Inflammopharmacology (2025) 33:845-864

https://doi.org/10.1007/510787-024-01603-y Inflammopharmacology
ORIGINAL ARTICLE q
Check for
updates

Anorexigenic and anti-inflammatory signaling pathways
of semaglutide via the microbiota—gut——brain axis in obese mice

Rodrigo Soares da Silva'? - Igor Henrique Rodrigues de Paiva'? - Ingrid Prata Mendonca' -
José Roberto Botelho de Souza® - Norma Lucena-Silva®* - Christina Alves Peixoto'

Received: 23 October 2024 / Accepted: 5 November 2024 / Published online: 25 November 2024
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2024

Abstract

Our study focused on a mouse model of obesity induced by a high-fat diet (HFD). We administered Semaglutide intraperi-
toneally (Ozempic ®—0.05 mg/Kg—translational dose) every seven days for six weeks. HFD-fed mice had higher blood
glucose, lipid profile, and insulin resistance. Moreover, mice fed HFD showed high gut levels of TLR4, NF-kB, TNF-q,
IL-1p, and nitrotyrosine and low levels of occludin, indicating intestinal inflammation and permeability, culminating in higher
serum levels of IL-1p and LPS. Treatment with semaglutide counteracted the dyslipidemia and insulin resistance, reducing
gut and serum inflammatory markers. Structural changes in gut microbiome were determined by 16S rRNA sequencing.
Semaglutide reduced the relative abundance of Firmicutes and augmented that of Bacteroidetes. Meanwhile, semaglutide
dramatically changed the overall composition and promoted the growth of acetate-producing bacteria (Bacteroides acidi-
faciens and Blautia coccoides), increasing hypothalamic acetate levels. Semaglutide intervention increased the number of
hypothalamic GLP-1R+ neurons that mediate endogenous action on feeding and energy. In addition, semaglutide treatment
reversed the hypothalamic neuroinflammation HDF-induced decreasing TLR4/MyD88/NF-kB signaling and JNK and AMPK
levels, improving the hypothalamic insulin resistance. Also, semaglutide modulated the intestinal microbiota, promoting the
growth of acetate-producing bacteria, inducing high levels of hypothalamic acetate, and increasing GPR43+/POMC+ neu-
rons. In the ARC, acetate activated the GPR43 and its downstream PI3K-Akt pathway, which activates POMC neurons by
repressing the FoxO-1. Thus, among the multifactorial effectors of hypothalamic energy homeostasis, possibly higher levels
of acetate derived from the intestinal microbiota contribute to reducing food intake.
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Introduction

Obesity is a worldwide public health problem, with approxi-
mately 1.5 billion people overweight or affected by obesity.
Obesity has been well-characterized as a close risk factor
for developing a range of metabolic diseases, including type
2 diabetes mellitus (DM2), atherosclerosis, cardiovascular
disease (CVD), and steatotic liver disease associated with
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of gut microbiota is regulated by factors such as genes, diet,
and medication therapy (Jandhyala et al. 2015; Hasan and
Yang 2019; Qin et al. 2022). Several metabolic diseases,
including obesity and diabetes are associated with altered
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gut microbiota (dysbiosis) (Clemente et al. 2012; Sonnen-
burg and Béckhed 2016; Bliesner et al. 2022). Anti-diabetic
medications can alter the gut microbiota and, otherwise, the
gut microbiota also can alter the therapeutic efficacy (De
La Serre et al. 2010; Wu et al. 2017; Wang et al. 2018; Lee
et al. 2018; Hupa-Breier et al. 2021). Therefore, it is crucial
to understand the impact of anti-diabetic medications on the
gut—brain axis.

Gut microbiota produces short-chain fatty acids (SCFAs)
in the large intestine through anaerobic fermentation of indi-
gestible polysaccharides found in dietary fiber (Silva et al.
2020a). Among the SCFAs produced by the gut microbiota,
acetate, propionate, and butyrate have important functions in
intestinal homeostasis, activating G protein-coupled recep-
tors (GPCRs) 41 and 43, which are abundantly expressed in
gastrointestinal tract cells, where they modulate the intesti-
nal permeability by increasing tight junction proteins such
as zonula occludens and occludin (Ang and Ding 2016).
SCFAs can increase the expression of leptin and insulin,
secreted from adipose and pancreatic cells, and the secretion
of Peptide YY(PYY) and Glucagon-like peptide-1 (GLP-
1) by colonic epithelial cells through GPR41 and GPR43
activation. Those peripherally derived signals can activate/
inhibit hypothalamic neurons to regulate feeding behavior
and long-term energy homeostasis (Xiao et al. 2020). SCFAs
can also enter the systemic circulation and reach the CNS,
where they modulate the structure and function of glial cells
and stimulate the generation of new neurons by regulating
the levels of neurotrophic factors through the activation
of GPR41 and 43 (Razazan et al. 2021; Fock and Parnova
2023). SCFAs also have anti-inflammatory effects on the
brain, as demonstrated in neuropathological mouse models
(Ang and Ding 2016; Razazan et al. 2021).

The hypothalamic arcuate nucleus (ARC) is a specific
hypothalamus area that regulates energy metabolism, espe-
cially in food intake (Sohn 2015; Anandhakrishnan and Kor-
bonits 2016). At a cellular level, the ARC consists of two
distinct neural populations and functionally antagonistic, one
subset of neurons proopiomelanocortin (POMC) (anorexi-
genic) and the other the orexigenic neuropeptide Y (NPY)/
agouti-related peptide (AgRP) neurons (orexigenic) (Baldini
and Phelan 2019; Jones et al. 2019). POMC neurons in the
ARC are nutrient and energy responsive and express several
receptors, such as the insulin receptor (INSR), Glucagon-
like peptide-1 receptor (GLP-1R) and, the leptin receptor
(Lepr) (Secher et al. 2014). When exposed to a consumption
of a high-fat/ high carbohydrate diet the regulating anorexi-
genic mechanisms are impaired by the misregulation of the
insulin and insulin-like growth factor, FoxO and Sirtuins
signaling pathways (Liu and Zheng 2021; Du and Zheng
2021a; Drucker 2022).
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GLP-1 is an incretin anorexigenic hormone secreted from
intestinal L cells in response to nutrient intake and incretin
hormone-based therapies, such as liraglutide and semaglutide,
have emerged as important agents for body weight (BW) loss
and DM2 management (Wilding et al. 2021). GLP-1 receptor
agonists inhibit food intake via action at GLP-1 receptors in
several CNS areas, mainly the brainstem and hypothalamus,
responsible for food intake regulation. In addition, GLP-1
receptor agonists have peripheral actions, slowing gastroin-
testinal transit and enhancing insulin secretion from pancreatic
beta cells in response to glucose (Perdomo et al. 2023), but
the delay gastric emptying on weight loss seems to be mini-
mal, thus its mechanisms appear to affect energy intake with-
out energy expenditure (Singh et al. 2022a). Besides GLP-1
improves intestinal barrier functions by stimulating crypt
cell fission, reduces pro-inflammatory cytokines produced
by immune cells, and modulates the composition of the gut
microbiota (May et al. 2019).

Semaglutide is a long-acting glucagon-like peptide 1 recep-
tor agonist (GLP-1 RA) approved by regulatory agencies in
the USA and Europe for the treatment of type 2 diabetes mel-
litus (T2DM) and obesity or overweight (Lexchin and Mintzes
2023). Preclinical studies suggest that semaglutide accesses
the brainstem, septal nucleus, and hypothalamus, mobiliz-
ing the neural circuits involved in the modulation of food
intake through brain GLP-1Rs. Semaglutide does not cross
the blood-brain barrier (BBB) but reaches the brain through
the circumventricular organs and regions adjacent to the ven-
tricles (Gabery et al. 2020a; Martins et al. 2023). It reduces
BW through direct interaction with different populations of
GLP-1R, besides affecting the activity of neural pathways
(Gabery et al. 2020b). Clinical trials have demonstrated that
semaglutide has superior efficacy compared to other antidia-
betic medications in decreasing the weight, as well as reducing
the rate of cardiovascular death, myocardial infarction, and
stroke (Singh et al. 2022a; Chao et al. 2023).

The modulation of hypothalamic energy homeostasis is
complex and multifactorial. Although several studies have
demonstrated that semaglutide has a direct action on hypo-
thalamic GLP-1R and neural pathways involved in food intake,
reward, and energy expenditure (Gabery et al. 2020b), its
action on the gut microbiota—brain axis is little known. This
study is the first to show that semaglutide reversed the HDF-
induced hypothalamic neuroinflammation and consequently
improved hypothalamic insulin resistance. Moreover, sema-
glutide promoted the growth of acetate-producing bacteria,
high levels of hypothalamic acetate, and increased GPR43+/
POMCH+ neurons, thus contributing to the restoration of hypo-
thalamic anorexigenic signaling pathways.
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Materials and methods
Animals and diets

The local Ethics Committee approved the study and
procedures for Animal Use under see number 190/2023
CEUA-FIOCRUZ. Mice male C57BL/6 J (8-10 weeks,
n=45) were supplied by Instituto Aggeu Magalhdes. They
were housed and acclimatized for a week in ventilated
cages with controlled temperature (22 + 1 °C), humidity
(60+10%) and light (12:12 h light/dark cycle) with free
access to food and water.

After this period, the animals were randomly divided
into three experimental groups (n =15/group) and fol-
lowed for 18 weeks: control (control diet, produced by
PragSolucdes®, AIN-93G), HFD and HFD + Semaglutide
(a diet rich in 60% fat, PragSolucdes®, AIN-93 M).

In the 13th week, the HFD + Semaglutide (Ozempic
®—0.05 mg/Kg—translational dose) was administered
intraperitoneally every 7 days for 6 weeks and underwent
treatment subcutaneously, as described (Robinson et al.
2019). The other groups received a vehicle solution i.p.,
once a week.

Body weight (BW), waist circumference (WC)
and food intake (Fl)

Food intake was calculated daily in the 18th week by
subtracting the amounts of food offered and food not
consumed. Body weight was measured weekly. Waist
circumference was measured around the midpoint of the
abdomen.

Tissue collection

Mice were euthanized under anesthesia using intraperito-
neal Ketamina 240 mg/kg and Xylazine 30 mg/kg. Next,
cervical vessels were sectioned rapidly, blood was col-
lected by cardiac puncture (without anticoagulant) and
centrifuged at 2300 relative centrifugal force (RCF) for
10 min, and sera were separated and stored at—20 °C
(n=6) for biochemical measurements. The intestinal colon
and brain of mice were immediately dissected. The hypo-
thalamus was removed and frozen at—80 °C for molecular
analysis (n=9). Other brains (n=6) were fixed in a 4%
paraformaldehyde (PFA, 0.1 M phosphate buffer, PBS,
pH 7.4), embedded in paraffin and cut into 5 ym coronal
sections.

Biochemical analysis serum and quantification
of acetate in hypothalamus

The glucose level (Labtest Diagnética S.A®, MG, Bra-
zil—Ref. 133), Triglycerides (Labtest Diagnética S.A®,
MG, Brazil—Ref. 87), cholesterol (Labtest Diagndtica
S.A®, MG, Brazil—Ref. 76), Low-density lipoprotein
cholesterol (LDL-c) (Labtest Diagnédtica S.A®, MG,
Brazil—Ref.146) were determined by enzymatic system
according to the manufacturer’s instructions.

Insulin (Elabscience®, E-EL-M1382), LPS (Fine
Test®, Wuhan, China EU3126), and IL-1f (Thermofisher,
BMS6002, Vienna, Austria) were determined by enzymatic
systems, respectively. Results were expressed as mean + DP
using GraphPad Prism V6.0. Insulin resistance (HOMA-IR)
was calculated using the following formula: fasting insulin
(#U/mL) X plasma glucose (mmol/L)/22.5 (Obadia et al.
2022).

To measure the acetate concentration in hypothalamus,
the samples were homogenized in an extraction solution, and
10-pL hypothalamus content solution were analyzed with an
acetate assay kit (Bioassay Systems, USA) using a Multis-
kan™ FC Microplate Photometer (Thermo Fisher Scientific,
USA) spectrofluorometer according to the manufacturer’s
instructions.

Immunohistochemistry

The sections were treated with 20-mM citrate buffer at pH
6.0 for antigen retrieval and heated to 100 °C for 30 min.
Subsequently, the sections were incubated with 3% H202 for
30 min to block peroxidase and then 5% BSA for 1 h. Fol-
lowing this, the sections were incubated with primary anti-
bodies, including GFAP (Novus Biological, catalog number
NB300-141) at a dilution of 1: 100 and Ibal (Wako, catalog
number 016-20001) at a dilution of 1: 500, overnight at
4 °C and then for 1 h with biotin-conjugated secondary anti-
mouse/anti-rabbit IgG antibody. Immunohistochemical reac-
tions were amplified using the Kit Dako LSAB + System-
HRP (Dako Universal LSAB® + Kit, Peroxidase), revealed
with 3'-3-diaminobenzidine (DAB), and counterstained
with Harris Hematoxylin. The slides were counterstained
in hematoxylin. Positive staining resulted in a brown reac-
tion product. Negative controls were treated as above, but
with the omission of the first antibody. Five pictures/group at
the same magnification were quantitatively analyzed (GNU
Image Manipulation Program, UNIX platforms).
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Immunofluorescence

The samples (three animals/per group) were embedded in
paraffin, and the Sects. (5 um) were cut using a RM 2035
microtome (Reichert S, Leica) and mounted on glass slides,
rehydrated, and treated with 20-mM citrate buffer (at pH
6.0) at 100 °C for 30 min. The primary antibodies were
anti-POMC antibody (Abcam, catalog number ab32893) at
a dilution 1:100, anti-GPR43 antibody (Biologic Science,
catalog number bs13563) at a dilution of 1:100, GLP-1R
antibody (Novus Biological, catalog number NLS1205) at
a dilution of 1:100. The primary antibodies were incubated
overnight and then incubated with polyclonal fluor 488- and
546-conjugated secondary antibodies against rabbit and
mouse immunoglobulin for 1 h. The slices were washed,
mounted in Prolong® medium, observed under a fluores-
cence microscope Leica DMIS system, and processed with
the Leica Application Suite LAS software (Leica Microsys-
tems, Wetzlar, Germany). The number of hypothalamic
GPR43+/POMCH+ neurons were quantified from six images
per group (two images X three animals), and neurons were
considered double-positive to POMC and GPR43 when they
presented a yellowish-yellow stain (merge).

Western blotting

The samples were rapidly dissected and homogenized in an
extraction solution containing protease inhibitor cocktail (10-
mM EDTA, Amresco, Solon, USA; 2-mM phenylmethane
sulfonyl fluoride, 100-mM NaF, 10 mM sodium pyrophos-
phate, 10-mM NaVO4, 10 pg of aprotinin/mL and 100 mM
Tris, pH 7.4—Sigma—Aldrich). The samples (four animals/
per group) were mixed and homogenized to form a pool for
each group. The homogenates were centrifuged and frozen at
— 80 °C. The proteins (20 pg/pL) were separated on sodium
dodecyl sulfate (SDS) polyacrylamide by gel electrophoresis
under reduced conditions and were then transferred electro-
phoretically onto the nitrocellulose membrane (OmniPage
mini-vertical protein electrophoresis, Cleaver Scientific).
After blocking with 3% BSA, the membranes were incubated
overnight with antibodies against to: IL-1p (dilution of 1:500,
Genway, catalog number: GWB-BBP232), p-JNK (dilution
of 1:1000, Santa Cruz, catalog number: sc-6254), PI3K
p85 alpha (phospho Y607) (dilution of 1:500, Abcam, cata-
log number: ab182651), AKT (phospho T308) (dilution of
1:500, Abcam, catalog number: ab38449), AMPKa-Phospho
(Thr172) (dilution of 1:1000, Cell signaling, catalog number:
#2535S), TLR-4 (dilution of 1:1000, Abcam, catalog number:
Ab13556), TNF-a (dilution of 1:1000, R&D, catalog number:
AF 410-NA), Nitrotyrosine (dilution of 1:1000, R&D, catalog
number: Mab3248), Occludin (dilution of 1:1000, Santa Cruz,
catalog number: sc-133256), NFkB-p65 (dilution of 1:1000,
Cell Signalling, catalog number: cs-3033), MMP-9 (dilution

@ Springer

of 1:1000, Santa Cruz, catalog number: sc-133256), MMP-9
(dilution of 1:1000, Abcam, catalog number: Ab110186),
GPR-43 (dilution of 1:500, Bioss Antibodies, catalog num-
ber: bs-1356r), MyD 88 (dilution of 1:1000, Abcam, catalog
number: Ab-2064), p-IkB-a (dilution of 1:1000, Santa Cruz,
catalog number: sc-371), p-IRS (dilution of 1:500, Invitrogen,
catalog number: PA11054), SIRT (dilution of 1:1000, Santa
Cruz, catalog number: sc-74465), POMC (dilution of 1:1000,
Abcam, catalog number: ab-32893) and FoxO-1 (dilution of
1:1000, Santa Cruz, catalog number: sc-34890). All primary
antibodies were diluted in blocking solution (5% BSA, 0.02%
Tris phosphate-buffered, and 0.01% Tween). After washing,
the membranes were incubated with peroxidase-conjugated
anti-rabbit horseradish (HRP) (dilution of 1:8000, Sigma-
Aldrich, catalog number: A9169, USA), or anti-rat HRP
(1:5000; Sigma-Aldrich, catalog number: A9037, USA), or
anti-mouse HRP (1:5000; Sigma-Aldrich, catalog number:
A0161, USA). An enhanced chemiluminescence reagent
(Super Signal, Pierce, Ref. 34,080) was used to make the
labeled protein bands visible in the iBright CL 1000 system
(Thermo Fisher Scientific, catalog number: A44241). For
quantification, densitometry values were obtained by meas-
uring each band’s pixel density using the Image J 1.38 soft-
ware (NIH, MD, USA). After the visualization of the protein
blots with enhanced chemiluminescence, the protein antibod-
ies were stripped from the membranes, which were reprobed
with the monoclonal anti-f-actin antibody (dilution 1:2000,
Sigma-Aldrich, catalog number A2228, USA). The results
were confirmed by three different repetitions for each inves-
tigated protein and statistical analyses were performed with
these obtained values.

Gut microbial analysis

After euthanasia, feces content (6 mice/group) were col-
lected, after which they were immediately stored — 80 °C for
further and individually detection. The Total DNA extrac-
tion was performed by Neoprospecta Microbiome Tech-
nologies (Christoff et al. 2017). The DNA were extracted
using magnetic beads and the sequencing library prepara-
tion for bacterial identification was prepared using the V3/
V4 16S rRNA gene 341F (CCTACGGGRSGCAGCAG)
(Wang and Qian 2009) and 806R (GGACTACHVGGGTWT
CTAAT) (Caporaso et al. 2012) primers and the samples
were sequenced in a MiSeq system (Illumina, USA), using
the standard Illumina primers provided by the manufacturer
kit. Illumina FASTAQ files had the primers trimmed and their
accumulated error evaluated (Phred < 20). Besides, clusters
with abundances lower than 2 were removed. Taxonomic
ranks were allocated using a 16S rRNA accurate sequence
database set at a 99% identity level (Christoff et al. 2017)
using blastn v.2.6.04 (Altschul et al. 1990). To determine the
bacterial taxonomy that explained the differences between
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the groups, data-base data with 16S rRNA sequence preci-
sion defined at a 99% identity level using blastn v.2.6.0+. «
diversity was analyzed by Shannon indexes and Richness;
p diversity was investigated using principal coordinate
analysis (PCoA). The relative abundance of the phylum and
genus level was used to determine the bacterial community
structure.

Statistical analysis

For statistical analysis of the data, we used the Graph pad
prism v 6.01 program. Parametric data were analyzed using
one-way ANOVA, followed by Tukey’s post-test. Data were
represented by mean + SD; Probability values lower than
0.05 were considered significant. For statistical analysis of
the microbiome, we assessed Alpha diversity using Hill’s
diversity series (Hill 1973), using different values of g: g=0
represents richness, g =1 corresponds to Shannon’s entropy
and ¢ =2 means the Reciprocal index by Simpson. To dis-
cern variations in taxonomic profiles between experimental
groups, we performed beta diversity analyzes via Principal
Coordinate Analysis (PCoA), transformed into logarithmic
ratio using the Bray—Curtis dissimilarity metric. These ana-
lytical procedures were performed in the R environment
using the vegan package.

Results
Effect of semaglutide on reducing body weight
(BW) gain and waist circumference in HFD-fed male

C57BL/6 J mice

To evaluate beneficial metabolic effects of the semaglutide,
male C57BL/6 J mice were fed either a control or HFD for
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Fig. 1 Semaglutide reduced body weight gain and abdominal circum-
ference in HFD-fed male C57BL/6 J mice. A Body weight recording
during the first 12 weeks; B Food Intake at 18th week; C Abdominal

18 weeks. In the 12th week, the HFD-fed mice were further
divided into 2 groups HFD and HFD + semaglutide. Fig-
ure 1 shows that increased BW in the HFD group reached
statistical significance from the 4th to 18th week, compared
to the control group. Interestingly, mice fed a high-fat diet
(HFD) and treated with semaglutide, showed reduced BW
since 14th week compared to the HFD group (Fig. 1A).
Notably, although HFD + semaglutide mice lost BW after
treatment, they did not achieve the basal BW of the control
mice. Moreover, at week 18th semaglutide treatment sig-
nificantly suppressed food intake compared with the control
(»p=0.0002) and HFD (p <0.0001) groups (Fig. 1B), and
reduced waist circumference compared to HFD (p <0.0001),
however, without a significant difference when compared to
control rats (p=0.2125, Fig. 1C).

Impact of semaglutide on metabolic parameters
in HFD-fed male C57BL/6J mice

Figure 2 shows the metabolic parameters results of the
mice from all three groups. Compared with the control
group, HFD-fed mice after 18 weeks showed significantly
increased serum levels of TG, TC, LDL-c, glucose, insu-
lin and HOMA index (Fig. 2A, F). In contrast, semaglutide
treatment reduced HFD-induced dyslipidemia, and lowered
plasma TG (p <0.0001, Fig. 2A), TC (p <0.0001, Fig. 2B),
and LDL-c (p <0.0001, Fig. 2C). In addition, glucose lev-
els (p <0.0001, Fig. 2D), insulin concentration (p < 0.05,
Fig. 2E), and HOMA index (p <0.0001, Fig. 2F) were dra-
matically decreased in response to semaglutide treatment
compared to HFD. Furthermore, treatment with semaglutide
significantly reduced glucose levels compared to the control
animals (p=0.0018, Fig. 2D), but did not reduce the TG
levels to control baseline levels (p < 0.0001, Fig. 2A).
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Fig.2 Semaglutide improve metabolic parameters in HFD-fed male
C57BL/6 J mice. A Serum total triglycerides (TG, mg/dL); B Serum
total cholesterol (TC, mg/dL); C Serum lipoprotein cholesterol (LDL-
¢, mg/dL); D Serum glucose concentrations (mg/dL); E Serum insu-

Serum LPS and IL-1p of HFD mice were significantly
increased compared to the control group (p <0.0001,
p=0.0200 respectively) (Fig. 2G, H), whereas treatment
with semaglutide significantly reduced LPS (p <0.0001,
Fig. 2G) and IL1f (p <0.01, Fig. 2H) compared to HFD
mice. Mice semaglutide-treated present IL-1f similar to the
basal levels of the control mice group; however, they exhib-
ited higher LPS levels than the control mice (p =0.0021,
Fig. 2G). These results demonstrated that the inflammation
HFD-induced can be reduced by semaglutide treatment.

Gut microbiome structural changes determined
by 16S rRNA sequencing

The alpha-diversity analyses (Exponential Shannon, recipro-
cal Simpson index, and Richness) showed a lower bacterial
richness and diversity level in the HFD-fed group compared
to the control and HFD 4 Semaglutide groups (Fig. 3A-C).
In response to semaglutide treatment, gut microbial diver-
sity and richness were significantly increased compared to

@ Springer

@)
T
o

300+

D
o
1

=3
5 200

1004

LDL-c (mg/dL)
N Fy

o -~ ]

1 1
Glucose (mg/dL)

o
I
o
1

%

0.8+

0.6+

0.4+

LPS (ug/ml)
IL-1B (pg/ml)

0.2+

0.0

lin levels (pg/ml); F HOMA index; G Serum lipopolysaccharide lev-
els (LPS, pg/ml); H Serum interleukin-1p levels (IL-1f, pg/ml). Data
indicate mean + SD. #p <0.0001, %xp <0.01, **xp <0.05 compared to
groups; n=>5 mice/group

HFD and control groups (Fig. 3B, C). In contrast, the PCoA
plots (beta-diversity) demonstrated a significant difference
between the abundance of groups (Fig. 3D).

In the control the dominant phyla group were Bacteroi-
detes, Firmicutes and Actinobacteria (Fig. 4A). Regard-
ing phylum analysis, an increase in the average propor-
tion of Bacteroidetes and a decrease in Firmicutes were
observed in HFD mice compared to control mice (Fig. 4B,
C). In contrast, semaglutide treatment promoted shifts in
the HFD mouse gut microbiome, increasing alpha diver-
sity (Fig. 3A—C). Semaglutide increased the proportion
of Bacteriodetes and decreased the proportion of Firmi-
cutes (Fig. 4B, C). Furthermore, semaglutide treatment
increased taxa Deferribacteria and Proteobacteria com-
pared to the control and HFD-fed groups (Fig. 4A).

At the level of bacterial genera, HFD mice had a sig-
nificant increase in the relative abundance of Faecalibacu-
lum and Roseburia, which are members of the phylum Fir-
micutes, and had a significant reduction in the abundance
of members belonging to the phylum Bacteroidetes, driven
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by a substantial loss of the genera Bacteroides and Blau-
tia (Fig. 4D-H). In relation to the species, HFD-fed mice
showed high levels of Faecalibaculum rodentium, Lactoba-
cillus johnsonii, and Lachnospiraceae bacterium (Fig. 41).
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Comparisons of samples from HFD + semaglutide to
the HFD group revealed an increase of Bacteroides, Blau-
tia, Duncaniella, Mucispirillum (Fig. 4D). The relative
abundance of the genera Bacteroides and Blautia were
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Fig.4 Semaglutide altered the composition of the gut microbiota
HFD-fed mice. A Community barplot analysis on phylum level. B, C
Mean relative (bar plot) of 16S rDNA frequencies of Bacteroidetes
and Firmicutes phyla. D Community barplot analysis on genus level.
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Fig.5 Semaglutide reduced colonic pro-inflammatory cytokines pro-
duction and restored the gut barrier integrity. A The protein levels
of TLR4, TNF-a, IL-1p, Nitrotyrosine, MMP-9, Occludin, GPR43,
B-actin were detected by the western blot in the colon (n=4/group).

significantly increased in the semaglutide-treated mice
compared to the HFD group (Fig. 4F, G). At the species
level, Blautia coccoides, Bacteroides acidifaciens, Dun-
caniella freteri were significantly increased and Faecali-
baculum rodentium, Lachnospiraceae bacterium were
reduced after semaglutide treatment (Fig. 41).

Semaglutide treatment ameliorated the gut
inflammation and restored the colonic integrity
in HFD mice

Our analysis of molecular markers of inflammation
and colonic integrity in the intestine, as depicted in
Fig. 4, revealed a significant increase in TLR4, TNF-a,
IL-1, and nitrotyrosine levels in HFD-fed mice compared
to the control group (p <0.01, Fig. 5SB-E), indicating intes-
tinal inflammation. However, treatment with Semaglutide
significantly ameliorated intestinal inflammation, decreasing
the expression of TLR4, TNF-«, IL-1f, and nitrotyrosine
compared to untreated obese mice (p <0.05, Fig. 5SB-E).
No significative difference was observed between treated-
semaglutide and control mice (p > 0.05).

The intestinal inflammation caused by HFD signifi-
cantly increased the expression of matrix metalloprotein-
ase-9 (MMP-9), which contributed to the gut inflamma-
tion (p=0.0154, Fig. 5F). It significantly decreased the
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B-H Pixel density quantification of bands. The columns represent
the mean + SD of the protein investigated. One-way ANOVA statisti-
cal tests of variance #p <0.0001, ##p <0.01, %*%p < 0.05 compared to
groups

expression of occludin (p =0.0024, Fig. 5G) compared to
the control group. In contrast, semaglutide significantly
reduced the expression of MMP-9 (p=0.0316, Fig. 5F) and
significantly increased the levels of occludin in the distal
colon (p=0.0025, Fig. 5G) compared to the HFD group.
No significant difference was observed between treated-
semaglutide and control mice (p =0.8107).

The HFD significantly decreased gut GPR43 expression
compared to the control (p=0.0021, Fig. 5SH). In contrast,
the treatment with semaglutide significantly prevented the
decrease of GPR43 in obese mice (p=0.0052, Fig. 5H). No
significant difference was observed between treated-sema-
glutide and control mice concerning the GPR43 expression
(p=0.6098).

Semaglutide attenuated the hypothalamic glial
reactivity in HFD-fed male C57BL/6J mice

In the hypothalamus, the HFD-fed mice significantly
increased the glial fibrillary acidic protein (GFAP) positive
cells compared to the control group (p <0.0001, Fig. 6A,
B). As seen in Fig. 5A, the treatment with semaglutide
significantly attenuated the reactive gliosis (p <0.0001,
Fig. 6A, B). No significant difference was observed between
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treated-semaglutide group and control mice in relation to the
GFAP positive cells (p=0.0812).

Mice fed a HFD also significantly increased the ionized
calcium-binding adapter molecule 1 (IBA-1) positive cells
in relation to the control group (p <0.0001, Fig. 6C, D). In
contrast, treatment with semaglutide significantly reduced
IBA-1 positive cells (p <0.0001, Fig. 6C, D). Despite
treated-semaglutide mice reduced IBA-1 after treatment,
there was no significant difference compared to the control
mice (p=0.0335).

Treatment with semaglutide reduces inflammation
in the hypothalamus by decreasing TLR4/MyD88/
NF-kB signaling

Our data show that the HFD group has significantly
increased TLR4, MyD88, p-JNK, p-IKBa, p-NFkB, TNF-
a, and IL-1f levels compared to the control group (p <0.05,
Fig. 7A-H), indicating the hypothalamic inflammation.
On the other hand, semaglutide treatment ameliorated the
hypothalamic inflammation, decreasing the TLR4, MyDS88,
p-INK, p-IKBa, p-NF-kB, TNF-a, and IL-1f significantly
when compared to the HFD group (p <0.05, Fig. 7A-H).
Except for TLR4 (p =0.0140), no significant differences
were observed between the semaglutide-treated group and
control mice relative to MyD88, p-JINK, p-IKBa, p-NF«B,
TNF-a mice and IL-1p (p > 0.05).
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Fig.8 Semaglutide improvement of anorexigenic signaling in obese
mice. A The protein levels of GPR43, p-IRS, p-PI3K, p-AKT,
p-AMPK-a, SIRT-1, FoxO-1, POMC and B-actin were detected by
the western blot in the hypothalamus (n=4/group). B-I pixel den-

Semaglutide modulated the GPR43/IRS/PI3K/
AKT/AMPK/SIRT/Fox0-1/POMC signaling pathway
in the hypothalamus of obese animals

The HFD group showed a reduced expression of the receptor
for SCFAs, GPR43, in the hypothalamus, compared to the
control group (p <0.0001, Fig. 8A, B). In contrast, in the
HFD group treated with semaglutide there was an increase
in GPR43 levels compared to the HFD group (p =0.0090,
Fig. 8A, B).

As observed, protein expression IRS was reduced in the
HFD group, compared to the control group (p <0.0001,
Fig. 8A, C). In contrast, the HFD + semaglutide group
showed an increase in IRS expression in the hypothalamus
compared to the HFD group (p <0.0001, Fig. 8A, C).

There were also significantly reduced p-PI3K levels in
the HFD group compared to the control group (p <0.0001,
Fig. 8A, D). However, the HFD group treated with sema-
glutide showed a substantial increase in p-PI3K levels com-
pared to the HFD group (p <0.0001, Fig. 8A, D).

The p-AKT levels decreased in the HFD group compared
to the control group (p <0.0001, Fig. 8A, E). Similarly, the
HFD group treated with semaglutide showed no signifi-
cantly increased p-AKT levels compared to the HFD group
(p<0.0173, Fig. 8A, E).

Furthermore, there was also a reduction in p-AMPK-a
levels in the HFD group compared to the control group
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(»p=0.0019, Fig. 8A, F). In contrast, the semaglutide treat-
ment increased p-AMPK levels compared to the HFD group
(»=0.0099, Fig. 8A, F).

The HFD group showed a reduction in SIRT-1 levels
compared to the control group (p =0.0043, Fig. 8A, G), and
treatment with semaglutide counteracted improving SIRT-1
expression (p =0.0032, Fig. 8A, G).

Moreover, the HFD group showed reduced levels of
FoxO-1 compared to the control group (p <0.0001, Fig. 8A,
H), whereas the treatment with semaglutide increased
FoxO-1 levels compared to the HFD group (p <0.0001,
Fig. 8A, H).

POMC expression was reduced in HFD group compared
to the control group (p <0.0001, Fig. 8A, I). In contrast, the
HFD + semaglutide group showed higher levels of POMC
protein expression than the HFD group (p =0.0029, Fig. 8A,
D).

No significant differences in the expression of p-PI3K and
SIRT were observed between semaglutide-treated and con-
trol mice. In contrast, semaglutide treatment did not restore
baseline levels of other signaling molecules compared to the
control group (Fig. 8).

Semaglutide treatment increased GLP-1R
expression in the hypothalamus

The HFD group showed reduced GLP-1R expression com-
pared to the control group (p <0.0001, Fig. 9A, B). When
compared with HFD + Semaglutide group, it showed a sig-
nificant increase to the HFD group (p =0.0002, Fig. 9A,
B). No significant difference was observed between

Fig.9 Semaglutide increases GLP-1R expression in the ARC
region of the hypothalamus in obese mice. A Representative
images of immunofluorescence staining of neuronal GLP-1R
(green); B the number of GLP-1R-positive cells (n=9/group). V3:
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treated-semaglutide and control mice in relation to the GLP-
IR expression (p =0.1244).

Semaglutide treatment increased co-localization
of GPR43 with POMC-positive neurons
in the hypothalamus

We also aimed to analyze the effect of semaglutide on the
modulation of the expression of GPR43 in POMC neu-
rons. The HFD-fed mice presented reduced numbers of
POMC™ neurons compared to the control group (p < 0.0001,
Fig. 10A, D), and treatment with semaglutide significantly
restored the number of POMC™* neurons (p=0.0001,
Fig. 10A, D). Similarly, HFD-fed mice presented a reduced
number of GPR43 + neurons compared to the control and
HFD + semaglutide groups (p <0.01, Fig. 10B, E). In con-
trast, the treatment with semaglutide increased the number
of GPR43* neurons (p=0.0001, Fig. 10B, E) compared to
the HFD-fed group. The co-localization demonstrated that
HFD mice presented reduced POMC* GPR43* neurons
compared to the control group (p <0.0001, Fig. 10C, F).
On the other hand, semaglutide-treated mice showed a sig-
nificantly higher number of POMC+ GPR43+ neurons than
the HFD group (p <0.0001, Fig. 10C, F). No significant dif-
ference was between treated-semaglutide and control mice
in relation to the POMC* GPR43* neurons (p=0.0055).

Semaglutide increases hypothalamic acetate levels
in high-fat diet-induced obese mice

The results of the effect of semaglutide on the gut microbiota
diversity revealed the growth of acetate-producers’ bacteria
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third ventricle. Scale bars: 50 pm. Data denote significant differ-
ences, #p <0.0001, #xp <0.01, #x%p <0.05 compared to groups.
(ANOVA followed by Tukey’s Multiple) (color figure online)
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Fig. 10 Semaglutide induced GPR43 expression in POMC neu-
rons and increased hypothalamic acetate concentrations in HFD-
fed C57BL/6J mice. A representative images of POMC neurons
(green); B total POMC-positive neurons, C representative images
of GPR43 (red); D total GPR43-expressing neurons; (E) Colocali-
zation of GPR43 with POMC neurons in the arcuate nucleus (yel-

(Bacteroides acidifaciens, and Blautia coccoides). In addition
to exerting local effects on the colon and peripheral tissues,
acetate can cross the BBB to the central nervous system and
have neuroactive properties through GPR43 receptors (Silva
et al. 2020b). The HFD group showed significantly lower
hypothalamic acetate levels than the control group (p =0.0003,
Fig. 10G). On the other hand, the semaglutide administration
significantly increased the acetate level in the hypothalamic
tissue compared to the HFD group (p <0.0001, Fig. 10G).
Interestingly, semaglutide induced higher levels of acetate than
the control group (p=0.0157, Fig. 10G).
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V3: third ventricle. Scale bars: 50 pm. Data denote significant dif-
ferences, #p <0.0001, #%p <0.01, #%xp <0.05 compared to groups
(ANOVA, followed by Tukey’s Multiple) (color figure online)

Discussion

Evidence suggests that bidirectional communication along
the gut-brain axis is crucial to the synergy between micro-
biota and gut-brain signaling pathways through neural,
endocrine, immune, and humoral links (Cryan et al. 2019).
On the other hand, the HFD promotes an imbalance in the
composition of the intestinal bacterial microbiota (dysbiosis)
and influences the expression of inflammatory factors (De
La Serre et al. 2010). Obese individuals, as well as experi-
mental models of obesity (HFD), present changes in the
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composition of the intestinal microbiota with an increase
in the Firmicutes/Bacteroidetes ratio, therefore favoring the
growth of pathogenic bacteria and facilitating the passage of
bacterial toxins, such as lipopolysaccharide (LPS), into the
circulation. LPS, through the activation of Toll-like recep-
tors 4 (TLR4), triggers the activation of the transcription
factor NF-xB that induces an increase in the expression of
intestinal pro-inflammatory cytokines, such as IL-1f and
TNFa, which can reach the systemic circulation and enter
the CNS, contributing to neuroinflammation (Agusti et al.
2018; Fiebich et al. 2018). Furthermore, matrix metallopro-
teinase-9 (MMP-9) is an important factor contributing to
intestinal inflammation, increasing intestinal permeability
by reducing tight junctions (Al-Sadi et al. 2021). These junc-
tions are composed of intercellular adhesive proteins, such
as occludin, which provide a vital barrier function. Further-
more, pro-inflammatory cytokines, such as IL-1p, reduce the
expression of these proteins, contributing to the leaky gut
(Al-Sadi et al. 2011; Agusti et al. 2018).

The present results show that mice fed HFD exhibited
high intestinal levels of TLR4, NF-kB, TNF-a, IL-1p, MMP-
9, and nitrotyrosine and low levels of occludin, indicating
gut inflammation and permeability, resulting in higher
IL-1p and LPS serum levels. HFD-fed mice also showed
significantly increased TG, TC, LDL-c serum levels, glu-
cose, insulin and HOMA index. In contrast, treatment with
the GLP-1R agonist, semaglutide, reduced dyslipidemia,
insulin resistance, IL-1p, LPS serum levels, and intestinal
inflammatory markers. Moreover, semaglutide reduced BW
and waist circumference in HFD-fed mice. Recent results
had suggested that semaglutide can modulate energetic
homeostasis by directly acting on hypothalamic and hind-
brain GLP-1R and neural pathways involved in food intake
(Gabery et al. 2020b).

The ARC is the “first-order center” for food intake reg-
ulation within the hypothalamus. It contains two groups
of neurons, anorexigenic proopiomelanocortin (POMC)/
cocaine-regulated transcription and amphetamine (CART)
neurons and orexigenic agouti-related peptide (AgRP)/neu-
ropeptide Y (NPY) neurons, which are functionally antago-
nistic (Morton et al. 2006). The transcription factor Factor
Forkhead Box 01 (FoxO-1) is an integral component of the
insulin and insulin-like growth factor signaling pathway and
is expressed in both types of neurons. FoxO-1 is located
within the nucleus during starvation and translocated to the
cytoplasm after feeding. FoxO-1 promotes the appetite by
direct promoter binding to Agrp and Pomc genes, with an
activation effect on AgRP, and an inhibitory effect on POMC
expression (Du and Zheng 2021b). When secreted insulin or
insulin-like growth factors (IGFs) bind to their cell surface
receptors, a series of autophosphorylations occur, recruit-
ing INSR substrate 1-4 (IRS1-4) and phosphatidylinositol
3-kinase (PI3K). PI3K increases local concentrations of
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phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 is a
second messenger that activates phosphoinositide-dependent
kinase 1 (PDK1) and protein kinase B (Akt or PKB). Active
Akt translocates to the nucleus, where it phosphorylates
FoxO-1, leading to the 14-3-3 dimer binding and inducing
the translocation of FoxO-1 to the cytoplasm.

The effect of a high fat/calorie diet is well-recognized in
generating reactive oxygen species (ROS) and pro-inflam-
matory cytokines (IL-1f, IL-6, TNF-a) that are potent
deregulators of hypothalamic control of energy homeosta-
sis. Experimental models’ mouse of obesity showed that
overconsumption of a fat-rich diet results in increased pro-
inflammatory genes (IL-6 and TNF-a) in the hypothala-
mus after 4 weeks of HFD; notably, these occurrences of
inflammation precede events in peripheral tissues, such as
the liver (Thaler et al. 2012). In this context, the fatty acids,
especially long-chain saturated fatty acids (SFAs), can cross
the BBB (Karmi et al. 2010; Valdearcos et al. 2014). SFAs
activate the TLR4/INK pathway, which triggers the inhibi-
tory phosphorylation of insulin receptor substrate (IRS)
proteins at serine 307, promoting the onset of insulin and
leptin resistance in the hypothalamus (Martin et al. 2006;
Naznin et al. 2015; Jais and Briining 2017). Consistent with
these observations, our data shows that the HFD group had
a significant increase of TLR4, MyD88, p-MAPK-p38,
p-IKBa, p-NFkB, TNF-a, and IL-1p levels compared to the
control group, indicating hypothalamic inflammation. In
contrast, the semaglutide intervention abrogated hypotha-
lamic inflammation by reducing the TLR4/MyD88/NFxB
signaling pathway.

Inflammatory mediators and increased levels of reactive
oxygen species (ROS) activate the c-Jun N-terminal kinase
(JNK), which, in turn, phosphorylates the cytoplasmic
FoxO-1, inducing the release of FoxO-1 from 14-3-3, dimer
and promotes the nuclear translocation of FoxO-1 upregulat-
ing its transcriptional activity, despite the phosphorylation
by Akt. This misregulation of the FoxO-1 signaling path-
ways leads to the inhibition of the anorexigenic effects of
insulin (Kim et al. 2006), increases adiposity, and promotes
weight gain (Susanti et al. 2014).

Moreover, JNK inhibits PI3K, resulting in the FoxO-1
activation and promoting the AgRP/NPY expression, which
induces hyperphagia and weight gain (Tsaousidou et al.
2014). The present results showed that semaglutide treat-
ment reduced p-JNK and restored FoxO-1 hypothalamic
expression, thus regulating insulin/leptin signaling. In addi-
tion, TNF-a and IL-6 levels can also stimulate the expres-
sion of proteins of the suppressor of cytokine signaling-3
(SOCS3), a standard inhibitor of insulin and leptin signal-
ing through IKKp/NF-kB pathway (Romanatto et al. 2007;
Zhang et al. 2008; Li et al. 2021).

Sirtuin 1 (SIRT1) is a nutrient-sensing deacetylase acti-
vated by high levels of NAD+, which increases during
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energetic crises, such as fasting and calorie restriction, and
decreases under conditions of high-energy load (Xu et al.
2018). SIRT1 is mainly localized in the nucleus, where it
directly deacetylates FoxO-1 and transactivates a series of
target genes (Kodani and Nakae 2020). Conversely, SIRT1 is
reduced under high-energy conditions, such as high-fat diets.
(Nogueiras et al. 2012; Xu et al. 2018). As expected, the
HFD mice presented lower levels of hypothalamic SIRT1,
whereas treatment with semaglutide restored the SIRT1
expression, thus modulating the energetic systemic homeo-
stasis. On the other hand, inflammatory mediators such as
pro-inflammatory cytokines and oxidative stress activate
JNK, which directly concentrates SIRT1 in the nucleus,
activating orexigenic genes (Nasrin et al. 2009). Our results
also showed significantly high levels of pro-inflammatory
mediators in the hypothalamus as well as high levels of
JNK, which probably overridden the low levels of SIRT-1
observed in HFD mice.

Incretin hormone-based therapies are widely used to
improve hyperglycemia in patients with T2DM (Fonseca
et al. 2010). GLP-1 is the main hormonal incretin, an ano-
rectic peptide secreted by L cells in response to nutrient
intake. Other beneficial effects of GLP-1 are improving the
intestinal barrier, stimulating crypt cell fission, and inhibit-
ing pro-inflammatory cytokines released by immune system
cells (May et al. 2019). The molecular bases of the inhibi-
tory action of GLP-1 on food intake and BW loss are com-
plex, and the effect of GLP-1 agonists on the hypothalamus
is crucial for the anorectic effect. GLP-1 regulates energy
homeostasis and feeding behavior by modulating neuronal
electrophysiological properties in the CNS, mainly the ARC
(Chen et al. 2021; Singh et al. 2022b).

The binding of GLP-1 to its receptor GLP-1R leads to the
activation of adenylate cyclase (AC) and subsequently to an
increase in cAMP (Miiller et al. 2019). In eukaryotic cells,
the protein kinase A (PKA) and cAMP-dependent exchange
protein (EPAC) are the main downstream cAMP effectors
that regulate several physiologic functions, including AMPK
activity (Aslam and Ladilov 2022). The AMPK activity is
modulated by the energetic conditions and peripheral hor-
mones that control food intake in ARC and paraventricular
nucleus PVN. In fasting conditions, AMPK has an orexi-
genic effect phosphorylating FoxO-1, which activates the
transcription of Neuropeptide Y (NPY)/AgRP genes. In turn,
the anorectic hormones such as insulin and leptin decrease
AMPK phosphorylation via STAT3/PI3K, resulting in the
inhibition of Neuropeptide Y (NPY)/AgRP neurons and in
the activation of Proopiomelanocortin (POMC) neurons in
the ARC, which project to the PVN (Kahn et al. 2005; Mar-
tin et al. 2006). The results here showed that HFD-fed mice
presented decreased hypothalamic GLP-1R, p-AMPK and
POMC levels, which were reverted by semaglutide treat-
ment, suppressing the food intake and weight gain. These

results are in agreement to other authors that demonstrated
that semaglutide increased POMC expression in the ARC
and restored the leptin, amylin, and GLP1 levels (Martins
et al. 2023).

SCFAs, such as acetate, propionate, and butyrate, are
primary byproducts synthesized by the gut microbiota
through anaerobic fermentation of insoluble dietary fib-
ers (Silva et al. 2020b). SCFAs, besides functioning as
energy sources, also activate two orphan G-protein coupled
receptors (GPCR), GPR41 and GPR43. GPR43 promotes
intestinal motility and gut hormone secretion, such as PYY
and GLP-1, thereby increasing energy expenditure and
improving glucose tolerance (Kimura et al. 2014). GPR43
is expressed in several tissues, including intestine, adipose,
and immune tissue, playing an important role in regulat-
ing intestinal immunity (Hong et al. 2005; Maslowski et al.
2009; Sina et al. 2009). GPR43 is abundantly expressed in
numerous gastrointestinal tract cells where they modulate
the intestinal permeability by increasing tight junctions’ pro-
teins, such as zonnula occludens and occludin. Accordingly,
our results showed that HFD-fed mice presented reduced gut
GPR43 and occluding expression, which were reverted in
semaglutide tread mice.

In white adipocytes, binding of SCFAs to GPR43 leads
to increased leptin expression, whose receptors expressed in
neurons of hypothalamic nuclei have a fundamental role in
brain—adipose crosstalk to energy homeostasis (Xiao et al.
2019). GPR43 activation also suppresses adipose insulin
signaling, inhibiting fat accumulation and stimulating the
expenditure of energy by muscles (Kimura et al. 2013).
Therefore, GPR43 acts as an energy sensor, controlling
excess energy while maintaining metabolic homeostasis.
Among the SCFAs, acetate is the most efficient for activat-
ing GPR43, followed by propionate and butyrate. Acetate
possibly regulates appetite by secretion of gut appetite-sup-
pressing hormones and central hypothalamic mechanisms
(Hernandez et al. 2019). Frost et al. described HFD-fed mice
supplemented for 8 weeks with oligofructose-enriched inulin
presented elevated serum acetate derived from the colon,
which induced an anorectic signal in the hypothalamic ARC
through reduced levels of AMPK (Frost et al. 2014).

The ratio of Firmicutes to Bacteroidetes is increased in
diabetic patients and during consumption of high-calorie
diets, leading to impaired glucose metabolism and increased
obesity; on the other hand, inverting this proportion leads
to weight loss and reduced inflammation (Kant et al. 2022).
Interestingly, GLP-1R agonists impact the intestinal envi-
ronment by modulating the intestinal microbiota composi-
tion, improving the intestinal barrier, and reducing the pro-
duction of pro-inflammatory cytokines (Yusta et al. 2015;
Abdalqgadir and Adeli 2022). Treatments with GLP-1R ago-
nists such as liraglutide, dulaglutide, and semaglutide induce
an increase in the proportion of Bacteroidetes to Firmicutes,
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as well as gut microbes related to the lean phenotype (Blau-
tia and Akkermansia) (Wang et al. 2016, 2018; Hupa-Breier
et al. 2021; Duan et al. 2024).

The present study showed that treatment with sema-
glutide remodeled the obesity-induced gut dysbiosis,
increasing the Bacteriodetes/Firmicutes ratio and the rela-
tive abundance of Bacteroides acidifaciens and Blautia
coccoides, which are acetate producers. Notably, there
was a significant reduction in the hypothalamic acetate
concentration in obese animals compared to the control
group. We also demonstrated that semaglutide treatment
induced high levels of hypothalamic acetate, which pos-
sibly upregulated the expression of hypothalamic GPR43.
In the hypothalamic ARC, acetate activates the GPR43 and
the downstream PI3K-AKT signaling (Yang et al. 2018)
and AKT can also directly phosphorylate AMPK at inhibi-
tory Ser485, thus negatively regulating its activity (Aslam
and Ladilov 2022). In addition, Akt, which is common to
the insulin/IRS/PI3K pathway, will activate POMC neu-
rons by repressing the FoxO-1, which negatively regulates
the transcription of genes such as POMC (Derghal et al.
2019). Our results also showed that semaglutide through
IRS/PI3K/AKT signaling also improved the insulin hypo-
thalamic pathway via reduced peripheral insulin resist-
ance, as indicated by HOMA-IR. In addition, the treatment
with semaglutide induced a higher number of POMC™* /
GPR43* neurons in the ARC, confirming the GPR43 path-
way in POMC neurons. These results are in agreement
with those previously obtained by others (Liu et al. 2017),
in which the treatment intravenously with acetate induced
anorexia via the upregulation of hypothalamic POMC and
GPR43 gene expression.

The relationship between semaglutide and intestinal
microbes is environmentally complex, and further studies
are still needed to investigate the effects of microbiota or
individual bacteria on semaglutide. Semaglutide may influ-
ence the composition of the microbiota through its influence
on the gastrointestinal tract. For example, many preclini-
cal and clinical studies suggested that GLP-1R agonists can
modulate the gut microbial composition by influencing the
gastric emptying rate, the gut transit time, and the inter-
nal environment of the gut lumen (pH levels and nutrient
availability) (Grasset et al. 2017; Montandon and Jornayvaz
2017; Wang et al. 2017; Zhao et al. 2018; Madsen et al.
2019; Shang et al. 2021). Another factor to be considered is
the suppression of gut inflammation since GLP-1R is present
in immune cells (Abdalgadir and Adeli 2022; Alharbi 2024).
GLP-1R activation in gut intraepithelial lymphocytes (IELs)
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modulates enteric immune responses and is required to
modulate a subset of the gut microbiota (Wong et al. 2022).
However, the mechanisms of GLP-1R signaling in IELs
are just beginning to be understood (Rosario and D’Alessio
2015; Yusta et al. 2015; Chen et al. 2022; Holst et al. 2022;
Morrow et al. 2024; Sun et al. 2024). Finally, semaglutide
may indirectly influence microbiota by improving glycemic
homeostasis, reducing insulin resistance, decreasing intesti-
nal irritation, and promoting a more favorable environment
for beneficial microbiota (Mao et al. 2024; Duan et al. 2024).
Microbial genomic and metabolomic analyses in healthy
animals treated with semaglutide will help to understand
whether this drug exerts its direct effects on the microbiota
(such as stimulating some microbiota strains and inhibiting
others) or whether these effects are due to the improvement
of obesity in the host.

Conclusion

Our results showed that a high-fat diet resulted in systemic
and CNS inflammation associated with gut dysbiosis, intes-
tinal inflammation, and gut permeability. Furthermore, the
HFD significantly impacted weight gain, lipid metabolism,
and glucose homeostasis. Semaglutide intervention coun-
teracted dyslipidemia, insulin resistance, serum inflamma-
tory markers, intestinal permeability, and gut inflammation.
Semaglutide also reverted the hypothalamic neuroinflam-
mation HDF-induced decreasing TLR4/MyD88/NF-«kB
signaling, and consequently improving insulin resistance.
Moreover, semaglutide modulated the intestinal micro-
biota, promoting the growth of acetate-producing bacteria,
inducing high levels of hypothalamic acetate, and increas-
ing the number of GPR43+/POMC+ neurons. In the ARC,
acetate activates the GPR43 and its downstream PI3K-AKT
pathway, which activates POMC neurons by repressing the
FoxO-1, thus restoring hypothalamic anorexigenic signaling
pathways (Fig. 11). Therefore, among the effectors of the
multifactorial modulation of hypothalamic energy homeosta-
sis, possibly higher levels of acetate derived from the intesti-
nal microbiota contribute to reducing food intake.

As a limitation of this study, we highlight that fecal
transplantation of animals treated with semaglutide could
contribute to the confirmation and elucidation of the
mechanisms underlying the hypothalamic modulation of
food intake. Therefore, additional studies must be con-
ducted to unravel the full range of functions of microbiota
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Fig. 11 Food intake modulation by semaglutide—Insulin, growth fac-
tors, leptin, and GLP-1 activate the PI3K/Akt signaling pathways that
repress FoxO-1 and AMPK, resulting in an anorectic effect through
NPY/AgRP decreased expression. On the other hand, obesity dereg-
ulates the profile of the intestinal microbiota, promoting intestinal
permeability (leaky gut) and allowing LPS and other pro-inflamma-
tory molecules to enter the bloodstream. In the hypothalamic ARC,
inflammatory mediators (LPS, TNF-a, IL1-beta, SFAs) and oxidative

modulation driven by GLP-1R agonists in the context of
metabolic diseases.
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