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Mitochondrial Dynamin-Related Protein 1 (DRP1)
translocation in response to cerebral glucose is
impaired in a rat model of early alteration in
hypothalamic glucose sensing
Lucie Desmoulins 1, Chloé Chrétien 1, Romain Paccoud 1, Stephan Collins 1, Céline Cruciani-Guglielmacci 2,3,
Anne Galinier 4, Fabienne Liénard 1, Aurore Quinault 1, Sylvie Grall 1, Camille Allard 1, Claire Fenech 1,
Lionel Carneiro 1, Thomas Mouillot 1,7, Audren Fournel 5, Claude Knauf 5, Christophe Magnan 2,
Xavier Fioramonti 1,6, Luc Pénicaud 1, Corinne Leloup 1,*
ABSTRACT

Objective: Hypothalamic glucose sensing (HGS) initiates insulin secretion (IS) via a vagal control, participating in energy homeostasis. This
requires mitochondrial reactive oxygen species (mROS) signaling, dependent on mitochondrial fission, as shown by invalidation of the hypo-
thalamic DRP1 protein. Here, our objectives were to determine whether a model with a HGS defect induced by a short, high fat-high sucrose
(HFHS) diet in rats affected the fission machinery and mROS signaling within the mediobasal hypothalamus (MBH).
Methods: Rats fed a HFHS diet for 3 weeks were compared with animals fed a normal chow. Both in vitro (calcium imaging) and in vivo (vagal
nerve activity recordings) experiments to measure the electrical activity of isolated MBH gluco-sensitive neurons in response to increased glucose
level were performed. In parallel, insulin secretion to a direct glucose stimulus in isolated islets vs. insulin secretion resulting from brain glucose
stimulation was evaluated. Intra-carotid glucose load-induced hypothalamic DRP1 translocation to mitochondria and mROS (H2O2) production
were assessed in both groups. Finally, compound C was intracerebroventricularly injected to block the proposed AMPK-inhibited DRP1 trans-
location in the MBH to reverse the phenotype of HFHS fed animals.
Results: Rats fed a HFHS diet displayed a decreased HGS-induced IS. Responses of MBH neurons to glucose exhibited an alteration of their
electrical activity, whereas glucose-induced insulin secretion in isolated islets was not affected. These MBH defects correlated with a
decreased ROS signaling and glucose-induced translocation of the fission protein DRP1, as the vagal activity was altered. AMPK-induced
inhibition of DRP1 translocation increased in this model, but its reversal through the injection of the compound C, an AMPK inhibitor,
failed to restore HGS-induced IS.
Conclusions: A hypothalamic alteration of DRP1-induced fission and mROS signaling in response to glucose was observed in HGS-induced IS of
rats exposed to a 3 week HFHS diet. Early hypothalamic modifications of the neuronal activity could participate in a primary defect of the control of
IS and ultimately, the development of diabetes.

� 2018 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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Abbreviations

aCSF Artificial cerebrospinal fluid
AMPK AMP-activated protein kinase
ARC Arcuate nucleus
AUC Area under the curve
Catr Carboxy-atractyloside
CC Compound C
CCCP Carbonyl cyanide m-chlorophenylhydrazone
DRP1 Dynamin-related protein 1
FIS1 Fission protein 1
GIIS Glucose-induced insulin secretion
GSH Reduced form of glutathione
GSSG Oxidized form of glutathione

H2DCFDA dichlorodihydro-fluorescein diacetate
HFHS High fat-high sucrose diet
HGS Hypothalamic glucose sensing
ICV Intracerebroventricular
IS Insulin secretion
MBH Mediobasal hypothalamus
MFN (1e2)Mitochondrial fusion proteins 1 or 2
mROS Mitochondrial reactive oxygen species
OPA1 Optic atrophy 1
POMC Pro-opiomelanocortin
SF1 Steroidogenic factor 1
STD Standard diet
UCP2 Uncoupling protein 2
1. INTRODUCTION

Obesity and type II diabetes result in dysregulation of energy balance,
characterized by increased energy intake and decreased energy
expenditure. The hypothalamus and, more particularly, the mediobasal
hypothalamus (MBH), which includes the arcuate (ARC) and ventro-
medial nuclei, play a central role in maintaining energy homeostasis
[1]. The MBH contains neurons that trigger appropriate physiological
responses to maintain whole body energy homeostasis in response to
blood energy-related stimuli (reviewed in [2,3]). Among these circu-
lating stimuli, glucose activates discrete peripheral responses that are
essential for the control of carbohydrate metabolism. For example,
increased hypothalamic glucose levels inhibit hepatic glucose pro-
duction and stimulate glycogen storage [4e6], while stimulating the
vagal control of insulin secretion [7e10] and thermogenesis [11e13].
These responses are driven by some hypothalamic neurons sensitive
to increases in blood glucose level, at least in the ARC [9,14], although
their chemistry remains fundamentally uncertain because only some
have been identified.
A transient cerebral hyperglycemia (without affecting peripheral blood
glucose level in vivo) leads to a rapid peak of insulin secretion (1e
3 min) and contributes to the first phase of glucose-induced insulin
secretion (GIIS) ([10] and reviewed by [15,16]). This cascade of events
requires the production of mitochondrial reactive oxygen species
(mROS), because MBH antioxidants and mitochondrial uncoupling
treatments impair both the electrical activation and the insulin peak [9].
Finally, both mROS signaling and increased ARC neuron firing rate in
response to cerebral graded doses of glucose are disturbed in models
of obesity and insulin resistance [14]. Other studies demonstrated that
mROS signaling is essential in some major neuronal ARC populations
(reviewed by [17]) which corroborates the crucial role of the rela-
tionship between the mitochondrial redox signaling in the ARC and the
control of body energy status.
Hypothalamic mROS signaling also requires an upstream event
involving mitochondrial dynamics. Continuous cycles of mitochondrial
fusion and fission allow mitochondria to bio-energetically adapt to the
cellular energy demand and produce adequate signaling [18e20]. In
the MBH, we previously showed that increased brain glucose level
in vivo triggers the translocation of dynamin-related protein 1 (DRP1) to
mitochondria, a mechanism required for glucose homeostasis [21].
Since then, other studies have confirmed the role of mitochondrial
dynamics in some neuronal populations of the ARC. For example,
transgenic mice with a deletion of mitochondrial fusion proteins MFN1
or MFN2 in neurons expressing the Agouti-related protein display
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resistance to a diet-induced obesity [22], whereas this deletion in
neurons expressing Pro-opiomelanocortin (POMC) induces hypersen-
sitivity to such a diet, because mice rapidly develop hyperphagia, have
reduced energy expenditure and become obese [23].
Although it was recently suggested that diet-induced obesity impairs
in vivo hypothalamic glucose sensing (HGS) [24], the involvement of
mitochondrial dynamics and mROS signaling within the MBH has not
been studied in this context yet. In this study, we evaluated whether a
short period (3 weeks) of high fat-high sucrose diet intake could affect
the hypothalamic glucose sensing mechanism compared with rats fed
a standard diet and consequently, the in vivo HGS-induced insulin
secretion (IS). The involvement of hypothalamic DRP1 translocation
and mROS signaling in response to brain glucose was investigated to
decipher the potential involvement of this pathway in early altered
metabolic responses.

2. MATERIALS AND METHODS

2.1. Animals
Male Wistar rats (5 weeks old; Charles River laboratories, Lyon,
France) were housed in a controlled environment (12 h light/dark cycle,
lights on at 7:00 a.m., 22 � 1 �C) and fed ad libitum. After a week of
acclimatization, rats were fed for 3 weeks with a standard diet (STD)
(#A04; Safe, Augy, France) or a high fat-high sucrose diet (HFHS)
(#HF235; Safe) (see Supplementary Table 1 for diet compositions).
Body weight and food intake were recorded daily 3 h after the
beginning of the light cycle. Nuclear magnetic resonance was used to
determine the body composition of the rats (QNMR system EchoMRI-
500T, Echo Medical Systems, Houston, USA). Surgeries and meta-
bolic assessment were performed under anesthesia (sodium pento-
barbital 60 mg/kg of body weight; Ceva, Velaine en Haye, France), after
a 4 h fasting period. All procedures involving rats were conducted in
accordance with the ARRIVE guidelines, European Directive (2010/63/
EU) and approved by our local ethic committee of the University of
Burgundy (C2EA Grand Campus Dijon N�105) and French Ministry of
Research (agreement N� 03035.02).

2.2. Intra-carotid glucose or rotenone injection-induced insulin
secretion
Experiments were performed as previously described [9,14]. Briefly,
rats were injected over 30 s with a 9 mg/kg glucose load (100 ml) or
over 1 min with a 2 mM rotenone load (200 ml) toward the brain
through the carotid artery. Blood was collected at the rat tail vein to
measure glycemia and insulinemia before and 1, 3, 5 and 10 min after
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 167
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injection. At the end of the experiment, brains were quickly removed,
and the MBH dissected and immediately frozen in liquid nitrogen for
further analyses. Plasma and brain samples were stored at �80 �C
until assayed.

2.3. Glucose or insulin tolerance test and blood parameter
determinations
Rats were either administered glucose (2 g glucose per kg body
weight) or insulin (1 U insulin per kg of body weight). Subcutaneous
injections were chosen over intraperitoneal route since, in our hands, it
presented less variability in blood glucose levels. Blood samples were
collected from the tail vein for measurements of blood glucose levels at
the indicated times.
Blood glucose concentration was measured using the glucose analyzer
Performa AccuChek (Roche Diagnostics, Meylan, France). Plasma in-
sulin and leptin concentrations were determined using ELISA kits ac-
cording to the manufacturer’s recommendations (AlpCo or Biovendor,
Eurobio, France).

2.4. Calcium imaging of MBH gluco-excited neurons
Single MBH neurons were prepared from the brain of 8-week-old STD
or HFHS diet fed rats and the responses to glucose levels using calcium
imaging were recorded as previously described [25].

2.5. Static determination of GIIS from rat islets and insulin content
Isolated islets from HFHS or STD fed rats were assayed in 96-well
plates, with 10 islets in suspension per well and 9 to 12 replicates
per rat (n ¼ 3 rats per condition). Islets were pre-incubated for 1 h in
250 ml of Krebs-Ringer-HEPES buffer containing in mM: 140 NaCl,
3.6 KCl, 2.6 CaCl2, 0.5 NaH2PO

4, 0.5 MgSO4.7H2O, 5 HEPES (pH 7.4
with NaOH), 2 NaHCO3 and 2 glucose. The buffer was supplemented
with 0.2% bovine serum albumin. Insulin secretion in response to
glucose was measured during 1 h static incubations in Krebs-Ringer-
HEPES buffer containing 2, 12 or 20 mM glucose. All incubations
were conducted at 37 �C in humidified 5% CO2 in air. After the 1 h
static incubations, the supernatant was removed and stored
at �20 �C. To determine total insulin content, islets were incubated
overnight at�20 �C with acidified ethanol solution (95% ethanol, 5%
acetic acid).

2.6. Parasympathetic firing-rate recordings
The firing rate of the thoracic branch of the vagus nerve along the
carotid artery was recorded at the end of the experimentation at day 21
as previously described [26]. The vagus nerve of anesthetized rats,
which lies close to the carotid artery, was dissected free of underlying
tissues to a distance of approximately 1 cm. The nerve was carefully
placed on a pair of silver-wire recording electrodes (0.6-mm diameter).
The electrodes were connected to a high-impedance probe, and action
potentials were displayed and saved on a computer after initial
amplification through a low-noise amplifier (BIO amplifier; AD Instru-
ment, Rabalot, France). Rats were first injected with saline through the
carotid artery, and, 10 min afterward, they were injected with 9 mg/kg
glucose. Unipolar nerve activity was recorded continuously before,
during and after both of these injections. Data were digitized with a
PowerLab/4sp digitizer. Signals were amplified 105-fold and filtered
using low- and high-frequency cut-offs of 1 and 30 Hz, respectively,
and monitored using the Chart 4 computer program.

2.7. ROS level measurement
One minute after the beginning of the carotid glucose injection, or five
minutes after rotenone injection, rats were decapitated, brains quickly
168 MOLECULAR METABOLISM 20 (2019) 166e177 � 2018 The Authors. Published by Elsevier GmbH. T
removed, and the MBH dissected, frozen in liquid nitrogen, and then
stored at �80 �C. ROS determination was performed as described
previously [27] using the fluorescent probe dichlorodihydro-fluorescein
diacetate (H2-DCFDA; Molecular Probes, Eugene, OR, USA) that pri-
marily detects H2O2 levels. ROS measurements were performed in a
fluorescent plate reader (Perkin Elmer, Courtaboeuf, France) at
535 nm, under excitation at 490 nm. Intensities of fluorescence were
calculated as arbitrary units per milligram of protein.

2.8. Determination of hypothalamic glutathione redox state
Anesthetized rats were decapitated, brains quickly removed, and the
MBH dissected. Tissue pieces were homogenized in a lysis saline
solution (in mM: 3 EDTA, 150 KCl, pH 7.4). Homogenates (50 ml) mixed
with 450 ml of 5% metaphosphoric acid were then centrifuged
(10,000 g, 10 min, 4 �C). Final supernatants were used for glutathione
assays, performed by reverse-phase high-performance liquid chro-
matography as previously described [28]. MBH glutathione redox
status was calculated as [oxidized form/(oxidized þ reduced) forms]
per milligram of protein.

2.9. Oxygen consumption measurement on MBH homogenates
Oxygen consumption was measured using a respirometer (Oxygraph-
2k; Oroboros Instruments, Innsbruck, Austria). Freshly dissected MBH
was homogenized in mitochondrial respiration medium (MiR05) con-
taining saponin for permeabilization. Three milligrams of MBH tissue
were transferred into the glass chambers of the respirometer. Mito-
chondrial state 2 respiration was stimulated by the successive addition
of substrates: 10 mM glutamate to stimulate complex I, and 10 mM
succinate to stimulate complex II. Then, state 3 respiration was ach-
ieved by adding 2.5 mM ADP to measure oxygen consumption when
ATP synthesis rate was maximal. Next, 0.75 mM Carboxy-atractyloside
(Catr) was added to block ATP synthesis and achieve the state 4
respiration. Finally, to measure the maximal respiration state, 2.5 mM
Carbonyl cyanide m-chlorophenylhydrazone (CCCP), a chemical un-
coupler, was used. Oxygen consumption was calculated using Data-
Graph software. All chemicals were purchased from the Sigma Aldrich
Company. Media were prepared according to the guide provided by
Oroboros Instruments, with technical sheets available on the company
web site at http://www.oroboros.at/.

2.10. Mitochondria isolation of MBH tissue
One minute after the beginning of the carotid glucose injection, rats
were decapitated, brains quickly removed, and the MBH dissected and
immediately immersed in ice-cold MBþ buffer (in mM: 10 HEPES, 210
mannitol, 10 DTT, 70 sucrose, protease inhibitor cocktail [complete
EDTA, Roche diagnostics]). Tissue pieces were homogenized with a
Dounce homogenizer. Homogenates were centrifuged at 1,000 g for
10 min at 4 �C, and supernatants were then centrifuged at 10,000 g
for 10 min at 4 �C. Remaining mitochondrial enriched pellet was
suspended in MB þ buffer and stored at �80 �C until further western
blot analysis.

2.11. Western blot analyses
MBH proteins (20 or 40 mg) were separated on 12% SDS-PAGE. Equal
number of samples from different groups were loaded on a single gel
to quantify differences between groups, control samples representing
the 100% reference. No normalization was applied between the
different gels since a reference protein was used each time for the
quantification. After transfer and blocking, membranes were probed
with 1/1,000 mouse anti-OXPHOS (Mitosciences, Euromedex, Mun-
dolsheim, France), 1/10,000 mouse anti-Actin (Millipore, Molsheim,
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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France), 1/10,000 mouse anti-DRP1 (BD Biosciences, Le Pont-De-
Claix, France), 1/500 mouse anti-OPA1 (BD Biosciences), 1/500 rab-
bit anti-FIS1 (Clinisciences, Montrouge, France), 1/500 mouse anti-
MFN2 (Abnova, Montluçon, France), 1/1,000 rabbit anti-phospho
AMPK (Cell Signaling, Danvers, MA, USA) and 1/1,000 rabbit anti-
AMPK (Cell signaling), 1/1,000 rabbit anti-phospho-DRP1 (Ser616)
and anti-phospho-DRP1 (Ser637) (Cell Signaling, Ozyme, France),
overnight at 4 �C. Specific bands were detected using a sheep anti-
mouse or a donkey anti-rabbit (1/10,000 in TBST-1X) peroxidase-
conjugated secondary antibody (GE healthcare, Orsay, France) incu-
bated for 1 h at room temperature. Bands were visualized by chem-
iluminescence with the addition of western C reagent (Bio-Rad,
Marnes-la-coquette, France) and were exposed to a ChemiDoc
XRS þ system (BioRad) for densitometry analysis.

2.12. Intraventricular drug injection
Anesthetized rats were implanted with a silastic catheter (VWR,
Fontenay-sous-Bois, France) into the right carotid. After vascular
surgery, rats were positioned in a stereotaxic device for acute intra-
cerebroventricular (ICV, in 3rd ventricle) injection (coordinates: 2.4 mm
posterior to bregma, 9 mm below skull). Rats received an ICV injection
of an AMPK inhibitor, Compound C (CC; 100 nM in 10 ml; sc-361,173;
Santa Cruz, CA, USA) and then received the intra-carotid glucose in-
jection as previously described, 60 min after ICV injection. Respective
control rats received an ICV vehicle injection (aCSF #3525; TOCRIS,
Ellisville, MI, USA). At the end of the experiment, brains were quickly
removed, and the MBH dissected and immediately frozen in liquid
nitrogen for further western blot analysis. Plasma and brain samples
were stored at �80 �C until assayed.
Figure 1: HFHS fed rats exhibit hyperglycemia and glucose intolerance without in
plasma insulin levels in STD (white bars, n ¼ 15) and HFHS fed rats (black bars, n ¼ 20
n ¼ 37). (DeE) Peripheral blood glucose and AUC in response to a subcutaneous glucose
n ¼ 7). (FeG) Peripheral blood glucose and AUC in response to a subcutaneous insulin load
Results are expressed as the mean � SEM; asterisks indicate significant differences bet
***p < 0.001.
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2.13. Statistical analyses
Statistical analyses were performed with GraphPad Prism 6 for Win-
dows (GraphPad Software). Data are presented as the mean � SEM.
After testing normality with a ShapiroeWilk normality test, unpaired t-
tests or ManneWhitney tests were performed. Two-way ANOVAs were
followed by a Fisher’s LSD post-test, whereas two-way ANOVAs on
repeated measures were followed by a Bonferroni post-test to identify
significant differences between groups as described in the figure
legends. Asterisks (*) or sharp (#) signs indicate significant differences
between groups according to the statistical analysis performed: * or #
indicates p < 0.05; ** or ## indicates p < 0.01; *** or ### indicates
p < 0.001.

3. RESULTS

3.1. A short HFHS diet exposition impaired hypothalamic glucose-
induced insulin secretion
Rats fed the HFHS diet exhibited hyperglycemia (STD ¼ 6.3 � 0.1 vs.
HFHS ¼ 7.5 � 0.1 mM; p < 0.001) despite normal plasma insulin
levels compared with those of control STD rats (Figure 1A,B). The HFHS
rats also had normal daily caloric intake (Figure Supp. 1A) and body
weight at the end of the diet (Figure Supp. 1B). Moreover, the study of
body composition showed that the hyper-caloric diet induced an in-
crease in fat mass (STD ¼ 11.8 � 0.6 vs. HFHS ¼ 15.1 � 0.8% of
body weight; p < 0.05) counterbalanced by a decrease in lean mass
(STD ¼ 76.3 � 0.5 vs. HFHS ¼ 72.4 � 0.5% of body weight;
p< 0.01) (Figure Supp. 1C). These changes in body composition were
associated with an approximate two-fold increase in plasma leptin
concentration (STD ¼ 3.0 � 0.1 vs. HFHS ¼ 5.7 � 0.4 ng/ml;
sulin resistance or significant hyperinsulinemia. (AeB) Basal blood glucose and
). (C) Plasma leptin level in STD (white bars, n ¼ 41) and HFHS fed rats (black bars,
load (2 g/kg of body weight) in STD (dash line, n ¼ 6) and HFHS fed rats (black line,
(1 U/kg of body weight) in STD (dash line, n ¼ 6) and HFHS fed rats (black line, n ¼ 6).
ween groups according to the statistical analysis performed: *p < 0.05; **p < 0.01;
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p < 0.001) (Figure 1C). However, HFHS diet fed rats displayed slight
glucose intolerance (AUC in STD ¼ 1993 � 51 vs.
HFHS ¼ 2377 � 107 mM.s/l; p < 0.001) (Figure 1D,E) without a
significant insulin resistance (Figure 1F,G).
HGS-induced IS was secondarily tested in these rats. As previously
shown [29], a 30 s glucose load into the carotid artery toward the brain
caused a rapid peak of plasma insulin 1 min after the carotid injection
in STD rats (T0 min vs. T1 min ¼ þ86.1 � 26.9 mU/ml; p < 0.001),
whereas blood glucose levels remained unchanged. However, this
peak was not observed in HFHS diet fed rats (T0 min vs. T1
min¼þ28.9� 12.2 mU/ml; p¼ 0.416; T1 min STD vs. T1 min HFHS:
p < 0.05) (Figure 2A,B). This carotid glucose injection also failed to
Figure 2: HFHS fed rats display impaired in vivo and in vitro hypothalamic glucose
(compared with time 0 before injection) in response to an intra-carotid glucose injection
Representative recordings of parasympathetic nerve activity from STD (left) and HFHS (rig
Parasympathetic nervous system activity recorded in STD (white bars, n ¼ 8) or HFHS fe
(9 mg/kg) (injection at time 0). (F) Quantification of the magnitude (AUC) of MBH neuron g
neurons; black bars, HFHS: n ¼ 34 GE/339 total neurons; 3 independent cultures). (GeH
(right) fed rats in response to increased glucose level from 2.5 to 10 mM. Changes in g
increased intracellular calcium levels. Neuronal excitability was verified at the end of the
indicate significant differences between groups according to the statistical analysis perfo
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induce an increase of the vagal tone in HFHS diet fed rats compared
with STD fed rats (Figure 2CeE). These data showed that HGS-induced
IS was impaired after 3 weeks of HFHS feeding. To confirm this
phenotype, we determined whether the response to glucose of MBH
neurons was also impaired after HFHS feeding.
Therefore, we performed wide-field single cell imaging of [Ca2þ]i using
a Fura-2 calcium probe in freshly dissociated MBH cells in response to
an increase in glucose level from 2.5 to 10 mM, as described previ-
ously [25]. Whereas the HFHS diet did not alter the number of MBH
gluco-excited neurons (STD ¼ 12.5 � 2.1 vs. HFHS ¼ 12.9 � 1.9%;
p > 0.05); the magnitude of their response to increased glucose
concentration decreased dramatically (Figure 2FeH). HFHS feeding did
sensing. (AeB) Blood glucose and plasma insulin levels expressed as delta values
(9 mg/kg) in STD (dash line, n ¼ 9) and HFHS fed rats (black line, n ¼ 12). (CeD)
ht) fed rats 60 s before and 60 s after an intra-carotid glucose injection (9 mg/kg). (E)
d rats (black bars, n ¼ 7) before and in response to an intra-carotid glucose injection
lucose response during calcium imaging study (white bars, STD: n ¼ 31 GE/315 total
) Representative intracellular calcium traces of MBH GE neuron of STD (left) and HFHS
lucose levels are schematically displayed above each recording, and the arrow shows
experiment by addition of KCl. Results are expressed as the mean � SEM; asterisks
rmed: *p < 0.05; ***p < 0.001.
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not alter the overall excitability of MBH gluco-excited as determined by
their response to 50 mM KCl (response amplitude: STD ¼ 2.3 � 0.2
vs. HFHS ¼ 1.99 � 0.3 arbitrary units (Dratio 340/380), p > 0.05).
Finally, to verify that the alteration in HGS-induced IS of HFHS diet fed
rats was not due to islet dysfunction induced by the short-term
hypercaloric diet, GIIS in isolated pancreatic islets was measured.
The results showed no significant modification of insulin secretion
(Figure 3A) or insulin content after incubation with increased glucose
concentration (Figure 3B).
Collectively, these results demonstrated that after only 3 weeks of
HFHS feeding, rats displayed a diminished insulin secretion following
hypothalamic glucose sensing. This defect was linked to decreased
vagal activity, whereas no modification of pancreatic islet sensitivity to
glucose occurred.

3.2. Glucose-induced hypothalamic mROS signaling and
mitochondrial function are altered in 3 weeks HFHS fed rats
To study whether the alteration in hypothalamic glucose sensing in
HFHS fed rats was linked to a defect in mROS signaling, MBH ROS
levels were measured 1 min after the intra-carotid injection of saline or
glucose, when insulin secretion occurred. As previously shown
[9,14,21], the glucose load induced a significant increase in hypo-
thalamic ROS levels in STD fed rats (NaCl vs. Glucose ¼ þ33%;
p < 0.05). However, this increase did not occur in HFHS diet fed rats
(NaCl vs. Glucose ¼ þ16%; p ¼ 0.2) (Figure 4A). Notably, in both
groups, the basal ROS level assessed after saline intra-carotid injection
was similar (STD ¼ 100.0 � 5.5 vs. HFHS ¼ 91.6 � 5.1%; p ¼ 0.5)
which suggested that the hypothalamic redox state was not affected by
the hyper-caloric diet (Figure 4A). To verify this point, the primary
cellular antioxidant that reflects the redox state, glutathione, was
evaluated. The GSSG (oxidized glutathione) to GSH (reduced form) ratio
showed no difference between STD and HFHS diet fed rats (Figure 4B).
To verify whether an equivalent MBH ROS production results in a
similar peak of insulin between the two groups, we used a specific
mitochondrial inhibitor, rotenone, which causes electron blockade that
eventually reacts with molecular oxygen, generating superoxide anions
at complex I [30]. Injection of rotenone has already been shown to
induce ROS production in the hypothalamus as well as IS, thus
mimicking the effects of a glucose load [9]. Here, rotenone was
able to significantly induce ROS production similarly in STD and
HFHS fed rats (STD ¼ 2.45 � 106 � 0.20 � 106 vs.
HFHS ¼ 2.65 � 106 � 0.22 � 106 arbitrary units of fluorescence per
mg of protein; p ¼ 0.54) (Figure 5A). This ROS production resulted in
an increase in IS (T0 min vs. T1e5 min in STD ¼ þ28.87 � 6.91;
p < 0.001 vs. HFHS ¼ þ17.48 � 3.10 mU/ml; p < 0.001) which was
Figure 3: HFHS fed rats have an ex-vivo normal GIIS at the islet level. (A) Insulin
secretion from STD (white bars, n ¼ 19) or HFHS fed rats (black bars, n ¼ 16)
pancreatic islets after increased glucose stimulation (n ¼ 3 rats per condition, 9 to 12
replicates) and (B) insulin content in the basal condition. Results are expressed as the
mean � SEM, and no significant difference was found between groups according to
the statistical analysis performed.

MOLECULAR METABOLISM 20 (2019) 166e177 � 2018 The Authors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
not different between STD and HFHS fed rats (T1e5 min STD vs. T1e
5 min HFHS: p ¼ 0.997) (Figure 5B). These results demonstrate that
similar ROS production in HFHS fed group compared to control group is
sufficient to restore an identical central command inducing IS in HFHS
diet fed rats. These results suggest that impaired ROS production in
response to glucose, induced by HFHS feeding, contributed in
decreased HGS induced IS.
We then explored MBH mitochondrial respiration by oxygraphy. No
difference in the basal oxygen consumption between groups occurred
(Figure 4C), showing normal mitochondrial respiration in the resting
state in the MBH of HFHS fed rats. However, the substrates-driven
respiration (state 2 respiration), measured by sequentially adding
glutamate to stimulate complex I and succinate to stimulate complex II,
revealed a trend toward decreased stimulation with the addition of
glutamate (STD ¼ 128.6 � 3.5 vs. HFHS ¼ 115.6 � 3.5% of basal
oxygen consumption; p ¼ 0.056) and a drastic decrease of the
stimulation with the addition of succinate (STD ¼ 400.7 � 20.8 vs.
HFHS ¼ 269.1 � 10.2% of basal oxygen consumption; p < 0.01) in
HFHS compared with STD fed rats. Decreased stimulated oxygen
consumption in the MBH of HFHS fed rats remained in state 3 respi-
ration, when adding a saturating concentration of ADP to stimulate
complex V (STD¼ 911.8� 41.3 vs. HFHS ¼ 702.6� 40.4% of basal
oxygen consumption; p < 0.05). However, the inhibition of complex V
with Carboxyatractyloside restored a normal respiration in the MBH of
HFHS fed rats, showing a normal ADP-independent state 4 respiration
(STD ¼ 304.2 � 25.7 vs. HFHS ¼ 248.2 � 17.8% of basal oxygen
consumption; p¼ 0.095). This result was confirmed by the respiration
rate in the MBH of HFHS fed rats that was not significantly different
from STD rats when maximal uncoupled respiration was measured,
after CCCP addition (STD¼ 707.2� 42.4 vs. HFHS¼ 576.9� 53.8%
of basal oxygen consumption; p ¼ 0.095) (Figure 4D). Thus, these
results highlighted a decrease in respiratory chain function coupled to
ADP phosphorylation in response to substrates in the MBH of HFHS fed
rats, whereas no difference was found regarding these parameters in
the cortex (Figure Supp. 2A,B). Moreover, the MBH protein levels of the
five mitochondrial complexes were quantified and no difference was
found between groups (Figure 4E,F), showing that changes in mito-
chondrial respiration rates were due to an alteration of mitochondrial
complex activity rather than a lower number of complex.

3.3. HFHS fed rats displayed an altered translocation of the fission
protein DRP1 to mitochondria in response to glucose within the MBH
We previously highlighted that increased hypothalamic glucose levels
trigger the mitochondrial translocation of MBH DRP1, the primary
cytoplasmic protein involved in mitochondrial fission [31]. Additionally,
inhibiting MBH DRP1 expression blocks mROS production in response
to glucose, and ultimately, HGS-induced IS [21].
In that context, we measured the MBH protein levels of the primary
players involved in mitochondrial dynamics in rats fed either with STD
or HFHS diet. No difference was found in the total protein content of
fission proteins 1 (FIS1) (p¼ 0.912) and DRP1 (p¼ 0.431) or in fusion
proteins MFN2 (p ¼ 0.262) and Optic atrophy 1 (OPA1) (p ¼ 0.696)
(Figure 6A,B).
We then further evaluated the mitochondrial MBH DRP1 translocation
in response to glucose on mitochondrial fractions extracted from MBH
only 1 min after the beginning of the intra-carotid glucose injection.
This time corresponded with the peaks of mROS production and insulin
secretion. As previously shown [21], the hypothalamic glucose in-
crease induced a significant increase in DRP1 translocation to mito-
chondria in STD fed rats (NaCl vs. Glucose ¼ þ24%, p < 0.05).
However, this translocation did not occur in HFHS fed rats (NaCl vs.
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Figure 4: Glucose-induced hypothalamic ROS signaling and mitochondrial respiratory chain function are altered in HFHS fed rats. (A) ROS production in MBH 1 min after
an intra-carotid injection of saline (NaCl) or glucose (9 mg/kg) in STD (white bars, n ¼ 10) and HFHS fed rats (black bars, n ¼ 10). Data are expressed in fluorescence related to
protein concentration in percentage of STD-NaCl control rats. (B) Redox state of glutathione measured by HPLC in hypothalamic homogenates of STD (white bars, n ¼ 7) and HFHS
fed rats (black bars, n ¼ 7). (CeD) Oxygen consumption measured in MBH during resting state or in response to pharmacological stimulation or inhibition of the different electron
transport chain complexes in STD (white bars, n ¼ 5) and HFHS fed rats (black bars, n ¼ 5). Data are expressed in percentage of basal oxygen consumption. (EeF) Representative
immunoblot and analysis of protein expression of respiratory chain complexes I to V in MBH of STD (white bars, n ¼ 8) and HFHS fed rats (black bars, n ¼ 6). Results are expressed
in percentage of STD, after optic density was normalized using the b-actin signal as a reference. Results are expressed as the mean � SEM; asterisks indicate significant
differences between groups according to the statistical analysis performed: *p < 0.05; **p < 0.01.

Original Article
Glucose ¼ �10%; p ¼ 0.354). Additionally, the mitochondrial DRP1
content after glucose injection was significantly lower in the MBH of
HFHS diet fed rats than in that of STD fed rats (STD ¼ 123.6� 7.5 vs.
HFHS ¼ 86.1 � 6.9%; p < 0.01) (Figure 6C,D).
DRP1 translocation to the mitochondria involves several post-
translational modifications of the protein, such as sumoylation, S-
nitrosylation, ubiquitination, and phosphorylation [32]. However, the
ratio between phosphorylated DRP1 and DRP1 is usually used as a
readout of DRP1 activity [33]. Thus, we measured the phosphorylation
levels of DRP1, both the pro-fission site Ser616 and the anti-fission
site Ser637 in MBH extracted 1 min after the beginning of the intra-
carotid glucose injection. Surprisingly, no significant difference in the
phosphorylation level of the pro-fission site (p ¼ 0.779) or of the anti-
fission site (p ¼ 0.354) was present between STD and HFHS fed rats
(Figure 6E,F).
172 MOLECULAR METABOLISM 20 (2019) 166e177 � 2018 The Authors. Published by Elsevier GmbH. T
Altogether, our data highlighted that 3 weeks of HFHS feeding impaired
mitochondrial dynamics in the MBH in response to glucose and more
particularly, the fission machinery through the mitochondrial DRP1
translocation process. However, these results also suggested that
phosphorylation is not the trigger for DRP1 translocation to mito-
chondria in response to glucose in our model.

3.4. Increased AMPK activation is not responsible for altered
hypothalamic glucose sensing in 3 weeks HFHS diet fed rats
We finally aimed at restoring DRP1 translocation to mitochondria in the
hypothalamus of HFHS fed rats to see if it could restore HGS induced
IS. From our current knowledge, it is not possible to specifically ex-
press an active form of DRP1 and overexpressing DRP1 would not be
relevant as its total expression was not affected in HFHS fed rats.
However, it is possible to modulate the activity of factors such as AMP-
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 5: Rotenone-induced hypothalamic ROS production and insulin secretion similarly in STD and HFHS fed rats. (A) ROS production in MBH 5 min after an intra-
carotid injection of rotenone in STD (white bar, n ¼ 6) and HFHS fed rats (black bar, n ¼ 9). Data are expressed in arbitrary units of fluorescence related to protein concentration.
(B) Plasma insulin levels in response to an intra-carotid injection of rotenone in STD (n ¼ 6) and HFHS fed rats (n ¼ 9), before injection (white bars, T0 min) and when peak of
insulin occurs at 1, 3 or 5 min after intra-carotid injection (black bars, T1e5 min). Results are expressed as the mean � SEM; asterisks indicate significant differences between,
before and after injection among groups according to the statistical analysis performed: ***p < 0.001.

Figure 6: Glucose-induced mitochondrial fission is altered in HFHS fed rats. (A) Representative immunoblots and (B) analysis of protein expression involved in mitochondrial
dynamics during resting state in STD (white bars, n ¼ 7) and HFHS fed rats (black bars, n ¼ 7). DRP1 and FIS1 correspond to fission proteins, whereas MFN2 and OPA1
correspond to fusion proteins. Results are expressed in percentage of STD, after optic density was normalized using the b-actin signal as a reference. (C) Representative im-
munoblots and (D) analysis of DRP1 translocation to mitochondria after an intra-carotid injection of saline (NaCl) or glucose (9 mg/kg) in STD (white bars, n ¼ 6) and HFHS fed rats
(black bars, n ¼ 6). Results are expressed in percentage of STD-NaCl, after optic density was normalized using the Complex V signal (55 kDa) as a reference. (E) Representative
immunoblots and (F) analysis of phosphorylation levels of DRP1 on MBH extracted 1 min after the beginning of an intra-carotid injection of glucose (9 mg/kg) in STD (white bars,
n ¼ 8) and HFHS fed rats (black bars, n ¼ 8). Results are expressed in as a ratio between pDRP1 and DRP1 in percentage of STD, after optic density was normalized using actin
signal (42 kDa) as a reference. (E) Results are expressed as the mean � SEM; asterisks indicate significant differences between groups according to the statistical analysis
performed: *p < 0.05; **p < 0.01.
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activated protein kinase (AMPK), a nutrient sensor known as a key
regulator of mitochondrial fission [34,35]. In that context, we specu-
lated that AMPK might be abnormally active in the MBH of HFHS fed
rats as previously described [36e38]. Thus, inhibiting AMPK activity
would increase DRP1 translocation to the mitochondria and improve
glucose sensing in the MBH of HFHS fed rats. Whereas our results
showed that HFHS diet fed rats did have a significant increase in
pAMPK/AMPK ratio in the MBH (STD vs. HFHS ¼ þ120%; p < 0.001)
(Figure 7A,B), the rescue of the MBH pAMPK/AMPK ratio, through
compound C treatment by ICV injection (HFHS-aCSF ¼ 220.9 � 17.3
vs. HFHS-CC ¼ 134.7 � 7.6%; p < 0.001; STD-aCSF vs. HFHS-CC:
p ¼ 0.112) (Figure 7A,B), was inefficient to restore, even partially,
HGS-induced IS in these rats (plasma insulin 1 min after intra-carotid
glucose injection: STD-aCSF ¼ 64.7 � 7.7 vs. HFHS-
CC ¼ 16.0 � 15.1 mU/ml; p < 0.01) (Figure 7C). Thus, these results
suggested that decreasing AMPK activity in HFHS fed rats, did not
improve HGS-induced IS.

4. DISCUSSION

To study the importance of aspects of brain mitochondrial dynamics in
diet-induced early metabolic defects, we first generated a model of
early hypothalamic dysregulation to nutrient sensitivity; animals fed 3
weeks an HFHS diet developed an absence of response to brain hy-
perglycemia in terms of insulin secretion. Both hypothalamic neuron
responses to glucose,in vitro, and the vagal activity, in vivo, were
disturbed, whereas the direct response of the b cells to glucose was
preserved. The hypothalamic impairment was concomitant with
decreased mROS signaling and an abnormal mitochondrial respiration.
These features were associated with a disruption of the capability of
the fission protein DRP1 to translocate to mitochondria in response to
brain hyperglycemia within the MBH, an essential process involved in
mitochondrial fission. Notably, despite a dysregulated MBH AMPK
pathway, previously described as involved in inhibiting the fission
machinery [34,35], the restoration of this pathway did not rescue HGS-
induced IS in HFHS fed rats.
An HFHS diet supply was chosen to mimic bad eating habits in
metabolic disorders in humans such as obesity and type II diabetes in a
rodent [39]. Feeding on this diet for only three weeks was too short to
induce an overweight phenotype in these rats, because they showed
no modification of their energy intake and body weight, despite an
increase in fat mass counterbalanced by a decrease in lean mass. This
change in body composition was correlated with increased blood
Figure 7: Increased AMPK activation is not responsible for altered hypothalamic gl
pAMPK/AMPK ratio in MBH of STD fed rats injected with aCSF (white bars, n ¼ 7), HFHS
inhibitor CC (striped bars, n ¼ 6). (C) Plasma insulin secretion expressed in delta from basa
aCSF (dash line, n ¼ 6), HFHS fed rats injected with aCSF (black line, n ¼ 6) and HFHS fed
mean � SEM; asterisks indicate significant difference between STD-aCSF and HFHS-aCSF
between STD-aCSF and HFHS-CC, according to the statistical analysis performed (*p < 0
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glucose and triglycerides and a twofold increase in leptin level with no
significant modification of plasma insulin. Additionally, this HFHS diet
fed rat model displayed slight glucose intolerance with no sign of in-
sulin resistance. Altogether, these data suggest that to study early
stages of type II diabetes, these animals provide an interesting model.
The prerequisite of our model was the alteration of brain glucose
sensing, which was first demonstrated by the absence of insulin
secretion after a carotid glucose injection toward the brain. Such a
glucose load induces a transient insulin secretion controlled by the
parasympathetic nervous system and originating from the ARC [7,9].
However, HFHS feeding might also alter islet function, which could
have been responsible for the absence of insulin secretion in response
to brain glucose [40]. Moreover, increased leptin level is thought to
exert an inhibitory effect on insulin secretion [41], an effect that has
been recently challenged [42]. We excluded those hypotheses because
in vitro pancreatic islets had normal insulin content and could continue
to secrete insulin in response to glucose, in a dose-dependent manner,
showing intact islet responsiveness. Finally, the hypothalamic origin
was confirmed by the following: 1) calcium imaging on freshly
dissociated hypothalamic neurons from HFHS fed rats that displayed a
decreased response to glucose in vitro; and 2) decreased vagal activity
in these animals. Collectively, these data highlight an interesting
feature of this model, that is, an early alteration of brain sensitivity to
glucose, whereas no abnormal GIIS was observed in isolated islets.
These results are consistent with those of previous studies suggesting
an autonomous defect that has its origin at the hypothalamic level and
that might be one of the primary regulators disturbed in malnutrition
models [10,43].
We previously demonstrated that increased electrical activity in ARC
neurons in response to a glucose challenge, in vivo, requires a redox
signaling, through H2O2 production [9]. This H2O2 signaling originates
from the mitochondrial anion superoxide production and is required to
activate gluco-sensitive neurons, with a disturbed activity in installed
obese, insulin-resistant animals combined with altered antioxidant
activities [14]. In this model, increased mROS signaling in response to
a brief brain hyperglycemia was no longer observed in HFHS fed an-
imals after only three weeks. Moreover, basal levels of ROS were
identical in STD and HFHS fed rats, and no modification of red/ox
glutathione levels, a representation of the cellular redox state,
occurred. This result highlighted that the primary defect concerned
mitochondrial functioning rather than a decline in antioxidant defenses.
Additionally, restoring an identical mROS production by an intra-carotid
injection of rotenone was able to induce IS in both STD and HFHS fed
ucose sensing in HFHS fed rats. (A) Representative immunoblots and (B) analysis of
fed rats injected with aCSF (black bars, n ¼ 6) and HFHS fed rats injected with AMPK
l in response to an intra-carotid glucose injection (9 mg/kg) in STD fed rats injected with
rats injected with AMPK inhibitor CC (dotted line, n ¼ 7). Results are expressed as the
or between HFHS-aCSF and HFHS-CC, and a sharp sign indicates significant difference
.05; ***p < 0.001; ##p < 0.01).

his 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


rats. Thus, bypassing the mitochondrial DRP1 translocation in
response to glucose (as suggested in this hypothesis) led to a peak of
insulin that was similar between the two groups. This important result
suggests that steps downstream of ROS production, i.e., ROS signaling
and redox targets, were not affected in the HFHS group after 3 weeks
on this diet.
Because the redox signaling originates in mitochondria and, more
particularly, in the electron transport chain, mitochondrial respiration
was explored. Mitochondrial O2 consumption decreased in response to
complex II and complex V stimulation. Their roles are to oxidize FADH2
and to dissipate the increased Hþ gradient to generate ATP, when
required, respectively. No modification of the protein levels was
observed for all five complexes, and decoupling the respiration with
CCCP revealed no difference of maximal respiration. These data
indicated mostly a decreased acceleration of OXPHOS, i.e., coupled
respiration, due to decreased activity of complexes II and V. This
reduced activity secondarily imposes a deceleration of electron
transport rates and might account for the decreased mROS signaling
observed in the MBH of HFHS fed animals, with this signaling directly
correlated with the probability of increased electrons to reduce O2.
Mitochondrial complex activity and respiration are related to mito-
chondrial dynamics. Our previous work demonstrated that the
translocation of the mitochondrial fission protein DRP1 in response
to glucose is required to generate the hypothalamic mROS pro-
duction [21]. Here, brain hyperglycemia-induced DRP1 translocation
to mitochondria no longer occurred in HFHS fed rats, suggesting that
decreased mitochondrial fission could affect mitochondrial complex
organization and function and ultimately, mROS signaling. The
relationship between DRP1 translocation to mitochondria and ROS
production in response to a glucose load has been recently studied in
the hypothalamus. Indeed, neurons expressing the Steroidogenic
factor 1 (SF1), located in the ventromedial hypothalamus (which is
close to the ARC), showed an increase in mitochondrial fission but a
decrease in ROS production in response to a glucose load that was
under the control of the uncoupling protein UCP2 [33]. Transgenic
mice exhibiting a deletion of UCP2 in SF1 neurons had no increase in
phosphorylated DRP1 in response to glucose, and therefore, no
further translocation of the protein to mitochondria and consequent
fission. By contrast, selective re-expression of UCP2 in these neu-
rons restored the phosphorylation of DRP1. Conversely, POMC
neurons with a deletion of DRP1 resulted in improved glucose
responsiveness [44].
These discrepancies are related to the models in which a constitutive
deletion of DRP1 targeted a single neuronal population, whereas, in our
case, all hypothalamic cells were of concern, including neurons sen-
sitive to hyperglycemia (either excited or inhibited) and non-neuronal
cells. The latter represent the majority of brain cells, especially as-
trocytes whose responses to a chronic high caloric diet has suggested
an important role in the regulation of energy homeostasis [45,46]. Of
the numerous roles identified in glial cells, those related to energy
demands are particularly important [47] and might be of particular
concern in this acute response to glucose.
While discriminating the role of DRP1 between neuronal and non-
neuronal cells was not feasible in this in vivo study, there is evi-
dence that mitochondrial DRP1-dependent fission in non-neuronal
cells is at least as important as in neurons. Notably, recent works
have identified that mitochondria are present in astrocytic processes or
in myelin sheaths [48], compartments that were previously thought to
be too small to accommodate these organelles [49e51], completely
modifying our mindset of how energy is processed into these sites. In
neurons, DRP1 mediated mitochondrial fission allows these organelles
MOLECULAR METABOLISM 20 (2019) 166e177 � 2018 The Authors. Published by Elsevier GmbH. This is an open
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to have access to spines and filopodia, while DRP1-induced fission
inhibition reduces the number of mitochondria that are present in
dendrites and synaptic terminals (reviewed in [52]).
In this study, the disruption of DRP1 translocation to subcellular
compartments might affect both glial and neuronal cells that possess
diverse mitochondrial number and morphology, and that the dominant
mechanism in the MBH is mitochondrial fission increasing mitochon-
drial ROS in response to glucose.
DRP1 translocation is a complex event, involving multiple post-
translational modifications [32]. Indeed, DRP1 must be phosphory-
lated in its pro-fission site Ser616 to induce mitochondrial fission.
Consequently, there are two well established methods for measuring
DRP1 translocation to the mitochondria: 1) quantifying total DRP1 in
cellular fraction which does not contain the cytoplasm [34,53e55], or
2) quantifying the phosphorylated state of DRP1 on total lysate
[34,56,57]. Our results showed that DRP1 translocation is altered in
HFHS fed rats in response to glucose using the first method; however,
by quantifying the different phosphorylation state of DRP1, we could
not find any difference between STD and HFHS fed rats. These results
suggest that the phosphorylation of DRP1 was not altered or other
post-translational modifications might have contributed to the defect.
Recent studies described that the phosphorylation of DRP1 can be
dependent on AMPK activation, because pharmacological activation of
AMPK increased the phosphorylation of the anti-fission site Ser637,
preventing mitochondrial fission [34,35]. In our study, AMPK activation
within the MBH increased in HFHS fed rats, suggesting AMPK should
have prevented DRP1 translocation. However, the inhibition of AMPK
activation by an ICV treatment with compound C did not restore, at
least partially, HGS-induced IS. This result suggested AMPK activation
inhibited fission might not be involved in this phenotype or might not be
the sole factor implicated.

5. CONCLUSION

This study shows for the first time that glucose-induced DRP1
translocation to mitochondria and ROS production in the MBH is
compromised in rats fed an HFHS diet for a short period of time (3
weeks), whereas the upstream signals remains undetermined.
These findings are consistent with those in our previous study in
which DRP1 inhibition prevented normal HGS-induced IS and more
recently, with the importance of DRP1 highlighted in SF1 or POMC
neurons in response to glucose [21,33,44]. HGS-induced IS is an
important part of the control of whole-body metabolism and food
intake, which is apparently altered before pancreatic GIIS in b cells
in our model and without modification in food intake or body weight
but with early disturbances of glucose metabolism. Alteration of
HGS-induced IS might be an early event in type II diabetes devel-
opment, and the reversal of this phenotype, focusing on glucose-
induced DRP1 translocation, could be a challenging but important
element for further experiments into dealing with the pathogenesis
of diabetes.
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