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ABSTRACT

Background and Aims: The development of innovative strategies to treat diabesity and its comorbidities is of major societal
importance. The carotid bodies (CB), classically defined as O, sensors, are also metabolic sensors whose dysfunction contributes
to the genesis and progression of metabolic disturbances. Here, we tested the hypothesis that the CBs are key players in the neu-
ral hypothalamic-sympathetic circuit controlling glucose and energy homeostasis. Moreover, we investigated if abolishment of
CB activity has an anti-diabesity effect in Wistar rats and C75BL/6J mice, associated with increased visceral white and brown
adipose tissue (AT) metabolism and the restoration of sympathetic activity within these tissues.

Results: We demonstrate that resection of the carotid sinus nerve, the CB-sensitive nerve, promotes weight loss and restores
metabolic function in obese rats and mice by enhancing tyrosine hydroxylase expression at the paraventricular nucleus of the
hypothalamus and its efferent sympathetic neurons to the AT. Moreover, we found that CSN resection increases sympathetic
integration and catecholaminergic action in the AT in a manner that restores or even increases AT metabolism.

Conclusion: We provide groundbreaking and innovative data showing a new circuit involving the CB-hypothalamus-
sympathetic efferents and the AT in controlling glucose and energy homeostasis and so a novel pathway for managing diabesity.
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1 | Introduction

Diabesity, a global epidemic characterized by the co-
occurrence of obesity and type 2 diabetes, represents a sig-
nificant public health concern [1]. This condition, along with
its associated comorbidities such as metabolic-associated fatty
liver disease, obstructive sleep apnea, and cardiovascular dis-
eases, contributes substantially to global mortality [1]. Given
its status as a major health emergency and the substantial
challenges it poses in disease management, coupled with the
fact that current therapies are still predominantly based on
lifestyle modifications or non-personalized pharmacological
treatments that lack long-term effectiveness, there is an ur-
gent need for new pathophysiological mechanisms and thera-
peutic innovations in this area.

The carotid bodies (CB) are peripheral chemoreceptors that re-
spond to hypoxia by increasing chemosensory activity in the
carotid sinus nerve (CSN), causing hyperventilation and activa-
tion of the sympathoadrenal system [2]. Furthermore, CBs are
also metabolic sensors implicated in the regulation of peripheral
insulin sensitivity, glucose homeostasis, and lipid metabolism.
Notably, CB chemosensory activity is increased in prediabetes
and type 2 diabetes animal models and overweight prediabetic
patients [2, 3]. CB ablation through resection or electrical mod-
ulation of the CSN has been shown to prevent and/or reverse
the metabolic disturbances caused by hypercaloric diets in rats
[2, 4-6]. This improvement is associated with enhanced insulin
signaling and glucose uptake in the liver and visceral white ad-
ipose tissue (WAT), along with reduced weight gain [4]. These
findings suggest a role for the CB in regulating adipose tissue
metabolism.

The evidence also suggests that the CB facilitates whole-body
sympathetic activity [7-9] contributing to metabolic dysregu-
lation [2, 4, 10, 11]. Another piece of evidence indicating CB-
regional/tissue-specific activation of the sympathetic nervous
system (SNS) is that activation of CB by hypoxia inhibits sym-
pathetic outflow to brown adipose tissue (BAT) [12]. Moreover,
sympathetic innervation of the adipose tissue modulates lipoly-
sis and thermogenesis via the release of norepinephrine (NE)
[13] and dopamine release [14]. Therefore, in the present man-
uscript, we hypothesize that the CB may also regulate WAT and
BAT metabolism through the modulation of the sympathetic
nervous system. The CB signals reach the brain via integra-
tion in the nucleus tractus solitarius [15], and it was recently
described that CB inputs are also integrated in the paraventric-
ular nucleus (PVN) of the hypothalamus [16], one of the most
important autonomic control nuclei in the brain regulating me-
tabolism and energy balance [17]. Furthermore, inhibition of ty-
rosine hydroxylase (TH)-positive neurons in the PVN resulted
in increased blood glucose, and their activation improved glu-
cose clearance [18]. Herein, we hypothesized that the CBs are
key players in the neural circuit governing glucose and energy
homeostasis and that the CB afferent inputs play a critical role
in coordinating sympathetic neural circuits controlling adipose
tissue metabolism.

In brief, our findings demonstrate that CB afferent inputs mod-
ulate sympathetic drive to both brown and white adipose tissue
with the consequent modulation of their metabolism. Moreover,

we show that the beneficial effects of CSN resection on weight
gain and dysmetabolism are associated with heightened TH lev-
els at the PVN of the hypothalamus and the reconfiguration and
enhancement of CB-mediated sympathetic inputs to adipose
tissue. This discovery identifies a novel therapeutic pathway for
the management of diabesity.

2 | Material and Methods
2.1 | Diets and Animal Care

Experiments were performed in 8-9weeks-old male Wistar
rats (200-300g) obtained from the animal facility of the NOVA
Medical School, Faculty of Medical Sciences, Universidade
NOVA de Lisboa, Portugal, and 4-week-old male C75BL/6J
mice purchased from Charles River (Lyon, France) and accom-
modated at the animal facility of the Institut de Pharmacologie
Moléculaire et Cellulaire, Université Coté de Azur, Valbonne,
France. After randomization, the 8-10 animals (rats and mice,
respectively) were assigned to a HF group fed a 60% fat diet
(61.6% fat from which 36% was saturated, 41% monounsatu-
rated, and 23% polyunsaturated, 20.3% carbohydrate, and 19.1%
protein; Test Diets, Missouri, USA) for 10 weeks (Wistar rats) or
12weeks (C75BL/6J mice) or to an aged-matched control group
fed with a standard diet (7.4% fat from which 0.6% was satu-
rated, 0.7% monounsaturated and 2.1% polyunsaturated, 75%
carbohydrates, of which 4% was sugar and 17% protein). After
10 and 12weeks of diet for rats and mice, respectively, both HF
and control groups were randomly divided, and half of the group
was submitted to CSN resection and the other half submitted to
sham procedure, in which the CSN was left intact. These pro-
cedures were performed as previously described by Sacramento
et al. [4].

After CSN resection, the groups were maintained under the
respective diets for 9weeks and 3weeks for rats and mice, re-
spectively, as the CSN regrowth period differs between the
two species. During all the experimental period animals were
caged in pairs and kept under temperature and humidity con-
trol (21°C £1°C; 55% £ 10% humidity) with a 12h light/12h dark
cycle and were given ad libitum access to food and water, except
during the night prior to insulin sensitivity and glucose toler-
ance evaluation. Body weight was monitored weekly. Energy
and liquid intake were monitored daily, and the caloric intake
was calculated before and after the CSN resection. Insulin sen-
sitivity and glucose tolerance were also evaluated throughout
the experimental period. CSN resection was confirmed by the
abolishment of responses to hypoxia in conscious, freely moving
animals by plethysmography.

In a terminal experiment, the animals were anesthetized with
sodium pentobarbitone (60mg/kg, i.p), and catheters were
placed in the femoral artery for arterial blood pressure mea-
surement. Blood was collected by cardiac puncture for quan-
tification of serum and plasma of mediators (such as insulin
and C-peptide levels) and the adipose tissue pads (visceral,
perinephric, epididymal and subcutaneous depots) were then
rapidly collected, weighed, and stored at either —80°C or trans-
ferred to 4% PFA or collected and maintained in Tyrode medium
(140mM NaCl, 5mM KCl, 2mM CaClz, 1.1mM MgClz, 10mM
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Hepes and 5.5mM glucose; pH7.4) on ice for O, consumption
rate (OCR) analysis.

Laboratory care was in accordance with the European Union
Directive for Protection of Vertebrates Used for Experimental
and Other Scientific Ends (2010/63/EU). The experimental pro-
tocols were approved by the NOVA Medical School/Faculdade
de Ciéncias Médicas Ethics Committee (n°08/2015/CEFCM
and 41/2021/CEFCM), by the Portuguese Direcdo-Geral de
Alimentacdo e Veterindria (DGAV 0421/000/000/2016 and
0421/000/000/2021) and by the National Ethical Committee of
France (CIEPAL #2018082016528754). Sample size calculation
was performed at https://www.calculator.net/sample-size-calcu
lator.html and based on previous experiments using hyperca-
loric diets and CSN resection [2-6]. For the calculations, we as-
sumed a moderate effect size (Cohen's f~0.25), a significance
level (a) of 0.05, and a statistical power (1-3) of 0.80 (80%). Note
also that not all experimental procedures and analyses, such as
western blot analysis of protein levels, were performed on mice.
This decision was made to avoid a significant increase in the
number of animals required, given the small amount of adipose
tissue available from each mouse.

2.2 | Insulin Sensitivity and Glucose Tolerance
Evaluation

Insulin sensitivity was evaluated using an insulin tolerance
test (ITT) after overnight fasting (Wistar rats) or 5h fasting
(C75BL/6J mice) as previously described [6]. In brief, fasting
blood glucose was measured and immediately followed by an in-
sulin bolus (100 mU/kg for Wistar rats or 0.5U/Kg for C75BL/6J
mice), administered via the tail vein, for Wistar rats or intraperi-
toneally, for C75BL/6J mice. Subsequently, the decline in plasma
glucose concentration was measured over a 15min period with
1min interval in the rats or at minutes 5, 10, 20, 30, 45, 60, 90,
and 120, after insulin administration, in the mice, after insulin
administration. Glucose tolerance was evaluated by oral glu-
cose tolerance test (OGTT) after overnight fasting followed by
administration of a saline solution containing glucose (2 g/kg or
1.5g/kg, for rats or mice, respectively; VWR Chemicals, Leuven,
Belgium) by gavage, as described [6]. Blood was collected via tail
tipping, and glucose levels were measured with a glucometer
(Precision Xceed Meter, Abbott Diabetes Care, Portugal) and
test strips (Abbott Diabetes Care, Portugal).

2.3 | Pletismography

Ventilation was measured in conscious freely moving rats
as previously described by Melo et al. [6]. The system (emka
Technologies, Paris, France) consisted of 5-L methacrylate
chambers continuously perfused with gases (2 L/min). Tidal vol-
ume (VT; mL), respiratory frequency (f; breaths/min; bpm), the
product of these two variables, and minute ventilation (VE; mL/
min/Kg) were monitored. Each rat was placed in the plethys-
mography chamber and allowed to breathe room air for 30 min
until it had adapted to the chamber environment and acquired
a standard resting behavior. The protocol consisted in animal
acclimatization during 30 min followed by 10 min of normoxia
(20% O, balanced N,), 10min of hypoxia (10% O, balanced N,),

10min of normoxia, 10min of hypercapnia (20% O,+5% CO,
balanced N,), and finally to 10 min of normoxia. A high-gain dif-
ferential pressure transducer allows measurements of the pres-
sure changes within the chamber reflecting VT. False pressure
changes due to rat movement were rejected. Pressure signals
were transmitted to a computer for visualization and storage for
later analysis using emka software (emka Technologies, Paris,
France).

2.4 | Evaluation of Autonomic Nervous System

The balance between the sympathetic and parasympathetic
components of the autonomic nervous system was made by cal-
culating the sympathetic nervous system (SNS) and parasympa-
thetic nervous system (PNS) indexes, calculated in the Kubios
HRV software (www.kubios.com). The SNS index in Kubios
is based on mean heart rate, Baevsky's stress index, and low
frequency power expressed in normalized units, and the PNS
index, which is based on the mean intervals between successive
heartbeats (RR intervals), the root mean square of successive
RR interval differences (RMSSD) and high frequency power ex-
pressed in normalized units. Heart rate and RR intervals were
obtained using Iox 2.9.5.73 software (Emka Technologies, Paris,
France), with an acquisition frequency of 500 Hz.

2.5 | Quantification of Biomarkers: Plasma
Insulin, C-Peptide, Lipid Profile, Catecholamines,
and Glycerol

Insulin and C-peptide concentrations were determined using
an enzyme-linked immunosorbent assay kit (Mercodia
Ultrasensitive Rat Insulin ELISA Kit and Mercodia Rat C-
peptide ELISA Kit, respectively, Mercodia AB, Uppsala,
Sweden). Catecholamines were measured in plasma and in ho-
mogenized perienteric and BAT samples by HPLC with electro-
chemical detection as previously described [19]. The lipid profile
was assessed using a RANDOX kit (RANDOX, Irlandox, Porto,
Portugal). For glycerol quantification, as an index of lipolysis,
rat visceral adipose tissue samples were collected from the ani-
mals and incubated for 120 min in the presence of isoproterenol
(10uM) (Sigma-Aldrich, Madrid, Spain). The glycerol released
into the media was quantified using a glycerol colorimetric
assay (Glycerol assay kit, Sigma-Aldrich, Madrid, Spain).

2.6 | Western Blot Analysis

Visceral WAT (100mg) and BAT (75mg) depots were homog-
enized in Zurich medium (10mM Tris-HCI, 1mM EDTA,
150mM NacCl, 1% Triton X-100, 1% sodium cholate, 1% SDS)
with a protease inhibitor cocktail. The samples were centrifuged
(Eppendorf, Madrid, Spain), and the supernatant was collected
and frozen at —80°C until further use. Samples of the homoge-
nates and the pre-stained molecular weight markers (Precision,
BioRad, Madrid, Spain) were separated by SDS electrophore-
sis and electro-transferred to polyvinylidene difluoride mem-
branes (0.45uM, Millipore, Spain). After 1h of blocking in milk,
the membranes were incubated overnight at 4°C with the pri-
mary antibodies against 32 receptors (1:200; 47kDa; Alomone,
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Jerusalem, Israel), (3 receptors (1:200; 45KDa; Alomone,
Jerusalem, Israel), D1R (1:200; 48 kDa; Abcam, Cambridge, UK),
D2R (1:200; 49 kDa, Sigma-Aldrich, Madrid, Spain), Dopamine 3
hydroxylase (DSH) (1:1000; Merck, Darmstadt, Germany), HSL
(1:1000; 83 KDa; Cell Signaling Technology, Massachusetts,
EUA), pAMPK (phospho Thr172) (1:1000; 60 kDa; Cell Signaling
Technology, Massachusetts, EUA), pATGL (phospho S406)
(1:1000; 55kDa; Abcam, Cambridge, UK), PGC-la (1:1000;
92kDa; Santa Cruz Biotechnology INC, Texas, EUA), PPARy
(1:1000; 53-57kDa, Cell Signaling Technology, Massachusetts,
EUA), TH (1:1000; 60 kDa; Abcam, Cambridge, UK). The mem-
branes were washed with Tris-buffered saline with Tween
(TBST) (0.1%) and incubated with rabbit anti-goat (1:5000;
Thermofisher Scientific, Massachusetts, EUA), goat anti-mouse
(1:5000; Bio-Rad Laboratories, California, EUA) or goat anti-
rabbit (1:5000; Bio-Rad Laboratories, California, EUA) in TBS
and developed with enhanced chemiluminescence reagents
(ClarityTM Western ECL substrate, Hercules, CA, USA). The
intensity of the signals was detected in a Chemidoc Molecular
Imager (Chemidoc; BioRad, Madrid, Spain) and quantified using
Image Lab software (BioRad). The membranes were re-probed
and tested for Calnexin (1:1000; 90 kDa; SICGEN, Cantanhede,
Portugal) and/or -actin (1:1000; 42kDa; SICGEN, Cantanhede,
Portugal) immunoreactivity to compare and normalize the ex-
pression of proteins with the amount of protein loaded.

2.7 | Histological and Immunohistochemical
Evaluation of WAT

Visceral WAT and BAT depots were collected, dissected, and
immersion fixed in 4% PFA. The samples were then embed-
ded into paraffin (Sakura Finetek Europe B.V., Zoeterwoude,
The Netherlands) and serial longitudinal sections of 8 or 10 um
thickness were obtained using a Microtome Microm HM200
(MICROM Laborgerdte GmbH, ZEISS Group, Walldorf,
Germany).

For evaluation of adipocyte perimeter, after sectioning, the
samples were transferred to slides after sectioning and stained
with hematoxylin and eosin to stain the nuclei, extracellular ma-
trix, and cytoplasm. Representative photographs were acquired
using NDPview2 software (Hamamatsu, Japan) in slides digi-
tally scanned in the Hamamatsu NanoZoomerSQ (Hamamatsu,
Japan). Adipocytes perimeter was visualized using software Fiji
app for Image J (https://imagej.nih.gov/ij/).

UCP1 protein and mitochondrial density were evaluated by
immunohistochemistry. Paraffin sections were deparaffinized
and rehydrated, followed by antigen retrieval and blocking, per-
formed with a 5% bovine serum albumin solution for 60 min.
Sections were then incubated with the primary antibody rabbit
anti-UCP1 (1:1000 for WAT and BAT; Santa Cruz Biotechnology
INC, Texas, EUA), overnight at 4°C. The sections were then incu-
bated with anti-rabbit secondary antibody Alexa 488 (1:4000 for
WAT and 1:6000 for BAT; Termofisher Scientific, Massachusetts,
EUA), Mitotracker Red CMXRos [15nM] for WAT and [1 nM] for
BAT (Termofisher Scientific, Massachusetts, EUA), and DAPI (1
ug/mL; Santa Cruz Biotechnology INC, Texas, EUA) for 90 min.
Finally, the section slides were mounted with Dako mounting
medium (Agilent, California, EUA), visualized using a Z2 Zeiss

widefield Microscope (ZEISS Group, Walldorf, Germany) and
analyzed using the Fiji app for Image J software (https://image;.
nih.gov/ij/).

2.8 | Evaluation of the Oxygen Consumption Rate

Three weeks after CSN resection, mice were sacrificed by cer-
vical dislocation, and visceral WAT and BAT were collected for
oxygen consumption rate (OCR) assessment using the Seahorse
XF24 (Seahorse Bioscience, North Billerica, MA). Tissue sam-
ples were placed in an XF24 Islet Capture Microplate (Seahorse
Bioscience, North Billerica, MA) and once in position, were
rinsed twice with Seahorse XF DMEM assay medium (Seahorse
Bioscience, North Billerica, MA) supplemented with 10mM glu-
cose, 1 mM pyruvate, and 2mM L-glutamine. Finally, 575uL of
assay medium was added to all sample and control wells. Before
the measurement of the OCR, the microplate was incubated at
37°C without CO, for 45min. To evaluate adrenergic stimula-
tion, OCR was measured after the application of norepinephrine
[15uM] (Sigma-Aldrich, Lisboa, Portugal) or dopamine [100nM]
(Sigma-Aldrich, Lisboa, Portugal). OCR was calculated by plot-
ting the O, tension of the media as a function of time (pmol/
min).

2.9 | InVivo Tissue-Specific Glucose Uptake
Evaluation

An intravenous glucose tolerance test (IVGTT) was performed
in sham versus CSN-transected normal chow and HF ani-
mals. For that, the animals were fasted overnight and a bolus
of 2-deoxy-D-[1,2-3H]-glucose (1 mC/mL; specific activity:
20 Ci/mmol; PerkinElmer, Madrid, Spain) mixed with glucose
(100uCi/kg body weight; 0.5g/kg body weight) was adminis-
tered in the tail vein. Blood samples were taken from the tail
vein at regular intervals (0, 2, 5, 10, 15, 30, and 60 min).

To determine glucose-specific activity, 20 uL plasma was depro-
teinized with 200 uL of ice-cold perchloric acid (0.4 N) and centri-
fuged, and radioactivity was measured in a scintillation counter
(Tri-Carb 2800TR, Perkin-Elmer, Madrid, Spain). After 60 min,
the animals were euthanized, and the tissues (white and brown
adipose tissue depots) were rapidly excised. 2-deoxy-D-[*H]glu-
cose incorporation was measured in 50-200 mg tissue homog-
enized in 1mL of ice cold perchloric acid (0.4N). The samples
were centrifuged, and the radioactivity in the supernatant was
measured in a scintillation counter and analysed as previously
described [4].

2.10 | Light-Sheet Based Fluorescent Microscopy

After perfusion, the excised WAT was washed with PBS and
clarified using the iDisco+ method (https://idisco.info/).
Briefly, samples were dehydrated at room temperature in suc-
cessive washes of 20% metanol (MetOH) for 1h, 40% MetOH
for 1h, 60% MetOH for 1h, 80% MetOH for 1h, 100% MetOH
for 1h, and 100% MetOH overnight. Samples were then incu-
bated in a solution of 33% MetOH and 66% Di-ChloroMethan
(DCM, Sigma) overnight and washed twice with 100% methanol

4 of 20

Acta Physiologica, 2025

850807 SUOWIWOD 8AIea.D) 3|edldde ayy Aq peusenoh ae Spife VO ‘8sn Jo sajn. 10} ArIqiT8uljUO A8|IM UO (SUORIPUOD-PUB-SWLBIWI0D A8 | IM A eIq 1 BuIUO//:SANY) SUOIIPUOD pue SWia | 8u1 88S *[5202/90/92] Uo AriqiTauliuo Ao|IM ‘Pliope|lA8d PepseAIN AQ 12200, yde/TTTT OT/I0p/L00 A8 |1 AReiq1jeuljuo//Sdny Wouy pepeojumod ‘L ‘SZ0Z ‘9T.T8V.T


https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://idisco.info/

for 1h. Samples were then bleached in chilled fresh 5% H,O,
in methanol overnight, at 4°C, before rehydration with metha-
nol/H,0 series (80%, 60%, 40%, 20%, and PBS, 1h each at room
temperature). The samples were then immunolabeled with an-
ti-TH (AB152, Merck, France) for 24 h after overnight permeabi-
lization at 37°C and overnight blocking with 1.7% TritonX- 100,
6% donkey serum, and 10% DMSO in PBS. After three washes
in PBS/0.2% Tween-20, samples were incubated with don-
key anti-goat secondary antibody (Jackson Immunoresearch,
Cambridgeshire, UK) for 24h. Samples were then dehydrated
at room temperature in successive baths as described above and
then incubated in a solution of 33% MetOH and 66% DCM for 3h
at RT, then in 100% DCM twice for 15min each, and transferred
overnight into the clearing medium 100% DiBenzylEther 98%
(Sigma).

Imaging was performed using a homemade light-sheet ultrami-
croscope. The samples were placed in a cubic cuvette filled with
DBE and placed on the Z-stage of the bench. It was illuminated
with planar sheets of light formed by cylindrical lenses. Light
from a multi-wavelength (561 nm) laser bench (LBX-4C, Oxxius)
was coupled into the setup via two single-mode optical fibers,
allowing illumination from one or two sides. Two-sided illumi-
nation was used. The specimen was imaged from above with a
MVX10 macroscope, through a PlanApo 2X/0.5 NA objective
(Olympus) with an additional zoom of the macroscope of 1.6,
which was oriented perpendicular to the 561 nm light sheet.
Images were captured using a SCMOS camera (Orca-Flash4.0)
synchronized with the z-stage moving the sample through the
light sheet. The ultramicroscope is controlled using Micro-
manager software and z-stacks of images were taken every 2 um.
The image stacks were merged using the alpha-blending method
with a homemade ImageJ macro (Rasband, W.S., Image]J, U.S.
National Institutes of Health, Bethesda, Maryland, USA, http://
imagej.nih.gov/ij/, 1997e2012).

2.11 | Free-Floating Tyrosine Hydroxylase
Immunohistochemistry in the Paraventricular
Nucleus of the Hypothalamus

Cryopreserved brains of sham vs. CSN-transected NC and HF
animals were cut in coronal sections (40 pum) using a cryostat
and collected for a 6-well plate with 4 sections/well in PBS.
Coordinates used for sectioning were —2.16 mm and —1.8mm
from the bregma to evaluate different regions of the PVN of
the hypothalamus. Free-floating immunofluorescence was
performed on all sections evaluated. Briefly, sections were
transferred to a 24-wells plate (1 section/well), and gelatin was
removed by incubating the sections for 1 h at 37°C. Sections were
then permeabilized in 0.1M TBS and 0.3% Triton X-100 for 3
X 15 min in a shaker at room temperature and washed in TBS-T.
Unspecific binding was blocked with 1% BSA, 0.3% Triton x-100,
and 3% normal goat serum in 0.1 M TBS, for 2h at 24°C. Sections
were then incubated with primary antibody for TH (1:1000;
Abcam, Cambridge, UK) overnight at 4°C. A negative control
was performed by avoiding incubation with primary antibody
and keeping in blocking solution for this period. The solution
was decanted, and the sections washed in TBS-T before incu-
bation with specific secondary antibody at a dilution of 1:2000
for 1h at 24°C in the dark (anti-mouse Alexa Fluor 488; from

Abcam, Cambridge, UK). Slices were washed in TBS in the dark
and mounted with a coverslip and a drop of mounting medium
Fluoroshield—Sigma-Aldrich. Each slide was immediately visu-
alized in a Zeiss LSM980 confocal microscope, and fluorescence
images were used to measure the fluorescence intensity of TH
in the PVN area.

2.12 | Statistical Analysis

Data were analyzed using GraphPad Prism software, version 9
(GraphPad Software Inc., San Diego, CA, USA) and presented
as means with SEM. The significance of the differences between
the means was calculated by one- and two-way ANOVA with
Bonferroni multiple comparison test. Differences were consid-
ered significant at p <0.05.

3 | Results

3.1 | CSN Resection Decreases Weight Gain
and Improves Glucose Homeostasis

Diabesity results from a complex interplay between genetic
predisposition and environmental factors, with diet playing a
crucial role in their development and progression [20]. In line
with this, submitting rodents to hypercaloric diets promotes
alterations in body weight, SNS activity, blood pressure, and
glucose metabolism that are very similar to the human condi-
tion [20, 21]. Rats and mice that were fed a lipid-rich diet (HF
diet) during 10 and 12weeks, respectively (Figure 1A), exhibit
a higher growth curve (Figure 1B left and right panels, respec-
tively), increased weight gain (Figure 1C) and total fat amount
(Figure 1D) than the animals that were fed a standard diet
(normal chow, NC). The increase in fat amount was accompa-
nied by an increase in all the WAT depots studied (Figure 1E).
Furthermore, as previously demonstrated [22], HF diet intake
promoted a dysmetabolic state, characterized by insulin resis-
tance, glucose intolerance, dyslipidemia, hyperinsulinemia,
and increased c-peptide levels in rats (Table 1), with some dys-
metabolic features herein described to be present also in mice
(Table 1). Additionally, as previously described by Ribeiro et al.
[2], dysmetabolic rats exhibited increased respiratory responses
to hypoxia (Figure S1) without alterations in their responses to
hypercapnia. These findings, along with the findings that bilat-
eral chronic resection of the CSN—confirmed by the abolition
of responses to hypoxia (Figure S1)—decreases weight gain
and improves glucose metabolism and insulin action in high-
fat diet (HF) animals of both species (Figure 1C and Table 1)
support a role of the CB in the development of diabesity. The
effect on weight was clear when the weight gain after surgery
was plotted starting 1 week after surgery (Figure 1C). CSN re-
section decreased weight gain in both NC and HF diet animals.
It is noteworthy that obese rats and mice submitted to HF diet
and CSN resection decreased the weight gain by 31% and 39%,
respectively, compared with HF sham animals (Figure 1C). This
decrease in weight gain of HF animals was accompanied by a re-
duction in the total amount of fat (24% for rats and 26% for mice)
(Figure 1D) and by adecrease in all WAT depots (Figure 1E). CSN
resection also reverses dysmetabolism, with an improvement of
glucose tolerance and a reversion of insulin resistance (Table 1)
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FIGURE1 | Legend on nextpage.

in rats, as previously described [4, 5], but also in mice. Moreover,
CSN resection reversed hyperinsulinemia and dyslipidemia in
rats (Table 1). This indicates that the beneficial effects of CSN
on metabolism are not species-specific. Concomitant with the
increase in total WAT quantity and distribution, both rats and
mice presented increased adipocyte perimeter in their perien-
teric adipose tissue (Figure 1G), effects that were decreased
by CSN resection in rats (55%) and mice (28%), suggesting that
the amelioration of metabolism in HF animals induced by CSN

resection includes a restructuring of the WAT. Additionally, the
HF diet also promoted alterations in the BAT in rats and mice,
as evidenced by an increase in adipocyte perimeter (Figure 1H).
Interestingly, CSN resection increased the mass of BAT in rats
(53%) and mice (84%) (Figure 1F), contributing to a decrease in
adipocyte perimeter of 22% and 15%, respectively (Figure 1H).
This suggests that the amelioration of metabolism in HF ani-
mals induced by CSN resection might include increased energy
expenditure.
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FIGURE1 | Carotid sinus nerve (CSN) resection/denervation decreases weight gain and adipose tissue deposition in obese dysmetabolic rodents.
(A) Schematic representation of the protocol followed throughout the study for rats and mice. Effect of high fat (HF) diet and of CSN resection (CSN
Den) on: (B) growth curves of Wistar rats (n =9-15, corresponding to two cohorts of animals that were used for different sets of experiments) (left
panel) and C75BL/6J mice (n=5-11) (right panel); (C) average weight gain (g/day) in rats and mice after surgery; (D) total white adipose tissue (WAT)
weight (g/kg) (n=5-8); (E) weight (g/kg) of white adipose tissue (WAT) depots in rats and mice (n = 5-8); (F) weight (g/kg) of brown adipose tissue
(BAT) in rats and mice (n=5-8); (G) visceral WAT adipocytes perimeter per cell number (100 um)—Ileft panel shows average adipocytes perimeter,
right panel shows representative H&E histological images of visceral fat in rat and mice (n =4-5). (H) Brown adipocytes perimeter per cell number
(100pm) in the BAT depot in rats and mice (n =4-5)—Ieft panel shows average adipocytes perimeter, right panel representative H&E histological
images of BAT in rat and mice (n =4-5). Black and blue colors represent respectively, normal chow (NC) and HF diet rats. Gray and red colors show
respectively NC and HF mice. Den—means animals submitted to CSN denervation/resection. Bars represent mean values + SEM. Two-Way ANOVA
with Bonferroni multicomparison test. **p <0.01, ***p <0.001 and ****p <0.0001 comparing NC vs. HF groups; #p <0.05, ##p <0.01, ###p <0.001

and ####p <0.0001 comparing values with and without CSN resection.

3.2 | CSN Resection Enhances Visceral WAT
and BAT Function by Increasing Their Metabolism

We assessed visceral WAT metabolism by measuring basal ox-
ygen consumption rate (OCR) and sympathetic-evoked OCR
(NE [15uM] or dopamine [100nM]) using Seahorse technol-
ogy in mice (Figure 2A,B, left and right panels). It is well es-
tablished that mitochondrial morphology, mass, and function
are impaired in multiple adipose tissue depots in obese rodents
[23]. In accordance with the aforementioned observations, we
observed that the visceral WAT basal OCR of mice submitted
to an HF diet decreased by 51% in comparison with NC animals
(Figure 2C). Interestingly, CSN resection in HF animals re-
stored WAT OCR by promoting an increase of 77% (Figure 2C).
It has been demonstrated that sympathetic mediators, such as
NE [24, 25] or dopamine [26, 27] activate WAT. Consequently,
we tested NE and dopamine on OCR and observed that NE and
dopamine-evoked OCR were reduced by 53% and 44% in WAT
of HF mice in comparison with NC animals. CSN resection was
found to increase WAT responses to NE and dopamine in HF an-
imals (55% in response to NE and 77% in response to dopamine)
(Figure 2D). To confirm a possible increase in adipose tissue en-
ergy expenditure mediated by CSN resection on dysmetabolic
states, we evaluated mitochondrial density and UCP1 immuno-
labeling (Figure 2F) in the visceral WAT. The HF diet was found
to decrease UCP1 levels (Figure 2F, left panel and left bottom
graph) and mitochondrial density (Figure 2F, right panel and
right bottom graph) in perienteric adipose tissue depot in rats
and mice. Bilateral CSN resection resulted in increased UCP1
immunolabeling and mitochondrial density in both species. In
dysmetabolic rats and mice, UCP1 levels increased by 39% and
52%, respectively, while mitochondrial density increased by 61%
and 52%, respectively. These findings suggest a restoration of
WAT metabolism through increased thermogenesis (Figure 2F).
To confirm this phenotype, we assessed the levels of peroxi-
some proliferator-activated receptor gamma coactivator 1 alpha
(PGCla) and peroxisome proliferator-activated receptor gamma
(PPARY) proteins, which are key mediators of lipid metabolism
and markers of brown fat phenotype respectively (Figure 2E).
The HF diet results in a 27% and 67% reduction in the PGCla lev-
els in rats and mice respectively, which was completely reversed
by CSN resection (Figure 2G). Interestingly, the HF diet did not
alter the expression of PPARYy in visceral WAT of rats while de-
creasing it by 55% in the WAT of mice. CSN resection increased
PPARy expression by 73% in the HF rats and completely restored
its levels in mice to the levels observed in the control group

(Figure 2H). Glucose uptake has been widely used as a surro-
gate marker for thermogenesis and energy balance since glucose
is one of the substrates for adipocyte metabolism [26]. Here, we
evaluated glucose uptake, in vivo, in WAT depots, and the levels
of hormone-sensitive lipase (HSL) as well as the phosphorylated
levels of adipose triglyceride lipase (ATGL) and AMP-activated
protein kinase (AMPK) protein levels by western blot in rats
(Figure 3). The HF diet was found to have a non-significant de-
creased glucose uptake in perienteric fat (Figure 3B). In striking
contrast, CSN resection was observed to increase glucose uptake
in all fat depots in normal chow and HF animals, with a signifi-
cantly different effect in the perienteric depot of the HF animals
(Figure 3B). Moreover, we found that the HF diet resulted in a
decrease in HSL levels, without changing pATGL levels. In con-
trast, CSN resection led to an increase in both HSL and pATGL
in both NC and HF animals (Figure 3C,D), while glycerol levels
remained unchanged (Figure 3E). This suggests that CSN resec-
tion may have increased WAT lipid fluxes to generate FFA for
thermogenesis (Figure 3A). Finally, knowing that AMPK regu-
lates HSL and ATGL, we evaluated the effect of HF diet and of
CSN resection on its activity, assessed by measuring the levels of
its phosphorylated form (Figure 3F). HF diet did not alter phos-
phorylated AMPK levels in rats; however, we did observe a 34%
decrease in obese mice (Figure 3F). CSN resection increased
AMPK phosphorylation by 52% and 70% in the CTL and HF rats,
respectively, and restored the phosphorylation levels of AMPK
in dysmetabolic mice (Figure 3F).

It is widely accepted that dysmetabolic states are also associ-
ated to BAT dysfunction, characterized by the accumulation
of enlarged lipid droplets and mitochondrial dysfunction [28].
To study BAT mitochondrial function, we evaluated basal OCR
as well as the OCR in response to NE [15uM] or dopamine
[100nM] in mice (Figure 4A-C). Our findings indicate that nei-
ther the HF diet nor CSN resection significantly altered basal
OCR (Figure 4A,B). As expected, NE increased OCR in BAT
in NC animals (Figure 4A,C), with this effect being decreased
by 20% in obese mice (Figure 4C). CSN resection augmented
NE activation of BAT by 23% and 42%, respectively, in the NC
and obese mice (Figure 4C). Dopamine is described to directly
activate thermogenesis and to increase mitochondrial mass in
brown adipocytes [29]. In this study, we observed that dopamine
did not elicit an increase in OCR both in NC and obese mice
(Figure 4A right panel). However, in CSN-resected animals' do-
pamine increased OCR by 37% in mice fed with a standard diet,
with no changes observed in dysmetabolic mice (Figure 4A-C).
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TABLE 1 | Effect of carotid sinus nerve (CSN) resection on insulin sensitivity, glucose metabolism, and lipid profile on obese dysmetabolic rats

and mice.
Rats
Before diet Before surgery 9weeks after surgery
Caloric intake (Kcal/day/kg) NC Sham — 197.63+£9.68 218.77+£30.21
Denervated — 215.15+7.14 217.22+19.91
HF Sham — 280.08 £29.76* 301.63+17.18*
Denervated — 274.63 +25.69* 248.45+21.34
Glycemia (mg/dL) NC Sham 95.22+5.27 75.11+3.48 82.90+3.60
Denervated 85.66£3.77 84.44+4.38 85.22+3.71
HF Sham 78.22+3.16 95.11£5.06* 92.90+2.20%§
Denervated 81.56+2.12 98.78 £4.10%* 81.5+2.46"#
Insulin sensitivity Kitt NC Sham 4.43+£0.24 4.24+0.24 4.78+0.31
(%glucose/min) Denervated 5.03+0.33 4.50+0.25 4.85+0.31
HF Sham 4.1+£0.21 1.76 & 0.33%# 1.84 40,2388 ####
Denervated 4.7+0.35 1.92+0.38%** 4.24+0.20%%
Glucose tolerance AUC OGTT  NC Sham 20747.55+£692.56 18439.55+810.08 19966.89 +£449.27
(mg/dL X min) Denervated 19286 +498.99 18160.22 +770.48 20813.45+662.14
HF Sham 21028.67 +£759.24 25359.45+ 825.60%**## 24504.63 +355.01%
Denervated 20116.11+746.74  25415.33 & 689,33 23264.29 +433.77%
Insulin (pmol/L) NC Sham 5.24+1.34 170.39+9.20 240.55+16.00
Denervated 19.43+2.06 146.68+15.43 227.78 £17.16
HF Sham 22.98+4.06 415.58 & 3534wk HitiH 584.21 & 45.95588§.####
Denervated 25.87+1.79 506.94 + 22 48wk it 420.92 +21.69888§####
C-peptide (nmol/L) NC Sham 0.33+0.09 0.68+0.16 0.64+0.08
Denervated 0.45+0.12 0.72+0.08 0.76 £0.06
HF Sham 0.33+0.06 1.34 40,07k ## 1.83 £0.175888.###
Denervated 0.37+0.10 1.51 0.1 6% s 1.34+0.15%
Cholesterol (mg/dL) NC Sham — — 61.20+4.47
Denervated — — 63.84+1.54
HF Sham — — 95.65+4.56%***
Denervated — — 77.33 +£4.14%
Triglycerides (mg/dL) NC Sham — — 90.65+7.02
Denervated — — 91.96 £8.21
HF Sham — — 147.05 £ 24.07*
Denervated — — 108.12+11.06
c-LDL (mg/dL) NC Sham — — 4.08+0.31
Denervated — — 4.32+0.17
HF Sham — — 7.97 £1.06%**
Denervated — — 5.87+£0.54
(Continues)
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TABLE1 | (Continued)
Rats
Before diet Before surgery 9weeks after surgery
NEFA (mg/dL) NC Sham — — 1.06+0.08
Denervated — — 1.10+0.07
HF Sham — — 1.19+0.07
Denervated — — 0.70+0.18%
Mice
Before diet Before surgery 9weeks after surgery
Caloric intake (Kcal/day/kg) NC Sham — 353.00+12.79 365.70+11.90
Denervated — 363.20+14.78 388.20+13.73
HF Sham — 526.30 £46.82%* 431.40£57.42
Denervated — 490.50 £ 43.78* 457.70+40.35
Glycemia (mg/dL) NC Sham — 80.60+£2.42 86.40+2.79
Denervated — 79.00 +3.86 80.33+1.54
HF Sham — 124.50 & 5.38%** 144.75+£10.06
Denervated — 112.40 £ 7.75%* 94.75+11.848
Insulin sensitivity AUC ITT (mg/dL NC Sham — 10641.20+864.94 9276.60 +488.69
X min) Denervated — 11135.83+584.78 10477.50 £ 1247.50
HF Sham — 21645.75+1684.90*** 23392.00+£695.97
Denervated — 22336.20+£2069.03*%** 15251.80+1997.12%8
Glucose tolerance AUC OGTT (mg/dL.  NC Sham — 23194.80+678.63 19657.60+971.99
X min) Denervated — 20851.33+2783.03 18667.83 + 535.42
HF Sham — 32773.25£1155.82%** 30596.35+1111.42
Denervated — 33064.60+2783.03** 26894.00+1191.86

Note: Values represent means + SEM; Two-Way ANOVA with Bonferroni multicomparison test. *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001 comparing normal
chow animals and HF values; *p<0.05, #*p<0.01, #*#p <0.001 and ****p < 0.0001 comparing values without and with CSN resection; $p <0.05, $8p <0.01, $§p <0.001,
$888p <0.0001 comparing values 9 weeks after CSN with values 9weeks after sham. Glucose tolerance measured as AUC glucose in OGTT (mg/dL X min). Insulin
tolerance measured as Kitt (%glucose/min) in rats and as AUC glucose in ITT (mg/dL X min) in mice.

Abbreviations: AUC, area under the curve; c-LDL, low density lipoproteins cholesterol; HF, high fat; Kitt, constant of the insulin tolerance test; NEFA, non-esterified

free fatty acids; OGTT, oral glucose tolerance test.

In order to ascertain whether there was a correlation between
OCR and increased thermogenesis, we evaluated mitochondrial
density by immunohistochemistry. The HF diet resulted in a de-
crease of 21% in UCP1 labeled cells, in both species (Figure 4D,
top panel). In agreement, mitochondrial density decreased by
30% and 23%, respectively, in rats and mice submitted to the
HF diet (Figure 4D, bottom panel). Bilateral CSN resection in-
creased UCP1 immunostaining and mitochondrial density in
NC animals and reversed the impact of the HF diet on these pa-
rameters in both species. In agreement with a high metabolic ac-
tivity, CSN-resected animals fed with NC and HF diet exhibited
an increased BAT glucose uptake, as evidenced by in vivo mea-
surements (Figure 4E). Finally, as observed in visceral WAT,
no alterations were found in phosphorylated ATGL (Figure 4F)
and AMPX (Figure 4G) in rats following an HF diet. However,
a decrease of 48% in AMPK was observed in obese mice. CSN
resection resulted in a 104% increase in ATGL phosphorylation
(Figure 4F) and a 38% increase in AMPK phosphorylation in

rats. Furthermore, it restored AMPK levels in mice, with an 81%
increase compared to the HF mice (Figure 4G).

3.3 | CSN Resection Rescues Adipose Tissue
Sympathetic/Catecholamine Resistance in
Dysmetabolic States

Obesity and dysmetabolic states have been linked to a systemic
overactivation of the SNS [30]. This is evidenced by our findings
that dysmetabolic rats exhibit an overactivation of the SNS, re-
flected by 118% and 162%, increases in plasma NE and epineph-
rine, respectively (Table S1). Furthermore, the SNS index, as
evaluated by heart rate variability analysis, has been found to be
elevated by 46% in these animals, with no changes in the parasym-
pathetic index (Table S1). As expected, and in agreement with the
findings that CB activation leads to a whole-body overactivation
of the SNS [12, 31], CSN resection normalized the effects of the
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FIGURE2 | Legend on next page.

HF diet on plasma epinephrine and attenuated NE plasma levels,
as well as restoring the SNS index (Table S1). In contrast with the
whole-body overactivation of the SNS present in dysmetabolic

states (Table S1, [5, 21, 24]) and in line with literature showing a
regional activation of the SNS [32, 33] and that sympathetic acti-
vation increase adipose tissue metabolism [34], catecholamines
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FIGURE 2 | Ablation of carotid body (CB) activity through carotid sinus nerve (CSN) resection heightens visceral white adipose tissue (WAT)
metabolism in obese dysmetabolic rodents. (A) Panel shows a schematic illustration of the protocol used to evaluate mice WAT oxygen consumption
rate (OCR). From (B) to (H) is described the effect of high fat (HF) diet and of CSN resection on the: (B) OCR per minute, reflecting adipose tissue
metabolism, before and after stimulation with norepinephrine [15uM] (left panel) or dopamine [100 nM] (right panel) in mice (3 pieces of tissue from
4-6 animals); (C) average basal OCR in mice (15-27 pieces of tissue from 4-6 animals) before the stimulation with norepinephrine and dopamine; (D)
average OCR after stimulation with norepinephrine [15uM] or dopamine [100nM] (3 pieces of tissue from 4-6 animals); (E) Illustration of the mo-
lecular markers involved in brown adipocytes differentiation as well as the stimuli involved in the beiging of WAT; (F) average expression of PGCla
(92kDa) (n=3-5); (G) average expression of PPARy (53-57kDa) on visceral WAT of rats and mice (n =4-5)—representative western blots are shown
on the top of the graphs; and (H) percentage of UCP1 protein labeled cells and percentage of mitotrackerTM Red CMXRos labeled cells (top panels)
in the perienteric depot (n =4-5) in rats and mice; right panels show representative images of UCP1 and MitotrackerTM Red CMXRos labeled cells,
Green—UCP1 labeled adipocytes; Red—MitotrackerTM Red CMXRos labeled adipocytes; Blue—DAPI labeled nuclei of the adipocytes; Yellow—
Merge of UCP1 and MitotrackerTM Red CMXRos labeled cells. Gray and blue colors represent, respectively, normal chow (NC) and HF rats. Gray and
red colors show NC and HF mice, respectively. Den—means animals submitted to CSN denervation/resection. Bars represent mean values = SEM.
Two-Way ANOVA with Bonferroni multicomparison test. *p <0.05, **p <0.01, ***p < 0.001 and ****p < 0.0001 comparing NC vs. HF groups, “p <0.05,

#p <0.01, "7p < 0.001 and ***p <0.0001 comparing values with and without CSN resection.

levels within visceral WAT, namely NE, epinephrine and dopa-
mine were decreased by 55%, 50% and 82%, respectively, in HF
rats (Figure 5B). These effects were almost completely reversed
by CSN resection (Figure 5B). The decreased catecholamines
content within the visceral WAT in obese animals was coincident
with a 34% reduction in the TH levels in HF mice, as evaluated by
Western Blot (Figure 5C). Furthermore, a decrease of 83% in the
intensity of TH innervation was measured by light-sheet micros-
copy in the HF rats, with no significant alterations in the volume
of fibers (Figure 5E, video WAT_NC_SHAM vs. video WAT_HF_
SHAM White adipose tissue (WAT)). The establishment of a link
between the CB and adipose tissue catecholaminergic signaling
was evidenced by 85% and 30% increase in the TH levels follow-
ing CSN resection in dysmetabolic rats and in mice, respectively
(Figure 5C). Additionally, the intensity of TH immunostaining
evaluated by light-sheet microscopy increased by 174% in these an-
imals, without changing the volume of sympathetic fibers inner-
vating visceral WAT (Figure 5E, left panel, videos WAT _NC_DEN
and WAT_HF_DEN White adipose tissue (WAT)). No changes in
dopamine {-hydroxylase (DSH) levels were observed in WAT in
HF and/or CSN-resected animals (Figure 5D), suggesting that the
levels of DEH are enough to maintain the conversion rate of do-
pamine into NE. Knowing that catecholamine resistance is a key
feature of the dysmetabolic states [35, 36] and is associated with
altered levels of f-adrenergic receptors including the downregula-
tion of B3-adrenergic receptors [36] we evaluated the levels of these
receptors. Consistently, we found that HF diet decreased 33 recep-
tors levels by 13% (Figure 5F, right panel) and promoted a decrease
of both D1 and D2 receptors by 34% and 29%, respectively in WAT
(Figure 5G, left and right panels), while increasing (2 receptors
by 26% (Figure 5E, left panel). On the other hand, CSN resection
in the WAT decreased {32 receptors expression by 30% while in-
creasing (33 levels by 61% in rats (Figure SF, left and right panels).
Altogether, these results indicate that the CB controls sympathetic
innervation to visceral WAT and that CSN resection restores cate-
cholaminergic integration.

In line with a major role for NE in BAT modulation and induced-
thermogenesis [37], only NE levels were found to be decreased
in HF rats (Figure 6A). This may reflect the observed de-
crease in TH levels in HF diet animals, which was significant
in mice (Figure 6B), although with no change in DEH levels
(Figure 6C). CSN resection in HF animals restored BAT TH

levels to control levels in mice and increased TH levels in rats
(Figure 6B). Moreover, it attenuated the decrease in NE lev-
els within the tissue (Figure 6A). Interestingly, the HF diet
did not alter B2 receptor levels in rats but reduced (3 levels by
19%. Conversely, in mice, the HF diet decreased (32 expression
while increasing 33 expression by 19% and 10%, respectively
(Figure 6D, left and right panels), suggesting distinct regulatory
mechanisms and contributions of 8 receptors in the BAT of mice
and rats. CSN resection restored (33 receptor levels in rats and
mice (Figure 6D), suggesting that CB regulation of NE action on
{33 receptor is key to BAT metabolic function.

3.4 | Carotid Sinus Nerve Enhances
Tyrosine Hydroxylase (TH)-Positive Labeling
at the Paraventricular Nucleus (PVN)

of the Hypothalamus

Knowing that CB inputs are integrated in the PVN [16], one of
the most important autonomic control nuclei in the brain regu-
lating metabolism and energy balance [17] and that TH-positive
neurons regulate glucose homeostasis [18], we therefore tested
whether CB inputs to WAT are controlled by TH-positive neurons
within the PVN (Figure 7). We observed that HF diet promotes a
tendency to decrease TH-positive labeling by 20.7% at —1.8 mm
coordinates in the PVN with no changes at —2.16 mm coordi-
nates (Figure 7C,D). Additionally, CSN resection increased TH-
positive labeling at both coordinates of the PVN to levels above
those in NC animals and by 65.2% and 43.5% in the —1.8 mm
and —2.16 mm coordinates, respectively, in comparison with HF
diet animals (Figure 7D). Interestingly, the TH-positive neuro-
nal subpopulations activated in CSN-resected animals appear to
be located in the lateral parvocellular region of the PVN (both
at —1.8 mm and —2.16 mm coordinates), known to be involved in
the regulation of the autonomic nervous system [38], and in the
periventricular subnuclear region (—2.16 mm coordinates).

4 | Discussion
Herein, we described for the first time a unique mechanism by

which the CB controls WAT and BAT metabolism through res-
toration of sympathetic drive to the adipose tissue in favor of
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FIGURE3 | Carotid body (CB) modulates lipid fluxes in white adipose tissue (WAT) in rodents. (A) Illustration of the molecular markers involved
in adipose tissue energy expenditure. From (B) to (F) is described the effect of high fat (HF) diet and of CSN resection on: (B) Rg’ values, reflecting
glucose uptake on WAT depots in rats (n =4-7); (C) WAT average expression of HSL (83kDa) on WAT of rats (n =5-8); (D) WAT average expression
of phosphorylated ATGL (pATGL) (55kDa) in rats (n = 5-7)—representative western blots are shown on the top of the graphs; (E) glycerol levels, as
an index of lipolysis (n =6-8) in WAT in rats; (F) WAT average expression of phosphorylated AMPK (pAMPK) (60kDa) in rats and mice (n =3-6)—
representative western blots are shown on the top of the graphs. Gray and blue colors represent, respectively, normal chow (NC) and HF diet rats.
Gray and red colors show NC and HF mice, respectively. Den—means animals submitted to CSN denervation/resection. Bars represent mean values
+ SEM. Two-Way ANOVA with Bonferroni multicomparison test. **p <0.01 comparing NC vs. HF groups; *p <0.05, #**p <0.01 and ###p <0.001 com-

paring values with and without CSN resection.

glucose and energy homeostasis. Such functional plasticity is in-
duced by resection of the CSN, and thus CB ablation, and leads
to an improvement in metabolism characterized by decreased
weight gain and an amelioration of glucose homeostasis, un-
derscoring the critical role of the CB in the development and
progression of dysmetabolic states. Importantly, CSN resection
enhanced TH-positive labeling in the PVN of the hypothala-
mus of dysmetabolic animals, suggesting not only a modulation
of sympathetic drive to the adipose tissue but also TH levels
within the tissue, impacting dopaminergic and noradrenergic
levels. Consequently, this process normalizes baseline visceral
WAT metabolism and improves sympathetic activation of BAT.
Therefore, the CB is a key player in the hypothalamus-SNS-
adipose tissue circuit activity controlling glucose and energy

homeostasis. Importantly, these mechanisms are well con-
served in rodents.

Consistent with the known deleterious effects of hypercaloric
diets [39, 40], Wistar rats and C57BL/6 mice submitted to 19
or 15weeks of a 60% lipid-rich diet, respectively, exhibited a
phenotype consistent with that observed in obese humans:
(1) marked increase in weight gain accompanied by increased
fat deposition, coincident with an increase in adipocyte pe-
rimeter in WAT and BAT; (2) development of dysmetabolism
characterized by insulin resistance, glucose intolerance, hy-
perinsulinemia, reduction in phosphorylated AMPK expres-
sion, and dyslipidemia. As expected, the HF diet contributed
to a decrease in WAT and BAT metabolism, characterized by
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FIGURE4 | Legend on next page.
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FIGURE4 | Carotid sinus nerve (CSN) resection improves brown adipose tissue (BAT) metabolism in rodents. Effect of high fat (HF) diet and of
CSN resection on: (A) Curves of oxygen consumption rate (OCR) per minute, reflecting adipose tissue metabolism, before and after stimulation with
norepinephrine [15uM] (left panel) or dopamine [100nM] (right panel) in the BAT of mice (n =18-27 pieces of tissue from 6-8 animals). (B) Average
basal OCR in the BAT in mice (n =18-27 pieces of tissue from 6-8 animals) before the stimulation with norepinephrine and dopamine; (C) Average
OCR after stimulation with norepinephrine [15uM] or dopamine [100nM] (n =5-8 animals); (D) percentage of UCP1 protein labeled cells and per-
centage of mitotrackerTM Red CMXRos labeled cells (top panels) in BAT (n=4-5) in rats and mice; bottom panels show representative images of
UCP1 and MitotrackerTM Red CMXRos labeled cells, Green—UCP1 labeled adipocytes; Red—MitotrackerTM Red CMXRos labeled adipocytes;
Blue—DAPI labeled nuclei of the adipocytes; Yellow—Merge of UCP1 and MitotrackerTM Red CMXRos labeled cells; (E) Rg’ values, reflecting
glucose uptake on BAT depots in rats (n=>5-7); (F) BAT average expression of pATGL (55kDa) in rats (n=4-5); (G) average expression of pAMPK
(60kDa) on BAT of rats and mice (n = 3-8)—representative western blots are shown on the top of the graphs. Gray and blue colors represent, respec-
tively, normal chow (NC) and HF diet rats. Gray and red colors show NC and HF mice, respectively. Den—means animals submitted to CSN dener-
vation/resection. Bars represent mean values + SEM. Two-Way ANOVA with Bonferroni multicomparison test. *p <0.05, **p <0.01, ***p <0.001 and
##¥%p <0.0001 comparing NC vs. HF groups; *p <0.05, #p <0.01, *##p <0.001 and **#*¥p <0.0001 comparing values with and without CSN resection.

decreased OCR in WAT in basal conditions and in response to
the catecholaminergic mediators NE and dopamine, as well as
to a decrease in thermogenesis markers and a reduction in the
levels of PGCla and PPARY, critical regulators of mitochon-
drial biogenesis. In agreement with the increased weight gain
and body fat mass in HF rodents, the increase in WAT depots
was accompanied by adipocyte hypertrophy due to increased
nutrient accumulation, as described in the literature in rodents
[39-41] and in humans [42]. The HF diet also decreased BAT
volume and contributed to increased lipid deposition within
this tissue, with large lipid droplets accumulating within
brown adipocytes with increased adipocyte size. By contrast,
some studies report an increase in BAT weight [43, 44] when
using C57BL/6 mice and with different durations of exposure
to the HF diet. Nevertheless, the increase in adipocyte size
and the accumulation of lipid droplets within the brown adi-
pocytes observed here are consistent with the findings of oth-
ers [43, 44]. These different results might also be explained
by differences in tissue collection and processing (in the pres-
ent study the WAT around the BAT depots was dissected and
weighed separately from the BAT depot).

WAT exhibited lower oxygen consumption rates than the BAT
in lean animals, which is in line with the idea that adipose tissue
oxygen consumption is relatively low in lean healthy subjects,
accounting for approximately 5% of whole-body oxygen con-
sumption [45]. As expected, the HF diet decreased basal WAT
OCR, and reduced NE and dopamine-evoked OCR, suggesting
that the HF diet is not only affects adipocyte mitochondrial ac-
tivity but also affects adipocyte responses to SNS stimuli and
consequently lipolysis [44]. This is consistent with the observed
decrease levels in HSL and pAGTL, which may reflect an ac-
cumulation of nutrients within the adipocyte and therefore an
increase in adipocyte size. These results on the effects of HF diet
on WAT metabolism are in accordance with the general idea
that HF diet leads to a decreased WAT metabolism. Accordingly,
we found that UCP1 and Mitotracker immunolabeling, in ad-
dition to PGCla and PPARy proteins, were decreased in HF
animals. In accordance with the decreased basal OCR activity
in WAT induced by the HF diet, we also observed that HF diet
decreased PGCla, PPARy and phosphorylated AMPK in WAT.
In contrast, the HF diet did not alter either basal BAT OCR or
dopamine-stimulated OCR in obese mice but decreased the NE-
evoked OCR in the BAT as well as UCP1 protein expression and
mitochondrial density. In accordance with the decreased basal

OCR activity in WAT and no effect on BAT induced by the HF
diet, we also observed that HF diet decreased PGCla, PPARy
and phosphorylated AMPK in WAT, with no alterations in the
BAT. Consistent with our results, other studies suggest that in
obese models, PPARYy levels are decreased in AT [45] and PGCla
mRNA levels are decreased not only in the WAT [46] and BAT
[47] but also in skeletal muscle [48].

Obesity and dysmetabolism are often associated with a gener-
alized whole-body SNS overactivity, particularly in renal out-
flow [49], with obese adults presenting increased urinary and
plasma NA levels [50], that extend to the skeletal muscle vas-
culature [51]. Moreover, animal [52] and clinical studies [24]
have demonstrated that increased SNS activity is involved in
the pathophysiology of altered cardiac structure and function
in essential hypertension, and that obese insulin-resistant in-
dividuals display have blunted sympathetic neuronal responses
to physiological hyperinsulinemia, glucose consumption and
changes in energy status [53]. In agreement with these studies
and as shown by our group in animal models of prediabetes and
type 2 diabetes [2, 4], we observed increased plasma levels of
the NE and epinephrine and whole-body SNS index in the obese
rats, demonstrating overall SNS overactivity.

The SNS directly innervates both WAT and BAT and plays a key
role in modulating lipolysis and/or energy expenditure/thermo-
genesis through the release of NE and dopamine [14] and the
activation of their respective receptors [13, 54]. For example, 33
agonists have been shown to induce thermogenesis in the WAT,
and BAT [55-57] and dopamine has been shown to directly in-
crease mitochondrial mass and thermogenesis in the BAT [29].
More recently, dopamine has also been shown to potentiate
the effect of insulin on glucose uptake in visceral WAT and to
promote adipose tissue metabolism [26]. Here, we show that
the hypercaloric dietary intake produced a decrease in basal
metabolism in WAT, as assessed by measurement of OCR, as
well as a decrease in mitochondrial activity, UCP1 expression,
PPARy and PGCla, and decreased catecholaminergic activation
in WAT and BAT. These results are in agreement with the de-
creased levels of catecholamines found in WAT and BAT and
with the low intensity of TH expression in the AT measured by
light-sheet microscopy. On the surface, these results appear to
contradict the idea that obesity and its metabolic comorbidities
are associated with a SNS overactivation. However, recent data
suggest that tissue-specific activation/modulation of the SNS
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FIGURE 5 | Ablation of carotid body (CB) activity through carotid sinus nerve (CSN) resection restores sympathetic inputs in visceral white ad-
ipose tissue (WAT). (A) schematic representation of the catecholamine biosynthesis pathways; (B) effect of HF diet and CSN resection on the levels
of dopamine + DOPAC, norepinephrine and epinephrine in the WAT. From (C) to (E)—Sympathetic innervation in the WAT presented by: (C) WAT
average tyrosine hydroxylase (TH) levels (60kDa) in rats and mice (n=5-7); (D) WAT average dopamine 8 hydroxylase (DBH) levels (75kDa) in rats;
(E) from the left to the right: Intensity and fibers volume of TH immunolabeling (n =4-5) in WAT of rats—representative images are shown at the
right panel, for animated gif of the images consult the videos White adipose tissue (WAT); (F) average 32 receptors (2R, 47kDa) in rats (left panel)
and f33 receptors (3R, 45kDa) in rats and mice (right panel) (n=3-7); and (G) average dopamine type 1 receptors (D1R, 48kDa) in rats (left panel)
and dopamine type 2 receptors (D2R, 49kDa) in rats and mice (left panel) (n =4-6). Representative western blots are shown on the top of the graphs.
Gray and blue colors represent, respectively, normal chow (NC) and HF diet rats. Gray and red colors show NC and HF mice, respectively. Bars rep-
resent mean values + SEM. Two-Way ANOVA with Bonferroni multicomparison test. *p <0.05, **p <0.01 and ****p <0.0001 comparing NC vs. HF
groups; “p <0.05; #p <0.01; *#*p <0.001 and #****p <0.0001 comparing values with and without CSN resection.

occurs [58, 59]. Accordingly, our data clearly show that the HF
diet decreased catecholaminergic activation of the AT while in-
creasing whole-body SNS activity.

Consistent with this we have shown that CSN resection not only
attenuates sympathetic overactivation [5, 60], but also increases
sympathetic integration and catecholaminergic action in the
adipose tissue in a manner that restores or even increase WAT
and BAT metabolism. This consistently reduces weight gain and
adipose tissue deposition in obese rodents, contributing to a re-
duction of adipocyte size and reversal of metabolic dysfunction.
Moreover, CSN resection ameliorated visceral WAT and BAT

metabolism, increased thermogenic markers and improved glu-
cose metabolism, which is in line with the previous findings that
CSN resection improves dysmetabolism by positively impacting
insulin signaling and glucose uptake in visceral adipose tissue
[4]. This reinforces the view that there is a connection between
BAT and CB chemoreceptors [12] and provides evidence of a
critical link between the CB that can drive metabolic improve-
ment and decrease in weight gain by restoring WAT sensitivity
to catecholamines and increasing BAT metabolism. Given that
CB inputs are known to be integrated in the PVN [16] and the
CSN denervation increases TH activity in the PVN in dysme-
tabolism (Figure 7), we can postulate that the link between the
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FIGURE6 | Carotid body (CB)regulation of norepinephrine (NE) action on 33 adrenergic receptor is key to brown adipose tissue (BAT) metabolic

function. (A) effect of high fat (HF) diet and carotid sinus nerve (CSN) resection on the levels of dopamine + DOPAC, NE and epinephrine in the BAT.
From (B) to (D): Sympathetic innervation to BAT assessed as: (B) BAT average TH expression (60kDa) in rats and mice (n=4-6); (C) BAT average
DBH levels (60kDa) in rats and mice (n =4-6); (D) BAT average B2 receptors (f2R, 47kDa) in rats (left panel) and B3 receptors (B3R, 45kDa) in rats
and mice (right panel) (n =3-7); Representative western blots are shown on the top of the graphs. Gray and blue colors represent, respectively, normal
chow (NC) and HF diet rats. Gray and red colors show NC and HF mice, respectively. Den—means animals submitted to CSN denervation/resection.
Bars represent mean values + SEM. Two-Way ANOVA with Bonferroni multicomparison test. *p <0.05; **p <0.01 and ***p <0.001 comparing NC vs.

HF groups; “p <0.05 and **p <0.01 comparing values with and without CSN resection.

CB and BAT and WAT metabolism is mediated by integration
of CB inputs at the PVN of the hypothalamus. Importantly, TH-
positive labeling in CSN-resected animals was mainly located
in the lateral parvocellular region that is known to be involved
in the autonomic control [32], thus supporting the CB-PVN-
sympathetic efferents-adipose tissue link described here.

4.1 | Strengths and Limitations

While the use of multiple methodologies supported by molec-
ular data provided valuable insights into the mechanistic link
between the carotid body and adipose tissue metabolism—with
consistent results in both rat and mouse models, strengthening
the validity of our hypothesis and the conservation of the mech-
anism—certain limitations must be considered. Specifically,
our study relies on an early-stage diabesity model induced by
hypercaloric diets. Although this approach better mimic the
type 2 diabetes progression in humans, it does not capture the
later stages of the disease, as the severe hyperglycemia or §-cell
failure, which could be modeled using db/db or ob/ob mice or

Zucker diabetic fatty rats [22]. Another limitation of our study
was the approach used to modulate CB/CSN activity that was
performed herein aiming the proof of concept of the potential
of CB/CSN modulation as a therapeutic intervention for obesity
and associated dysmetabolic state and the mechanism behind it.
It is known that the CSN can regenerate over time [61], making
its sectioning unsuitable as a long-term therapeutic strategy in
humans. Moreover, CSN cut is associated with several adverse
effects as the loss of the responses to hypoxia and fluctuations
in blood pressure [62]. Therefore, in the future, to fully explore
its clinical applicability, alternative strategies—such as pharma-
cological interventions or CSN electrical modulation—must be
investigated to assess their full therapeutic potential for obesity
treatment.

5 | Conclusions
In conclusion, this work identifies a critical circuit involving the

CB, the hypothalamus, and its sympathetic efferents to the adi-
pose tissue in the control of glucose and energy homeostasis. We
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FIGURE 7 | Ablation of carotid activity via carotid sinus nerve (CSN) resection heightens tyrosine hydroxylase (TH)-positive labeling at para-
ventricular nucleus (PVN) of the hypothalamic in obese dysmetabolic animals. (A) Illustration of the PVN region analyzed for TH immunostaining

obtained in the Paxinos & Watson Atlas for rat brain; (B) Representative image of TH immunostaining in a brain slice of a normal chow rat where the

PVN region is delimited in yellow. Effect of high fat (HF) diet and of CSN resection on the: (C) Representative images of TH-positive labeling (green

labeling) with lower (scale=100pum) and higher magnification (scale=40um) in the PVN, at —1.8 mm and —2.16 mm coordinates of the bregma,

for rats. (D) Mean TH-positive immunostaining in the PVN coordinates —1.8 mm and —2.16 mm from the bregma. Gray and blue colors represent,

respectively, normal chow (NC) and HF diet rats. Bars represent mean values = SEM. Two-Way ANOVA with Bonferroni multicomparison test.

#p<0.05 comparing values with and without CSN resection.

identify that CB inputs govern a unique mechanism by which
the hypothalamus and the SNS provide control of WAT and BAT
metabolism not only by restoring sympathetic drive to the adi-
pose tissue but also adjusting catecholaminergic signaling, fa-
voring thermogenesis and energy expenditure.

Author Contributions

Bernardete F. Melo: investigation, data curation, formal analysis,
visualization, writing - original draft, writing - review and editing.
Joana F. Sacramento: investigation, data curation, formal analysis,
visualization, writing - original draft, writing - review and editing.
Julien Lavergne: investigation, formal analysis, data curation, visu-
alization. Fatima O. Martins: investigation, data curation, formal
analysis, visualization. Daniela Rosendo-Silva: investigation, formal
analysis, data curation, visualization. Clara Panzolini: investigation,
formal analysis, visualization, data curation. Claudia S. Prego: data
curation, formal analysis, visualization, investigation. Aidan Falvey:
investigation, formal analysis, data curation, visualization. Elena
Olea: investigation, formal analysis, data curation, visualization. Paulo
Matafome: writing — review and editing, formal analysis, supervision,

data curation, visualization, investigation. Asuncion Rocher: funding
acquisition, resources, supervision, validation, formal analysis, writ-
ing - review and editing. Jesus Prieto-Lloret: investigation, formal
analysis, data curation, visualization. Miguel C. Correia: investiga-
tion, formal analysis, data curation, visualization. Phillipe Blancou:
conceptualization, investigation, funding acquisition, methodology,
validation, visualization, writing - review and editing, formal analysis,
project administration, data curation, supervision, resources. Silvia V.
Conde: conceptualization, methodology, investigation, validation, for-
mal analysis, data curation, supervision, resources, project administra-
tion, writing - review and editing, visualization, funding acquisition,
writing — original draft.

Acknowledgments

‘We would like to acknowledge the rodent, histology, and microscopy
facilities from NOVA Medical SchoollFaculdade de Ciéncias Médicas,
Universidade NOVA de Lisboa, for their help in the maintenance and
control of animal welfare of the animals and in the preparation of adi-
pose tissue slices for immunohistochemical analysis and to Oscar Rios-
Rodriguez from the Departamento de Bioquimica, Biologia Molecular y
Fisiologia, Universidad de Valladolid, Valladolid, Spain, for his help in
the quantification of catecholamines by HPLC. We also thank Adriana

17 of 20

BSUS017 SUOWILLOD AIKERID 3|t jdde ay) Ag pausenob afe Sapie YO 38N JO S3JNJ J0J Aiq1 3U1|UO AB]1A UO (SUONIPUOD-PUE-SULBIALOD" A3 | 1M ARe.gl1BU1IUO//SANY) SUONIPUOD PU. SLUIS L a1 39S *[5Z02/90/9¢] Uo ARidiTaulluO 4811 ‘Pliope|A A PEPSRAIUN AQ 7200, €Ude/TTTT OT/I0PAOD &3] 1M AReiq1BUI|UO//SANY W04 paPe0|UMOa L ‘SZ0Z ‘9TLT8YLT



M. Capucho for the drawing of Figure 2A. SV Conde is the guarantor
of the study and takes full responsibility for the work, including the
study design, access to data, and the decision to submit and publish the
manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. “World Obesity Atlas 2024,” accessed 25 September 2024, https://
data.worldobesity.org/publications/ WOF-Obesity-Atlas-v7.pdf.

2. M. J. Ribeiro, J. F. Sacramento, C. Gonzalez, M. P. Guarino, E. C.
Monteiro, and S. V. Conde, “Carotid Body Denervation Prevents the
Development of Insulin Resistance and Hypertension Induced by Hy-
percaloric Diets,” Diabetes 2013, no. 62 (2013): 2905-2916, https://doi.
org/10.2337/db12-1463.

3.J. P. Cunha-Guimaraes, M. P. Guarino, A. T. Timéteo, et al., “Carotid
Body Chemosensitivity: Early Biomarker of Dysmetabolism in Hu-
mans,” European Journal of Endocrinology 182, no. 6 (2020): 549-557,
https://doi.org/10.1530/EJE-19-0976.

4.]. F. Sacramento, M. J. Ribeiro, T. Rodrigues, et al., “Functional Ab-
olition of Carotid Body Activity Restores Insulin Action and Glucose
Homeostasis in Rats: Key Roles for Visceral Adipose Tissue and the
Liver,” Diabetologia 60, no. 1 (2017): 158-168, https://doi.org/10.1007/
$00125-016-4133-y.

5.J. F. Sacramento, D. J. Chew, B. F. Melo, et al., “Bioelectronic Modula-
tion of Carotid Sinus Nerve Activity in the Rat: A Potential Therapeutic
Approach for Type 2 Diabetes,” Diabetologia 61, no. 3 (2018): 700-710,
https://doi.org/10.1007/s00125-017-4533-7.

6.B. F. Melo, J. F. Sacramento, A. M. Capucho, D. Sampaio-Pires, C.
S. Prego, and S. V. Conde, “Long-Term Hypercaloric Diet Consumption
Exacerbates Age-Induced Dysmetabolism and Carotid Body Dysfunc-
tion: Beneficial Effects of CSN Denervation,” Frontiers in Physiology 13
(2022): 889660, https://doi.org/10.3389/fphys.2022.889660.

7.F. D. McBryde, A. P. Abdala, E. B. Hendy, et al., “The Carotid Body
as a Putative Therapeutic Target for the Treatment of Neurogenic Hy-
pertension,” Nature Communications 4 (2013): 2395, https://doi.org/10.
1038/ncomms3395.

8.J. M. Marshall, “Peripheral Chemoreceptors and Cardiovascular Reg-
ulation,” Physiological Reviews 74, no. 3 (1994): 543-594, https://doi.org/
10.1152/physrev.1994.74.3.543.

9. W. Pijacka, D. J. Moraes, L. E. Ratcliffe, et al., “Purinergic Receptors
in the Carotid Body as a New Drug Target for Controlling Hyperten-
sion,” Nature Medicine 22, no. 10 (2016): 1151-1159, https://doi.org/10.
1038/nm.4173.

10. S. V. Conde, J. F. Sacramento, M. P. Guarino, et al., “Carotid Body,
Insulin, and Metabolic Diseases: Unraveling the Links,” Frontiers in
Physiology 5 (2014): 418, https://doi.org/10.3389/fphys.2014.00418.

11.S. V. Conde, M. J. Ribeiro, B. F. Melo, M. P. Guarino, and J. F. Sac-
ramento, “Insulin Resistance: A New Consequence of Altered Carotid
Body Chemoreflex?,” Journal of Physiology 595, no. 1 (2017): 31-41,
https://doi.org/10.1113/JP271684.

12. C. J. Madden and S. F. Morrison, “Hypoxic Activation of Arterial
Chemoreceptors Inhibits Sympathetic Outflow to Brown Adipose Tis-
sue in Rats,” Journal of Physiology 566, no. Pt 2 (2005): 559-573, https://
doi.org/10.1113/jphysiol.2005.086322.

13.T. J. Bartness, Y. Liu, Y. B. Shrestha, and V. Ryu, “Neural Innerva-
tion of White Adipose Tissue and the Control of Lipolysis,” Frontiers in
Neuroendocrinology 35, no. 4 (2014): 473-493, https://doi.org/10.1016/j.
yfrne.2014.04.001.

14. C. M. Larabee, O. C. Neely, and A. I. Domingos, “Obesity: A Neuro-
immunometabolic Perspective,” Nature Reviews. Endocrinology 16, no.
1 (2020): 30-43, https://doi.org/10.1038/s41574-019-0283-6.

15.T. Zera, D.J. A. Moraes, M. P. da Silva, J. P. Fisher, and J. F. R. Paton,
“The Logic of Carotid Body Connectivity to the Brain,” Physiology
(Bethesda, Md.) 34, no. 4 (2019): 264-282, https://doi.org/10.1152/physi
01.00057.2018.

16. A. Falvey, F. Duprat, T. Simon, et al., “Electrostimulation of the Ca-
rotid Sinus Nerve in Mice Attenuates Inflammation via Glucocorticoid
Receptor on Myeloid Immune Cells,” Journal of Neuroinflammation 17,
no. 1 (2020): 368, https://doi.org/10.1186/s12974-020-02016-8.

17.L. T. Tran, S. Park, S. K. Kim, J. S. Lee, K. W. Kim, and O. Kwon,
“Hypothalamic Control of Energy Expenditure and Thermogenesis,”
Experimental & Molecular Medicine 54, no. 4 (2022): 358-369, https://
doi.org/10.1038/512276-022-00741-z.

18. L. A.C.Souza, A.J. Gayban, and Y. F. Earley, “Tyrosine Hydroxylase-
Positive Neurons in the Hypothalamic Paraventricular Nucleus Modu-
late Blood Glucose Levels in Mice,” FASEBJournal 36 (2022): S1, https://
doi.org/10.1096/fasebj.2022.36.S1.R3645.

19. M. C. Gonzalez-Martin, V. Vega-Agapito, J. Prieto-Lloret, M. T.
Agapito, J. Castafieda, and C. Gonzalez, “Effects of Intermittent Hy-
poxia on Blood Gases Plasma Catecholamine and Blood Pressure,”
Advances in Experimental Medicine and Biology 648 (2009): 319-328,
https://doi.org/10.1007/978-90-481-2259-2_36.

20. M. Veit, R. van Asten, A. Olie, and P. Prinz, “The Role of Dietary
Sugars, Overweight, and Obesity in Type 2 Diabetes Mellitus: A Narra-
tive Review,” European Journal of Clinical Nutrition 76, no. 11 (2022):
1497-1501, https://doi.org/10.1038/541430-022-01114-5.

21. L. Landsberg and J. B. Young, “Fasting, Feeding and Regulation of
the Sympathetic Nervous System,” New England Journal of Medicine
298, no. 23 (1978): 1295-1301, https://doi.org/10.1056/NEJM197806
082982306.

22.B. F. Melo, J. F. Sacramento, M. J. Ribeiro, et al., “Evaluating the
Impact of Different Hypercaloric Diets on Weight Gain, Insulin Resis-
tance, Glucose Intolerance, and Its Comorbidities in Rats,” Nutrients 11,
no. 6 (2019): 1197, https://doi.org/10.3390/nul11061197.

23. A. H. de Mello, A. B. Costa, J. D. G. Engel, and G. T. Rezin, “Mi-
tochondrial Dysfunction in Obesity,” Life Sciences 192 (2018): 26-32,
https://doi.org/10.1016/.1fs.2017.11.019.

24.N. E. Straznicky, N. Eikelis, E. A. Lambert, and M. D. Esler, “Medi-
ators of Sympathetic Activation in Metabolic Syndrome Obesity,” Cur-
rent Hypertension Reports 10, no. 6 (2008): 440-447, https://doi.org/10.
1007/511906-008-0083-1.

25. W.Zeng, R. M. Pirzgalska, M. M. Pereira, et al., “Sympathetic Neuro-
Adipose Connections Mediate Leptin-Driven Lipolysis,” Cell 163, no. 1
(2015): 84-94, https://doi.org/10.1016/j.cell.2015.08.055.

26. G. Tavares, F. O. Martins, B. F. Melo, P. Matafome, and S. V. Conde,
“Peripheral Dopamine Directly Acts on Insulin-Sensitive Tissues to
Regulate Insulin Signaling and Metabolic Function,” Frontiers in Phar-
macology 12 (2021): 713418, https://doi.org/10.3389/fphar.2021.713418.

27. G. Tavares, D. Marques, C. Barra, et al., “Dopamine D2 Receptor Ag-
onist, Bromocriptine, Remodels Adipose Tissue Dopaminergic Signal-
ling and Upregulates Catabolic Pathways, Improving Metabolic Profile
in Type 2 Diabetes,” Molecular Metabolism 51 (2021): 101241, https://
doi.org/10.1016/j.molmet.2021.101241.

28.C. Lefranc, M. Friederich-Persson, R. Palacios-Ramirez, and A.
Nguyen Dinh Cat, “Mitochondrial Oxidative Stress in Obesity: Role of

18 of 20

Acta Physiologica, 2025

850807 SUOWIWOD 8AIea.D) 3|edldde ayy Aq peusenoh ae Spife VO ‘8sn Jo sajn. 10} ArIqiT8uljUO A8|IM UO (SUORIPUOD-PUB-SWLBIWI0D A8 | IM A eIq 1 BuIUO//:SANY) SUOIIPUOD pue SWia | 8u1 88S *[5202/90/92] Uo AriqiTauliuo Ao|IM ‘Pliope|lA8d PepseAIN AQ 12200, yde/TTTT OT/I0p/L00 A8 |1 AReiq1jeuljuo//Sdny Wouy pepeojumod ‘L ‘SZ0Z ‘9T.T8V.T


https://data.worldobesity.org/publications/WOF-Obesity-Atlas-v7.pdf
https://data.worldobesity.org/publications/WOF-Obesity-Atlas-v7.pdf
https://doi.org/10.2337/db12-1463
https://doi.org/10.2337/db12-1463
https://doi.org/10.1530/EJE-19-0976
https://doi.org/10.1007/s00125-016-4133-y
https://doi.org/10.1007/s00125-016-4133-y
https://doi.org/10.1007/s00125-017-4533-7
https://doi.org/10.3389/fphys.2022.889660
https://doi.org/10.1038/ncomms3395
https://doi.org/10.1038/ncomms3395
https://doi.org/10.1152/physrev.1994.74.3.543
https://doi.org/10.1152/physrev.1994.74.3.543
https://doi.org/10.1038/nm.4173
https://doi.org/10.1038/nm.4173
https://doi.org/10.3389/fphys.2014.00418
https://doi.org/10.1113/JP271684
https://doi.org/10.1113/jphysiol.2005.086322
https://doi.org/10.1113/jphysiol.2005.086322
https://doi.org/10.1016/j.yfrne.2014.04.001
https://doi.org/10.1016/j.yfrne.2014.04.001
https://doi.org/10.1038/s41574-019-0283-6
https://doi.org/10.1152/physiol.00057.2018
https://doi.org/10.1152/physiol.00057.2018
https://doi.org/10.1186/s12974-020-02016-8
https://doi.org/10.1038/s12276-022-00741-z
https://doi.org/10.1038/s12276-022-00741-z
https://doi.org/10.1096/fasebj.2022.36.S1.R3645
https://doi.org/10.1096/fasebj.2022.36.S1.R3645
https://doi.org/10.1007/978-90-481-2259-2_36
https://doi.org/10.1038/s41430-022-01114-5
https://doi.org/10.1056/NEJM197806082982306
https://doi.org/10.1056/NEJM197806082982306
https://doi.org/10.3390/nu11061197
https://doi.org/10.1016/j.lfs.2017.11.019
https://doi.org/10.1007/s11906-008-0083-1
https://doi.org/10.1007/s11906-008-0083-1
https://doi.org/10.1016/j.cell.2015.08.055
https://doi.org/10.3389/fphar.2021.713418
https://doi.org/10.1016/j.molmet.2021.101241
https://doi.org/10.1016/j.molmet.2021.101241

the Mineralocorticoid Receptor,” Journal of Endocrinology 238, no. 3
(2018): R143-R159, https://doi.org/10.1530/JOE-18-0163.

29. R. Kohlie, N. Perwitz, J. Resch, et al., “Dopamine Directly Increases
Mitochondrial Mass and Thermogenesis in Brown Adipocytes,” Journal
of Molecular Endocrinology 58, no. 2 (2017): 57-66, https://doi.org/10.
1530/IME-16-0159.

30. S. V. Conde, J. F. Sacramento, and F. O. Martins, “Immunity and the
Carotid Body: Implications for Metabolic Diseases,” Bioelectronic Medi-
cine 6, no. 1 (2020): 24, https://doi.org/10.1186/s42234-020-00061-5.

31. R. Iturriaga, R. Del Rio, J. Idiaquez, and V. K. Somers, “Carotid Body
Chemoreceptors, Sympathetic Neural Activation, and Cardiometabolic
Disease,” Biological Research 49 (2016): 13, https://doi.org/10.1186/
$40659-016-0073-8.

32.J. W. Osborn and G. D. Fink, “Region-Specific Changes in Sympa-
thetic Nerve Activity in Angiotensin II-Salt Hypertension in the Rat,”
Experimental Physiology 95, no. 1 (2010): 61-68, https://doi.org/10.1113/
expphysiol.2008.046326.

33.D. S. Goldstein, “Sympathetic Nervous System,” in Encyclopedia of
Stress, 2nd ed., ed. G. Fink (Academic Press, 2007), 697-703.

34.D. V. Rayner, “The Sympathetic Nervous System in White Adipose
Tissue Regulation,” Proceedings of the Nutrition Society 60, no. 3 (2001):
357-364, https://doi.org/10.1079/pns2001101.

35. P. Arner, “Catecholamine-Induced Lipolysis in Obesity,” Interna-
tional Journal of Obesity and Related Metabolic Disorders 23, no. Suppl 1
(1999): 10-13, https://doi.org/10.1038/sj.ij0.0800789.

36.J. M. Valentine, M. Ahmadian, O. Keinan, et al., “B3-Adrenergic Re-
ceptor Downregulation Leads to Adipocyte Catecholamine Resistance
in Obesity,” Journal of Clinical Investigation 132, no. 2 (2022): €153357,
https://doi.org/10.1172/JCI153357.

37.X. Liu, Z. Zhang, Y. Song, H. Xie, and M. Dong, “An Update on
Brown Adipose Tissue and Obesity Intervention: Function, Regulation
and Therapeutic Implications,” Frontiers in Endocrinology 13 (2023):
1065263, https://doi.org/10.3389/fendo.2022.1065263.

38. C. H. Feetham, F. O'Brien, and R. Barrett-Jolley, “Ion Channels in
the Paraventricular Hypothalamic Nucleus (PVN); Emerging Diversity
and Functional Roles,” Frontiers in Physiology 9 (2018): 760, https://doi.
org/10.3389/fphys.2018.00760.

39. M. S. Choi, Y. J. Kim, E. Y. Kwon, J. Y. Ryoo, S. R. Kim, and U. J.
Jung, “High-Fat Diet Decreases Energy Expenditure and Expression of
Genes Controlling Lipid Metabolism, Mitochondrial Function and Skel-
etal System Development in the Adipose Tissue, Along With Increased
Expression of Extracellular Matrix Remodelling- and Inflammation-
Related Genes,” British Journal of Nutrition 113, no. 6 (2015): 867-877,
https://doi.org/10.1017/S0007114515000100.

40.V. C. DeClercq, J. S. Goldsby, D. N. McMurray, and R. S. Chapkin,
“Distinct Adipose Depots From Mice Differentially Respond to a High-
Fat, High-Salt Diet,” Journal of Nutrition 146, no. 6 (2016): 1189-1196,
https://doi.org/10.3945/jn.115.227496.

41.R. S. Hageman, A. Wagener, C. Hantschel, K. L. Svenson, G. A.
Churchill, and G. A. Brockmann, “High-Fat Diet Leads to Tissue-
Specific Changes Reflecting Risk Factors for Diseases in DBA/2J Mice,”
Physiological Genomics 42, no. 1 (2010): 55-66, https://doi.org/10.1152/
physiolgenomics.00072.20009.

42.T. McLaughlin, C. Craig, L. F. Liu, et al., “Adipose Cell Size and Re-
gional Fat Deposition as Predictors of Metabolic Response to Overfeed-
ing in Insulin-Resistant and Insulin-Sensitive Humans,” Diabetes 65,
no. 5 (2016): 1245-1254, https://doi.org/10.2337/db15-1213.

43. E. N. Kuipers, N. M. Held, W. In Het Panhuis, et al., “A Single Day of
High-Fat Diet Feeding Induces Lipid Accumulation and Insulin Resis-
tance in Brown Adipose Tissue in Mice,” American Journal of Physiol-
ogy. Endocrinology and Metabolism 317 (2019): E820-E830.

44. C. Roberts-Toler, B. T. O'Neill, and A. M. Cypess, “Diet-Induced
Obesity Causes Insulin Resistance in Mouse Brown Adipose Tissue,”
Obesity (Silver Spring) 23 (2015): 1765-1770.

45.1. G. Lempesis, R. L. J. van Meijel, K. N. Manolopoulos, and G. H.
Goossens, “Oxygenation of Adipose Tissue: A Human Perspective,”
Acta Physiologica (Oxford, England) 228, no. 1 (2020): €13298, https://
doi.org/10.1111/apha.13298.

46.R. K. Semple, V. C. Crowley, C. P. Sewter, et al., “Expression of the
Thermogenic Nuclear Hormone Receptor Coactivator PGC-lalpha
Is Reduced in the Adipose Tissue of Morbidly Obese Subjects,” Inter-
national Journal of Obesity and Related Metabolic Disorders 28, no. 1
(2004): 176-179, https://doi.org/10.1038/sj.ij0.0802482.

47.S. Shirkhani, S. M. Marandi, F. Kazeminasab, et al., “Comparative
Studies on the Effects of High-Fat Diet, Endurance Training and Obe-
sity on Ucpl Expression in Male C57BL/6 Mice,” Gene 676 (2018): 16-21,
https://doi.org/10.1016/j.gene.2018.07.015.

48. S. Crunkhorn, F. Dearie, C. Mantzoros, et al., “Peroxisome Prolifer-
ator Activator Receptor Gamma Coactivator-1 Expression Is Reduced
in Obesity: Potential Pathogenic Role of Saturated Fatty Acids and p38
Mitogen-Activated Protein Kinase Activation,” Journal of Biological
Chemistry 282, no. 21 (2007): 15439-15450, https://doi.org/10.1074/jbc.
M611214200.

49. M. Vaz, G. Jennings, A. Turner, H. Cox, G. Lambert, and M. Esler,
“Regional Sympathetic Nervous Activity and Oxygen Consumption in
Obese Normotensive Human Subjects,” Circulation 96, no. 10 (1997):
3423-3429, https://doi.org/10.1161/01.cir.96.10.3423.

50.Z.S. Lee, J. A. Critchley, B. Tomlinson, et al., “Urinary Epinephrine
and Norepinephrine Interrelations With Obesity, Insulin, and the Met-
abolic Syndrome in Hong Kong Chinese,” Metabolism 50, no. 2 (2001):
135-143, https://doi.org/10.1053/meta.2001.19502.

51. G. Grassi, G. Seravalle, B. M. Cattaneo, et al., “Sympathetic Acti-
vation in Obese Normotensive Subjects,” Hypertension 25, no. 4 (1995):
560-563, https://doi.org/10.1161/01.hyp.25.4.560.

52. G. Mancia, “Bjorn Folkow Award Lecture. The Sympathetic Ner-
vous System in Hypertension,” Journal of Hypertension 15, no. 12 Pt 2
(1997): 1553-1565, https://doi.org/10.1097/00004872-199715120-00056.

53. G. Grassi, R. Dell'Oro, F. Quarti-Trevano, et al., “Neuroadrenergic
and Reflex Abnormalities in Patients With Metabolic Syndrome,” Di-
abetologia 48, no. 7 (2005): 1359-1365, https://doi.org/10.1007/s0012
5-005-1798-z.

54. G. Barbatelli, I. Murano, L. Madsen, et al., “The Emergence of Cold-
Induced Brown Adipocytes in Mouse White Fat Depots Is Determined
Predominantly by White to Brown Adipocyte Transdifferentiation,”
American Journal of Physiology. Endocrinology and Metabolism 298, no.
6 (2010): E1244-E1253, https://doi.org/10.1152/ajpendo.00600.2009.

55. D. P. Blondin, S. Nielsen, E. N. Kuipers, et al., “Human Brown Ad-
ipocyte Thermogenesis Is Driven by $2-AR Stimulation,” Cell Metab-
olism 32, no. 2 (2020): 287-300.e7, https://doi.org/10.1016/j.cmet.2020.
07.005.

56. A. M. Cypess, L. S. Weiner, C. Roberts-Toler, et al., “Activation of
Human Brown Adipose Tissue by a $3-Adrenergic Receptor Agonist,”
Cell Metabolism 21, no. 1 (2015): 33-38, https://doi.org/10.1016/j.cmet.
2014.12.009.

57.Y. Jiang, D. C. Berry, and J. M. Graff, “Distinct Cellular and Molec-
ular Mechanisms for 33 Adrenergic Receptor-Induced Beige Adipocyte
Formation,” eLife 6 (2017): €30329, https://doi.org/10.7554/eLife.30329.

58. T. Tchkonia, T. Thomou, Y. Zhu, et al., “Mechanisms and Metabolic
Implications of Regional Differences Among Fat Depots,” Cell Metab-
olism 17, no. 5 (2013): 644-656, https://doi.org/10.1016/j.cmet.2013.
03.008.

59. H.S. Cox, D. M. Kaye, J. M. Thompson, et al., “Regional Sympathetic
Nervous Activation After a Large Meal in Humans,” Clinical Science

19 of 20

850807 SUOWIWOD 8AIea.D) 3|edldde ayy Aq peusenoh ae Spife VO ‘8sn Jo sajn. 10} ArIqiT8uljUO A8|IM UO (SUORIPUOD-PUB-SWLBIWI0D A8 | IM A eIq 1 BuIUO//:SANY) SUOIIPUOD pue SWia | 8u1 88S *[5202/90/92] Uo AriqiTauliuo Ao|IM ‘Pliope|lA8d PepseAIN AQ 12200, yde/TTTT OT/I0p/L00 A8 |1 AReiq1jeuljuo//Sdny Wouy pepeojumod ‘L ‘SZ0Z ‘9T.T8V.T


https://doi.org/10.1530/JOE-18-0163
https://doi.org/10.1530/JME-16-0159
https://doi.org/10.1530/JME-16-0159
https://doi.org/10.1186/s42234-020-00061-5
https://doi.org/10.1186/s40659-016-0073-8
https://doi.org/10.1186/s40659-016-0073-8
https://doi.org/10.1113/expphysiol.2008.046326
https://doi.org/10.1113/expphysiol.2008.046326
https://doi.org/10.1079/pns2001101
https://doi.org/10.1038/sj.ijo.0800789
https://doi.org/10.1172/JCI153357
https://doi.org/10.3389/fendo.2022.1065263
https://doi.org/10.3389/fphys.2018.00760
https://doi.org/10.3389/fphys.2018.00760
https://doi.org/10.1017/S0007114515000100
https://doi.org/10.3945/jn.115.227496
https://doi.org/10.1152/physiolgenomics.00072.2009
https://doi.org/10.1152/physiolgenomics.00072.2009
https://doi.org/10.2337/db15-1213
https://doi.org/10.1111/apha.13298
https://doi.org/10.1111/apha.13298
https://doi.org/10.1038/sj.ijo.0802482
https://doi.org/10.1016/j.gene.2018.07.015
https://doi.org/10.1074/jbc.M611214200
https://doi.org/10.1074/jbc.M611214200
https://doi.org/10.1161/01.cir.96.10.3423
https://doi.org/10.1053/meta.2001.19502
https://doi.org/10.1161/01.hyp.25.4.560
https://doi.org/10.1097/00004872-199715120-00056
https://doi.org/10.1007/s00125-005-1798-z
https://doi.org/10.1007/s00125-005-1798-z
https://doi.org/10.1152/ajpendo.00600.2009
https://doi.org/10.1016/j.cmet.2020.07.005
https://doi.org/10.1016/j.cmet.2020.07.005
https://doi.org/10.1016/j.cmet.2014.12.009
https://doi.org/10.1016/j.cmet.2014.12.009
https://doi.org/10.7554/eLife.30329
https://doi.org/10.1016/j.cmet.2013.03.008
https://doi.org/10.1016/j.cmet.2013.03.008

(London, England) 89, no. 2 (1995): 145-154, https://doi.org/10.1042/
¢cs0890145.

60. M. Cracchiolo, J. F. Sacramento, A. Mazzoni, et al., “High Frequency
Shift in Carotid Sinus Nerve and Sympathetic Nerve Activity in Type 2
Diabetic Rat Model,” in 9th International IEEE/EMBS Conference on
Neural Engineering (NER), San Francisco, CA (2019), 498-501, https://
doi.org/10.1109/NER.2019.8717052.

61. P. Zapata, L. J. Stensaas, and C. Eyzaguirre, “Axon Regeneration
Following a Lesion of the Carotid Nerve: Electrophysiological and Ul-
trastructural Observations,” Brain Research 113, no. 2 (1976): 235-253,
https://doi.org/10.1016/0006-8993(76)90939-2.

62.S. V. Conde, “Ablation of the Carotid Bodies in Disease: Meeting Its
Adverse Effects,” Journal of Physiology 596, no. 15 (2018): 2955, https://
doi.org/10.1113/JP275796.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

20 of 20

Acta Physiologica, 2025

850807 SUOWIWOD 8AIea.D) 3|edldde ayy Aq peusenoh ae Spife VO ‘8sn Jo sajn. 10} ArIqiT8uljUO A8|IM UO (SUORIPUOD-PUB-SWLBIWI0D A8 | IM A eIq 1 BuIUO//:SANY) SUOIIPUOD pue SWia | 8u1 88S *[5202/90/92] Uo AriqiTauliuo Ao|IM ‘Pliope|lA8d PepseAIN AQ 12200, yde/TTTT OT/I0p/L00 A8 |1 AReiq1jeuljuo//Sdny Wouy pepeojumod ‘L ‘SZ0Z ‘9T.T8V.T


https://doi.org/10.1042/cs0890145
https://doi.org/10.1042/cs0890145
https://doi.org/10.1109/NER.2019.8717052
https://doi.org/10.1109/NER.2019.8717052
https://doi.org/10.1016/0006-8993(76)90939-2
https://doi.org/10.1113/JP275796
https://doi.org/10.1113/JP275796

	Reversal of Diabesity Through Modulating Sympathetic Inputs to Adipose Tissue Following Carotid Body Resection
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Diets and Animal Care
	2.2   |   Insulin Sensitivity and Glucose Tolerance Evaluation
	2.3   |   Pletismography
	2.4   |   Evaluation of Autonomic Nervous System
	2.5   |   Quantification of Biomarkers: Plasma Insulin, C-Peptide, Lipid Profile, Catecholamines, and Glycerol
	2.6   |   Western Blot Analysis
	2.7   |   Histological and Immunohistochemical Evaluation of WAT
	2.8   |   Evaluation of the Oxygen Consumption Rate
	2.9   |   In Vivo Tissue-Specific Glucose Uptake Evaluation
	2.10   |   Light-Sheet Based Fluorescent Microscopy
	2.11   |   Free-Floating Tyrosine Hydroxylase Immunohistochemistry in the Paraventricular Nucleus of the Hypothalamus
	2.12   |   Statistical Analysis

	3   |   Results
	3.1   |   CSN Resection Decreases Weight Gain and Improves Glucose Homeostasis
	3.2   |   CSN Resection Enhances Visceral WAT and BAT Function by Increasing Their Metabolism
	3.3   |   CSN Resection Rescues Adipose Tissue Sympathetic/Catecholamine Resistance in Dysmetabolic States
	3.4   |   Carotid Sinus Nerve Enhances Tyrosine Hydroxylase (TH)-Positive Labeling at the Paraventricular Nucleus (PVN) of the Hypothalamus

	4   |   Discussion
	4.1   |   Strengths and Limitations

	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


