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ABSTRACT

Objective: Free fatty acid receptor-1 (FFAR1) is a medium- and long-chain fatty acid sensing G protein-coupled receptor that is highly expressed
in the hypothalamus. Here, we investigated the central role of FFAR1 on energy balance.

Methods: Central FFAR1 agonism and virogenic knockdown were performed in mice. Energy balance studies, infrared thermographic analysis of
brown adipose tissue (BAT) and molecular analysis of the hypothalamus, BAT, white adipose tissue (WAT) and liver were carried out.
Results: Pharmacological stimulation of FFAR1, using central administration of its agonist TUG-905 in diet-induced obese mice, decreases body
weight and is associated with increased energy expenditure, BAT thermogenesis and browning of subcutaneous WAT (SWAT), as well as reduced
AMP-activated protein kinase (AMPK) levels, reduced inflammation, and decreased endoplasmic reticulum (ER) stress in the hypothalamus. As
FFAR1 is expressed in distinct hypothalamic neuronal subpopulations, we used an AAV vector expressing a shRNA to specifically knockdown
Ffar1 in proopiomelanocortin (POMC) neurons of the arcuate nucleus of the hypothalamus (ARC) of obese mice. Our data showed that knockdown
of Ffar1in POMC neurons promoted hyperphagia and body weight gain. In parallel, these mice developed hepatic insulin resistance and steatosis.
Conclusions: FFAR1 emerges as a new hypothalamic nutrient sensor regulating whole body energy balance. Moreover, pharmacological

activation of FFAR1 could provide a therapeutic advance in the management of obesity and its associated metabolic disorders.
© 2023 The Author(s). 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 through other G proteins such as Gs, Gi/o or G12/13, revealing a tissue-

and ligand-specific pattern of signal transduction [2—6]. Early studies

Free fatty acid receptor-1 (FFAR1), also known as GPR40, is a member
of the class A of G protein-coupled receptor (GPCR) family that is
activated in response to medium- and long-chain fatty acids [1].
Originally, it was described as coupled with Gq protein, activating
signal transduction through phospholipase C, and leading to increased
intracellular levels of inositol trisphosphate and calcium (Ca®™) [2].
However, under certain conditions, it can also transduce signals

revealed that FFAR1 is highly expressed in pancreatic beta-cells, and
its activation amplifies glucose-stimulated insulin secretion [2]. These
findings encouraged the development of agonists that were tested in
clinical trials, revealing the effectiveness of using pharmacological
agonists of FFAR1 to treat type 2 diabetes mellitus (T2D) [7—9].

The hypothalamus has been identified to also express considerable
amounts of FFAR1 [10—13]. Hypothalamic neurons act as sensors for
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whole-body energy balance providing signals that regulate caloric
intake and energy expenditure [14—16]. Pharmacological interventions
that reduce food intake and increase energy expenditure could provide
an advance in the treatment of obesity and its comorbidities [14—16].
Here, we first explored in depth the role of FFAR1 on the hypothalamic
mechanisms regulating energy balance by treating mice with TUG-
905, a FFAR1-specific agonist with preserved activity in the murine
receptor orthologues and with a selectivity of at least 1000-fold over
FFAR4 [17]. We showed that most of the catabolic effects promoted by
this compound are due to increased brown adipose tissue (BAT)
thermogenesis and subcutaneous white adipose tissue (SWAT)
browning. Next, as proopiomelanocortin (POMC)-expressing neurons in
the arcuate nucleus of the hypothalamus (ARC) are a key neuronal
population implicated in energy balance control [18], we silenced the
expression of FFAR1 specifically in this cell population. POMC Ffar?
knockdown mice showed increased body mass gain associated with
hyperphagia and a worsening of hepatic insulin sensitivity and stea-
tosis. Thus, hypothalamic FFAR1 plays an important role in regulating
whole-body energy balance and could be regarded as a new and
promising target for the treatment of obesity and metabolic
comorbidities.

2. MATERIAL AND METHODS

2.1. Animal care and mouse lines

Adult male C57BL/6J mice (weight 20—25 g, age 6—8 weeks) were
housed under controlled conditions of light (12-h light/dark cycle),
temperature (21 & 2 °C), and humidity (40%). Mice were fed on a
high-fat diet (HFD, 60% fat, 20% carbohydrate, 20% protein,
5.21 kcal/g; D12492; Research Diets, Inc) and tap water ad libitum,
unless otherwise indicated. Mice expressing Cre recombinase under
the control of the POMC promoter were obtained from The Jackson
Laboratory (Tg (Pomc1-cre)16Lowl/J Strain #005965) and used to
investigate the role of FFAR1 specifically in this neuronal population.
Mice were housed collectively in groups of 5 per cage for 8 weeks
before the onset of experiments, when they were transferred to indi-
vidual housing. Animal experiments presented in this manuscript were
approved by the USC Ethical Animal Committee (Project ID 15010/14/
006 and 15012/2020/010). All the experiments were performed in
agreement with the Rules of Laboratory Animal Care and International
Law on Animal Experimentation.

2.2. FFAR1 expression in the hypothalamus

To determine whether FFAR1 expression was modulated by different
nutritional and dietary conditions, adult male C57BL/6J mice fed a HFD
were fasted overnight (12 h) and refed ad libitum for 4 h.

2.3. FFAR1 synthetic agonist
The selective FFAR1 agonist TUG-905 was synthesized as previously
described [19].

2.4. Intracerebroventricular cannulation and treatments

Lateral intracerebroventricular (ICV) administration was carried out in
male C57BL/6J under diet-induced obesity (DIO) conditions, as pre-
viously shown [20]. After surgery, the animals were single housed and
given at least 4 days to recover. Obese mice were infused with 2 pl of
either vehicle (10% DMSO, 90% saline) or TUG-905 (0.5 pg/pl) for 7
consecutive days, once a day, 2 h before dark phase. Because daily
central manipulation of mice with TUG-905 ICV infusion could interfere
with continued monitoring of energy expenditure, brain infusion

cannulae were placed into the lateral ventricle; a catheter tube was
connected from the cannula to an osmotic minipump (Model 2002;
ALZET Osmotic Pumps). The osmotic minipumps were inserted in a
subcutaneous pocket on the dorsal surface of the animal [20]. These
pumps had a flow rate of 0.5 pl/h during 14 days (Vehicle or TUG-905
at 1 po/day).

2.5. Stereotaxic microinjection of adeno-associated virus vectors
POMC-Cre mice fed on a HFD for 8 weeks were anesthetized with
ketamine/xylazine cocktail (15 mg/kg and 3 mg/kg, respectively) and
placed in a stereotaxic frame for subsequent adeno-associated virus
(AAV) injection into the ARC. An AAV vector expressing a shRNA tar-
geting Ffar1 (AAV1-CMV-DIO-TATAlox-Gfp-U6-sh(m Ffar7); SignaGen
Laboratories) was used to knockdown Ffar7 in the POMC neurons from
ARC. AAV vectors expressing a scramble shRNA sequence (AAV1-
CMV-DIO-TATAlox- Gfo-U6-sh  (Scramble); SignaGen Laboratories),
were used as control. Viral concentrations were 1.0 x 10" vg/ml.
0.5 pl of AAV were administered bilaterally into the ARC, using a 33-
gauge needle connected to a 1 ml syringe (Neuro-Syringe, Hamilton)
according to the following coordinates: 1.5 mm posterior to the
Bregma, 0.2 mm lateral to midline, and 5.8 mm below the surface of
the skull. Before needle retraction, a 10-min time lapse was allowed to
prevent a backflow through the needle track, as previously shown
[20,21]. Experiments were conducted at least 3 weeks after injections
to ensure AAV expression.

2.6. Temperature measurements

Body temperature was recorded twice before the ICV treatments with a
rectal probe connected to a digital thermometer (BAT-12: Microprobe-
Thermometer). Skin temperature surrounding BAT was recorded with a
B335 compact infrared thermal imaging camera (FLIR) and analyzed
with FLIR Tools software (FLIR Systems), as shown [22,23].

2.7. Indirect calorimetry

Mice were analyzed for energy expenditure (EE), respiratory exchange
ratio (RER) and spontaneous locomotor activity (LA) using a calori-
metric system (LabMaster; TSE Systems), as previously described
[22—24].

2.8. Hepatic insulin signaling

To study insulin signaling specifically in the liver, mice were fasted for
6 h and then anesthetized with ketamine/xylazine cocktail (15 mg/kg
and 3 mg/kg, respectively). The abdominal cavity was opened, a small
fragment of liver was excised (baseline condition) and then, 125 pl of
an insulin bolus containing 5 units of insulin (Actrapid, NovoNordisk)
diluted in saline was injected into the inferior cava vein. Samples of
liver were excised 2 min after injection (insulin injected condition)
[25,26].

2.9. Sample processing

Samples from the cortex, mediobasal hypothalamus (MBH), ARC,
lateral hypothalamic area (LHA), ventromedial nucleus of the hypo-
thalamus (VMH), liver, skeletal muscle, BAT, gonadal adipose tissue
(gWAT) and sWAT were dissected for the different experimental set-
tings. Tissues were kept at —80 °C until their analysis.

2.10. Serum biochemical analysis

Leptin circulating levels were measured using a mouse enzyme-linked
immunosorbent assay kit (Millipore). Cholesterol, triglycerides (Spin-
react), free-fatty acids (FFA) and non-esterified fatty acids (NEFA)
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(WAKO) were measured by spectrophotometry in a Multiskan GO
spectrophotometer (Invitrogen-ThermoFisher).

2.11. HPLC chromatography

BAT samples were dissected on a chilled plate, and immediately flash-
frozen in dry ice before being stored at —80 °C until further analysis.
The frozen tissue was subsequently homogenized, sonicated, and
centrifugated at 14,000 g for 20 min at 4 °C. The resulting supernatant
fraction was filtered and then injected into a high-performance liquid
chromatography (HPLC) system (Shimadzu LC Prominence; Shimadzu
Corporation) [27,28]. To separate norepinephrine (NE), dopamine (DA),
and serotonin (5-HT), a reverse-phase analytical column (Waters
Symmetry 300C18; Waters) was employed. The mobile phase con-
sisted of a 10% MeOH solution (pH = 4) containing 70 mM KHoPOy4,
1 mM octanesulfonic acid, and 1 mM EDTA, delivered at a flow rate of
1 ml/min. Detection of the neurotransmitters was achieved using a
coulometric electrochemical detector (ESA Coulochem Ill; Thermo
Scientific). The first and second electrodes of the analytical cell were
set at +50 mV and +350 mV, respectively, while the guard cell was
set at —100 mV. Data acquisition and processing were performed
using the Shimadzu LC solution software (Shimadzu Corporation). The
concentrations of the neurotransmitters were expressed as pg/mg of
wet tissue, as shown [27,28].

2.12. Histological analysis

BAT and sWAT samples were processed as shown [21,29,30]. For the
adipocyte area, images were analyzed with ImageJ Software (NIH).
BAT sections were used for immunohistochemistry detection of
uncoupling protein 1 (UCP1). UCP1-positive cells were quantified with
FRIDA image analysis software, as described elsewhere [29]. Hepatic
lipid content was analyzed by Oil Red O staining, as previously
described [21,25,29]. Lipids in Oil Red O-stained sections were
quantified using ImagedJ software (NIH). Three pictures per each image
section were analyzed. All analyzed values are represented with
respect to control (100%). Direct detection of GFP fluorescence was
performed after perfusion of the animals, on 20 pum brain sections.
Images were taken with a fluorescence microscope Olympus IX51
[21,31,32].

2.13. RNAscope

Mice were perfused via transcardiac injection with 0.9% saline fol-
lowed by 4% paraformaldehyde (PFA; pH 7.4). The brains were
dissected and post-fixed in 4% PFA at 4 °C for 24 h, and cryoprotected
by a sequence of 10—30% sucrose in 1x phosphate buffered saline
(PBS, pH 7.4) at 4 °C until the tissue sunk to the bottom of the tube.
Brain sections (20 um) were obtained on a cryostat (Leica CM 1950)
and collected in series (one every 4 sections) in SuperFrost UltraPlus
Adhesion slides (ThermoFisher), air-dried at room temperature (RT)
and subsequently stored at —80 °C to preserve RNA until further
processing. Fluorescent in situ hybridization for the simultaneous
detection of Pomc, Gfp and Ffar1 mRNA was performed using RNA-
Scope. All reagents were purchased from Advanced Cell Diagnostics
(ACD). The Gfp probe (Cat. N° 409011-C3) contained 20 oligo pairs and
targeted region 407—1427 (NM_010234.2) of the Gfp transcript. The
Pomc probe (Cat No. 314081-C1) contained 10 oligo pairs and tar-
geted region 19-995, (NM_008895.3) of the Pomc transcript. The
Ffar1 probe (Cat. N° 464311-C2) constituted 18 oligo pairs and tar-
geted region 19—882 of the Ffar1 transcript (NM_194057.2). All in-
cubation steps were performed at either at 60 °C or 40 °C using the
ACD HybEz hybridization system (Cat. N° 321720). From each animal,
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one section from the same region of the brain was also mounted as
negative control probe to enable subsequent calculation of back-
ground. Slides were washed in PBS, baked at 60 °C for 30 min and
post-fixed with 4% PFA for 15 min. Sections were then dehydrated and
baked for a second time for 30 min at 60 °C and subsequentially
submerged into boiling (98.5—100 °C) Target Retrieval (Cat. N°
322000) for 5 min, followed by two brief rinses in MilliQ-purified water.
The slides were quickly dehydrated in 100% ethanol and allowed to air
dry for 5 min. A hydrophobic barrier was then created around the
sections using an ImmEdge hydrophobic barrier pen (Cat. N® H-4000;
Vector laboratories). Slides were then placed into RNAScope holder
and sections were treated with Protease Il for 30 min at 40 °C. The
subsequent steps, i.e., hybridization of the probes and the amplifica-
tion and detection steps, were performed according to the manufac-
turer’s protocol for RNAscope Multiplex Fluorescent Assay. The color
module chosen for the experiment finally labeled the Pomc probe with
Atto 550, the Gfp probe with Atto 647, and the Ffar1 probe with Atto
488. Sections were counterstained with DAPI and coverslipped with
ProLong Gold Antifade Mountant (Cat. N° P36930; ThermoFisher) and
stored in the dark at 4 °C until imaging.

Images were captured using a confocal Leica DM 2500 microscope,
equipped with a 40x/1.15 oil objective, and using a zoom of 2x. Z-
stacks of 1 um of the ARC were captured bilaterally from 5 rostral to
caudal sections per animal (n = 3/4 animals per group). Laser in-
tensities for the three probe channels were kept constant throughout
the entire image acquisition. Images were imported into Fijii (NIH)
where maximum intensity projections were made. To acquire the
minimum intensity value for analyzing the expression of Ffar1, the
threshold for probe recognition was calculated as the mean cell in-
tensity present in the negative control sections +3xSD. All labeling
above this value was considered as true signal. Brightness (min = 10/
max = 150) and threshold (default/BW) (35-200) were adjusted in all
images. For quantification, each Pomc+/Gfo+ neuron per section
were manually selected and the amount of Ffar? particles were
analyzed.

2.14. Western blot analysis

Western blot was performed as previously described [20—23,32]. The
protein lysates were subjected to SDS-PAGE, electrotransferred to
PVDF membranes with a semidry blotter and probed with primaries
antibodies (Supplementary Table 1) as previously shown [20—23,32].
Autoradiographic films were scanned, and the bands signal was
quantified by densitometry using ImageJ (NIH). B-Actin or a-tubulin
served as a loading control, and control values were normalized to
100%. Representative images for all proteins are shown with all bands
for each picture derived from the same gel, although they may be
spliced for clarity. In several cases, proteins were assayed in the same
membranes, therefore, some of the 3-actin or a-tubulin were common
in their representative panels. This happens in Figure 3I: selected o-
tubulin bands for PGC1o. and DIO2 and Figure 7C: selected B-actin
bands for pSTAT3 and SOCS3 (Supplementary Data: Uncropped Gels
File).

2.15. Real-time PCR

RNA was extracted using Trizol® reagent (Invitrogen) according to the
manufacturer’s instructions. Total RNA (1—2 pg) was used for each RT
reaction, and cDNA synthesis was performed using the SuperScript™
First-Strand Synthesis System (Invitrogen) and random primers, also
following the supplier’s protocol. Real-time PCR (TagMan) was per-
formed as previously described [20—23,32]. For data analysis, the
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input value of gene expression was standardized to the Hprt value for
the sample group and expressed as a comparison with the average
value for the control group. All samples were run in duplicate, and the
average values were calculated. The references of all primers used are
shown in Supplementary Table 2.

2.16. Data analysis and statistics

Data are expressed as mean + SEM; when data are normalized, they
are expressed as a percentage of the appropriate controls. Statistical
significance was assessed using two-sided (at least one-sided is
specified) Student’s t-test (for comparison of two groups), one-way
ANOVA, two-way ANOVA or Mixed effect analysis, followed of Bon-
ferroni’s multiple comparisons (for comparison involving more than
two groups) or ANCOVA (calorimetric analyses). P < 0.05 was
considered significant. Data analysis was performed using Prism 8.0.2
Software (GraphPad).

3. RESULTS

3.1. Hypothalamic FFAR1 was regulated by nutritional status
Previous studies have shown that FFAR1 is preferentially expressed in
the pancreatic beta cells and the brain [1]. In situ hybridization was
employed to examine hypothalamic FFAR1 expression. Our results
revealed robust FFAR1 signal, with the highest levels observed in the
ARC, followed by the VMH, and finally the lateral hypothalamic area
(LHA) (Figure 1A, B). Next, we explored whether hypothalamic FFAR1
expression was modulated upon nutritional interventions. Our data
showed that while the consumption of HFD increased the expression of
hypothalamic FFAR1 (Figure 1C, D), mice on fasting state displayed
reduced levels (which were not recovered after 4 h of refeeding;
Figure 1E, F). These findings indicated that FFAR1 was decreased
under conditions of nutrient deficiency and upregulated upon energy
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expenditure (EE) during dark and light phases, (I) cumulative EE, (J) ANCOVA analysis of EE using body weight as a covariate, (K) respiratory exchange ratio (RER) and ()
spontaneous locomotor activity (LA) (n = 5 mice/group) of vehicle and TUG-905 ICV-treated DIO mice. Data are expressed as MEAN =+ SEM. Statistical significance was determined
by two-way ANOVA (C and H), ANCOVA (J) or Student’s t-test (D, E, F, I, K, and L); *P < 0.05 and **P < 0.01 vs. vehicle.

3.2. Central pharmacological activation of FFAR1 induced body
weight loss in DIO mice

TUG-905 (Figure 2A) is a potent and specific agonist of FFAR1 [10,19].
Daily ICV infusion of TUG-905 for 7 days (Figure 2B) promoted feeding-
independent body weight loss (Figure 2C—E and Suppl. Fig. 1A),
associated with lower circulating levels of leptin (Figure 2F), usually
indicative of reduced adiposity. Because daily central manipulation of
mice with TUG-905 ICV infusion could interfere with continued moni-
toring of energy expenditure (opening of the cages for ICV injection,
handling, etc.), an osmotic minipump loaded with TUG-905 was

implanted in a subgroup of mice. After a resting period of 7 days, mice
were transferred to an indirect calorimetry system for measurements
(Figure 2G). During the whole period, TUG-905-treated mice presented
a tendency to increase energy expenditure (Figure 2H—J), while no
modification of RER (Figure 2K) and LA (Figure 2L) were detected.

3.3. Central pharmacological activation of FFAR1 induced BAT
thermogenesis and browning of WAT

Bearing in mind the lack of effects on food intake associated to
central TUG-905-induced body weight loss, we next aimed to
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Figure 3: Effect of central TUG-905 administration on BAT and WAT in obese mice. (A) Representative BAT thermographic images (scale bars represent 1 ¢cm), (B) BAT temperature
quantification at the experimental days 0, 4 and 7, (C) BAT temperature change between experimental days 0 and 7 (n = 15—17 mice/group), (D) BAT neurotransmitters levels (n = 8
mice/group), (E) representative microphotographs of H&E staining (20X, scale bar: 200 um), (F) adipocyte area (n = 4 mice/group), (G) representative UCP1 staining in the BAT (20X,
scale bar: 200 pm), (H) BAT UCP1 stained area (n = 10—13 mice/group), (I) representative immunoblot images, (J) densitometry quantification of thermogenic markers in the BAT
(n = 5—7 mice/group) and (K) mRNA levels of thermogenic markers in the SWAT (n = 6—8 mice/group) of vehicle and TUG-905 ICV-treated DIO mice. Data are expressed as
MEAN =+ SEM. Statistical significance was determined by two-way ANOVA (B) or Student’s t-test (C, D, F, H, J, and K); *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle.

investigate its potential role modulating thermogenic mechanisms.
Our data showed that ICV TUG-905 promoted an increase in inter-
scapular BAT temperature (Figure 3A—C), with no changes in rectal
temperature (data not shown). In keeping with this, TUG-905 treated
mice displayed higher levels of NE in the BAT, indicating of higher
noradrenergic, and therefore sympathetic, tone (Figure 3D). No
changes were observed in other analyzed neurotransmitters, such as

DA or 5-HT (Figure 3D).

Histological analyses of BAT revealed smaller lipid droplets and
reduced adipocyte area upon central TUG-905 treatment (Figure 3E, F),

as well as an increased UCP1 content (Figure 3G, H), which was
accompanied by the increased expression of all BAT thermogenic
markers (Figure 3l, J), namely UCP1, uncoupling protein 3 (UCP3),
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC1a), peroxisome proliferator-activated receptor gamma (PPARY)
and iodothyronine deiodinase 2 (DI02). Central TUG-905 treatment
also induced browning of SWAT, as shown by the increased mRNA
levels of thermogenic markers, such as Pparg, Ppargcia, and PR
domain containing 16 (Prdm16) (Figure 3K). Central administration of
TUG-905 reduced liver weight (Vehicle: 1.21 £ 0.05 g; TUG-905:
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Figure 4: Effect of central TUG-905 administration on the hypothalamus of obese mice. (A) Representative immunoblot images and (B) densitometry quantification of protein levels
of inflammation markers in the MBH (n = 7 mice/group) of vehicle and TUG-905 ICV-treated DIO mice. (C) Representative immunoblot images and (D) densitometry quantification
of protein levels of pAMPK and ER stress markers in the MBH (n = 6—8 mice/group) of vehicle and TUG-905 ICV-treated DIO mice. Data are expressed as MEAN + SEM. Statistical
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1.002 + 0.023 g; P < 0.01) without a significant impact on steatosis
(Suppl. Figs. 1B and C). Additionally, it led to a decrease in blood non-
esterified fatty acids, while unchanging plasmatic triglycerides and
cholesterol (Suppl. Figs. 1D—F).

3.4. Central pharmacological activation of FFAR1 decreased
hypothalamic inflammation, AMPK and ER stress

Recent findings have linked reduced hypothalamic inflammation, as
well as AMP-activated protein kinase (AMPK) and ER stress to
increased BAT activation [15,21,24,31,33]. Our data showed that
central TUG-905 promoted similar changes, as demonstrated by
reduced phosphorylation of IKKo/ (pIKKe/B) with no changes in
phosphorylated c-Jun N-terminal kinase (pJNK) protein levels
(Figure 4A, B), as well as decreased levels of phosphorylated AMPK
alpha (pAMPKa) and several molecular markers of the unfolded
protein response (UPR), such as phosphorylated inositol-requiring
kinase 1 (pIRE), phosphorylated protein kinase RNA-like endo-
plasmic reticulum kinase (pPERK) and phosphorylated eukaryotic
initiation Factor 2 (peiF2a) (Figure 4C, D) in the MBH. No changes
were detected in the protein levels of either activating transcription
factor 6 alpha (ATF6a) or C/EBP homologous protein (CHOP)
(Figure 4G, D).

3.5. Knockdown of Ffar7 in POMC neurons promoted hyperphagia
and body mass increase

To explore the neuron-specific roles of FFAR1 in the mouse hypo-
thalamus, we stereotaxically delivered in the ARC of DIO POMC-Cre
mice an AAV expressing Ffar1 shRNA in a Cre-dependent manner;
this allowed to knockdown Ffar? in POMC neurons (Figure 5A), a key
population modulating mainly food intake and energy expenditure
[18]. AAV infection efficiency in the ARC was assessed by expression

of green fluorescent protein (GFP) (Figure 5B and Suppl. Fig. 2A).
FFAR1 depletion in MBH (ARC + VMH) was initially confirmed by
western blot, which showed a significant 27% reduction in the
knockdown group (Figure 5C, D). For a more precise analysis, we
performed fluorescence in situ hybridization (Figure 5E—M), specif-
ically in POMC neurons. Using this method, Ffar7 knockdown effi-
ciency was shown to be ~66% (Figure 5M), confirming the efficiency
of the procedure. Of note, the total number of infected POMC neurons
is comparable between the Ffar7 knockdown and control groups
(Suppl. Fig. 2B).

Metabolic phenotyping upon AAV injection revealed that the knock-
down of Ffar1in POMC neurons promoted body weight gain (Figure 6A,
B and Suppl. Fig. 2C), and hyperphagia (Figure 6C, D). Notably, despite
the reported role of POMC neurons as modulators of energy meta-
bolism [18], no changes in EE (Figure 6E—G) were detected. No dif-
ferences were found in either RER (Figure 6H), LA (Figure 6l), BAT
temperature (Figure 6J—K) or the expression of thermogenic proteins
in BAT (Figure 6L, M), indicating that the increase body weight was due
to increased feeding.

3.6. Knockdown of Ffar? in POMC neurons increased hypothalamic
ER stress and reduced leptin signaling

Next, we aim to uncover the key hypothalamic signaling pathways
involved in the elevated food intake following POMC-specific knock-
down of Ffari. Our data showed that the changes in food intake
promoted by the knockdown of Ffar7 in POMC neurons were
accompanied by increased expression of hypothalamic ER stress
markers (Figure 7A, B) and reduced hypothalamic phosphorylated
signal transducer and activator of transcription 3 (pSTAT3), but not
suppressor of cytokine signaling 3 (S0CS3) expression (Figure 7C, D),
suggesting diminished leptin signaling.
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3.7. Knockdown of Ffar? in POMC neurons worsens hepatic insulin
sensitivity

POMC Ffar1 knockdown mice presented hepatic abnormalities, such
as tendencies to increased liver weight (Figure 8A) and hepatic fat
accretion (Figure 8B, C), as well as impaired hepatic insulin signaling,
as demonstrated by impaired insulin-induced AKT phosphorylation
(PAKT) in POMC Ffar1-KD mice (Figure 8D, E). Together, these data
demonstrate that Ffar? knockdown in POMC neurons resulted in hy-
perphagia, and body weight gain, ultimately leading to hepatic insulin
resistance, thus worsening the obese and metabolic phenotype
induced when fed a HFD.

4. DISCUSSION

Here, we show that FFAR1 is expressed in hypothalamic neurons and
that it is involved in the regulation of whole-body energy balance and
hepatic insulin sensitivity. FFAR1 belongs to the class A GPCR family
and was identified as a receptor for medium- and long-chain fatty

acids [1]. GPCRs are the largest family of membrane receptors, and up
to 34% of all drugs currently approved for the treatment of distinct
human diseases target members of this group [34]. Early studies have
shown that FFAR1 is highly expressed in pancreatic islets and its
activation leads to amplified glucose-induced insulin secretion [2],
whereas the opposite occurs as a result of its deletion [35]. Because of
the promising results obtained in experimental studies, chemical ag-
onists were developed and tested in patients with T2D, resulting in
improved control of blood glucose levels [7—9]. Currently, there are
several agonists of FFAR1 under development by pharmaceutical
companies [36].

FFAR1 is also expressed in the hypothalamus [11]. In this study, we
first showed that FFAR1 is modulated by nutritional status, being
increased after HFD exposure and decreased after fasting. Hypotha-
lamic neurons act as sensors of systemic signals that mirror the energy
reserves of the entire body [37,38]. In addition to hormones, hypo-
thalamic neuronal signaling is also triggered by nutrients, including
fatty acids [14—16]. Early studies have identified intracellular
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mechanisms involved in the regulation of energy balance in response
to fatty acids acting in the MBH neurons. Following their entrance,
long-chain fatty acids (LCFA) are rapidly esterified by LCFA-CoA syn-
thase to form LCFA-CoA [39]. The rise in LCFA-CoA neuronal levels
leads to mitochondrial B-oxidation, inducing the release of agouti-
related peptide (AgRP) and neuropeptide Y (NPY), thus increasing
appetite [40]. Physiologically, this mechanism is active during pro-
longed fasting and leads to the activation of lipolysis in the adipose
tissue, resulting in increased blood levels of FFAs [39]. Further studies
have shown that, in addition to the oxidative-based intracellular
signaling mechanism, fatty acids could modulate hypothalamic func-
tion by activating membrane receptors, such as FFAR1 [10]. The
demonstration that hypothalamic FFAR1 is regulated by the fasting, as
well as by the type of diet, provides further evidence supporting its role
as a nutrient sensor and modulator within the hypothalamus in
response to nutritional factors.

Next, we explored the mechanisms underlying the body mass
reduction promoted by the central action of TUG-905, a potent FFAR1

agonist [17,19]. We showed that TUG-905 did not impact feeding,
indicating that this was not the main mechanism explaining body mass
reduction when hypothalamic FFAR1 was activated. Importantly, our
study revealed that daily ICV treatment with TUG-905 exhibited greater
therapeutic potential in inducing body weight reduction, compared to
the continuous infusion via central osmotic mini-pumps. In that
paradigm, we observed a modest decrease in body weight (data not
shown), with a slight increase in energy expenditure, although these
changes did not reach statistical significance when analyzed by
ANCOVA analysis. The differences in responses between daily bolus
administration vs. continuous infusion may be likely attributed to long-
term receptor desensitization or the development of drug tolerance,
thereby limiting the effectiveness of the agonist [41].

Additionally, our findings demonstrated that TUG-905 promoted BAT
thermogenesis and the browning of WAT. It is worthwhile mentioning
that in other conditions of thermogenesis-induced increase in energy
expenditure, there is an increase in food intake. This occurs in cold
exposure [42], upon overexpression of either UCP1 or UCP3 [43,44] or
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Simultaneously with the thermogenic response triggered by FFAR1
activation, we observed a decrease in liver weight and NEFA circulating
levels, while TG and cholesterol levels remained unchanged. These
findings suggest that the administration of TUG-905 in DIO mice pri-
marily leads to body mass reduction, mainly attributed to increased
BAT activity, with mild protective effects on the liver.

It is worth noting that the ICV treatment with TUG-905, while specif-
ically targeting the hypothalamus, lacks cell-specificity in its mecha-
nism of action. By affecting multiple cell types, TUG-905 may exert its
effects on various signaling pathways, neural circuits, and molecular
targets involved in the hypothalamic regulation of body mass. To
further dissect the roles of hypothalamic FFAR1 in the regulation of
whole-body energy balance, we selected the melanocortin system to
be targeted by the cell-specific targeting of FFAR1. Notably, targeting
of FFAR1 in POMC neurons resulted in increased body mass gain due
to enhanced caloric intake and reduced hepatic insulin sensitivity,
without changes in neither BAT thermogenesis nor in energy expen-
diture. POMC neurons are components of the first order neurons that
sense whole-body energy status and respond promoting signals that
control caloric intake, energy expenditure and systemic glucose ho-
meostasis [18,45]. The knockout of Pomc specifically in ARC neurons
results in hyperphagia and early-onset obesity, even if mice are fed on
regular chow [46]; moreover, Pomc mutants also exhibit hyper-
insulinemia and hepatic steatosis [46]. Thus, there is considerable
phenotypic overlap when comparing the ARC Pomc knockout with the
ARC POMC knockdown of Ffar1. POMC neurons are mostly involved in
the regulation of food intake and glucose homeostasis; however, there
are certain POMC-specific interventions that have resulted in changes
in energy expenditure and BAT thermogenesis [47,48]. For quite some
time, the diversity and complexity of functions executed by ARC POMC
neurons have been a matter of intense investigation [18,45]. The
emergence of single-cell transcriptomics has shed some light on this
issue, showing that within the ARC POMC neuronal population, there
exits several distinct subpopulations, each contributing to essential
roles in different sensory and regulatory networks [18,49]. Thus, POMC
neurons, with their diverse molecular phenotypes and widespread
projections, can provide different physiological responses to changing
metabolic needs and endocrine milieu [18,49]. With this concept in
mind, we believe that the results we describe in this study could
indicate that FFAR1 is present in specific subsets of ARC POMC
neurons, likely being those mostly involved in the regulation of feeding
and hepatic glucose tolerance. Further studies could provide a more
refined dissection of the FFAR1 expression in distinct POMC sub-
populations of the ARC. This could explain one conundrum of this
study, namely the divergent metabolic phenotypes observed after
pharmacological activation with TUG-905 (i.e., increased BAT ther-
mogenesis and EE without major changes in feeding) and genetic
silencing of Ffar1 in POMC neurons (i.e., increased food intake without
major changes in EE). Further work by targeting specific sub-
populations of POMC neurons will allow to elucidate the precise role of
FFAR1 at different hypothalamic sites. Also, the possible role of FFAR1
in other hypothalamic neuronal populations regulating BAT thermo-
genesis cannot be excluded. In this sense, studies have shown that
most of the BAT sympathetic fibers driving the activation of thermo-
genesis originate in the steroidogenic factor-1 (SF1) system of the VMH
[26], and the endocannabinoid system [50]. Specific targeting of
FFART1 in these cell types will help to understand the precise role of this
receptor in the central control of energy balance.
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5. CONCLUSIONS

In summary, this study offers compelling evidence showing that hy-
pothalamic FFAR1 plays a pivotal role in regulating energy metabolism
potentially by influencing POMC neurons. Further research identifying
the different neuronal subsets though which FFAR1 exerts its influence
could lead the development of more precise therapeutic approaches
for addressing obesity and related metabolic disorders.
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