCl 99,). Myriocin
(300 nM) was prepared in NaCl 99;... In Wistar rats, either C2-ceramide
or DH-C,-ceramide or vehicle (DMSO 5%/NaCl 99/,) were acutely ICV
injected and insulin signalling was determined after 2 h post-injection.
Co-ceramide/DH-C2-ceramide solution (25 nM) was prepared in 5%
DMSO. The selection of these doses was based on previous reports
[10]. Prior to sacrifice, animals received an injection of insulin (2 mUl)
or saline icv using the cannulae. Animals were sacrificed after 5 min,
and tissues were collected and immediately frozen.

2.5. Glucose and insulin tolerance tests

Fourteen and 21 days after stereotaxic surgery, blood glucose levels
were measured after glucose administration (oral glucose tolerance
test, OGTT) or insulin (insulin tolerance test, ITT), respectively, with a
glucometer (Accucheck, Roche) in overnight-fasted rats. 0.75 Ul/kg
insulin (Actrapid, Novonordisk) via intra-peritoneal injection was used
for ITT, and 2 g/Kg p-glucose (Sigma—Aldrich) was administered orally
via gavage for OGTT. During OGTT, blood samples were collected from
the tail, and plasma was extracted and stored at —80 °C before further
analysis. Insulin concentration was evaluated using ELISA methods
(Rat Insulin Elisa, ALPCO, Eurobio, Courtaboeuf, France).

2.6. Western blotting

Cells lysates were obtained and analyzed by immunoblotting, as
described [17]. A list of the antibodies used is shown in Supplementary
Table 1.

2.7. Measurement of ceramide levels

Ceramide levels were measured by the diacylglycerol (DAG) kinase
enzymatic method as previously described [17]. Briefly, lipid extracts
were incubated in the presence of £. coli DAG kinase and [y-2P]-ATP.
Reaction was stopped, and [y-32P]-ceramide phosphate was resolved
by TLC with chloroform/acetone/methanol/acetic  acid/water
(10:4:3:2:1, by vol.) and quantified using a FLA700 Phosphorimager
(GE Healthcare). An aliquot was used to quantify total phospholipid
levels as described previously [18]. Ceramide levels are expressed in
pmol per nmol of phospholipids (PL) levels.

2.8. In vitro insulin secretion from isolated islets

Rats were anesthetized with pentobarbital. Islets of Langerhans were
isolated after collagenase digestion of the pancreas as previously
described [19]. In vitro insulin release was assayed on islet after
overnight culture. Floating Islets were pre-incubated in KRBH-0.05%
BSA with 2.8 mM of glucose for 30 min, followed by 60 min

24 MOLECULAR METABOLISM 8 (2018) 2336 © 2017 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


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

incubation in KRBH-0.05% BSA with 2.8 or 16.7 mM glucose to
measure glucose-induced insulin secretion. The supernatant was
stored at —20 °C until assayed for insulin by ELISA (EUROBIO). Islets
were homogenized in protein extraction buffer and stored until insulin
determination.

2.9. Real-time PCR

RNA isolation, cDNA synthesis, and mRNA quantitation were carried
out as described [17]. A list of the primer sequences is shown in
Supplementary Table 2.

2.10. Parasympathetic firing-rate recordings

Firing-rate activities were recorded at the thoracic branch levels of the
vagus nerve (parasympathetic) along the carotid artery in overnight-
fasted rats as described previously [19].

Briefly, parasympathetic nerves were placed on a pair of recording
silver wire electrodes (0.6-mm diameter), and action potentials were
displayed and saved on a computer after initial amplification through a
low-noise amplifier (Bio Amp, ADInstruments). Unipolar nerve activity
was recorded continuously during 15 min (baseline) and then 15 min
after glucose injection (ip, 3 g/kg). Data were digitized with digitizer
PowerLab/4sp. Signals were amplified 105 and filtered at low- and
high-frequency cut-offs of 100 and 1,000 Hz and monitored with Chart
4 program (ADInstruments).

2.11. Lipidomics

Total lipid species were extracted according to the method of Folch
et al. [20]. Ceramide lipid species were enriched in the lower phase
(organic phase) and analyzed using an untargeted lipidomic approach
by liquid chromatography coupled with high-resolution mass spec-
trometry (LC—HRMS) as described by Seyer et al. [21].

2.12. B-Cell area quantification

B-cell area from isolated, complete pancreata of Zucker rats was
quantified as described previously [22]. Briefly, isolated pancreata
were fixed in 10% buffered formalin, embedded and processed for
immunohistochemistry using a previously described protocol [23]
using mouse anti-insulin antibody (1:2,000; Sigma) and secondary
antibodies (1:400 Donkey anti mouse HRP, Jackson ImmunoR-
esearch). At 100 micron intervals that covered whole pancreas, give,
longitudinal sections were imaged per pancreas. Slides were scanned
using the Panoramic 250 Flash Il scanner (3DHISTECH, Budapest,
Hungary). Images were analyzed for B-cell area and the pancreatic
area using inForm Tissue Finder software (PerkinElmer).

2.13. Plasma analysis

Enzyme assay kits were used to determine plasma FFAs (NEFA-C test,
Wako, Frankfurt, Germany) and triglycerides concentrations (Boeh-
ringer-Mannheim, Ulm, Germany).

2.14. Measurement of plasma FFA levels by gas chromatography-
mass spectrometry

Saturated and unsaturated FFA plasma levels were determined by
GC—MS adapted from Araujo et al. [24]. Briefly, 50 pLL of plasma were
mixed with BF3 (14%)/methanol and 10 ng of heptadecanoic acid as
an internal standard were added. Samples were heated (100 °C;
40 min) then cooled at room temperature. Heptane/distilled water (1:2)
was added, samples were vortexed for 30 s, and then centrifuged for
2 min at 3000 rpm. The supernatant was collected and evaporated
with a Speedvac (Jouan, Saint-Herblain, France). Dry samples were
solubilized in heptane. One pL FA methyl esters (FAMEs) was analyzed
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on GC—MS instrument: with 1/100 split wherein a Shimadzu was
interfaced with a GC2010 mass selective detector. The mass spectra
and retention indices registered in the FAMEs GC/MS library were
obtained using the Shimadzu GCMS-QP2010. This was done using the
SLB-5 ms and the Supelcowax-10 columns (length 30 m x inner
diameter 0.25 mm x film thickness 0.25 pum) made by Sigma—Aldrich
Supelco (Lizy sur Ourcq, France).

2.15. Statistical analysis

Data are expressed as mean values + S.E.M. Statistical significance
was determined by Student’s t-test when two groups were compared
or ANOVA and Bonferroni post-hoc two-tailed test when more than two
groups were compared. p value < 0.05 was considered significant.

3. RESULTS

3.1. Hypothalamic de novo ceramide synthesis induces central
insulin resistance in obese Zucker rats

Obese Zucker rats (OZR) had a two-fold increase in total ceramide
levels in hypothalamus (Figure 1A) and plasma (Table 1) compared to
Lean Zucker rats (LZR). Intracerebroventricular (icv) infusion of
myriocin (M), a potent inhibitor of serine palmitoyl-transferase (SPT),
the rate limiting enzyme of de novo ceramide synthesis, inhibited the
accumulation of ceramide in the hypothalamus of 0ZR compared to
LZR (Figure 1A). Importantly, this central treatment with myriocin did
not reduce circulating ceramides (Table 1), suggesting that myriocin
is not mediating its effect by regulating peripheral action of ceram-
ides. Ceramide accumulation in 0ZR was not associated with regu-
lation of genes encoding enzymes of the de novo ceramide synthesis
pathway, except for ceramide synthase 3, which was significantly
down-regulated in 0ZR compared to LZR (Figure 1B). Central myr-
iocin treatment did not affect body weight, food intake, or lean and
fat body mass in either OZR or LZR (Table 1). However, myriocin
treatment slightly reduced blood glucose and increased insulin levels
in OZR. Circulating fatty acids and triglycerides levels were decreased
in OZR (Table 1), reflecting an improvement in lipid homeostasis in
these rats. In the hypothalamus of 0ZR animals, as previously shown
[25]. Insulin was unable to increase phosphorylation of Akt
(Figure 1C), which resulted in a 70% decrease of insulin response
compared to LZR (Figure 1D). Interestingly, myriocin did not affect
Akt phosphorylation in response to insulin in LZR, while it enabled
insulin to phosphorylate Akt in OZR (Figure 1C), which recovered an
insulin response similar to LZR (Figure 1D). The results suggest that
de novo ceramide synthesis is involved in the onset of an IR state in
hypothalamus of OZR.

3.2. Co-ceramide induces hypothalamic insulin resistance both

in vivo and in vitro

An acute icv treatment with an analog of ceramide, C,-ceramide (C2-
cer), in Wistar rats completely impaired Akt phosphorylation upon in-
sulin stimulation in the hypothalamus, whereas dihydro-ceramide (DH-
Co-cer), its inactive analog [26], had no effects (Figure 1E,F). C,-cer-
amide increased long chain ceramide content in a dose-dependent
manner in hypothalamic neuronal GT1-7 cells (Figure 2A) without
any effect on cell survival (Figure S1A). Accumulation of long chain
ceramides was observed after 2 h of incubation (Figure 2B). Inter-
estingly, Co-cer inhibited insulin-stimulated Akt phosphorylation in a
dose-dependent manner (Figure 2C,D). In contrast, DH-Co-cer, did not
impair insulin induced-Akt phosphorylation (Figure 2E,F). Our results
suggest that ceramides play a direct role in the installation of an IR
state in the hypothalamus in vivo and in vitro.
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Figure 1: Effect of hypothalamic ceramide metabolism on insulin resistance in rats. (A-B-C-D) Zucker lean and obese rats were injected icv by mini pump with 300 nM of
myriocin (LZRM, 0ZRM) or NaCl 99, (LZR, OZR) during 28 days. Before sacrifice, 2 mUl of insulin or NaCl were injected icv during 5 min. Hypothalami were collected and (A)
ceramide levels, (B) mRNA expression levels and (C) and Akt phosphorylation were determined as described in Materials and Methods. (D) Percentage of insulin response on Akt
phosphorylation of each animal groups. (E-F) Wistar rats were flash injected icv by stereotactic surgery with 25 nM of C,-Ceramides, DH-C,-Ceramides or saline solution. After 2 h,
10 Ul of insulin were injected in saphenous vein, and animals were sacrificed 15 min later. Hypothalami were collected and intracellular ceramide content and phospho-Akt levels
were determined. Error bars represent SEM; n = 3 animals per experimental group. *p < 0.05 C,-Ceramide versus saline. Error bars represent SEM; n = 6—8 animals per
experimental group. *p < 0.05, **p < 0.001 LZR versus OZR, #p < 0.05 OZR versus OZRM.

Table 1 — Impact of intracerebroventricular myriocin treatment on physiological parameters in obese Zucker rats.

LZR LZRM 0ZR 0ZRM
Weight (g) 347 £ 12 353 + 4 494 & 226$$ 470 + 1 88&
Cumulative food intake (g/kg) 1774.93 + 37.22 1800.45 + 34.27 1738.40 + 73.59 1652.30 + 47.45
% Fat 87 + 075 8.7 + 0.16 42.9 + 1.7 $$$ 41.9 £ 1.5 88&
% Lean 76 + 0.9 75 £ 1.1 46 + 1.5 $8$ 47 + 1.3 88&
Glucose (mg/dl) 101 + 3.1 107 +7.3 133 + 2.7 $3% 117 + 5.4*
Insulin (ng/mi) 0.27 + 0.04 0.18 & 0.07 3.58 & 1.75 $8% 5.88 4 2.2* 8&&
FFA (mmol/) 0.56 = 0.03 0.55 + 0.12 2.24 + 0,18 $$ 1.44 + 0.18*
TG (mo/di) 79.6 + 16.3 116.7 + 32.3 794.3 + 126.1 $$$ 259.2 + 2%+
Glycerol (mmol/) 1.10 + 0.09 & 1.56 + 0.15 0.910 + 0.157 3,077 + 0.43%**
SAFA (ug/mi) 697.91 + 35.82 690.21 & 12.28 2342.88 -+ 108.47 $$$ 1735.57 + 144.61%
MUFA (ug/mi) 1516.33 + 299.21 1566.51 + 184.11 5719.63 + 884.06 $$ 3618.79 + 719.14*
PUFA (ug/ml) 13.99 + 2.78 12.28 + 5.24 375.75 £ 27.25$ 151.68 + 43.26
Ceramide (pmol/nmol of PL) 8.03 + 2.04 7.34 + 2,15 17.38 £ 4.02$ 19.01 + 4.73#

Lean and obese Zucker rats were injected intracerebroventricularly with a mini pump with 300 nM of myriocin (LZRM, 0ZRM) or saline (LZR, 0ZR) during 28 days. Weight, cumulative
food intake, % fat and % lean were measured at the end of treatment. Prior to sacrifice, animals were fasted during 18 h and plasmatic parameters were measured: triglycerides, free
fatty acids, glycerol, SAFA, MUFA, PUFA and ceramide levels. FFA: Free fatty acids, TG: Triglyceride, SAFA: Saturated Fatty Acids; MUFA: Monounsaturated Fatty Acids; PUFA:
polyunsaturated Fatty Acids. n = 6—8 animals per experimental group. *p < 0.05; ***p < 0.001 0ZR vs 0ZRM; &p < 0.05; &&p < 0.01 LZR vs LZRM; &&&p < 0.001 LZRM vs 0ZRM;
$$$p < 0.001 LZR vs OZR; #p < 0.05 LZR vs 0ZRM.
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Figure 2: Effect of hypothalamic exogenous ceramide metabolism on insulin resistance in GT1-7 cells. (A) GT1-7 cells were treated with different concentrations of C,-
Ceramide for 2 h. Cells lysate were used to determine intracellular ceramide content by the DAG kinase method. (B) Conversion of 50 uM of C,-Ceramides to endogenous
ceramides. n = 3. Error bars represent SEM; *p < 0.05 control versus C,-Ceramide 25 UM, #p < 0.05 control versus C,-Ceramide 50 M, &p < 0.05 Time 0 vs Time 120. (C-D-
E-F) GT1-7 cells were treated with different concentrations of C,-Ceramide (10 uM and 25 M) or DH-Co-Ceramides (25 uM and 50 M) for 2 h and then with insulin (100 nM)
during 5 min prior to cell lysis and immunoblotting. (C-E) Akt phosphorylation was determined in cell lysates. (D—F) Quantification of WB expressed as % of insulin response.
Immunoblots are representative of three separate experiments. Error bars represent SEM; *p < 0.05 control versus C2-Ceramide 10 uM, ##p < 0.01 control versus C2-Ceramide

25 UM.

3.3. Palmitate induced de novo ceramide synthesis in
hypothalamic GT1-7 cells

Saturated fatty acids, and especially palmitate, are drastically
increased in plasma of OZR (Table 1 and Figure S2B), suggesting that
these fatty acids could cross the blood brain barrier and induce hy-
pothalamic lipotoxicity. Interestingly, we found that palmitate accu-
mulated in hypothalamic GT1-7 cells after 24 h of treatment
(Figure 3A) and increased ceramide levels by almost two-fold
(Figure 3D) without affecting the mRNA levels of enzymes involved
in de novo ceramide synthesis (Figure 3C). Myriocin significantly
reduced palmitate-induced ceramide accumulation in GT1-7 cells
(Figure 3D). When GT1-7 cells were incubated with deuterated
palmitate (d4-palmitate) and analyzed by LC-MS/MS, we found that
palmitate can be incorporated into the sphingoid base backbone (will
form d4-ceramides), acyl chain (will form d4-ceramides), or both to
generate d8-ceramide species (Figure 3B). The d4-palmitate labelling
increased both d4-ceramide and d8-ceramide in GT1-7 cells
(Figure 3D,E) including C16:0, C18:0, C22:0, and C24:0 species
(Figure 3F,G and H). Looking at ceramide species, d4-palmitate
incorporated in both chain of C16:0 and C18:0 ceramide forming
d8-ceramide species whereas C22:0 and C24:0 ceramide species
exist only as d4-ceramide forms. Analysis of mono-labeled d4-C16:0

and C18:0 ceramides revealed a major labeling in the N-acyl chain
(Figure S1F), reflecting that they are synthesized from existing DHSph
or sphingosine via ceramide synthases (CerS). In contrast, C22:0
ceramide incorporated d4-palmitate either in the sphingoid backbone
or the N-acyl chain, whereas C24:0 ceramide was mostly labeled in the
sphingoid backbone (Figure S1F), supporting a direct role of SPT ac-
tivity in their synthesis. As expected, base labeling was totally inhibited
by myriocin since only d4-ceramides were observed (Figure 3I,J, and
K) which originated from N-acyl chain labeling. Interestingly, accu-
mulation of C22:0 and C24:0 d4-ceramides was totally blocked by
myriocin (Figure 3L), while incorporation of d4-palmitate into C16:0
and C18:0 ceramides was not affected. These findings suggest that
palmitate-induced accumulation of selective ceramide species is
dependent on either SPT or CerS activity in hypothalamic GT1-7 cells.

3.4. Palmitate induces insulin resistance through the de novo
ceramide synthesis in GT1-7 cells

Palmitate treatment induced insulin resistance by decreasing Akt
phosphorylation (Figure 4A,B). Addition of myriocin counteracted the
effects of palmitate by restoring insulin-induced Akt phosphorylation
(Figure 4A,B). Identical results were obtained with another potent in-
hibitor of SPT, L-cycloserine, (Figure S1C, D and E). To definitively
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Figure 3: Effect of palmitate on ceramide production in GT1-7 cells. (A—C) GT1-7 cells were incubated with 1 mM of palmitate or BSA as a control for 24 h. (A) Amount of
palmitate on GT1-7 cells after incubation, n = 3 per experimental group. Error bars represent SEM; *p < 0.05 BSA vs Palmitate. (C) mRNA levels were determined. (B)
Representative scheme of the de novo synthesis pathway. (D-E-F-G-H-I-J-K-L) GT1-7 cells were incubated with 1 mM of palmitate, d4-palmitate or BSA as a control for 24 h with or
without 10 uM of myriocin. Total ceramide levels were determined in cell lysate by the DAG kinase method (D) or by lipidomic analysis (E—L). Total amount of Cer-D4 and Cer-D8
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confirm the involvement of de novo ceramide synthesis in this
mechanism, we inhibited expression of SPT2 isoform using specific
SiRNA in GT1-7 cells. siSPT2 decreased SPT2 mRNA levels by almost
three-fold (Figure S1B) resulting in a 95% reduction in SPT2 protein
levels (Figure 4C,D). siSPT2 treatment did not alter basal and insulin-
mediated Akt phosphorylation by itself (Figure S1C). We found that
phosphorylation of Akt was restored in GT1-7 cells treated with
palmitate in response to insulin when SPT2 was down-regulated
(Figure 4E,F). Importantly, SPT2 down-regulation blocked ceramide
accumulation induced by palmitate in GT1-7 cells (Figure 4G). Finally,
we used D609, an inhibitor of sphingomyelin synthase, to block
conversion of ceramide into sphingomyelin. D609 potentiates the in-
hibition of Akt phosphorylation induced by palmitate treatment
(Figure 4H,I). Moreover, a potent inhibitor of glucosyl-ceramide syn-
thase, N-butyldeoxynojirimycin, was also unable to alter palmitate-
induced insulin resistance in GT1-7 cells (Figure S1D). Our results
showed that de novo ceramide synthesis played a key role in IR
induced by the palmitate. Moreover, it appeared that ceramide, rather
than one of its metabolites, inhibited insulin-induced Akt phopshor-
ylation in hypothalamic GT1-7 cells.

3.5. Ceramides inhibit insulin signaling through PKC{ activation in
hypothalamic GT1-7 cells

In peripheral tissues, ceramides have been demonstrated to exert their
toxic effects through PKC{ activation [27—29]. We found that the
potent inhibitor of all PKCs, Ro31-8220 [30], counteracted the inhi-
bition of Akt phosphorylation induced by either C,-cer (Figure 5A,B) or
palmitate (Figure 5C,D) in GT1-7 cells. Ro31-8220 did not affect
palmitate-induced ceramide accumulation (Figure 5E). Interestingly, a
constitutive active form of PKC{ (PKCZ-CA) mimicked the inhibitory
effect of both palmitate and ceramide on insulin-induced Akt phos-
phorylation (Figure 5G,H). Moreover, a dominant negative form of PKCC
(PKCZ-DN) restored Akt phosphorylation in response to insulin when
GT1-7 cells were treated with palmitate (Figure 5G,H, I, and J) or C,-
cer (Figure 51,J). We found that PKCZ-DN did not affect ceramide
accumulation induced by palmitate or Cp-cer treatment (Figure 5F),
lending credence to the idea that PKCZ acts down-stream of ceramide
synthesis. The results showed that ceramides mediate IR through
PKC{ activation in hypothalamic GT1-7 cells.

3.6. Inhibition of hypothalamic ceramides improved glucose
tolerance and insulin secretion in 0ZR

We found that central myriocin slightly improved insulin resistance in
0ZR without any effect in LZR (Figure 6A,B). In addition, an oral glucose
tolerance test (OGTT) showed that myriocin ameliorated glucose
intolerance in OZR (Figure 6C,D), suggesting a better regulation of
glucose homeostasis. 0ZR presents already increased basal insulin
levels (Figure 6E,F) reflecting their insulin resistant state. Myriocin
treatment was unable to decrease basal insulin levels in 0ZR
(Figure 6E). However, we found that improved glucose tolerance of
myriocin-treated OZR is associated with a greater increase of insulin
secretion in response to glucose in 0OZR (Figure 6E,F). Glucose regu-
lates insulin secretion partly through its action on parasympathetic
nervous system [31], [32]. Basal parasympathetic activity was
increased in 0ZR compared to LZR (Figure 6G,H). Glucose stimulates
nervous activity in LZR but not in OZR, reflecting an impaired hypo-
thalamic regulation by glucose sensing (Figure 6G). Interestingly,
myriocin treatment restored activation of parasympathetic activity by
glucose in 0ZR (Figure 6G,H). These results suggest that hypothalamic
ceramides inhibit insulin secretion by regulating parasympathetic tone
in OZR.

3.7. Hypothalamic ceramides regulate insulin secretion and B-cell
area in 0ZR

We assessed the capacity of isolated islets of Langerhans to secrete
insulin in response to glucose in order to gain more insights on the up-
regulation of insulin secretion when hypothalamic ceramides synthesis
is inhibited, (Figure 7A). Islets from OZR were unable to secrete insulin
in response to glucose compared to LZR (Figure 7A). Importantly,
myriocin treatment restored the capacity of glucose-induced insulin
release from OZR islets (Figure 7A). We also found that myriocin-
treated OZR islets had a higher insulin content (Figure 7B). Interest-
ingly, myriocin treatment further increased the percentage of [-cell
area in OZR (Figure 7C,D, and E) without any effect in LZR (Figure S2A).
The increase in B-cell area from myriocin-treated 0ZR is associated
with the high number of small new islets (Figure 7D,E). These data
suggest that hypothalamic ceramides are not only potent regulators of
insulin secretion but also of B-cell area in 0ZR.

4. DISCUSSION

Our study showed that de novo ceramide synthesis in hypothalamus of
0ZR and in neuronal hypothalamic cells induced central IR. This im-
plies activation of PKC( to relay deleterious effects of ceramides. In-
hibition of hypothalamic de novo ceramide synthesis in 0ZR slightly
restored peripheral insulin sensitivity and drastically increased insulin-
secretion and pancreatic 3-cell area, which contributed to ameliorating
glucose tolerance in these rats. Interestingly, inhibition of hypothalamic
ceramide synthesis also improved glucose-stimulated para-
sympathetic nerve activity in 0ZR. These results suggest a new role of
hypothalamic ceramides in the deregulation of central insulin signalling
and glucose homeostasis induced by obesity.

Our observations that the accumulation of ceramide levels in hypo-
thalamus of 0ZR and also in palmitate-treated hypothalamic cells were
not associated with variation in expression of enzymes regulating de
novo ceramide synthesis suggest that this increase is linked to mod-
ulation of enzyme activity rather than enzyme expression. This
observation is in agreement with the Km (0.2 mM) of SPT, the rate
limiting enzyme of de novo ceramide synthesis [33], which allows it to
change in response to substrate variation [34]. We also found that d4-
palmitate increased both mono-labeled d4-ceramides and doubled-
labeled d8-ceramides in hypothalamic cells. These data suggest that
palmitate required SPT activity (labelling of the sphingoid base) and
also CerS activity (labeling of the N-acyl chain) to increase ceramide
levels in hypothalamic cells. In agreement, myriocin only inhibited
incorporation of d4-palmitate into the sphingoid base moiety of cer-
amide species. Interestingly, myriocin-treated 0ZR showed reduced
ceramide accumulation in the hypothalamus, highlighting the in vivo
role of de novo ceramide generation in the hypothalamus during
obesity.

Ceramide metabolism has been linked to the installation of peripheral
IR [12]. Central infusion of ceramide analogs induced hypothalamic IR
in Wistar rats while myriocin restored insulin sensitivity in palmitate-
treated hypothalamic cells and also in the hypothalamus of 0ZR. The
absence of effect of potent inhibitors of ceramide metabolic enzymes
(sphingomyelin and glucosylceramide synthase) on palmitate-induced
insulin resistance strongly suggests that ceramides are the mediators
of insulin resistance in hypothalamic cells. Interestingly, in hypotha-
lamic cells, myriocin treatment associated with d4-labeled palmitate
specifically decreased C22:0 and C24:0 ceramide species, suggesting
a key role of the de novo synthesis of very long chain ceramides in IR
installation. Interestingly, Elovil which catalyzes the production of
C24:0 FFAs has been linked to C24 ceramide synthesis through its
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ucker rats. (A-B-C-D) Zucker lean and obese rats were ICV injected using mini-pump

containing 300 nM of myriocin (LZRM, 0ZRM) or NaCl 99, (LZR, 0ZR) during 28 days. Prior to sacrifice, animals were fasted during 18 h. (A-B-C-D) Pancreata were taken and
were used for ex vivo experiments and to quantified B-cell area. Islets of Langerhans were isolated; then they were stimulated with low (2.8 mM) of high (16.7 mM) glucose
concentration during 90 min and supernatant were taken. Islets were lysates to measure the insulin content. An ELISA test was performed to measure insulin. (A) glucose-

stimulated insulin secretion by isolated islets of Langerhans, (B) insulin content of islets.
sections of 0ZR with or without myriocin. Hematoxylin staining was used to counterstai
*p < 0.001 LZR vs OZR, ##p < 0.01, ###p < 0.001 0ZR vs OZRM, &p < 0.01, &&&p

interaction with CerS2 [35]. Therefore, future experiments will be
required to determine the precise role of Elovil and CerS2 in
ceramide-induced hypothalamic IR. In addition, we and others have
shown that ceramide analogs were recycled into long chain ceramide
in hypothalamus [10], which involved ceramide synthase activities
[36]. Therefore, this approach will also be interesting to explore the
role of ceramide synthase isoforms in hypothalamic insulin resistance.
Ceramides are potent activators of PKCC [37], a highly expressed
kinase in a few areas in the rat brain including the hypothalamus [38]
and, specifically, the arcuate and paraventricular nuclei, both key sites
of insulin action [39]. A dominant negative form of PKC{ totally pre-
vented hypothalamic IR induced by ceramide. To our knowledge, this
is the first demonstration of a link between ceramides, PKCC acti-
vation, and IR in hypothalamic cells. Amplification of monocyte/
macrophage innate immune responses required metabolism of
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, (C) percentage of B-cell area, (D) Immunodetection of insulin (brown) in pancreatic
in the tissue. Error bars represent SEM; n = 6—8 animals per experimental group.
< 0.001 2.8 vs 16.7 mM of glucose.

ceramide and activation of PKC{/mitogen-activated protein kinases
[40]. Thus activation of PKCC by ceramides in central nervous system
(CNS) would probably induce more than IR, and could also lead to
neurodegeneration [41]. Moreover, the use of GT1-7 cells, which
originated from GnRH neuronal cells [15] could imply dysregulation of
hypothalamic-pituitary-gonadal axis by ceramides and therefore fer-
tility’s problems [42]. Interestingly, PKCZ has been already involved in
peripheral insulin resistance [12] suggesting that a unique role of this
PKC isoform in the regulation of insulin sensitivity by ceramides.
However, peripheral insulin resistance has also been associated with
various signaling pathways such as PP2A or double-stranded RNA-
dependent protein kinase [12]. Therefore, it will be important to
explore in the future the potential link that could be exist between
these pathways and the ceramide-induced hypothalamic insulin
resistance.
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Infusion of ceramide analogs in the hypothalamus have been shown to
induce weight gain through up-regulation of ER stress [10]. Interest-
ingly, it has been shown that inhibition of ER stress in response to
increased ceramide levels in the hypothalamus of 0ZR, improved
energy balance without affecting food intake [10]. We found that
infusion of myriocin did not induce weight changes in OZR even if
hypothalamic insulin signaling was restored, suggesting that endog-
enous hypothalamic ceramides seemed to not regulate feeding
behavior in 0ZR. However, the increased feeding of 0ZR due to leptin
resistance [25] could mask the effect of hypothalamic ceramide on
regulation of food intake by insulin. In contrast, we found that hypo-
thalamic de novo ceramide synthesis is a critical regulator of glucose
homeostasis in 0ZR. This was supported by our observations that
myriocin partially restored glucose tolerance in OZR. Inhibition of hy-
pothalamic ER stress did not alter glucose intolerance in 0ZR [15],
suggesting that hypothalamic ceramides could regulate glucose ho-
meostasis independently of ER stress. However, we cannot exclude
that a more prolonged inhibition of hypothalamic ER stress, as we did
for ceramide synthesis, could be required to regulate glucose ho-
meostasis. We found that inhibition of de novo ceramide synthesis, as
with inhibition of ER stress in hypothalamus of 0ZR, was associated
with a slight effect on peripheral insulin sensitivity. In contrast,
improved glucose tolerance in myriocin-treated 0ZR was associated
with a significant increase in insulin secretion and also pancreatic [3-
cell area, a phenomenon which is not observed when ER stress is
inhibited in 0ZR [10] suggesting different molecular mechanisms.
Interestingly, glucose-induced insulin secretion was restored in islets
of myriocin-treated OZR. It has been shown that dysfunction of hy-
pothalamic insulin receptors results in islet dysfunction (56). Therefore,
a potential link between hypothalamic IR in 0ZR and a defect of insulin
secretion regulated by ceramide remains to be determined. Altogether,
our results suggest that hypothalamic ceramides modulate pancreatic
[B-cell function and area to alter glucose homeostasis in obese rats.
Pancreatic islet function is known to be controlled by CNS [43], such as
parasympathetic system which is a key regulator of islet function and
insulin release [44,45]. It is also known that glucose stimulates
parasympathetic activity in order to stimulate insulin secretion [46].
Interestingly, we found that myriocin-treated 0ZR showed a restored
glucose-stimulating vagal activity, reflecting parasympathetic tonus,
suggesting that this mechanism could be involved in increased insulin
secretion in these rats. The identity of neurons regulating insulin
secretion in response to glucose remains unknown. POMC neurons in
the arcuate nucleus have been shown to be glucose excited [47] and
found to regulate parasympathetic activity [48]. Loss of mitochondrial
flexibility in POMC neurons altered glucose sensing, resulting in
defective insulin secretion [49]. Interestingly, ceramide metabolism
has been linked to the regulation of mitochondria dynamics [50].
Therefore, hypothalamic ceramide could inhibit glucose sensing in
POMC neurons by affecting mitochondrial function, which will block
insulin secretion regulated by parasympathetic tone. A role of the
parasympathetic system in the control of the B-cell mass has also
been described. Lesions of the ventromedial hypothalamus increased
B-cell proliferation through parasympathetic hyperactivity [43]. In
addition, Thorens and co-workers showed that the glucose transporter
2 controls glucose-activating parasympathetic tonus, which stimulates
B-cell proliferation [31]. These studies suggest that hypothalamic
ceramides could regulate insulin secretion and also fB-cell area by
inhibiting parasympathetic activity.

In conclusion, our study revealed that de novo ceramide synthesis
plays a key role in the installation of hypothalamic insulin resistance

and contributed to the deregulation of glucose homeostasis induced by
obesity. In particular, hypothalamic ceramides appear to be critical
regulators of insulin secretion and B-cell area regulated by the para-
sympathetic nervous system. This could provide the future basis of
novel pharmaceutical interventions for the treatment of obesity and its
complications.
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