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CPT1C deficiency in SF1 neurons impairs early
metabolic adaptation to dietary fats, leading to
obesity

Check for
updates

A. Fosch'®, D.S. Pizarro"%, S. Zagmutt', A.C. Reguera', G. Batallé', M. Rodriguez-Garcia', J. Garcia-Chica’,
0. Freire-Agulleiro?, C. Miralpeix'-3, P. Zizzari®, D. Serra®>, L. Herrero®®, M. Lopez>°, D. Cota’®,
R. Rodriguez-Rodriguez’->", N. Casals™> "

ABSTRACT

Objectives: SF1 neurons of the ventromedial hypothalamus (VMH) play a pivotal role in regulating body weight and adiposity, particularly in
response to a high-fat diet (HFD), as well as in the recovery from insulin-induced hypoglycemia. While the brain-specific CPT1C isoform is well
known for its role in controlling food intake and energy homeostasis, its function within specific hypothalamic neuronal populations remains
largely unexplored. Here, we explore the role of CPT1C in SF1 neurons.

Methods: Mice deficient in CPT1C within SF1 neurons were generated, and their response to a HFD was investigated.

Results: SF1-Cpt71c-KO mice fail to adjust their caloric intake during initial HFD exposure, which is associated with impaired activation of the
melanocortin system. Furthermore, these mice exhibit disrupted metabolic gene expression in the liver, muscle, and adipose tissue, leading to
increased adiposity independently of food intake. In contrast, their response to glucose or insulin challenges remains intact. After long-term HFD
exposure, SF1-Cpt1c-KO mice are more prone to developing obesity and glucose intolerance than control littermates, with males exhibiting a
more severe phenotype. Interestingly, CPT1C deficiency in SF1 neurons also results in elevated hypothalamic endocannabinoid (eCB) levels under
both chow and HFD conditions. We propose that this sustained eCB elevation reduces VMH activation by fatty acids and impairs the SF1-POMC
drive upon fat intake.

Conclusion: Our findings establish CPT1C in SF1 neurons as essential for VMH-driven dietary fat sensing, satiety, and lipid metabolic adaptation.
© 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. INTRODUCTION The majority of VMH neurons, particularly those in the dorsomedial and

central regions of the VMH, express the nuclear receptor steroidogenic

The central regulation of body weight is a complex process that involves
intricate neural circuits within the hypothalamic nuclei and exira-
hypothalamic areas, orchestrating appetite and energy homeostasis.
The ventromedial nucleus of the hypothalamus (VMH), recognized not
only as a satiety center but also as a crucial regulator of energy balance,
influences brown fat thermogenesis, peripheral lipid metabolism and
glucose homeostasis [1]. Electric stimulation of the VMH triggers
hypophagia and energy expenditure (EE), and a decrease in respiratory
exchange ratio (RER), indicating a preference for fats over glucose as the
primary energy substrate to supply the cellular oxidation rate [2].

factor 1 (SF1), a transcription factor encoded by Nr5a7 gene, specific
to this nucleus and essential for its development and function [3—5].
Optogenetic and chemogenetic studies have revealed that SF1-positive
cells are responsible for most of the intrinsic actions of the VMH,
including satiety signaling, promotion of EE, facilitation of fat mobili-
zation [6,7], and recovery from insulin-induced hypoglycemia [8].
Interestingly, transgenic mice with impaired expression of several
molecular targets in SF1 neurons often display altered metabolic
phenotypes, particularly under exposure to a high-fat diet (HFD), but
not when fed regular chow, emphasizing a role for SF1 neurons in
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metabolic adaptation to increased fat consumption [1]. Moreover,
recent data suggest that unsaturated fats, but not saturated ones,
activate SF1 neurons driving satiety and EE [9]. However, the molec-
ular mechanisms and neural circuitry that underlie the sensing of fats
by SF1 neurons remain poorly understood. Notably, the endocanna-
binoid (eCB) receptor CB1, which is highly expressed in SF1 neurons
[10] decreases the excitability of those neurons and modulates feeding
and fuel selection by peripheral tissues based on the type of diet
[10,11].

The neuron-specific carnitine palmitoyltransferase 1C (CPT1C), has
emerged as a key player in appetite regulation and nutrient partitioning
in the hypothalamus, including the VMH [12,13]. Global CPT1C knock-
out (KO) mice exhibit impaired feeding responses to leptin and ghrelin
[14,15], and disrupted diet-induced brown fat thermogenesis, making
them more susceptible to become obese when fed a HFD [16].
Moreover, CPT1C is involved in food preference [17], fuel selection
under fasting conditions [18], and the sensing of fats by the hypo-
thalamus [9]. However, there is limited data regarding the role of
CPT1C in specific nuclei of the hypothalamus. At the molecular level,
CPT1C, which is unique in lacking enzymatic activity within the CPT1
family [19], functions as a nutrient sensor by binding malonyl-CoA
within neurons [20—26]. Malonyl-CoA is a lipid metabolite that
dynamically fluctuates in the hypothalamus based on the nutritional
state [27,28] and regulates feeding behavior and energy homeostasis
[29—37]. Our recent studies indicate that CPT1C regulates AMPA re-
ceptor trafficking and synaptic transmission through malonyl-CoA
[22,38,39]. In addition, CPT1C interacts with the eCB hydrolase a./[3-
hydrolase domain-containing 6 (ABHD6), modulating its enzymatic
activity depending on nutrients and malonyl-CoA availability [26].
Considering the existing evidence, we postulated that CPT1C in SF1
plays a significant role in mediating the response to dietary lipids. Our
findings demonstrate that the specific deletion of Cpt7¢in SF1 neurons
diminishes the responsiveness of SF1 neurons to fats, increases levels
of eCB, and blunts a.-MSH levels. This cascade of events results in
impaired satiety signaling, disrupted nutrient partitioning, and an
increased propensity for obesity. These observations elucidate a novel
mechanism linking CPT1C function in SF1 neurons to energy ho-
meostasis and body weight regulation.

2. METHODS

2.1. Animals

Male and female mice were housed on 12 h/12 h light/dark cycle (light
on at 8 am, light off 8 pm) in a temperature- and humidity-controlled
room. Animals were group housed and allowed free access to water
and standard laboratory chow diet, otherwise indicated. Animals used
for experimentation were between 8 and 12 weeks of age at the
starting point of the experiments. All animal procedures were per-
formed in agreement with European guidelines (2010/63/EU) and
approved by the Ethical Committee of the University of Barcelona (n.
10906 and n. 10210 from the Generalitat de Catalunya) and of the
University of Bordeaux (n. 30252). All efforts were made to minimize
animal suffering and to minimize the number of animals used. Animal
studies are reported in compliance with the ARRIVE guidelines.

2.2. Generation of SF1-Cpt1c-KO mice

Mice deficient of CPT1C in SF1 neurons were generated through two
consecutive steps using Flp-FRT and Cre-loxP technologies at CBATEG
from Universitat Autobnoma de Barcelona. Sperm of the strain C57BL/
6N-CPT1c!M1aEUCOMMWSST o ntaining exons 4 to 6 of Cptic flanked by
two LoxP sequences, a lacZ cassette and a neo gene, was obtained

from KOMP Repository (University of California, Davis). This sperm was
used for an in vitro fertilization to generate heterozygous mice called
KO-first. LacZ and Neo cassettes were deleted by breeding KO-first
with mice containing FIpO in heterozygosis (FIpO mice) from the
Mouse Mutant Core Facility (MMCF) of IRB Barcelona, to get a
Cpt1d™®" mice. These animals were bred with SF1-Cre mice
(Tg(Nr5a1-cre)Lowl/J, stock number 012462 from The Jackson Lab-
oratory, Bar Harbor, ME) to generate SF1-Cre; Cpt1¢™®~, which finally
were bred with a homozygous Cpt7¢™™™® mice to get SF1-
Cre;Cpt1d™™® aiso called SF1-Cptic-KO. CPT1”"®  mice
resulting from this last breeding were control littermates called SF1-
Cpt1c-WT mice.

2.3. Genotyping

DNA from VMH or ear punches were used for genotyping. VMH
samples were collected using a brain matrix and stored at —80 °C until
used. DNA was obtained using Proteinase K (3115887001, Roche,
Basel, Switzerland) digestion followed by phenol-chloroform extraction
and ethanol precipitation. DNA from ear punches was extracted with
50 mM NaOH and buffered in TRIS 1M pH 8. The oligonucleotide
enhancers used for DNA amplification are described in Supplemental
Table 1 and Supplemental Fig. 1.

2.4. Administration of high fat diets

Mice were fed a HFD (60% kcal from fat, ref. D12492) or a standard
diet (SD, 10% kcal from fat, ref. D12450J, Research Diets, New
Brunswick, USA) for 5 days or 8 weeks. During this period, body weight
and the amount of each diet eaten was weakly measured. At the end of
the study, mice were sacrificed by cervical dislocation and hypothal-
amus, epididymal white adipose tissue (eWAT), subcutaneous WAT
(SWAT), brown adipose tissue (BAT), liver and soleus muscle were
collected and stored at —80 °C until further processing.

For the analysis of neuronal activation by c-Fos, mice were fasted for
3 h during the light phase followed by a refeeding period of 2 h with
HFD or SD. Then, mice were perfused for brain cryopreservation.

For the pair-feeding experiment mice were housed in cages equipped
with automatic feeders (SmartWaiters, Cibertec, Madrid, Spain). Mice
were acclimatized for a week with ad libitum SD. Then, the feeders
were programmed to stay open for 1 h before the onset of the light
phase and 1 h previous to the dark phase for one week. Food Intake
was recorded during this period and mean caloric intake of SD was
calculated. Calories were equated between SD and HFD, and feeders
were programmed to allow the mice to eat 0.8 g of HFD both at the
onset of light and dark phases for five days. After each mouse had
eaten 0.8 g of HFD the feeder would automatically close. Mice body
weight was recorded at the beginning and end of the experiment.
Tissues were collected as previously described.

2.5. Intracerebroventricular (ICV) cannulation surgery and oleic acid
administration

Mice were anesthetized with 75 mg/kg of ketamine (Ketamidor®
100 mg/mL Ricther Pharma AG, Bagres Austria) and 10 mg/kg of
xylazine (Rompun® 20 mg/mL Bayer, Leverkusen, Germany). Can-
nulas were stereotaxically implanted into the lateral cerebral ventricle,
being the coordinates 0.58 mm posterior to Bregma, 1 mm lateral to
the midsagittal suture and 2.2 mm of depth. Mice were individually
caged and allowed to recover for at least 5 days before the experiment.
Cannula placement was verified by a positive dipsogenic response to
angiotensin Il (1 nmol in 1 mL; Sigma—Aldrich, Saint Louise, USA).
Oleic acid (03880; Sigma—Aldrich, St Louis, USA) or vehicle were
injected into ICV-cannulated mice. Oleic acid was complexed with
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fresh 40 % HPB (2-Hydroxypropyl)-B-cyclodextrin (H107 Sigma—
Aldrich, St Louis, USA). 9 nmols of oleic acid/dose and 2 pL/dose
were injected. Animals did not have access to food during the whole
procedure. After 2 h, mice were perfused for brain collection, as
indicated below.

2.6. Administration of adeno-associated virus (AAVs) within the
VVH

For the stereotaxic surgery, mice were anesthetized as previously
described. Stereotaxic surgery to target VMH was carried out with the
following coordinates: 1.5 mm posterior from Bregma, +0.5 mm
lateral to midline and 5.8 mm deep. Purified AAVs expressing mCherry
under Cre activity (AAV-CRE-mCherry) [40] were injected bilaterally
over 10 min through a 33-gauge injector connected to a 5 pL Ham-
ilton® Syringe (65460-02, Hamilton Company, Reno, USA) and an
infusion pump. 0,4 nL with a viral titer of 1,23 x 10'2 pfu/mL were
infused in each injection site. After surgery, an analgesic solution
(Meloxidyl® 5 mg/mL, Ceva Santé Animale, Libourne, France) was
subcutaneously administered to a final dose of 1 mg/kg of body
weight. During the first two days of recovery, the analgesic was
administered through the drinking water with a final solution of 5 mg/L.
Mice underwent 3 weeks of recovery before their use for the study.

2.7. Indirect calorimetry, in cage-locomotor activity and gas
exchange analysis

Indirect calorimetry, in-cage locomotor activity and gas exchange
analysis were carried out in light, temperature and humidity controlled
calorimetric chambers (TSE Systems GmbH, Moos, Germany) as
described previously [41]. The light cycle was 12 h/12 h light/dark
phase (lights on 3am, lights off 3pm) at 22 °C. Mice were acclimated
for 5 days before recording. 0, consumption and CO» production were
measured to calculate RER (or respiratory quotient, RQ) and EE. Lo-
comotor activity was determined using an infrared light beam system.
All measurements were taken every 20 min.

2.8. Magnetic resonance imaging (MRI)

Body composition analysis of SF1-Cpt7c-WT and SF1-Cpt1¢-KO mice
was performed by nuclear echo magnetic resonance imaging
(EchoMRI 900; EchoMedical Systems, New York, USA) to evaluate the
total amount of fat and lean mass of mice. Mice were weighted and
placed into a movement restrainer before going inside the EchoMRI.
The analysis was performed previously to HFD exposition and after the
5-day and the 8-week exposure to HFD. All measurements were taken
in duplicates.

2.9. Glucose and insulin tolerance tests

All glucose measurements were performed using the glucometer Aviva
from Accu-Chek® (Roche, Basel, Switzerland) and test strips
(06453970, Roche, Basel, Switzerland) on the second drop after a little
cut on the tail. Glucose tolerance test (GTT) and insulin tolerance test
(ITT) were conducted in 6 h fasted mice, starting at the beginning of the
light phase. 20 % glucose (Glucose 20 % B. Braun Medical, Melsun-
gen, Germany) was injected intraperitoneally with a final dose of 2 g/kg
body weight. 0.1 IU/mL of human insulin (Humulin 100 1U/mL, Lilly
Medical, Indianapolis, USA) was injected with a final dose of 0.5 IU/kg
body weight. Data were represented as glycaemia evolution over time
and area under the curve. Glucose disappearance rate (Kirr) was
calculated using the first 30 min.
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2.10. RNA preparation and quantitative RT-PCR

Total RNA was extracted from tissues using Trizol Reagent (Fisher
Scientific, Madrid, Spain). Quantitative RT-PCR analysis was per-
formed as previously described [9]. SsoAdvanced™ SYBR®Green
Supermix (172-5261, BioRad, Hercules, USA) was used for double-
stranded DNA intercalating agents and SsoFast™ Probes Supermix
(172-5231, BioRad, Hercules, USA) for TagMan assay. SYBR Green
assay primers are listed in Supplemental Table 2. Tagman Gene
Expression assay primers for Ucp? were used (for: 5’-CACACCTC-
CAGTCATTAAGCC, and rev: 5-CAAATCAGCTTTGCCTCACTC). All
primers were from IDT DNA Technologies, Leuven, Belgium. Relative
mRNA levels were measured using the CFX96 Real-time System,
C1000 Thermal Cycler (BioRad, CA, USA). Relative gene expression
was estimated using the comparative Ct (2‘A Ct) method in
comparation to Gapdh levels.

2.11. Western blotting

Western blot was performed as previously described [9]. Briefly, soleus
muscle was homogenized in RIPA buffer (Sigma—Aldrich, Madrid,
Spain) containing protease and phosphatase inhibitor cocktails. Protein
extracts were separated on SDS-PAGE, transferred into Immobilion-
PVDF membranes (Merck Millipore, Madrid, Spain) and probed with
antibodies against pACC (Ser79) (Cell Signaling; Danvers, MA, USA);
and GAPDH (Abcam, Cambridge, UK). Anti-mouse or anti-rabbit
horseradish peroxidase-conjugated (Jackson, West Grove, USA) were
used as secondary antibodies. LuminataForte Western HRP substrate
(Merck Millipore, MA, USA) was used as developing agent. Images
were collected by the ChemiDoc MP and Image Lab Software (Bio-Rad
Laboratories, Hercules, USA) and quantified by densitometry using
ImageJ-1.33 software (NIH, Bethesda, MD, USA). In all the figures
showing images of gels, all the bands for each picture come from the
same gel, although they may be spliced for clarification.

2.12. Immunofluorescence

Mice were anesthetized under ketamine/xylazine and intracardially
perfused with PBS and the 10 % Normal Buffered Formalin (NBF).
Brains were collected and postfixed 24 h in 10 % NBF at 4 °C,
transferred to 30 % sucrose at 4 °C for 2—3 days, frozen in iso-
pentane, and sliced in 30 pum thick slices in the coronal plane
throughout the entire rostral-caudal extent of the brain using a cryo-
stat. Slices were preserved at —20 °C in antifreeze solution until use.
Sections containing the hypothalamus were processed as previously
described [9]. Briefly, sections were blocked in 2 % goat or donkey
anti-serum in KPBS and 3 % BSA plus 0.1 % Triton X-100 and
incubated with primary antibody (rabbit anti-c-Fos, 1:200, Cell
Signaling, Danvers, MA, USA; sheep anti-oMSH, 1:1000, Sigma—
Aldrich, Merck KGaA, Darmstadt, Germany) for 1 h at room temper-
ature (RT) or overnight (o/n) at 4 °C, respectively. Goat anti-rabbit Alexa
Fluor 647 antibody (1:1000; Invitrogen, Waltham, USA) or donkey anti-
sheep Alexa Fluor 488 (1:1000; Invitrogen, Waltham, USA) were used
as secondary antibodies. Slices were counterstained with Hoechst for
nuclear staining (1 mg/mL, Sigma—Aldrich, Saint Louis, USA). Then,
slices were mounted using antifade Fluoromount-G® (0100-01,
Southern Biotech, Birmingham, USA) on coverslips (DI02460, Deltalab,
Barcelona, Spain). Images were taken using a Leica DMi8 confocal
microscope equipped with a 20x and 40x objective. Fluorescence
integrated density after image masking was calculated using ImageJ
1.33 software.
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2.13. Adipose tissue histopathology and adipocyte area
measurement

Fixed eWAT were dehydrated and embedded in paraffin. The resulting
blocks were cut into 5—10 pum sections and stained with hematoxylin
and eosin (H&E) to assess histology. To quantify the adipocyte area,
three representative images from each adipose tissue section were
taken with a 20x objective using a high-sensitivity camera (Leica MC
190 HD Camera) and microscope. Images were analyzed with the
Adiposoft software as described in Zagmutt et al., 2023 [40]. Images
were analyzed and adipocytes were highlighted if they met the
following criteria: (1) the boundaries for sizing of the cell were 40—
40,000; (2) the adipocyte had a shape factor of 0.35—1 (a shape factor
of 0 indicated a straight line, while a shape factor of 1 indicated a
perfect circle); and (3) the adipocyte did not border the image frame.
The results are represented as the average of total area counted.

2.14. Qil Red-0 liver staining

Livers were collected and fixated 24 h in 10% NBF at 4 °C, transferred
to 30% sucrose at 4 °C for 2—3 days, frozen in isopentane, and sliced
in 30 um thick slices using a cryostat. Slices were mounted, fixated
with 10% NBF and dehydrated with 90% isopropanol, and then stained
with Oil Red-0. Images were obtained with 10x objective using a
high-sensitivity camera (Leica MC 190 HD Camera) and quantified
using ImagedJ-1.33 software.

2.15. Analysis of eCBs

Hypothalamic eCBs were analyzed as described in Miralpeix et al.,
2019 [42]. Briefly, the hypothalamus (6—8 mg wet tissue) was ho-
mogenized with a Dounce tissue grinder with 200 pL of ice-cooled
deionized water containing a final concentration of 0.362 uM N-
oleylethanolamine-d2 (OEA-d2) (Cayman Chemicals, Ann Arbor, MI) as
the internal standard for 2-arachydonoyl (2-AG) and anandamide (AEA)
calibration, 100 M PMSF, and 0.01 % butylated hydroxytoluene (BHT)
(Sigma—Aldrich, Madrid, Spain), followed by a brief sonication. After
that, lipids were extracted with ethyl acetate/n-hexane (9:1, v/v) and
evaporated. eCBs levels were analyzed by LC/MS/MS. 2-AG, AEA, and
OEA-d2 were used for the calibration curve in an Acquity ultra-high-
performance liquid chromatography (UPLC) (Waters, Singapore) sys-
tem connected to a Xevo-TQS triple-quadropole Detector (Waters,
Ireland) and controlled with Waters/Micromass MassLynx software.
Chromatographic separation was performed on an Acquity UPLC BEH
C18 column with an isocratic mobile phase of formic acid 0.1 % in
water-acetonitrile (30:70, v/v). Detection was performed in the positive
ion mode. The capillary voltage was set to 3.1 kV, the source tem-
perature was 150 °C, and the desolvation temperature was 500 °C.

2.16. Tissue triglycerides and serum leptin determination

40 mg of tissue (liver or WAT) were homogenized in cold acetone using
ceramic beads (32201-1L-M, Sigma—Aldrich, Saint Louis, USA) and
Fast-Prep®-24 at 6.5 M/s for 3 cycles of 30 s. Then, samples were
incubated in rotatory homogenization o/n at RT. Upper layer was used
for TG measurement using Serum Triglyceride Determination kit
(TRO100, Sigma Aldrich, Saint Louis, USA). Serum leptin was
measured with Mouse Leptin ELISA KIT #90030, Crystal Chem, Grove
Village, IL, USA.

2.17. Data processing and statistical analysis

Statistical analyses were performed with Prism 9.0 (GraphPad Soft-
ware, San Diego, USA). Data were expressed as mean + SEM. Two-
way ANOVA test followed by post hoc two-tailed Bonferroni test was
applied or a t-student test if only two groups were compared. A p-value

less than 0.05 (p < 0.05) was considered statistically significant.
During data analysis, any outlier data points that deviated from the
mean by more than two standard deviations were excluded from the
analysis. The mice number and the statistical test used are specified in
each figure legend. Animals that showed signs of disease at the time of
sacrifice were excluded from the study.

3. RESULTS

3.1. Generation of SF1-Cpt1c-KO mice

We generated a mouse model with specific deletion of Cptic in SF1
neurons using the FRT-FIp and Cre-lox recombination technologies as
described in the methodology section. We confirmed that SF1-Cpt7c-
KO mice were properly generated by the amplification of a 531 bp band
containing the deletion of exons 4 to 6 of CPT7c only when DNA was
obtained from VMH but not from hippocampus or cortex brain samples
(Figure 1A). Secondly, we observed a pronounced decrease of CPT1C
immunodetection in the VMH region (Figure 1B), but not in the ARC
(Supplemental Fig. 2). Finally, SF1 neurons were stained by injection of
AAV9-EF1a-DIO-mCherry viruses in the VMH (Figure 1C). Figure 1D
shows that CPT1C expression in mCherry-positive cells was negligible
in SF1-Cpt1c-KO mice. The data collectively indicate that the Cptic
gene has been specifically modified in SF1 neurons of the hypothal-
amus, resulting in the absence of protein expression in these cells.

3.2. SF1-Cpt1c-KO mice show normal feeding and energy balance
under standard diet

To characterize the phenotype of the mice, we began by monitoring
the evolution of food intake, body weight, and adiposity in both male
and female mice over a period of 8 weeks while on a standard diet
(SD). For adiposity, we measured the amounts of epididymal and
subcutaneous white adipose tissue (eWAT and sWAT, respectively),
brown adipose tissue (BAT), and total body composition using MRI.
Our analysis revealed no significant differences in either parameter
between SF1-Cpt1c-KO and SF1-Cpt7c-WT mice in both sexes
(Supplemental Fig. 3A—D and Supplemental Fig. 5A—C). Additionally,
we examined various metabolic parameters and found no differences
in energy expenditure (EE), respiratory exchange ratio (RER), or lo-
comotor activity between the two genotypes (Supplemental Fig. 3F).
We also assessed the function of brown adipose tissue (BAT) by
analyzing thermogenesis and found it to be comparable in both male
and female mice (Supplemental Fig. 3E and Supplemental Fig. 5D).
Moreover, glucose tolerance and insulin sensitivity were comparable
between SF1-Cpt1c-KO and SF1-Cpt7c-WT mice in both sexes
(Supplemental Fig. 4 and Supplemental Fig. 5E—K). Notably, male
null mice showed an increased rate constant for insulin tolerance test
(KITT) compared to their control littermates, although no differences
were observed in the area under the curve (AUC) (Supplemental Fig. 4
D-G). Overall, these findings suggest that, under SD conditions, the
deficiency of CPT1C in SF1 neurons does not lead to remarkable
changes in these physiological or metabolic traits between genotypes
in either sex.

3.3. SF1-Cpt1c-KO mice exhibit increased food intake, respiratory
quotient and adiposity under short-term high-fat challenge

Next, we challenged null mice and their control littermates with HFD.
Interestingly, switching the animals to a HFD for just 5 days was
enough to reveal significant differences in crucial parameters between
genotypes. On the one hand, male SF1-Cpt7c-KO mice showed higher
food intake, especially during the dark phase (Figure 2A—B), leading to
increased body weight and a higher body weight gain (Figure 2C).
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Figure 1: Validation of SF1-Cpt1c-KO mice. A) PCR amplification demonstrating the excision of exons 4 to 6 of the Cpt7c gene in SF1-Cpt7c-KO mice. Image of an agarose gel
showing PCR products after electrophoresis. Samples were collected from three different brain regions: CTX (cortex), HC (hippocampus), and VMH (ventromedial hypothalamus). A
lower-sized band, corresponding to the excision of exons 4—86, is present only in the VMH of SF1-Cpt1c-KO mice. B) Expression of CPT1C in the VMH of SF1-Cpt7¢c-WT and SF1-
Cpt1c-KO mice. Representative images are shown on the left, and the quantitative analysis is presented on the right. Scale bar: 300 um. Data are represented as mean + SEM,
male mice, 8—12-week-old, n = 4 per group. ****p < 0.0001 vs SF1-CPT7¢c-WT mice. Statistical significance was determined by the t-student test. C) Left: Schematic
representation of the stereotaxic injection of AAV9-EF1a-DIO-mCherry into the VMH. Right: Representative image of VMH region in a brain section from SF1-CRE mice, 3 weeks
after AAVs injection. Scale bar: 500 um. D) Colocalization of CPT1C with mCherry-positive cells 3 weeks after AAV9-EF1a-DIO-mCherry injection in the VMH of SF1-CRE and SF1-
Cpt1c-KO mice. Representative images of the VMH region in brain sections from both groups are shown on the left, and the quantitative analysis is presented on the right. Both
genotypes show CRE activity in SF1 cells of the VMH (mCherry-positive cells); however, in SF1-Cpt1c-KO mice, all mCherry-positive cells are CPT1C-negative. Scale bar: 40 pm.
Data are represented as mean + SEM, male mice, 8—12-week-old, n = 10 per group. ****p < 0.0001 vs SF1-CPT7¢-WT mice. Statistical significance was determined by the t-
student test.

Interestingly, SF1-Cpt71c-KO mice do not properly accommodate total  subjected to HFD there is a reduced use of fats as the primary fuel
caloric intake upon dietary change to fats as control animals do  source in peripheral tissues compared to control littermates, indicating
(Figure 2D). On the other hand, calorimetric studies showed that the  a failure in metabolic adaptation. MRI analysis revealed an increase of
RER of SF1-Cpt1c-KO was higher than that of control mice, especially  fat mass (Figure 2F) while lean mass remained unchanged (Figure 2G).
during the dark phase (Figure 2E). This implies that in KO animals  The increase in fat mass was not due to significant changes in energy
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Figure 2: Metabolic phenotype of male SF1-Cpt1c-KO and -WT mice upon 5 days of HFD. A) Cumulative daily food intake was recorded during both the dark and light phases
of each day, starting one day prior to diet change and continuing for 5 days while on the high-fat diet (HFD). B) Cumulative food intake. C) Body weight and body weight gain D)
Total calorie intake over the 5 days of HFD. E) Respiratory exchange ratio, starting 2 days prior to diet change and continuing for 5 days while on the HFD. F) Magnetic Resonance
Imaging (MRI) analysis of fat mass of mice in SD and 5 days of HFD. G) Magnetic Resonance Imaging (MRI) analysis of lean mass of mice in SD and 5 days of HFD. Data are
represented as mean + SEM, male mice, 8—12-week-old, n = 7—10/group. *p < 0.05, **p < 0.01, ***p < 0.001 vs SF1-CPT71¢c-WT mice. Statistical significance was

determined by ANOVA test with post-hoc Bonferroni.

expenditure, BAT thermogenesis or locomotor activity (Supplemental
Fig. 6A—C). Moreover, leptin levels remained similar between geno-
types (Supplemental Fig. 6D). Collectively, these data suggest that
CPT1C deficiency in SF1 neurons impairs early metabolic adjustment
to increased consumption of fats.

The experiment was repeated ensuring that both groups of animals
consumed the same amount of food (pair-feeding). As shown in
Figure 3, while the animals’ food intake was identical between ge-
notypes (Figure 3A), the SF1-Cpt7¢c-KO mice showed a tendency to
gain more weight and fat (Figure 3B—E), along with a higher accu-
mulation of lipids in the liver (Figure 3F). These results suggest that the
increased adiposity and weight observed in SF1-Cpt7¢c-KO animals is
not only due to increased food intake but also to a dysfunction in lipid
allocation.

3.4. Impaired lipid metabolism in SF1-Cpt1c-KO mice following
short-term HFD

Next, we analyzed lipid metabolic enzymes in peripheral tissues, such
as the liver, sSWAT eWAT, and muscle, in animals fed a HFD for 5 days.
gPCR studies showed that mRNA expression of liver lipolytic enzymes,
such as adipose triglyceride lipase (ATGL) and hormone-sensitive

lipase (HSL), and the rate-limiting enzyme of fatty acid oxidation,
CPT1A, were decreased while the lipogenic stearoyl-CoA desaturase 1
(SCD1) was increased (Figure 4A). In relation to lipoprotein lipase (LPL)
and CD36, two markers associated with lipid uptake and tissue tri-
glycerides (TG) accumulation [43] their expression increased during
the diet switch (after 5 days of HFD) in SF1-Cpt7c-KO mice but not in
control littermates (Figure 4B—C). Conversely, fatty acid synthase
(FASN) expression decreased in both genotypes (Figure 4D). These
collective data suggest an enhanced storage of lipids in liver of male
SF1-Cpt1c-KO mice, attributed to increased fatty acid uptake com-
bined with reduced rates of lipolysis and fatty acid oxidation.
Accordingly, liver TG and Qil Red-stained fat depots were higher in
SF1-Cpt1¢c-KO mice than in control mice after only 5 days of HFD
(Figure 5A—B).

Similar results were observed in the eWAT of SF1-Cpt7¢c-KO mice.
ATGL was decreased while lipogenic markers such as ACCa and FAS
were increased (Figure 4E), resulting in TG accumulation and larger
adipocyte size (Figure 5C—D). In sWAT, ATGL levels remained un-
changed, but the expression levels of two adipokines secreted during
adipogenesis and associated with obesity, namely leptin and FABP4,
were higher in SF1-Cpt7c-KO mice than in SF1-Cpt7c-WT animals
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Figure 3: Metabolic phenotype of male SF1-Cpt1¢c-KO and -WT mice upon 5 days of pair feeding with a HFD. A) Cumulative food intake. B) Body weight gain. C)
Subcutaneous White Adipose Tissue (SWAT) weight. D) Epididymal White Adipose Tissue (eWAT) weight. E) Brown Adipose Tissue (BAT) weight. F) Oil Red-0 staining of liver
sections from SF1-Cpt1c-KO and -WT mice fed a SD or a HFD for 5 days, and quantification. Scale bar: 100 um. Data are represented as mean + SEM, male mice, 8—12-week-
old, n = 7—10/group. *p < 0.05, **p < 0.01, ***p < 0.001 vs SF1-Cpt7c-WT mice. Statistical significance was determined by ANOVA test with post-hoc Bonferroni. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).

(Figure 4F). No variations were found in the expression of (-3
adrenergic receptor (B3AR) in either eWAT or sWAT, in accordance
with no changes in EE.

Differences between genotypes were also evident in the soleus
muscle. SF1-Cpt1c-KO mice exhibited lower expression levels of
PPARS and CPT1B (Figure 4G), along with reduced phosphorylation
levels of ACC, which is indicative of decreased FAO in muscle
(Figure 4H) (Liu et al., 2018).

Finally, serum TG and total cholesterol levels were analyzed
(Supplemental Fig. 6E—F). Results show a reduction in serum TG
levels in SF1-Cpt1c-KO mice compared to controls, while no significant
differences were observed in cholesterol levels. Since TG levels were
significantly higher in the liver and adipose tissue of KO mice, these
findings suggest increased TG uptake and storage, associated with
higher LPL expression in peripheral tissues (enhancing TG clearance
from the blood), as well as reduced TG release into circulation by
the liver.
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3.5. SF1-Cpt1c-KO mice develop obesity and exhibit insulin
resistance during long term HFD exposure

Maintaining animals on a HFD for a longer period (8 weeks) resulted in
greater differences between genotypes in adiposity and body weight in
both sexes (Figure 6A—F and Supplemental Fig. 7A—D). Interestingly,
male SF1-Cpt1¢-KO mice exhibited a more pronounced obesogenic
phenotype compared to females, as weight gain differences relative to
control littermates became apparent earlier in males. Furthermore, the
increase in fat mass (€WAT and BAT) was more pronounced in males
than in females. On the other hand, increased adipocyte size
(Figure 6G), and alterations in the expression of some lipid metabolic
markers in peripheral tissues (Figure 6H) were observed in SF1-Cpt1c-
KO mice compared to control littermates. Notably, these effects were
feeding-independent, as the amount of food consumed was the same
in both genotypes (Figure 6B and Supplemental Fig. 7C). However,
when analyzing food intake over 5-day periods, we observed an in-
crease in consumption occurring only during the first 5 days following
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Figure 4: Expression of proteins and hormones involved in lipid metabolism in different tissues of male SF1-Cpt71¢-KO and -WT mice after 5 days of HFD. A) Expression
of adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), CPT1A, stearoyl-CoA desaturase (SCD1) measured by qPCR in liver samples of mice fed a HFD for 5 days. B)
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Data are represented as mean -+ SEM, male mice, 8—12-week-old, n = 3—12/group, *p < 0.05, **p < 0.01, ***p < 0.001. Statistical significance was determined by ANOVA

test with post-hoc Bonferroni.

the diet change, with differences dissipating in subsequent days
(Supplemental Fig. 8A). This indicates that SF1-Cpt1c-KO mice exhibit
transient hyperphagia and adjust their intake to increased dietary fat at
a delayed rate compared to control mice.

After 8 weeks of HFD feeding, SF1-Cpt1c-KO male mice exhibited higher
plasma leptin levels (Figure 7A) and showed greater glucose intolerance
and insulin resistance compared to their control littermates (Figure 7B—
C). In females, the alterations in glucose homeostasis were less pro-
nounced, as only glucose intolerance was observed, without evidence of
insulin resistance (Supplemental Fig. 7E—F). This is consistent with the
delayed development of obesity observed in female mice. Taken
together, the data suggest that CPT1C KO mice are unable to adequately
adapt their peripheral metabolism to HFD, making them more prone to
developing obesity and glucose intolerance in the long term.

3.6. The melanocortin signaling is hindered in SF1-Cpt1c-KO mice

Next, we investigated the underlying molecular mechanisms occurring
in the hypothalamus of SF1-Cpt1c-KO mice. We fo