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ABSTRACT: The onset of obesity is characterized by early physiological and molecular
changes, including leptin resistance and hypothalamic dysfunction, preceding significant
weight gain and metabolic complications. Extracellular vesicles (EVs) are key mediators of
intercellular communication, reflecting early pathological shifts in metabolic disorders. This
study investigates the role of hypothalamic EVs (hEVs) in early obesogenic insult and their
potential implications for obesity-related comorbidities. Using a hamster model fed a high
fat diet for 30 days, next-generation proteomics revealed altered hEV protein compositions
linked to cellular metabolism, neuroinflammation, and metabolic dysfunction, mirroring
early obesity-related dysfunction. These findings highlight the adaptive molecular profiles of
hEVs during early obesogenic insult and their potential as biomarkers and molecular
mediators in obesity progression and its comorbidities. In conclusion, this study provides
new insights into the molecular mechanisms underlying the onset of obesity and highlights
hEVs as promising targets for early detection and intervention.

■ INTRODUCTION
Obesity is a multifactorial condition characterized by excessive
energy intake, leading to the accumulation and growth of
adipose tissue. According to the World Obesity Atlas 2023, the
global prevalence of obesity is currently estimated at 38%,
reflecting a significant health crisis worldwide.1 The increase in
obesity rates has been observed across various regions, driven
by the joint influence of unhealthy food selections and a more
sedentary way of living. This trend has affected populations in
both high-income and low- to middle-income countries, with
notable rises in Southeast Asia and the Western Pacific
regions.2,3 Furthermore, projections indicate that by 2030,
global obesity will affect 1.12 billion individuals, with an
additional 2.16 billion people categorized as overweight,
representing approximately 51% of the global population.4

This alarming trend is expected to impose a massive economic
burden on health systems worldwide. The rapid increase in
obesity prevalence underscores the urgent need for compre-
hensive and effective public health interventions to combat this
growing epidemic across diverse populations.
The onset of obesity is characterized by early physiological

changes, such as the development of leptin resistance and
hypothalamic dysfunction, which impair the regulation of
energy balance.5 Leptin, a hormone secreted by adipocytes, is a
key regulator of appetite and energy expenditure through its
actions on hypothalamic pathways. In the early stages of
obesity, peripheral hyperleptinemia occurs as a compensatory
response to increased adiposity; however, leptin receptor
signaling in the hypothalamus becomes impaired, leading to

the development of leptin resistance.6 This disruption marks a
critical window in the progression of obesity, where molecular
and physiological alterations are initiated before significant
weight gain or long-term metabolic dysfunction manifests.7

Extracellular vesicles (EVs) are nanosized particles delimited
by a lipid bilayer which are secreted and commonly taken up
by all cell types within the central nervous system (CNS).8

These vesicles carry proteins, lipids and microRNA (miRNAs),
among other relevant molecules.9−11 Over the last decades, the
role of these vesicles has been widely explored from being
considered “cellular dust” to collaborating in the evolution of
cancer and other pathologies. One of the main roles of EVs is
their participation in intra- and interorgan communication, due
to their capacity to reflect the state of their parental cells.12 For
instance, EVs are participating in the communication of
adipose tissue with other peripheral organs, such as skeletal
muscle or liver.13−15 On the other hand, EV-like particles have
been associated with the CNS development and activity. EVs
are widely active in Neural progenitor cells (NPCs), which are
activated in adult hypothalamus, regulate neurogenesis,
gliogenesis16,17 and neuroinflammation.18,19 In addition, it
has been established that autocrine communication mediated
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by EVs allows for the exchange of molecular information across
the blood−brain barrier (BBB), as demonstrated by several
studies.20−22 Our extensive prior research in the field, as well as
that of our colleagues, has also shown that analyzing CNS-EVs
through next-generation proteomics and advanced Systems
Biology offers highly valuable insights into the molecular
mechanisms involved in neuropathology as well as brain and
endocrine disorders.23−28 Understanding how hEVs adapt their
molecular cargo during the onset of obesity could provide
crucial insights into the mechanisms underlying the early stages
of this condition and its associated comorbidities.
In this study, we investigate the molecular makeup of

hypothalamic EVs (hEVs) in a well-established high fat diet
(HFD) Syrian hamster model. Our goal is to determine
whether these specific vesicles alter their compositions at the
onset of obesity, to better understand the underlying molecular
mechanisms that may contribute to, and potentially provide
novel biological markers for, obesity-related comorbidities.

■ MATERIALS AND METHODS
Reagents and Chemicals. All reagents were purchased

from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
specified. Protease inhibitor cocktail tables were obtained from
Roche (Basel, Switzerland). Sequencing-grade trypsin was
purchased from Promega (Madison, WI, USA).
Animal Studies. All animals were housed individually at 22

°C under a 12 h light/dark cycle and had free access to food
and water. Ten-week-old hamsters (Charles River Laborato-
ries, Barcelona, Spain) weighing 110−120 g were divided in
two groups (n = 8 in each group). The control group stayed in
a normal-fat diet (NFD) for 30 days and the other group was
maintained in an isocaloric HFD for 30 days. The NFD has
11% of its calories from fat, while the HFD consists of 23%
calories from fat and includes 1 g/kg of cholesterol. The
sample size was calculated with the statistical program
G*Power (version 3.1.9.4). Food intake and body weight
were recorded weekly, with food being renewed daily. At the
end of the study, all experimental animals were sacrificed under
anesthesia (pentobarbital sodium, 60 mg/kg body weight)
after a 6 h daytime fast and brains were excised. The
hypothalamic region was dissected and stored at −80 °C until
analysis. The animal protocol was approved by the Animal
Ethics Committee of the Technological Unit of Nutrition and
Health of Eurecat (Reus, Spain) and the Generalitat de
Catalunya (DAAM 10026), and all of procedures were
performed in accordance to the European Communities
Council Directive (86/609/EEC). The experimental protocol
was conducted in accordance with the EU Directive 2010/63/
EU for animal experiments and adhered to the ARRIVE
guidelines and the “Principles of Laboratory Animal Care”.
Plasmatic Leptin Determination. Leptin concentrations

in plasma samples from hamsters were quantified using a
commercially available enzyme-linked immunosorbent assay
(ELISA) kit (ELK Biotechnology, Denver, USA). The assay
was performed according to the manufacturer’s instructions.
Standards were prepared in parallel to generate a calibration
curve. Absorbance readings were obtained using a microplate
reader BioTek Epoch 2 Reader (Agilent, Santa Clara, USA) at
450 nm, and leptin concentrations were calculated based on
the standard curve. All samples were analyzed in triplicate to
ensure the accuracy and reproducibility of the measurements.
Isolation of Hypothalamic Extracellular Vesicles. Brain

EVs were obtained by PROSPR-brain, as previously

described.29 Briefly, hypothalamic brain tissues from each
animal (∼100 mg in weight) were carefully dissected and
homogenized using detergent-free homogenization buffer
consisting of 100 mM ammonium acetate supplemented with
protease inhibitor cocktail tablets, with the aim of preserving
EV fractions.29,30 This process was carried out using the tissue
homogenizer bullet blender (Next Advance, NY, USA).
Metallic beads from Next Advance, with diameters ranging
from 0.9 to 2.0 mm, were washed in triplicate with 1× PBS for
30 min before being mixed with brain tissues at a 1:1 ratio (w/
w). All procedures were conducted at 4 °C. The brain
homogenization process consisted of four cycles, with each
cycle involving the addition of 300 μL of homogenization
buffer and 5 min of homogenization. The first two cycles were
conducted at medium intensity, while the last two cycles were
performed at maximum intensity. Following each cycle, the
homogenate was centrifuged at 15,000g for 10 min, and the
resulting supernatants were combined. Detergent-free homo-
genates were mixed with four volumes of chilled acetone (−20
°C), vortexed, and then centrifuged at 5000g for less than 1
min. The resulting supernatants containing hydrophobic EV
fractions were concentrated to near dryness using a vacuum
concentrator (Concentrator Plus, Eppendorf AG, Hamburg,
Germany).
Bicinchoninic Acid Assay. Bicinchoninic acid assay

solution (B9643-1L, Supelco, Merck, USA) and copper(II)
sulfate solution (C2284-25 ML, Sigma-Aldrich, Merck, USA)
were used, according to the manufacturer’s instructions to
estimate EV protein concentrations. 25 μL of each sample was
loaded in a 96-well plate, followed by 200 μL of BCA/copper
complex solution. The absorbance was measured at 562 nm in
a BioTek microplate reader.
Morphometric Characterization of Hypothalamic

Extracellular Vesicles. Representative fractions of hEVs
were characterized using NTA, following established proto-
cols.27,31,32 NTA was performed with a Nanosight NS300
sCMOS instrument (Malvern, UK) under the following
conditions: a capture time of 60 s, camera level set to 4, slider
shutter at 50, slider gain at 100, frames per second (FPS) at
32.5, syringe pump speed at 100, and a sample volume of 1
mL. The viscosity range was maintained between 0.906 and
0.910 cP, with the temperature set at approximately 24 °C.
The analyses did not restrict any specific areas, allowing for the
random screening of freely flowing samples.
Ultrastructural Characterization of Hypothalamic

Extracellular Vesicles. Representative hEV samples were
prepared for TEM analysis. hEV samples were applied onto
Cu-Formvar-carbon grids and allowed to settle for 20 min at
room temperature. The grids were then washed with HPLC
water, and hEV preparations were fixed with 1% glutaraldehyde
in PBS for 5 min. Following fixation, hEVs were stained with
uranyl oxalate for 5 min and embedded in methyl-cellulose-
uranyl-oxalate before being air-dried for permanent preserva-
tion. Electron micrographs were taken using a Jeol Jem 1010
electron microscope operated at 80 kV. The ultrastructural
images were scale-calibrated, bileveled, and analyzed with the
open-source software ImageJ (National Institutes of Health,
Bethesda, MD, USA).
In-Solution Tryptic Digestion of Hypothalamic Ex-

tracellular Vesicles. hEVs underwent vesicle lysis and
protein denaturation under 16 M urea prepared in 100 mM
ammonium bicarbonate (ABB) as previously described.25

Following a 20 min incubation at room temperature, the
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samples were diluted with HPLC-grade water to achieve a final
concentration of 8 M urea in 50 mM ABB. hEVs proteomes
were reduced with 20 mM dithiothreitol at 30 °C for 3 h and
alkylated with 40 mM iodoacetamide for 1 h at room
temperature, protected from light. Subsequently, trypsin
digestion was carried out overnight at 37 °C by adding 20
μg of sequencing-grade trypsin, followed by quenching with a
final concentration of 0.5% formic acid (FA). The tryptic
digested hEVs peptidome was desalted using a 100 mg C18
Sep-pack cartridge (Waters, Milford, MA). Elution of peptides
was performed using 1 mL of 75% acetonitrile, 0.1% FA. The
eluates were then dried using a vacuum concentrator and
stored at −20 °C until further proteomics analysis.
High Pressure Liquid Chromatography Fractionation

of Samples. Tryptic digested proteomes were fractionated
with slight modifications to previously described meth-
ods.29,30,33 Separation was conducted using a PolyWAX
chromatographic column (4.6 × 200 mm, 3 μm, PolyLC,
Columbia, MD, USA) on a Shimadzu Prominence UFLC
system, monitored at 280 nm. Tryptic digested peptides were
separated over a 72 min gradient at a flow rate of 1 mL/min.
Mobile phase A consisted of 90% acetonitrile (ACN) and 0.1%
acetic acid, while mobile phase B consisted of 10% ACN and
0.1% FA. The gradient was programmed as follows: 0% mobile
phase B for 5 min, 0%−20% mobile phase B for 25 min, 20%−
33% mobile phase B for 10 min, 33%−60% mobile phase B for
10 min, 60%−100% mobile phase B for 5 min, and 100%
mobile phase B for 17 min. Fractions were collected every
minute and combined into approximately 12 pooled fractions
based on peak intensities. The combined fractions were then
dried using a vacuum concentrator and reconstituted in 3%
ACN and 0.1% FA for analysis by liquid chromatography-
coupled tandem mass spectrometry (LC−MS/MS).
Liquid Chromatography Tandem-Mass Spectrometry

Analysis of Hypothalamic Extracellular Vesicles Pro-
teomes. Reconstituted pooled fractions (∼2 μg proteins/

fraction) were analyzed by LC−MS/MS using a Dionex
UltiMate 3000 UHPLC system coupled to an Orbitrap Elite
mass spectrometer (Thermo Fisher Inc., Bremen, Germany). A
Michrom Thermo CaptiveSpray nanoelectrospray ion source,
operating at a voltage of 1.5 kV, was used for sample spraying.
Peptides were separated on a reverse-phase Acclaim PepMap
RSL column (75 μm ID × 15 cm, 2 μm particle size from
Thermo Fisher Inc.) maintained at 35 °C with a flow rate of
300 nL/min. The 60 min gradient used for separation of
peptides was as follows: 3% mobile phase B (90% ACN, 0.1%
FA) and 97% mobile phase A (0.1% FA in water) for 1 min,
followed by 3%−35% mobile phase B over 47 min, 35%−50%
mobile phase B over 4 min, 50%−80% mobile phase B over 6 s,
maintained isocratically at 80% mobile phase B for 78 s. The
gradient was then reverted to initial conditions over 6 s and
maintained isocratically for 6.5 min. Data acquisition was
performed in positive mode using Thermo Xcalibur 2.2 SP1.48
software (Thermo Fisher Inc.), alternating between full
Fourier Transform mass spectrometry (FT-MS) (350−1600
m/z, resolution 60,000 at 400 m/z, with one μscan per
spectrum) and Fourier transform tandem mass spectrometry
(FT-MS/MS) (automatic mass range detection with a fixed
first mass of 100 m/z, resolution 15,000 at 400 m/z, one μscan
per spectrum). The 10 most intense ions were fragmented
using high-energy collisional dissociation mode with 32%
normalized collision energy. Automatic gain control values of 1
× 106 for FT-MS and 1 × 105 for FT-MS/MS were used.
Data Analysis and Bioinformatics. The proteomics raw

data obtained from EVs was analyzed using an in-house
Mascot server (version 2.6.02, Matrix Science, MA), with a
precursor ion tolerance of 30 ppm and a fragment ion
tolerance of 0.02 Da. The Mus musculus Uniprot database was
used for searching the proteomics data (downloaded on 19th
February of 2016, 101382 sequences and 43.874.034 residues).
Deamidation at N and Q and oxidation of M were set as
variable modifications, while cabarmydomethyl of C was set as

Figure 1. Experimental overview of the study and validation of the leptin-resistance model in Syrian gold hamster. (A) Illustrative diagram
depicting the experimental design used in this study. (B) Animal body weight comparison between control animals (controls) and high fat diet
(HFD)-treated animals at the beginning of the study (day 0) and at the end of the study (day 30). (C) Leptin quantification assessed by ELISA at
the end of the study (30 days). Significant differences were assessed by student t-test. *indicates significant differences at p ≤ 0.05.
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fixed modification. FDR < 1% was established for protein
identification, and trypsin was set as proteolytic enzyme.
Obtained data was exported to Microsoft Excel CSV files, and
in-house generated macros were utilized for protein
quantification analyses. Label-free quantitation of protein
abundance was conducted using the exponentially modified
protein abundance index (emPAI) in Mascot.34 Only proteins
present in three or more biological replicates in a group and
absent in four or more biological replicates in the other were
considered. Pathway analysis was conducted using the Mass
Profiler Professional software version 15.1 from Agilent with
the Wikipathways database. Protein−protein interaction
analysis was conducted using the Search Tool for the Retrieval
of Interacting Genes/Proteins STRING (v12.0; https://string-
db.org). Significant differences were assessed by student t-test
and statistical significance was set at p ≤ 0.05, unless otherwise
specified.

■ RESULTS
The Molecular Onset of Obesity in HFD. In this study,

Syrian golden hamsters were subjected to a dietary
intervention to investigate the molecular imprint of obesity
during its onset in hypothalamic extracellular vesicles (hEVs).
Over 30 days, animals were fed a high fat diet (HFD) rich in
cholesterol, while the control group received a standard control
diet. An overview of the experimental design is included in
Figure 1A. Despite no significant differences in body weight
between the HFD and control groups after the HFD
intervention (Figure 1B), the HFD-fed hamsters showed a
marked increase in plasma leptin levels compared to controls
(Figure 1C). These findings demonstrates early metabolic
disruption and leptin signaling alteration induced by the HFD-
early obesogenic insult, validating the model as a reliable

system to study diet-related metabolic dysregulation at the
onset of obesity.
Physicochemical Properties of hEVs in HFD. After 30

days of HFD treatment, hEVs were isolated to investigate their
structural, physical, and proteomic characteristics. These
analyses aimed to identify the molecular signatures associated
with early obesity-related metabolic disruptions in the
hypothalamus. Ultrastructural and physical characterization of
hEVs performed by transmission electron microscopy (TEM)
and Nanoparticle Tracking Analysis (NTA), respectively,
indicated that hEVs showed a rounded and membrane
delimited structure with a mean diameter size of 182.0 ±
45.58 nm, without significant differences between experimental
groups (Figure 2A−D).
The particle size distribution ranged from 57.40 to 690.9

nm, with 10% of particles showing an average diameter of
129.8 nm and 90% showing a mean diameter of 231.5 nm.
(Figure 2A−D). The observed size distribution of hEVs
indicates a significant presence of exosome- and microvesicle-
like particles.
Proteomic characterization of hEVs revealed significantly

higher number of proteins identified in hEVs from HFD-
treated animals compared to controls (Figure 3A, Data sets S1
and S2). Despite these differences, no significant changes were
observed in total protein abundance between the groups
(Figure 3A). Further analysis compared the hEV proteomes
with data from the specialized Vesiclepedia database, providing
detailed insights into the presence and abundance of specific
EV markers in these preparations (Figure 3B). This analysis
identified 100 EV markers exclusively present in hEVs from
HFD animals and 77 EV markers exclusively present in control
hEVs, with 10 EV markers shared between the two groups
(Figure 3C and Tables S1 and S2). Subsequent analysis of the
EV markers significantly modulated in HFD-treated animals

Figure 2. Ultrastructural and molecular characterization of hypothalamic extracellular vesicles (hEVs). Representative micrographs of hEVs
obtained by electron transfer microscopy (TEM) from (A) control animals and (B) high fat diet (HFD)-treated animals. Average distribution
profiles obtained by nanoparticle tracking analysis of hEVs from (C) control animals and (D) HFD-treated animals.
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revealed several findings. Specifically, proteins such as
phospholipid-transporting ATPase flippase enzymes, EV
machinery-related proteins, vesicular sorting machinery-related
proteins, endosomal retrieval machinery-related proteins, and
EV signaling-related proteins were present in hEVs from HFD
group (Figure 3D).
Exposure to HFD Overall Alters the Molecular

Proteomes of hEVs. To investigate the modulation of
hEVs proteomes in response to HFD exposure, we examined
the subsets of hEVs proteins that were exclusively present or
absent in HFD animals compared to controls (Data set S1 and
S2). The identified subsets of proteins in the former analysis
were further analyzed through pathway analysis to gain insights
into the biological pathways affected by HFD exposure. The
pathway analysis revealed notable differences in pathway
representation between the two experimental groups as

detected in hEVs (Figure 4A). In the control group (Figure
4A), the most enriched pathways included mRNA processing,
which showed the highest number of pathway entities.
Additional pathways prominently enriched involved oxidative
stress and redox regulation, proteasome degradation, gluta-
thione metabolism, and fatty acid beta-oxidation, reflecting a
strong emphasis on cellular maintenance, metabolic regulation,
and stress response.
In contrast, the HFD group (Figure 4A) exhibited a distinct

pathway profile. While mRNA processing remained highly
enriched, similar to the control group, the extent of pathway
entity involvement was significantly reduced. Other pathways
prominently enriched in the HFD group included oxidative
phosphorylation, S1P receptor signal transduction, and
apoptosis, indicating altered cellular signaling, and increased
programmed cell death in response to the HFD. Additionally,

Figure 3. Proteomic profiling of hypothalamic extracellular vesicles (hEVs) (A) total number of proteins identified by liquid chromatography mass
spectrometry proteomics in hEVs proteomes from Controls and high fat diet (HFD)-treated animals. (B) Relative protein quantitation based on
sum of modified protein abundance index (emPAI) in hEVs from Controls and HFD-treated animals. Significant differences were assessed by
student t-test. **indicates significant differences at p ≤ 0.01. (C) Venn diagram representing the intersection between the proteins identified in
hEVs proteomes from controls and HFD-treated animals from the database Vesiclepedia. (D) Proteins involved in EVs structure, sorting and cargo
compositions detected in hEVs proteomes significantly upregulated in HFD animals compared to controls. Designations in bold within the panels
indicate protein families. Protein abundance is expressed as emPAI. n.d. means not detected. Only proteins present in three or more biological
replicates in a group and absent in four or more biological replicates in the other group were considered.
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pathways such as G protein signaling, focal adhesion, integrin
signaling, and chemokine signaling were notably enriched,
highlighting potential disruptions in cellular communication
and immune responses in the hypothalamus under metabolic
stress (Figure 4A).
To illustrate these findings further, we present a visual

representation of three specific pathways where HFD-induced
modulation of proteins was observed, including the blood
clotting pathway (Figure 4B), G-protein signaling pathway
(Figure 4C), and the mRNA processing pathway (Figure 5).
Proteins modulated by HFD within these pathways are
highlighted in yellow, emphasizing their critical roles in
hypothalamic function under metabolic stress. Additionally,
Table S3 provides further detail on the key biological functions
and potential clinical relevance of the altered pathways
identified.
Molecular Imprints of Liver Dysfunction and Lipid

Metabolism in hEVs of HFD. Given that the establishment
of the HFD-induced hamster model is characterized by early
onset liver dysfunction and altered lipid metabolism, we
independently evaluated whether the observed effects on hEV
composition could be mechanistically linked to these model-
specific alterations. Exposure to HFD induced significant
alterations in the proteomic profiles of hEVs, particularly
related to fatty acid metabolism and hepatic dysfunction
(Table 1). Several proteins were exclusively detected in hEVs
from HFD animals, including Aldehyde dehydrogenase,
dimeric NADP-preferring protein (ALDH3A1) and Malic
enzyme 1 (ME1). Their presence in hEVs derived from HFD-
treated animals, but not in controls, suggests a reprogramming
of fatty acid metabolic processes, likely as an adaptative
response to excessive fat intake. In addition to proteins linked
to fatty acid metabolism, the HFD group showed in hEVs
upregulation of proteins associated with nonalcoholic fatty
liver disease (NAFLD) and oxidative stress. Notably, both
Hemoglobin subunit zeta (HBA-X) and Hemoglobin Z, beta-
like embryonic chain (HBB-BH1) were significantly elevated
in hEVs from HFD-exposed animals but were absent in
controls. The release of hemoglobin is a known response to
oxidative stress, and its detection in the hEVs likely reflect
systemic disruptions in redox homeostasis induced by HFD
exposure. These findings are consistent and provide novel
molecular indicators of the hepatic dysfunction previously
observed by us and other colleagues in HFD-hyperlipidemia
models,43,44 corroborated by autopsy and histopathological
approaches.
Furthermore, the Ubiquinone biosynthesis protein (COQ9)

and the Protein enabled homologue (ENAH), both associated
with oxidative stress and inflammatory responses, were
exclusively present in hEVs from HFD-treated animals
reinforcing the idea of systemic inflammation and oxidative
stress. Conversely, proteins involved in mitochondrial fatty
acid oxidation, such as Alpha/beta hydrolase domain-
containing protein 14A (ABHD14A), Short/branched-chain
specific acyl-CoA dehydrogenase (ACADSB), and Trifunc-
tional enzyme subunit alpha, mitochondrial (HADHA), were
present in control hEVs but absent in those vesicles from
HFD-exposed animals. This downregulation or loss in the
HFD group points to an impairment in mitochondrial fatty
acid oxidation.
hEV at the Onset of Obesity Display Singular

Proteomic Compositions Linked to Obesity Comorbid-
ities. Molecular Imprints of Cancer. HFD exposure led to the

Figure 4. Pathway analysis of hypothalamic extracellular vesicle
(hEV) proteomes from control animals (control) and high fat diet
(HFD)-treated animals. (A) Pathways enriched in hEVs from
Controls and HFD-animals. Only proteins present in three or more
biological replicates in a group and absent in four or more biological
replicates in the other group were considered. Representative
examples of pathways modulated by HFD detectable in hEVs include
(B). The blood clotting cascade pathway and (C) G-protein signaling
pathway. Proteins from these specific pathways uniquely identified in
hEVs of HFD-treated animals are represented in yellow boxes.
Proteins uniquely identified in hEVs of control animals are
represented in blue boxes.
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presence of proteins in hEVs that are associated with various
obesity-related comorbidities, despite the absence of clinical
signs of these comorbidities or significant increases in body
weight at the time of autopsy (Figure 1B). Notably, the HFD
triggered cellular processes implicated in cancer development
and progression. The list of proteins related to cancer is
provided in Table 2, with their potential roles in cancer
development and progression annotated based on existing
literature. Several proteins exclusively identified in hEVs from
HFD-exposed animals are associated with oncogenesis, cell
migration, and tumor aggressiveness. Among these, AKAP13
(AKAP13), Hepatoma-derived growth factor (HDGF) and
NAD(P)H-hydrate epimerase (APOA1BP) were exclusively
present in hEVs from the HFD group. Similarly, Actin-related
protein 3B (ACTR3B) and Anaphase-promoting complex
subunit 1(ANAPC1) were also enriched in this group.
Furthermore, proteins such as the Isoform HMG-Y of high
mobility group protein HMG-I/HMG-Y (HMGA1) and the
eukaryotic translation initiation factor 3 subunit G (EIF4G3),
both associated with tumorigenesis and progression in various
cancers, were enriched in hEVs from the HFD group.

Conversely, several cancer-suppressing proteins detected in
control animals were absent in hEVs from HFD-exposed
animals (Table 2), these included the Probable glutathione
peroxidase 8 (GPX8) and Metastasis suppressor 1 (MTSS1).
Additionally, key proteins such as Histone H2AX (H2AFX)
and Trifunctional enzyme subunit alpha (HADHA) were also
absent in the HFD group.
Molecular Imprints of Cardiovascular Diseases. Several

proteins related to cardiovascular diseases (CVD) were
identified in hEVs from animals subjected to a HFD (Table
3). Among these, Fetuin-A (AHSG), a protein involved in pro-
inflammatory processes through TLR4 activation, and
Fibrinogen Alpha (FGA) and Beta (FGB) chains were
uniquely present in hEVs from animals exposed to HFD.
Additionally, hEVs from HFD animals contained proteins
implicated in vascular function and inflammation, such as Rho
GTPase-activating protein 42 (ARHGAP42) and 14-3-3
protein sigma (SFN). Proteins involved in mitochondrial
function, including the CDGSH iron−sulfur domain-contain-
ing protein 2 (CISD2), were also present in hEVs from the
HFD-treated group. Conversely, several proteins that provide

Figure 5. Representation of the mRNA processing pathway modulated by high fat diet (HFD) detectable in hypothalamic extracellular vesicle
(hEV). Proteins uniquely identified in hEVs of HFD-treated animals are represented in yellow boxes. Proteins uniquely identified in hEVs of
control animals are represented in blue boxes.
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cardiovascular protection were absent in hEVs from HFD-
treated animals. These include the mitochondrial ATP
synthase F(0) complex subunit B1 (ATP5F1), and the
Serine/threonine-protein kinase PAK2 (PAK2). The complete
list of CVD-related proteins modulated in hEVs by HFD
exposure is detailed in Table 3, with their potential roles
annotated based on existing literature.
Molecular Imprints of Diabetes. The analysis of proteins

linked to diabetes mellitus (DM) revealed significant
alterations in hEVs from animals exposed to a HFD as
detailed in Table 4. Several proteins involved in insulin
metabolism were uniquely identified in hEVs from HFD
animals. Among these, Insulin-degrading enzyme (IDE), a key
player in glucose homeostasis, and Insulin-like growth factor-
binding protein 7 (IGFBP7) were present. Proteins associated
in cellular stress and apoptosis, such as Serine/threonine-
protein kinase BRSK2 (BRSK2) and Beta-catenin-interacting
protein 1 (CTNNBIP1) were also impacted by HFD.
Additionally, calcium metabolism was notably affected, with
proteins such as the voltage-dependent R-type calcium channel
subunit alpha-1E (CACNA1E) and N-terminal EF-hand
calcium-binding proteins (NECAB1 and NECAB2) appearing
exclusively in HFD hEVs. Alterations in glycosylation
processes, commonly associated with DM, were also observed.
Specifically, Mannose-1-phosphate guanyltransferases alpha
and beta (GMPPA and GMPPB) were uniquely detected in
hEVs from HFD-treated animals.
Molecular Imprints of other Obesity Comorbidities. In

addition to the aforementioned obesity comorbidities, other
molecular alterations were observed in hEVs from animals

exposed to HFD, potentially associated with conditions such as
kidney dysfunction, oxidative stress, and other obesity-related
complications (Table 5). Proteins uniquely present in hEVs
from HFD animals included Granzyme B (GZMB), linked to
pro-inflammatory processes, and Apoptotic chromatin con-
densation inducer in the nucleus (ACIN1), associated with
apoptosis. Additionally, C-terminal binding protein 2
(CTBP2), which regulates fat-selective gene programs, and
FAS-associated factor 2 (FAF2), involved in protein
degradation, were also modulated by HFD exposure.
Notably, several protective proteins involved in oxidative

stress response and cardiovascular health were absent in hEVs
from HFD-treated animals. These included Redox-regulatory
protein FAM213A (FAM213A), Glucose-6-phosphate 1-
dehydrogenase X (G6PDX), and Peroxiredoxin-5 (PRDX5),
suggesting a loss of antioxidant defense mechanisms under
HFD conditions.
Interaction Network Analysis of Proteins in hEVs from

HFD-Treated Animals. We performed a protein−protein
interaction (PPI) analysis using the STRING database,
incorporating all proteins identified as differentially regulated
in hEVs from HFD-fed animals compared to controls (listed in
Tables 1−5). The resulting interaction network demonstrated
extensive connectivity among these proteins (Figure 6).
Central hub proteins were identified, notably SRC (Proto-
oncogene tyrosine-protein kinase Src), a kinase involved in
oncogenic signaling and cell migration, which exhibited
interactions with multiple proteins, including FGB (Fibrinogen
beta chain), a coagulation factor associated with cerebrovas-
cular and metabolic disorders. These findings suggest that

Table 1. List of Present and Absent Proteins in Hypothalamic Extracellular Vesicles (hEVs) from Animals That Were Exposed
to High Fat Diet (HFD) Associated to Fatty Acid Metabolism and Hepatic Dysfunction

emPAIa

protein description gene symbol control HFD role(s) ref

Fatty Acid Metabolism
HFD-Modulated Proteins Present in hEVs

NADH dehydrogenase [ubiquinone]
1 alpha subcomplex subunit 3 Malic
enzyme

NDUFA3 n.d. 0.222 ± 0.20 implicated in the correct mitochondrial assembly and energy
metabolism

35

malic enzyme ME1 n.d. 0.074 ± 0.084 role in NAPDH supply and the transfer of acetyl groups to the
mitochondria

36

aldehyde dehydrogenase, dimeric
NADP-preferring

ALDH3A1 n.d.b 0.040 ± 0.033 members of the family are upregulated after HFD exposure 37

HFD-Modulated Proteins Absent in hEVs
alpha/beta hydrolase domain-
containing protein 14A

ABHD14A 0.078 ± 0.072 n.d. involved in lipid metabolism. Downregulation can impair lipid
homeostasis, contributing to insulin resistance and
development of DM

38

Hepatic Dysfunction
HFD-Modulated Proteins Present in hEVs

hemoglobin Z, beta-like embryonic
chain

HBB-BH1 n.d. 0.460 ± 0.477 released by the liver in response to oxidative stress 39

hemoglobin subunit zeta HBA-X n.d. 0.390 ± 0.391 released by the liver in response to oxidative stress 40
protein enabled homologue ENAH n.d. 0.100 ± 0.141 associated with inflammatory diseases 40
ubiquinone biosynthesis protein
COQ9, mitocondrial

COQ9 n.d. 0.090 ± 0.087 increased in response to oxidative stress 39

HFD-Modulated Proteins Absent in hEVs
trifunctional enzyme subunit alpha,
mitochondrial

HADHA 0.116 ± 0.071 n.d. implicated in the oxidation of fatty acids in the mitochondria 41

short/branched chain-specific
acyl-CoA dehydrogenase,
mitochondrial

ACADSB 0.036 ± 0.033 n.d. induces the decrease of fatty acid oxidation in NAFLD 42

aAbundance expressed as Exponentially Modified Protein Abundance Index (emPAI) for label-free relative quantitation. bn.d. means not detected.
Only proteins present in three or more biological replicates in a group and absent in four or more biological replicates in the other were considered.
Proteins are listed in each category in descending order of abundance according to emPAI-based relative quantification.
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Table 2. List of Present and Absent Proteins in Hypothalamic Extracellular Vesicles (hEVs) from Animals That Were Exposed
to High Fat Diet (HFD) Associated Cancerc

emPAIa

protein description gene symbol control HFD role(s) ref

HFD-Modulated Proteins Present in hEVs
prothymosin alpha (Fragment) PTMA n.d. 0.456 ± 0.582 poor prognosis marker of hepatocellular carcinoma 45
programmed cell death protein 10
(Fragment)

PDCD10 n.d. 0.420 ± 0.471 dual role in tumorogenesis and migration 46

transmembrane protein 72 TMEM72 n.d. 0.408 ± 0.228 implicated in the dysregulation of phosphorilated
proteins involved in MAPK or TLRs activity

47

isoform HMG-Y of high mobility group
protein HMG-I/HMG-Y

HMGA1 n.d. 0.392 ± 0.543 potential biomarker in thyroid related tumors 48

40S ribosomal protein S7 RPS7 n.d. 0.246 ± 0.316 increases cell invasion 49
hepatoma-derived growth factor (fragment) HDGF n.d. 0.200 ± 0.162 constitutes a growth-promoting factor of cancer cells 50
NAD(P)H-hydrate epimerase APOA1BP n.d. 0.142 ± 0.202 participates in cancer proliferation 51
thioredoxin-related transmembrane protein 1
(fragment)

TMX1 n.d. 0.132 ± 0.098 modulatory role over SERCAs modulating
mitochondrial activity

52

actin-related protein 3B ACTR3B n.d. 0.116 ± 0.124 its dimerization with Arp2 promotes migration
pathways in different types of cancer

53

protein Srsf11 SRSF11 n.d. 0.112 ± 0.153 mutations are reported in multiple cancers 54
tyrosine-protein kinase SRC n.d. 0.112 ± 0.077 impact in metastasis 55
Eukaryotic translation initiation factor 3
subunit G

EIF3G n.d. 0.094 ± 0.095 subunit G is reported to be related to osteosarcoma 56

tetraspanin TSPAN7 n.d. 0.078 ± 0.071 increases proliferation and migration 57
nectin-1 PVRL1 n.d. 0.072 ± 0.066 upregulated blocks the infiltration of antitumoral

immune cells
58

regulator of G-protein-signaling 6 RGS6 n.d. 0.064 ± 0.065 act as a tumor suppressor by inducing apoptosis 59
E3 ubiquitin-protein ligase RNF126 RNF126 n.d. 0.060 ± 0.054 blocks the action of p21, inducing cell growth 60
membrane-associated guanylate kinase, WW
and PDZ domain-containing protein 2

MAGI2 n.d. 0.054 ± 0.077 related to tumor agresiveness 61

Olfactory receptor 51E2 OR51 × 102 n.d. 0.054 ± 0.049 melanoma detection marker 62
Protein arginine N-methyltransferase 5 PRMT5 n.d. 0.050 ± 0.022 widely studied as therapeutic target due to its

interaction withp53-derived factors
63

Threonine-tRNA ligase, cytoplasmic TARS n.d. 0.040 ± 0.028 predictive marker for cancer survival 64
late secretory pathway protein AVL9
homologue

AVL9 n.d. 0.038 ± 0.038 participates in cell migration 65

cleavage and polyadenylation-specificity factor
subunit 6

CPSF6 n.d. 0.036 ± 0.033 regulated by phosphorilation enabling its nuclear
importation and enhancing polyadenylation

66

spermatid perinuclear RNA-binding protein STRBP n.d. 0.024 ± 0.022 can interact with Dicer promoting the degradation
of miRNAs linked to cancer development

67

Eukaryotic translation initiation factor 4
gamma 3

EIF4G3 n.d. 0.022 ± 0.022 derived circular RNA associated with its gene can be
a marker of hepatocellular carcinoma

68

phosphatidylinositol 3-kinase PIK3C3 n.d. 0.020 ± 0.018 mutations or aberrant amplifications in their
sequence are reported in several types of cancer

69

isoform 2 of Teneurin-3 TENM3 n.d. 0.018 ± 0.029 drive malignancy and metastasis in several tumors 70
breakpoint cluster region protein BCR n.d. 0.018 ± 0.020 induces different types of neoplasia related to red

and white cells
71

transforming acidic coiled-coil-containing
protein 2

TACC2 n.d. 0.018 ± 0.020 upregulated in patients with bad prognosis breast
cancer

72

receptor-type tyrosine-protein phosphatase S PTPRS n.d. 0.016 ± 0.017 known are mutated in different types of cancer 73
structural maintenance of chromosomes
protein

SMC3 n.d. 0.016 ± 0.009 regulates apoptotic activity 74

protein Akap13 AKAP13 n.d.b 0.008 ± 0.008 marker of bad prognosis in hepatocellular
carcinomas

75

anaphase-promoting complex subunit 1 ANAPC1 n.d. 0.008 ± 0.008 the APC complex upregulation is related to the loss
of checkpoint regulation in cell cycle

76

HFD-Modulated Proteins Absent in hEVs
histone H2AX H2AFX 23.726 ± 29.619 n.d. linked to oxidative stress initiated cell death 77
RAB3B, member RAS oncogene family,
isoform CRA_a

RAB3B 0.138 ± 0.140 n.d. linked to the effects of dietary iron in adipose tissue
and glucose metabolism

78

trifunctional enzyme subunit alpha,
mitochondrial

HADHA 0.116 ± 0.071 n.d. downregulation is related to cell migration and
invasion

79

Rho GTPase-activating protein 1 ARHGAP1 0.108 ± 0.128 n.d. important role in p53 regulation 80
probable glutathione peroxidase 8 GPX8 0.084 ± 0.077 n.d. implicated in inhibiting tumor cell migration 81
MTSS1-like protein MTSS1L 0.046 ± 0.053 n.d. marker of prognosis of gastic cancer patients 82
short/branched chain-specific acyl-CoA
dehydrogenase, mitochondrial

ACADSB 0.036 ± 0.033 n.d. downregulation is correlated to cancer prognosis 83

cadherin-11 CDH11 0.032 ± 0.033 n.d. modulates cell adhesion capacities 84
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diverse biological processes�such as inflammation, metabo-
lism, vascular integrity, and cellular signaling�converge in
potential PPIs within extracellular vesicles during the initial
stages of obesogenic stress.

■ DISCUSSION
This investigation provides relevant insights into the molecular
modulations of hEVs induced by 30 day HFD exposure at the
onset of obesity, a stage characterized by leptin signaling
disruption. These findings reinforce the central role of the
hypothalamus in metabolic regulation and its susceptibility to
dietary challenges. Syrian golden hamsters were selected as a
model of onset of obesity for their lipoprotein metabolism,

which closely resembles that of humans.133 This model
develops hepatic steatosis without transaminase alterations
and exhibits changes in lysophospholipid composition after 30
days of HFD exposure, as previously reported.43,44,134

Importantly, the presence of elevated plasma leptin levels
and impaired leptin signaling confirms the utility of this model
for studying early events in diet-induced obesity.
Furthermore, the findings presented herein underscore the

potential of EVs as biomarkers and mediators, shedding light
on critical molecular alterations linked to obesity comorbidities
even before their clinical manifestation. The hypothalamus
integrates signals related to nutrient status, inflammation, and
energy expenditure. Proteomic changes in this region can

Table 2. continued

emPAIa

protein description gene symbol control HFD role(s) ref

HFD-Modulated Proteins Absent in hEVs
26S proteasome non-ATPase regulatory
subunit 3

PSMD3 0.030 ± 0.027 n.d. downregulation in high survival patients 85

metastasis suppressor 1, isoform CRA_e MTSS1 0.024 ± 0.053 n.d. marker of prognosis of gastic cancer patients 82
aAbundance expressed as Exponentially Modified Protein Abundance Index (emPAI) for label-free relative quantitation. bn.d. means not detected.
Only proteins present in three or more biological replicates in a group and absent in four or more biological replicates in the other were considered.
Proteins are listed in each category in descending order of abundance according to emPAI-based relative quantification. cPresence was considered
when the protein was identified in four or more biological replicates in a group.

Table 3. List of Present and Absent Proteins in Hypothalamic Extracellular Vesicles (hEVs) from Animals That Were Exposed
to High Fat Diet (HFD) Associated with Cerebrovascular Disease (CVD)c

emPAIa

protein description gene symbol control HFD role(s) ref

HFD-Modulated Proteins Present in hEVs
14-3-3 protein sigma SFN n.d. 0.350 ± 0.340 Role in vascular inflammations 86
Endothelial differentiation-related
factor 1

EDF1 n.d. 0.180 ± 0.190 Phosphorilated bounds calmodulin which can increase
the generation of nitric oxide

87

Alpha-2-HS-glycoprotein AHSG n.d.b 0.070 ± 0.075 Influence in the secretion of pro-inflammatory factors 88
Hyaluronan and proteoglycan link
protein 4

HAPLN4 n.d. 0.060 ± 0.067 Implicated in synaptogenesis 89

Sodium/hydrogen exchanger SLC9A1 n.d. 0.050 ± 0.040 Implicated in Na and H reperfusion during endothelial
dysfunction

90

Fibrinogen beta chain FGB n.d. 0.040 ± 0.033 Upregulation increases the risk of dementia
Upregulation increases the risk of dementia

91

Fibrinogen alpha chain FGA n.d. 0.030 ± 0.033
Bifunctional glutamate/proline-tRNA
ligase

EPRS n.d. 0.030 ± 0.018 Role in inflammatory processes 92

Isoform 2 of Angiomotin-like protein 1 AMOTL1 n.d. 0.020 ± 0.016 Implicated in vessel sprouting 93
Rho GTPase-activating protein 42 ARHGAP42 n.d. 0.020 ± 0.016 Influence blood pressure 94
Formin-like 1, isoform CRA_c FMNL1 n.d. 0.020 ± 0.016 Bleb formation of the membrane which induces

interactions with inflammatory factors
95

HFD-Modulated Proteins Absent in hEVs
CDGSH iron−sulfur domain-containing
protein 2

CISD2 0.598 ± 0.701 n.d. Linked to mitochondrial function 96

Serine/threonine-protein kinase PAK PAK2 0.252 ± 0.242 n.d. Dysregulation linked to cardiac function 97
Mitochondrial 2-oxoglutarate/malate
carrier protein (Fragment)

SLC25A11 0.168 ± 0.170 n.d. Involved in mitochondrial function 98

ATP synthase F(0) complex subunit B1,
mitochondrial

ATP5F1 0.120 ± 0.155 n.d. Subunit of ATP synthase; mitochondrial dysfunction is
linked to CVD

99

Protein kinase C PRKCG 0.072 ± 0.054 n.d. Dysregulation linked to CVD 100
Adenosine kinase ADK 0.048 ± 0.044 n.d. Involved in adenosine metabolism (cardioprotective

effects)
101

Isoform 3 of Sorbin and SH3 domain-
containing protein 2

SORBS2 0.032 ± 0.034 n.d. Involved in cardiac stress signaling 102

aAbundance expressed as Exponentially Modified Protein Abundance Index (emPAI) for label-free relative quantitation. bn.d. means not detected.
Only proteins present in three or more biological replicates in a group and absent in four or more biological replicates in the other were considered.
Proteins are listed in each category in descending order of abundance according to emPAI-based relative quantification. cPresence was considered
when the protein was identified in four or more biological replicates in a group.
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initiate cascading effects that promote pathogenic events and
alter the proteome.135−137 Short-term high fat consumption (3
days) has been shown to cause rapid proteomic changes linked
to cellular stress and altered synaptic plasticity.138 Similarly,
this study highlights proteomic changes in hEVs from HFD-
exposed hamsters, pointing to early disruptions in pathways
critical to maintaining metabolic homeostasis, including lipid
metabolism, oxidative stress, and cell signaling.139,140

Our findings demonstrate that, in contrast to previous
studies that primarily analyzed circulating EVs derived from
specific obesity-affected organs, hEVs offer a broader
perspective on obesity-associated complications. This obser-

vation aligns with previously reported roles of extracellular
vesicles in reflecting and promoting obesity-related comorbid-
ities. For example, Povero et al. illustrated the biomarker
potential of circulating EVs for detecting liver injury in
experimental fatty liver disease.141 Additionally, the involve-
ment of organ-specific EVs in facilitating metastasis across
various obesity-related cancers has been extensively re-
ported.142,143

One of the most noteworthy outcomes of this study is thus
the identification of proteins in hEVs that are associated with
the development of obesity-related comorbidities, including
cardiovascular disease, cancer, and kidney dysfunction, at the

Table 4. List of Present and Absent Proteins in Hypothalamic Extracellular Vesicles (hEVs) from Animals That Were Exposed
to High Fat Diet (HFD) Associated to DMc

emPAIa

protein description gene symbol control HFD role(s) ref

HFD-Modulated Proteins Present in hEVs
Beta-catenin-interacting
protein 1

CTNNBIP1 n.d.b 0.950 ± 0.990 Modulates the susceptibility to DM 103

Protein S100 S100A1 n.d. 0.280 ± 0.313 Related to the presence of an oxidative stress in DM 104
Actin-related protein 3B ACTR3B n.d. 0.120 ± 0.124 Upregulated in childhood obesity 53
Insulin-like growth factor-
binding protein 7

IGFBP7 n.d. 0.090 ± 0.095 Associated with insulin resistance 105

Mannose-1-phosphate
guanyltransferase beta

GMPPB n.d. 0.070 ± 0.070 Correlated with increased glycosylation in DM and endothelial
dysfunction

106

N-terminal EF-hand calcium-
binding protein 2

NECAB2 n.d. 0.070 ± 0.065 It is involved in ER stress (a hallmark of type 2 DM) 107

N-terminal EF-hand calcium-
binding protein 1

NECAB1 n.d. 0.070 ± 0.070 Elevated in pancreatic cells in DM as a consequence of an insulin
secretion impairment

108

Tyrosine-protein kinase MATK n.d. 0.060 ± 0.073 Involved in glucose metabolism and insult sensitivity 109
Mannose-1-phosphate
guanyltransferase alpha

GMPPA n.d. 0.060 ± 0.031 Correlated with increased glycosylation in DM and endothelial
dysfunction

106

Serine/threonine-protein
kinase BRSK2

BRSK2 n.d. 0.040 ± 0.053 Upregulation induces apoptosis 110

Transketolase-like protein 1 TKTL1 n.d. 0.040 ± 0.042 Its function is impeded in DM 111
Regulator of microtubule
dynamics protein 3

RMDN3 n.d. 0.040 ± 0.032 Associated to the regulation of blood glucose 112

Insulin-degrading enzyme
(Fragment)

IDE n.d. 0.020 ± 0.025 Implicated in glucose homeostasis 113

Calcium-binding and coiled-
coil domain-containing
protein 1

CALCOCO1 n.d. 0.020 ± 0.022 Calcium channels activation is dependent on dietary requirements 114

PERQ amino acid-rich with
GYF domain-containing
protein 1

GIGYF1 n.d. 0.020 ± 0.016 Involved in the regulation of insulin receptors 115

Voltage-dependent R-type
calcium channel subunit
alpha-1E

CACNA1E n.d. 0.010 ± 0.005 Associated to type 2 diabete and insulin secretion 116

Ryanodine receptor 2 RYR2 n.d. 0.010 ± 0.005 Impaired in islets from diabetic patients 117
HFD-Modulated Proteins Absent in hEVs

Hepatoma-derived growth
factor-related protein 3

HDGFRP3 0.224 ± 0.165 n.d. Downregulation is linked to obesity and related complications,
including type 2 DM and NAFLD

118

Phosphoglucomutase-2 PGM2 0.194 ± 0.256 n.d. Involved in glycogen metabolism 119
Guanine nucleotide-binding
protein G(q) subunit alpha

GNAQ 0.118 ± 0.146 n.d. Dysregulation is linked to obesity-related insulin resistance 120

MCG49978 PLCXD3 0.116 ± 0.129 n.d. Involved in regulation of insulin sensitivity. 121
GMP reductase 1 (Fragment) GMPR 0.108 ± 0.143 n.d. Downregulation impact glucose metabolism and insulin sensitivity 122
Methylcrotonoyl-CoA
carboxylase subunit alpha

MCCC1 0.024 ± 0.022 n.d. Downregulation impairs amino acid catabolism, leading to
metabolic disturbances associated with insulin resistance and
type 2 DM

123

T-cell lymphoma invasion and
metastasis 1

TIAM1 0.012 ± 0.011 n.d. Downregulation linked to obesity-related inflammation and
insulin resistance

124

aAbundance expressed as Exponentially Modified Protein Abundance Index (emPAI) for label-free relative quantitation. bn.d. means not detected.
Only proteins present in three or more biological replicates in a group and absent in four or more biological replicates in the other were considered.
Proteins are listed in each category in descending order of abundance according to emPAI-based relative quantification. cPresence was considered
when the protein was identified in four or more biological replicates in a group.
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onset of obesity. Remarkably, these changes occurred in the
absence of significant weight gain or clinical signs of these
conditions. For instance, the detection of oncogenic proteins
such as AKAP13 and ACTR3B in hEVs suggests that HFD
may create a pro-tumorigenic environment early in the disease
process.144−146 Similarly, the presence of fibrinogen chains, key
components in blood clotting, indicates an increased risk of
cardiovascular complications linked to hypothalamic dysregu-
lation.147,148 The detection of insulin-related proteins in hEVs
from HFD treated animals, such as IDE, suggests early
disruption in glucose metabolism and insulin signaling.
Upregulation of IDE in the central nervous system has been
linked to excessive insulin degradation, impairing neuronal
insulin signaling pathways. This impairment is associated with
reduced synaptic plasticity, a critical factor for learning and
memory,149 and represents a significant pathological alteration,
particularly relevant in the context of childhood obesity.
similarly, our data is consistent with previous findings that
identified a crucial role of the mitochondrial and endoplasmic
reticulum proteomes on the homeostasis of hypothalamic
neurons under leptin resistance conditions.
Classic obesity biomarkers, such as anthropometric,

biochemical, hormonal, and molecular markers, including the
monitoring of altered serum glucose, HbA1c, and lipid profiles,
are well-established indicators association with obesity.150 In
addition, more specific molecular changes linked to obesity can
be detected. For instance, adipokines, cytokines secreted by
adipose tissue, play a key role in the development of obesity-
related metabolic disorders and CVD.151 However, while
classic obesity biomarkers provide useful insights into
metabolic disturbances and current comorbidities, they have
limitations in predicting the future risk of developing these
conditions. Their levels can be influenced by transient factors
such as diet, stress, or medication, and they may fail to fully

capture the complexity of obesity-related pathophysiology.
Similarly, obesity has been shown to influence the onset of
several chronic diseases, including cancer, neurodegenerative
disorders, and cardiovascular disease.152 Our findings at the
initial stage of the obesogenic insult suggest several
mechanisms through which prolonged exposure may contrib-
ute to the development and progression of these major
conditions�a hypothesis that warrants further investigation.
EVs play a significant role in the pathophysiology of obesity,

acting as mediators of cellular communication and influencing
metabolic processes. These vesicles regulate both central and
peripheral signals that govern obesity.153,154 The detailed
characterization of hEVs at the onset of obesity after short-
term HFD exposure provides clear evidence of obesity-
associated pathological events in the animal model, including
liver impairment and disrupted lipid metabolism. Notably,
these small vesicles offer integrated and systemic insights into
potential obesity-related complications, given their ability to
circulate throughout the body.31 This information could prove
critical for the early detection of obesity-associated sequelae,
especially considering the systemic nature of EVs. However,
the clinical translation of findings from animal models must be
carefully considered, and future clinical studies will be essential
to comprehensively evaluate the potential of brain-derived
circulating EVs as biomarkers for obesity-related comorbidities
in both extended preclinical and clinical settings.

■ CONCLUSIONS
This study highlights the critical role of the hypothalamus in
obesity and the significant molecular information embedded
within EVs. Due to their inherent ability to circulate and cross
biological barriers, EVs offer a unique opportunity as
biomarkers and potential mediators of metabolic dysfunction.
Our findings demonstrate that hEVs can detect early molecular

Table 5. List of Present and Absent Proteins in Hypothalamic Extracellular Vesicles (hEVs) from Animals That Were Exposed
to High Fat Diet (HFD) Associated to Apoptosis, Oxidative Stress, Brown/White Fat Homeostasis and Proteasome Activitya

emPAIa

protein description
gene
symbol control HFD role(s) ref

Apoptosis
HFD-Modulated Proteins Present in hEVs

SAFB-like transcription modulator SLTM n.d. 0.020 ± 0.016 Upregulated inhibit transcription 125
Granzyme B GZMB n.d. 0.018 ± 0.017 Pro-inflammatory 126
Apoptotic chromatin condensation inducer in the
nucleus (Fragment)

ACIN1 n.d. 0.010 ± 0.011 Role in induction of apoptotic chromatin
condensation

127

Oxidative Stress
HFD-Modulated Proteins Absent in hEVs

Peroxiredoxin-5, mitochondrial PRDX5 0.238 ± 0.066 n.d. Antioxidant enzyme 128
Redox-regulatory protein FAM213A FAM213A 0.078 ± 0.071 n.d. Involved in oxidative stress response 129
Glucose-6-phosphate 1-dehydrogenase X G6PDX 0.042 ± 0.045 n.d. Deficiency increases oxidative stress in

inflammatory conditions
130

Brown/White Fat Homeostasis
HFD-Modulated Proteins Present in hEVs

C-terminal binding protein 2, isoform CRA_b CTBP2 n.d. 0.090 ± 0.177 Involved in brown and white fat-selective gene
programs

131

Proteasome Activity
HFD-Modulated Proteins Present in hEVs

FAS-associated factor 2 (Fragment) FAF2 n.d. 0.130 ± 0.175 Involved in translocation of terminally
misfolded proteins

132

aPresence was considered when the protein was identified in four or more biological replicates in a group. Absence (n.d.) was considered when the
protein was not identified in 4 animals or more. Proteins are listed in each category in descending order of abundance according to emPAI-based
relative quantification.
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changes preceding clinical comorbidities, presenting a
promising approach for early diagnosis and intervention in
obesity-related diseases. These insights emphasize the value of
hEVs in unraveling the molecular underpinnings of obesity and
its associated complications. Future research should prioritize
detailed functional characterization of these proteomic
alterations and explore clinical applications of hEVs for
preventing and managing obesity and its comorbidities.

■ LIMITATIONS OF THE STUDY
While this study provides novel insights into the molecular
changes in hypothalamic extracellular vesicles (hEVs) during
the onset of obesity, it is not without limitations. First, the use
of a Syrian hamster model, although relevant due to its
similarities to human lipoprotein metabolism, may not fully
capture the complexity of human obesity and its comorbidities.
Second, the study focuses on a short-term high fat diet (HFD)
exposure, limiting the ability to assess long-term adaptations
and progression of obesity-related disorders. Finally, further
validation in clinical samples is needed to confirm their
circulation ability in bodily fluids and the translational
potential of the identified hEV biomarkers for human obesity
and its associated comorbidities. Future studies should address

these limitations by incorporating longitudinal designs and
integrating multiomics approaches.
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(HFD) identified by LC−MS/MS (Table S2). Detailed
description of the major biological functions and

Figure 6. Protein−protein interaction (PPI) network of proteins modulated in hypothalamic extracellular vesicles (hEVs) from animals exposed to
high fat diet (HFD). The network was generated using STRING. Each node represents a proteins, and edges indicate predicted or experimentally
validated associations. Edge colors correspond to interaction types: Known interactions: light blue (curated databases), pink (experimentally
determined); Predicted interactions: green (gene neighborhood), red (gene fusions), dark blue (gene co-occurrence); others: yellow (text mining),
black (coexpression), light purple (protein homology).
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potential clinical implication of the pathways identified
contained dysregulated proteins in HFD animals
compared to controls (Table S3) (PDF)
List of proteins identified by LC−MS/MS in control
(C) animals and HFD-treated animals that pass the
unique protein criteria of being identified in three or
more biological replicates in the C group and absent in
four or more biological replicates in the HFD group
(Data set S1) (XLSX)
List of proteins identified by LC−MS/MS in high fat
diet-treated animals (HFD) and control animals that
pass the unique protein criteria of being identified in
three or more biological replicates in the HFD group
and absent in four or more biological replicates in the C
group (Data set S2) (XLSX)
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