The melatonergic agonist agomelatine ameliorates high fat
diet-induced obesity in mice through the modulation of the gut
microbiome.
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Abstract

Background and Purpose: Melatonin has shown bene cial e ects on obesity, both in humans and experimental models, via
regulating the altered circadian rhythm and thus ameliorating the gut dysbiosis associated with this metabolic condition.
However, its clinical use is limited, mostly due to its short half-life. Agomelatine is an agonist of the melatonin receptors
that could be used to manage obesity and o er a better pro le than melatonin. Experimental Approach: Male C57BL/6 mice
were fed a high fat diet and orally treated for ve weeks with agomelatine, or melatonin or metformin, used as control drugs.
Metabolic pro le, in ammatory status, vascular dysfunction and intestinal microbiota composition were assessed. Key Results:
Agomelatine lessened body weight gain, enhanced glucose and lipid metabolisms, and improved insulin resistance. It also
reduced the obesity-associated in ammatory status and endothelial dysfunction, probably linked to its e ect on gut dysbiosis,
consisting of the restoration of bacterial populations with key functions, such as short chain fatty acid production. Conclusions
and Implications: Agomelatine can be considered as a novel therapeutic tool for the management of human obesity and its
associated comorbidities.

1. Introduction

Obesity is highly prevalent, with 1.9 billion overweighted adults, being 650 million obese. It represents a
major worldwide public health challenge that reduces life expectancy by 0.9 to 4.2 years and causes the
death of 3.4 million adults per year (WHO, 2019).



Obesity is typically associated with “poor' diets, high in fat and low in dietary bre. Mechanistically, this
is related to insulin resistance, resulting in dysregulation of glucose and lipid metabolisms, together with
development of low-grade systemic in ammation. In ltration of activated immune cells in metabolic tissues,
including liver and fat, leads to proin ammatory cytokine secretion and re-programming of immunoregulatory
cells. These alterations raise the risk of comorbidities, like metabolic syndrome, non-alcoholic fatty liver
disease (NAFLD), type 2 diabetes and/or cardiovascular diseases(Targher, Byrne, Lonardo, Zoppini, &
Barbui, 2016).

The gut microbiome is also involved in the pathogenesis of obesity. Development of obesity and the associated
in ammation and insulin resistance have been related to dysbiosis, modi cations in the composition and/or
function of the intestinal microbiota. This has also been linked to the impairment of energy homeostasis and
gut permeability(Shen et al., 2013). Therefore, alleviating gut dysbiosis in experimental models has shown
to e ectively prevent and treat obesity and its related disorders(Muscogiuri et al., 2019).

In addition, the circadian rhythm and the lipid metabolism are nowadays accepted to cross-regulate through
di erent mechanisms that include hormones like melatonin, leptin or glucocorticoids, intestinal microbiome
and energy metabolism. Its dysregulation may be also associated with the risk of obesity, which may
subsequently worsen circadian clocks(Li et al., 2020).

In this regard, melatonin, which is an important regulator of the circadian rhythm(Reiter, Tamura, Tan, &

Xu, 2014), oxidative stress(Zhang & Zhang, 2014), immune function(Liu et al., 2017), and glucose and lipid
metabolism(Cipolla-Neto, Amaral, Afeche, Tan, & Reiter, 2014), has been described to also prevent obesity
in high fat diet-fed mice, thus leading to gut microbiota modulation, by restoring Firmicutes / Bacteroidetes
ratio and raisingAkkermansia abundance(Abuqwider, Mauriello, & Altamimi, 2021). Moreover, melatonin
has been reported to improve lipid metabolism and reduce hepatic lipid accumulation and steatosis, maybe
through gut microbiota reprogramming, as well(Yin et al., 2018). However, melatonin displays an extremely
short half-life (under 30 min), which hinders its clinical application, but it provides new insights for the
melatoninergic pathway-based therapeutics. Hence, di erent melatonin agonists, with better pharmacoki-
netics and longer half-times, have been developed. Among these, agomelatine is an agonist of the melatonin
receptors MT1 and MT2, but also an antagonist of 5-HT2B and 5-HT2C serotonin receptors(Hickie &
Rogers, 2011). Agomelatine shows potent antidepressant and anxiolytic properties and is licensed for the
management of major depressive disorders in adults(Gorwood et al., 2020). Recently, it has been reported
its anxiolytic/antidepressant e ect in obese rats, maybe due to an amelioration of the high fat diet (HFD)-
associated in ammation and oxidative stress(Rebai, Jasmin, & Boudah, 2021). Therefore, a comprehensive
study of the e ects of agomelatine would be necessary to consider its therapeutic value in these conditions.
With this aim, agomelatine was assayed in an experimental model of obesity induced by a HFD in mice.
Its e ect was compared to that of melatonin and metformin, which has been used as a weight loss drug(Pu
et al., 2020) and their impact on metabolic pro le, in ammatory response, vascular dysfunction and gut
microbiota composition was evaluated.

2. Materials and Methods

2.1. Materials

All the chemicals were purchased from Sigma-Aldrich Quimica SL (Madrid, Spain), unless otherwise speci ed.
2.2. Animals and experimental design.

The study was performed in agreement with the "Guide of the Care and Use of Laboratory animals' as
promulgated by the National Institute of Health and all procedures were approved by the Ethics Committee
of Laboratory Animal of the University of Granada (Spain) (Ref. No. 28/03/2016/030). Eight-week-old male
C57BL/6 mice obtained from Janvier labs (St. Berthevin, Cedex, France) were housed in makrolon cages,
maintained under controlled light-dark cycle (12 h light/dark cycle), temperature and relative humidity (22

+ 1°C, 55 + 10%) and provided with a free access to tap water. Mice were fed with either a standard
chow diet (13% calories from fat, 20% calories from protein and 67 % calories from carbohydrate; Global



diet 2014; Harlan Laboratories, Barcelona, Spain) or a high fat diet (HFD) (59% calories from fat, 13%
calories from protein and 28% calories from carbohydrate; Puri ed diet 230 HF; Scienti ¢ Animal Food &
Engineering, Augy, France). They were randomly divided in seven groups (n=8): control diet, HFD and ve
HFD-treated groups. Mice were daily treated by oral gavage with melatonin (15mg/kg), agomelatine (10, 25
and 50 mg/kg) or metformin (250 mg/kg) dissolved in water for ve weeks (more detail in supplementary).
Animal body weight and food and water intake were regularly controlled, and feed e ciency was calculated
as the ratio of body weight gain (g) to caloric intake (kcal). One week before the sacri ce, a glucose tolerance
test was performed. At the end of the experiment, mice were fasted overnight, a blood sample was collected
by cardiac puncture under iso urane anaesthesia and then sacri ced by cervical dislocation (Figure 1).

2.3. Glucose tolerance test

At week 4, mice fasted for 8 h were given a 50% glucose solution in water (2 g/kg of body weight) by
intraperitoneal injection, and a blood sample was taken from the tail vein before glucose administration
and 15, 30, 60 and 120 min after. Blood glucose was determined with a handheld glucometer (Contour XT,
Ascensia Diabetes Care, S.L., Barcelona, Spain).

2.4. Plasma Determinations

Blood samples were taken on the day of sacri ce in heparin blood collection tubes and centrifuged for 20 min
at 5000g at #C. The plasma was frozen at -80C until further analysis. Plasma glucose, LDL (low-density
lipoprotein)-cholesterol and HDL (high-density lipoprotein)-cholesterol concentrations were measured by
colorimetric methods using Spinreact kits (Spinreact, S.A., Girona, Spain). Plasma insulin levels were quan-
ti ed using a mouse insulin ELISA kit (Alpco Diagnosis, Salem, NH, USA). Homeostatic model assessment
of insulin resistance (HOMA-IR) was computed with the formula: fasting glucose (mM) O fasting insulin
(nU/mL) / 22.5.

2.5. Morphological variables

After sacri ce, liver and abdominal and epididymal fat were collected, cleaned, and weighed. Fat/weight
index was estimated by dividing body weight by tibia length. The samples were then frozen in liquid nitrogen
and stored at -8C°C.

2.6. Vascular reactivity studies and NADPH oxidase activity

Descending thoracic aortic rings were dissected to assess obesity-associated vascular dysfunction by measuring
acetylcholine vasorelaxant ability and NADPH oxidase activity.

For the vascular reactivity study, the organ chamber was lled with Krebs solution (composition in mM:
NaCl 118, KCI 4.75, NaHCO; 25, MgSQ, 1.2, CaCk 2, KH,PO4 1.2 and glucose 11) at 37 degC and gassed
with 95% O, and 5% CO, (pH 7.4). Length-tension characteristics were obtained via the myograph software
(Myodaq 2.01 (Danish Myotechnologies, Denmark)) and the aortae were loaded to a tension of 5 mN. After
the stabilization period, cumulative concentration-response curves to acetylcholine (1® M-10° M) were
performed in intact rings pre-contracted by U46619 (16° M). Relaxant responses to acetylcholine were
expressed as a percentage of pre-contraction.

The evaluation of NADPH oxidase activity in aortic rings was performed by lucigenin-enhanced chemilu-
minescence assay. Aortic rings were incubated for 30 min at 37 degC in HEPES-containing physiological
salt solution (pH 7.4; in mM: NaCl 119, HEPES 20, KCI 4.6, MgSQ, 1, Na,HPO,4 0.15, KH,PO,4 0.4,
NaHCO;3 1, CaCl, 1.2 and glucose 5.5). To stimulate the aortic production of G- , the rings were incubated
with NADPH (100 niM). Consequently, the aortic rings were then placed in tubes containing physiological
salt solution, with or without NADPH and lucigenin was injected automatically at a nal concentration of

5 mmol/L. NADPH oxidase activity were determined by measuring luminescence over 200 s in a scintillation
counter (Lumat LB 9507, Berthold, Germany) in 5-s intervals and was calculated by subtracting the basal
values from those in the presence of NADPH. Vessels were then dried, and dry weight was determined.
NADPH oxidase activity is expressed as relative luminescence units (RLU)/min/mg dry aortic ring.



2.7. Analysis of gene expression by RT-gPCR

Total RNA was extracted from liver and fat samples using TRIzol® Reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA), following the manufacturer's recommendations, and was reverse transcribed into cDNA
using oligo(dT) primers (Promega, Southampton, UK). Real time quantitative PCR (gPCR) ampli cation
and detection was carried out on optical-grade 48 well plates in ECoTM Real time PCR System (Illumina,
San Diego, CA, USA) with 20 ng of cDNA, the KAPA SYBR ) FAST qPCR Master Mix (Kapa Biosystems,
Wilmington, MA, USA) with specic primers (Table 1). The mRNA relative quantitation was calculated
using the DD Ct method and glyceraldehyde 3-phosphate dehydrogenas&g@pdh) was used as housekeeping
gene.

2.8. Flow cytometry

The cells from adipose and liver tissues were collected following the procedure previously described with
some modi cations(Anderson, Carrillo-Galvez, & Martn, 2015). CD45 * CD11b* and CD11b" Ly6C*

2.9. DNA extraction and Illlumina MiSeq sequencing

Faecal DNA was isolated as described(Rodriguez-Nogales et al., 2017). The resultant sequences were quality-
Itered, clustered, and taxonomically allocated against the SILVA database with 97% similarity threshold
using the QIIME software package (Version 1.9.1) (Knight Lab, San Diego, CA, USA). The resulting abun-
dance was used to compute the total bacterial diversity in an equivalent manner.

DNA from fecal contents was isolated following the procedure described by Rodrguez-Nogalest al .
2017(Rodriguez-Nogales et al., 2017). Total DNA from faecal samples was PCR ampli ed using primers
targeting regions anking the variable regions 4 to 5 of the bacterial 16S rRNA gene (V4-5), gel puri ed,
and analyzed using multiplexing on the lllumina MiSeq machine. PCR reactions from the same samples were
cleaned and then normalized using the high-throughput Invitrogen SequalPrep 96-well Plate kit. Later, a
library from the samples was made uorometrically to be quanti ed uorometrically before sequencing.

The resulting sequences were completed, quality- Itered, clustered, and taxonomically assigned on the basis
of 97% similarity level against the RDP (Ribosomal Database Project) by the QIIME software package
(Version 1.9.1) (Knight Lab, San Diego, CA, USA). Sequences were selected to estimate the total bacterial
diversity of the DNA samples in a comparable manner and were trimmed to remove barcodes, primers,
chimeras, plasmids, mitochondrial DNA and any non-16S bacterial reads and sequencesl50 bp.

Alpha diversity ( a-diversity) indices and bacterial abundance data were compared using Kruskal{Wallis test
followed by pairwise Mann{Whitney U comparison. Resulting p-values were corrected by the Bonferroni
method. Analysis of a-diversity was performed on the output normalized data, which were evaluated using
Mothur. The biomarkers for both species taxonomic analysis and functional pathways via calculation of the
linear discriminant analysis (LDA) score among di erent phenotype groups were calculated by LEfSe (linear
discriminatory analysis (LDA) e ect size) (Version 1.0). Principal coordinate analysis (PCoA) was performed
to identify principal coordinates and visualize b-diversity in complex multidimensional data of bacteriomes
from di erent groups of mice. Di erences in b-diversity were tested by permutational multivariate analysis of
variance (PERMANOVA) using the web-based algorithm tool Microbiome Analyst (Dhariwal et al., 2017).
The data are expressed as the meati standard error of the mean (SEM). Experimental data were analysed
in GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA) by one-way or two-way ANOVA or
Pearson correlation. Data with p<0.05 were considered statistically signi cant. Metabolic phenotypes were
obtained by genera classi cation according to their primary fermentation products as acetate, butyrate,
lactate, or other producers using Bergey's Manual of Systematic Bacteriology(Boone, Castenholz, & Garrity,
2001). The genera with unknown or ambiguous fermentative products were excluded. Major genera were
classi ed according to the dominant fermentation end-product(s).

Hierarchical clustering and heat maps depicting the metabolic parameters, patterns of abundance and log va-
lues were constructed within the \R" statistical software package (version 3.6.0; https://www.r-project.org/)
using the "pheatmap”, \heatmap.2" and \ggplots" packages. Spearman's correlations of bacterial taxa with



metabolic parameters and KEGG metagenomic functions were calculated in \R". Co-occurrence networks
between taxa and functions were calculated by using the open-source software Gephi (https://gephi.org/)
to nd di erential associations caused by similar alterations in the proportion of di erent taxa and their
predicted functions between di erent groups of mice. Modularity-based co-occurrence networks were analy-
sed at a Spearman'’s correlation cut o 0.7 ang<0.01 ; the selected correlation data were imported into
the interactive platform, Gephi (version 0.9.2; https://gephi.org), and the following modularity analyses and
keystone node identi cation were conducted within Gephi.

2.10. Statistics

All results are expressed as the meax SEM. Dierences between means were assessed for statistical si-
gni cance with a one-way analysis of variance (ANOVA) and post-hoc least signi cance tests. Di erences
between proportions were examined with the chi-squared test. All statistical analyses were performed with
the GraphPad 8 software package (GraphPad Software, Inc., La Jolla, CA, USA), with statistical signi cance
set at p< 0.05 .

3. Results

3.1. Agomelatine reduces body weight and ameliorates the altered plasma biochemical pro le in HFD-fed
mice.

The administration of agomelatine (10, 25 and 50 mg/kg) to HFD-fed mice signi cantly lessened body weight
gain compared to untreated control obese mice (Figure 2A). Agomelatine did not present an anorexigenic
e ect since it did not modify the total energy intake but lowered the energy e ciency (Figure 2B) and
consequently reduced epididymal and abdominal fat deposits (Figure 2C). Similar e ects were seen in obese
mice treated with melatonin (15 mg/kg) or metformin (250 mg/kg) (Figure 2A-C).

Mice receiving agomelatine also showed lower plasma glucose concentrations at all time points compared to
untreated HFD-fed control mice (Figure 3A), thus resulting in signi cant reductions in the area under the
curve (AUC) (Figure 3A). Accordingly, these mice displayed signi cantly reduced values of the HOMA-IR
index (Figure 3B), a marker of insulin intolerance calculated with the fasting insulin (Figure 3B) and glucose
values (Figure 3B)nsout. In fact, the mice treated with 50 mg/kg of agomelatine showed similar HOMA-IR
index to control mice. Likewise, melatonin and metformin ameliorated the glucose intolerance status (Figure
3B).

Regarding the lipid prole, the untreated HFD-fed group presented a hypercholesterolemic status, with
higher levels of total cholesterol, LDL- and HDL-cholesterol than control diet fed mice. As expected, met-
formin treatment signi cantly ameliorated the alterations in the cholesterol pro le, reducing total and LDL-
cholesterol (Figure 3C). Interestingly, agomelatine treatment signi cantly improved the cholesterol pro le
in the same way as metformin, whereas melatonin had no e ect on LDL-cholesterol and only signi cantly
reduced HDL-cholesterol (Figure 3C).

3.2. Agomelatine treatment improves the in ammatory status in obese mice.

Non-treated HFD mice displayed an ampli ed expression ofTnf-a ,Il-1b , [I-6 and monocyte chemotactic
protein 1 (Mcp-1 ) in adipose tissue (Figure 4A) and liver (Figure 4A), compared to control mice. All the
treatments reduced the expression of those pro-in ammatory mediators in the liver, but only agomelatine
reduced their expression in fat tissue (Figure 4A). Likewise, the expression alnk-1 was signi cantly up-
regulated in the liver of untreated obese mice in comparison with non-obese ones, which was also signi cantly
lowered by all treatments (Figure 4B).

Elevated fat expression of leptin in the HFD group (Figure 4C) was linked to a decreased expression of leptin
receptors in liver and fat (Figure 4C). Regarding adiponectin, obese mice presented a lower expression in
adipose tissu@sout. However, agomelatine and metformin were able to signi cantly increase them (Figure
4C).



Expression of Glut-4 in fat of HFD-fed mice was decreased in comparison with non-obese mice (Figure
4D). Melatonin treatment did not show any e ect but agomelatine (50 mg/kg) and metformin were able to
increase its expression (Figure 4D).

Non-treated HFD-fed mice displayed a reduced expression dmpkwhile agomelatine and metformin treat-
ments reverted it, both in liver and fat (Figure 4D).

The ow cymetometry analysis showed that the total number of MDSCs (Ly6C* CD11b*) cells in liver was
increased in obese mice compared to control mice although all treatments restored their accumulation in liver
(Figure 5). Regarding the macrophages, obese mice showed a signi cant in ltration of CD45CD11b™ cells
in liver and fat tissue. However, in the treated mice, no signi cant di erences were observed in comparison
with the lean ones. Moreover, agomelatine, at all doses, signi cantly reduced the number of this cell type in
the liver, normalizing it, and at the highest dose the fat tissue (Figure 5).

3.3. Agomelatine treatment ameliorates intestinal barrier dysfunction.

Mucosal integrity appeared compromised in untreated HFD-fed mice, demonstrated by a down-regulation
of intestinal epithelial markers, such asMuc-2 , Muc-3 , Occludin , T-3 andZo-1 (Figure 6A). The
administration of agomelatine and melatonin was able to increase the expression of these markers (Figure
6A). Obese mice also displayed a higher expression @1r-4 in liver (Figure 6B) which was downregulated
by all the treatments.

3.4. Agomelatine treatment restores the gut dysbiosis in obese mice.

This study explores for the rst time the e ect of agomelatine on gut microbiota. Only the highest dose
(50mg/kg) was evaluated since it was the one that showed a greater e ect in the macroscopic and biochemical
parameters.

Several ecological features were determined, including Chaol richness (diversity estimation), Observed OTUs
(count of unique OTUs in each sample) and Shannon diversity (a richness and evenness estimator). Microbial
richness, evenness and diversity were signi cantly decreased in the HFD group compared to non-obese mice.
Although all treatments were able to increase these ecological parameters, only agomelatine signi cantly re-
stored all of them (Figure 7). The principal coordinates analysis (PCoA) showed evident di erences between
control diet- and HFD-fed groups, indicative of extremely di erent gut environments (Figure 7B). Interest-
ingly, the treatments displayed marked shifts in the obese gut microbiome (Figure 7B). Further analysis at
phylum level (Figure 7C) revealed that HFD induced a dramatic change in the two most abundant phyla
when compared to non-obese mice, signi cantly increasingirmicutes and reducing Bacteroidetes (Figure
7C). Agomelatine signi cantly restored to baseline F/B ratio (Figure 7C). Verrucomicrobia phylum was also
reduced in the HFD-fed group but agomelatine restored it (Figure 7C).

At order level, untreated HFD mice presented a reduced proportion in the sequences dBacteroidales,
Verrucomicrobiales andLactobacillus whilst Erysipelotrichales ,Clostridiales and Lachnospirales abundance
were signi cantly increased (Figure 8). Agomelatine treatment showed a similar prole than non-obese
mice while metformin only counteracted some of the altered orders (Figure 8). When the functional-gene
pro le was assessed, our results showed a clear di erence between non-obese mice and un-treated HFD ones
(Figure 9A). Interestingly, the treatments also produced an important change in this pro le, which was more
accentuated in the case of agomelatine and metformin (Figure 9A). Thus, while metformin increased the
bacterial genes associated with tryptophan, fructose and mannose metabolism and with glycosaminoglycan
degradation, agomelatine up-regulated the genes involved in glycolysis, gluconeogenesis and lipid metabolism
(Figure 9A), and decreased genes involved in the transport (including ABC transporter), bacterial secretion,
PPAR signalling, fatty acid biosynthesis, motility and sugars assimilation, along with others, which appeared
increased in HFD-mice (Figure 9A).

Agomelatine also had a clear e ect on short chain fatty acids (SCFA)-producing bacteria. Non-treated
HFD-fed mice showed a decrease in butyrate-producing bacteria abundance in comparison with non-obese
mice (Figure 9B), but oral administration of agomelatine and metformin signi cantly increased the relative



abundance of butyrate-producing bacteria (Figure 9B). Propionate-producing bacteria were also reduced by
HFD intake (Figure 9B) although all treatments increased the abundance of these bacteria, being agomelatine
the most relevant (Figure 9B). Interestingly, agomelatine also augmented the abundance of. muciniphila
(Figure 9C), a propionate producing bacteria(Louis & Flint, 2017).

3.5. Agomelatine supplementation enhances endothelial function

The endothelium-dependent vasodilator response to acetylcholine of aortic rings was measured to analyse
the functionality of the endothelium. The results showed a reduction in vasodilatory responses in the HFD
group in comparison with control mice (Figure 10A). Improved endothelial relaxation could be observed in
mice treated with the highest doses of agomelatine, as well as with melatonin and metformin. Since this
could be related to the oxidative stress, the activity of the enzyme NADPH, the main source of reactive
oxygen species in this location, was measured. Obese mice exhibited a more pronounced activation than the
lean ones. The highest doses of agomelatine, melatonin and metformin downregulated it (Figure 10B).

4. Discussion

Dysregulation of circadian rhythm homeostasis has been associated with various disorders of lipid
metabolism, including obesity(Li et al., 2020). In this sense, melatonin has been explored as a treatment for
obesity and other metabolic disorders. Since con icting results have been reported(Genario, Cipolla-Neto,
Bueno, & Santos, 2021; Loloei et al., 2019), a more in-depth investigation is required to develop innovative
therapeutic strategies. With this aim, we evaluated the e ect of agomelatine, a melatonergic agonist, in ex-
perimental obesity in mice, and compared it to melatonin and metformin, the most prescribed antidiabetic
drug.

Our results show that agomelatine treatment lowered body weight gain and fat accumulation in a similar
manner to previously observed for melatonin(de Farias et al., 2019) and metformin(Ji, Wang, & Li, 2019), as
well as improved obesity-associated glucose intolerance. This con rms previous experimental observations
that associate weight decrease and enhanced insulin sensitivity with the regulation of metabolic clock and/or
the increase of the energy expenditure/intake ratio(Cherngwelling et al., 2021; Farias et al., 2019). Although
some preclinical studies have indicated that melatonin lowers body weight and visceral fat accumulation(de
Farias et al., 2019; Farias et al., 2019), this has not been con rmed in humans(Mantele et al., 2012). However,
it has been observed that agomelatine administration in patients with night eating syndrome reduces body
weight, related to restoration of sleep patterns and sleep-related eating disorders(Milano et al., 2013), and its
anti-obesogenic has been recently reported in HFD-fed rats(Cherngwelling et al., 2021), in agreement with
our observations.

Regarding the lipid pro le, whereas melatonin only reduced HDL-cholesterol, agomelatine supplementation
showed a signi cant improvement in the cholesterol pro le. This e ect could be related to the direct e ect
of the circadian rhythms regulating dietary lipid absorption in intestinal enterocytes(Hussain & Pan, 2012).
Metformin treatment also ameliorated the hypercholesterolemic status induced by HFD, an e ect widely
described in humans and mice(Gonzalez & Jiang, 2017), lightening the severity of high fat induced hepatic
steatosis.

The accumulation of fat tissue in obesity is linked to a chronic low-grade in ammation, with elevated cir-
culating proin ammatory mediators, such as TNF-a and IL-6 secreted by the liver and fat tissue(Ellulu,
Patimah, Khaza'ai, Rahmat, & Abed, 2017). This drives immune cell recruitment and activation of in am-
matory signalling pathways, such as the c-Jun N-terminal kinase (JNK)-related signalling, which interferes
with insulin signalling, and therefore, with the glucose metabolism(Lee, Giraud, Davis, & White, 2003).
Consistently, HFD led to augmented expression of di erent pro-in ammatory mediators, including Tnf-a ,
lI-1b ,1I-6 and Mcp-1 , in adipose tissue and liver. While all the treatments reduced their expression in
the liver, only agomelatine reduced them in fat tissue. Likewise, all treatments signi cantly lowered HFD-
induced Jnk-1 up-regulation, in line with previous results(Farias et al., 2019). Nevertheless, this is the rst
report of such anti-in ammatory activity for agomelatine treatment in obese mice, which could participate
in the improvement of insulin signalling and glucose metabolism.



The excessive accumulation of adipose tissue can also produce an alteration in adipokine levels, such as
leptin and adiponectin. Leptin, apart from suppressing appetite, is considered a pro-in ammatory mediator
associated with insulin resistance(Yadav et al., 2013). In obesity, decreased expression of the leptin receptor in
liver and fat lead to leptin resistance and excessive leptin release(Yadav et al., 2013). Conversely, adiponectin
is an anti-in ammatory and insulin-sensitizing mediator that suppresses hepatic glucose production(Sharma,
McClung, & Abraham, 2016). Altered leptin and adiponectin expression pro les were observed in this study.
Lower fat expression of adiponectin in obese mice, which agrees with previous studies(Wu et al., 2021), was
only signi cantly upregulated by agomelatine and metformin. Whilst metformin and melatonin have been
widely assessed for their impact on adipokine production in experimental and human studies of obesity or
diabetes(Ferreira-Hermosillo et al., 2020; Su et al., 2016), this is the rst evidence of bene cial impact of
agomelatine on adiponectin and leptin expression.

Besides, obesity-related insulin resistance implies intracellular glucose uptake impairment due to reduced
GLUT-4 expression. Such e ect was observed in HFD-fed mice and counteracted by agomelatine and met-
formin, but not melatonin, which neither has previously shown a signi cant e ect on pinealectomized ani-
mals(Nogueira et al., 2011). Also related with insulin resistance in obesity is the role of AMPK, involved
in the translocation of GLUT-4 transporters to the membrane and the inhibition of liver gluconeogenesis
and in ammatory pathways(Ruderman, Carling, Prentki, & Cacicedo, 2013). Antidiabetic drugs, including
metformin, act as insulin sensitizers through AMPK activation(Lu et al., 2019). Hence Ampk expression in
liver and fat was partially restored by metformin, but also agomelatine. These results, together with the
decreased glycaemia, con rm the capacity of the agomelatine treatment to improve insulin sensitivity and
glucose homeostasis facilitated by central and peripheral target tissues. In addition to energy metabolism,
AMPK is also recognized as a regulatory node for immune responses(O'Neill & Hardie, 2013). AMPK ac-
tivation inhibits two major immune signalling pathways, nuclear factor- kB (NF-kB) and signal transducer
and activator of transcription (STAT), reducing proin ammatory cytokines expression(Salminen, Hyttinen,

& Kaarniranta, 2011). This anti-in ammatory e ect was also evidenced mainly in agomelatine-treated mice,
reducing cytokine expression and immune cell in Itration.

Under pathological conditions, like obesity, the pro-in ammatory milieu stimulates the proliferation im-
mature myeloid cells (IMCs) and block the di erentiation into mature myeloid populations, causing the
accumulation of myeloid-derived suppressor cells (MDSCs) (Ly6CCD11b" ). The liver is the major organ
where IMCs accumulate(Budhwar, Verma, Verma, Rai, & Singh, 2018), and, in agreement with previous
studies(Sundara Rajan & Longhi, 2016), we observed an increase of MDSCs in obese mice. HFD could lead
to immune activation and recruitment, as shown above by increased IL-6 liver expression, and reported for
NAFLD patients, explaining the impaired myeloid di erentiation(Braunersreuther, Viviani, Mach, & Mon-
tecucco, 2012). Interestingly, all treatments restored its accumulation as well a#l-6 expression levels in this
experimental model, which has also previously been observed for metformim vivo (Hayashi et al., 2019)
and in vitro (Xu et al., 2019).

Macrophages are key regulators of the in ammatory process, reacting to a wide variety of stimuli, including
metabolic signals. It is well known that the accumulation of in ammatory macrophages in the liver and in
the fat contributes to the deregulation of glucose homeostasis, obesity-induced in ammation, and hepatic
brosis. The hepatic macrophage population (CD45 CD11b™) was increased in obese mice and, both
melatonin and metformin reduced it, as expected from other studies(de Farias et al., 2019; Woo et al., 2014).
Interestingly, agomelatine showed an even stronger e ect at the highest dose, and it also restored macrophage
population in the adipose tissue, con rming the improvement of the in ammatory response in association
with the metabolic status.

Obesity has also been associated with an increased gut permeability, which positively correlates with HOMA-
IR index and is aggravated by liver injury(Teixeira, Souza, et al., 2012). In line with the loss of mucosal
integrity, we observed a down-regulation of intestinal epithelial markers in obese mice, which could enable
the access of bacterial components, such as LPS, into the circulation, contributing to the underlaying in-
ammation(Luther et al., 2015). Agomelatine and melatonin increased the expression of these markers and,



as a consequence, counteracted the upregulation of liverlr-4 expression, which correlates with LPS plasma
levels(Diez-Echave et al., 2020). This impact in TLR4, which promotes NKB signalling and the subsequent
release of cytokines, adipokines and ROS, could also explain the bene cial e ect of agomelatine, connecting
intestinal permeability with improved in ammatory response and glucose and lipid homeostasis.

Regarding microbiota composition, as commented before, obesity-associated dysbiosis may contribute to
metabolic endotoxemia and thus low-grade systemic in ammation. Interestingly, it has been previously
shown that melatonin and metformin treatments can also reverse gut dysbiosis associated with metabolic
endotoxemia in animal models of obesity(Ren et al., 2018; Zhang & Hu, 2020). Thus, we studied microbial
composition and observed a decrease in microbial richness, evenness and diversity associated with HFD in-
take. Agomelatine has shown for the rst time to produce marked shifts in the obese gut microbiome and
restore the balance betweerFirmicutes andBacteroidetes, of interest for the management of the metabolic
syndrome and obesity(Shen et al., 2013). The increase iRirmicutes / Bacteroidetes (F/B) ratio has been as-
sociated with a more e cient hydrolysis of non-digestible polysaccharides and an increased caloric use in obese
individuals(Shen et al., 2013). Other alterations described in obese patients, such as reducéetrucomicrobia
phylum(Crovesy, Masterson, & Rosado, 2020), were also observed in our model and restored by agomelatine
treatment. At lower taxonomic levels, agomelatine also normalized the composition of microbiota whilst
metformin only had a partial e ect. It is particularly interesting the increase in Verrumicrobiales contain-
ing Akkermansia muciniphila , a mucin-degrading bacterium whose abundance is inversely associated with
body weight in obese mice and type 2 diabetes(Abugwider, Mauriello, & Altamimi, 2021). Treatments that
stimulate its growth have shown to alleviate HFD-induced metabolic disorders(Abuqwider, Mauriello, &
Altamimi, 2021), which points this as an interesting mechanism that could underlie agomelatine's bene cial

e ects.

The "dialogue" between the intestinal microbiota and the host primarily relies on their biochemical pathways
and metabolites produced, nding an altered functional prole with HFD, which was evidenced in our
study. Imputed gene expression and pathway analysis showed that agomelatine treatment correlates with an
increase in glycolysis, gluconeogenesis and lipid metabolism, and underrepresentation of genes involved in the
transport (including ABC transporter), bacterial secretion, PPAR signalling, fatty acid biosynthesis, motility
and sugars assimilation(Greenblum, Turnbaugh, & Borenstein, 2012).0f note, agomelatine, together with
metformin, increased the abundance of butyrate-producing bacteria, which have been describe to protects
animals from HFD-induced obesity, attenuating fat gain and insulin resistance(Henagan et al., 2015). These
results could be associated with the modi cation of the Bacteroidetes and Lactobacillus abundance, which
participate in butyrate generation via lactate production(Le Chatelier et al., 2013), whilst the increase
in propionate-producing bacteria could relate toA. muciniphila, a propionate producer bacteria(Louis &
Flint, 2017). Moreover, propionate plays a key role in counteracting cholesterol synthesis, being the ratio
acetate/propionate crucial for cholesterol and lipid metabolism regulation(Wong, de Souza, Kendall, Emam,
& Jenkins, 2006). These results support the bene cial e ect observed with agomelatine and highlight its
therapeutic potential for the modulation of the gut microbiota in obesity.

All the alterations observed in obesity, and in this experimental model, such as insulin signalling impairment,
intestinal dysbiosis and systemic in ammation, can a ect endothelial function. An increased NADPH enzyme
activity and the subsequent production of reactive oxygen species inactivates NO and impair vessel dilation,
which contributes to the pathogenesis of the metabolic syndrome(Rovella et al., 2021). The decreased enzyme
activity observed with agomelatine treatment could explain the enhanced endothelial relaxation, as well as
the general improvement of the underlying condition.

In conclusion, the melatonergic agonist agomelatine improves glucose intolerance, insulin resistance, lipid
metabolism and in ammatory status associated with HFD-induced obesity. Moreover, it has shown the
ability to ameliorate the gut dysbiosis that characterizes this condition. These properties may support the use
of agomelatine as a novel therapeutic tool to manage human obesity, which displays a better pharmacokinetic
pro le than melatonin and more global e ects than this and metformin, the most used drug nowadays.
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Tables

Table 1. gPCR primer sequences.

Gene Sequence 5'- 3' Annealing T °C
Adiponectin FW: 60
GCGAGAGTTTCTGGCAGAGT
RV:
CCGAGATAGCTGCCAGAGTT
Ampk FW: GACTTCCTTCACAGCCT- 60
CATC RV:
CGCGCGACTATCAAAGACATACG
Gapdh FW: 60
CCATCACCATCTTCCAGGAG
RV:
CCTGCTTCACCACCTTCTTG
Glut 4 FW: GAGAATACAGCTAG- 62
GACCAGTG RV:
TCTTATTGCAGCAGCGCCTGAG
-1b FW: 60
TGATGAGAATGACCTCTTCT
RV:
CTTCTTCAAAGATGAAGGAAA
-6 FW: TAGTCCTTCCTACCC- 60
CAATTTCC RV:
TTGGTCCTTAGCCACTCCTTCC
Jnk-1 FW: GATTTTGGACTGGC- 60
GAGGACT RV:
TAGCCCATGCCGAGAATGA
Jnk-2 FW: TTGTGCTGCTTTTGAT- 60
ACAGTTCTTGGG RV:
CTGGAAAGAGCTCTTCAAATTTGAT
Leptin FW: 60
AGATCCCAGGGAGGAAAATG
RV:
TGAAGCCCAGGAATGAAGT
Leptin R FW: 60
GCTATTTTGGGAAGATGT
RV:
TGCCTGGGCCTCTATCTC
Muc-2 FW: 60
GCAGTCCTCAGTGGCACCTC
RV:
CACCGTGGGGCTACTGGAGAG
Muc-3 FW: CGTGGTCAACTGCGA- 60
GAATGG RV:
CGGCTCTATCTCTACGCTCTCC
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Occludin FW: 56
ACGGACCCTGACCACTATGA
RV:
TCAGCAGCAGCCATGTACTC
Ppar- a FW: 60
TCGAGGAAGGCACTACACCT
RV:
TCTTCCCAAAGCTCCTTCAA
Ppar-g FW: 60
ACGATCTGCCTGAGGTCTGT
RV:
CATCGAGGACATCCAAGACA
TIr4 FW: GCCTTTCAGGGAAT- 60
TAAGCTCC RV:
AGATCAACCGATGGACGTGTAA
Tnf-a FW: 60
AACTAGTGGTGCCAGCCGAT
RV:
CTTCACAGAGCAATGACTCC
Zo-1 FW: 56
GGGGCCTACACTGATCAAGA
RV:
TGGAGATGAGGCTTCTGCTT

Figure a Legends

Figure 1. Schematic diagram of experiment study design showing mice groups, chronogram, dietary and
treatment intervention.

Figure 2. E ects of agomelatine (10, 25 and 50 mg/kg), melatonin (15 mg/kg) and metformin (250 mg/kg)
administration on (A) body weight evolution; (B) energy intake and energy e ciency, and; (C) epididymal
and abdominal fat in high fat diet (HFD)-fed mice. Data are expressed as meang SEM (n=8). Groups
with di erent letters statistically dier ( p< 0.05).

Figure 3. Result of the administration of agomelatine (10, 25 and 50 mg/kg), melatonin (15 mg/kg) and
metformin (250 mg/kg) on (A) glucose tolerance test and area under the curve (AUC); (B) basal glucose,
insulin levels, and HOMA-IR index; and (C) Total, LDL- and HDL- Cholesterol plasma levels in high fat
diet (HFD) group. Data are expressed as meangs SEM (n=8). Groups with di erent letters statistically
dier ( p< 0.05).

Figure 4. Impact of agomelatine (10, 25 and 50 mg/kg), melatonin (15 mg/kg) and metformin (250 mg/kg)
administration on in ammatory status. (A) Fat and liver gene expression of Tnf-a ,ll-1b , 1I-6 and Mcp-1
; (B) Liver gene expression odnk-1 ; (C) fat gene expression ofLeptin , Leptin receptor , and Adiponectin
and liver expression ofLeptin receptor; (D) fat and liver gene expression o6lut-4 and Ampk in high fat diet
(HFD)-fed mice. Data are expressed as means SEM (n=8). Groups with di erent letters statistically di er
(p< 0.05).

Figure 5. E ects of agomelatine (10, 25 and 50 mg/kg), melatonin (15 mg/kg) and metformin (250 mg/kg)
administration on hepatic Total, Ly6C * CD11b* and CD45' CD11b™ immune-cell populations, and total
and CD45" CD11b™ immune-cell populations in adipose tissue in high fat diet (HFD)-fed mice. Data are
expressed as means SEM (n=8). Groups with di erent letters statistically dier ( p< 0.05).

Figure 6. Inuence of agomelatine (10, 25 and 50 mg/kg), melatonin (15 mg/kg) and metformin (250
mg/kg) administration on (A) colonic gene expression ofMuc-2 , Muc-3 , Occludin ,T-3 and Zo-1 , and;
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(B) hepatic gene expression dflr-4 in high fat diet (HFD)-fed mice. Data are expressed as means SEM
(n=8). Groups with di erent letters statistically dier (  p< 0.05).

Figure 7. Impact of the administration of agomelatine (50 mg/kg), melatonin (15 mg/kg) and metformin
(250 mg/kg) on (A) microbiota diversity (Chaol, Shannon index and Observed OTUS); (B) beta-diversity by
principal coordinate analysis score plot, and; (C) bacterial phyla andF/B ratio in high fat diet (HFD)-fed
mice. Data are expressed as means SEM (n=8). Groups with di erent letters statistically dier ( p< 0.05

).

Figure 8. E ect of agomelatine (50 mg/kg), melatonin (15 mg/kg) and metformin (250 mg/kg) administra-
tion on microbiota diversity at the order level in high fat diet (HFD)-fed mice. Data are expressed as means
+ SEM (n=8). Groups with di erent letters statistically dier ( p< 0.05).

Figure 9. (A) Metagenomic functional features predicted by PICRUSt (Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States) that were di erentially abundant and drove di erences in
control, untreated and agomelatine, melatonin or metformin treated HFD-fed mice. E ect of the adminis-
tration of agomelatine (50 mg/kg), melatonin (15 mg/kg) and metformin (250 mg/kg) on the (B) Relative
abundance of short fatty acid (SCFA)-producing bacteria, and on the (C) Acetate:Propionate ratio in high fat
diet (HFD)-fed mice. Data are expressed as means SEM (n=8). Groups with di erent letters statistically
dier ( p< 0.05).

Figure 10. E ect of agomelatine (10, 25 and 50 mg/kg), melatonin (15 mg/kg) and metformin (250 mg/kg)
administration on (A) aortic endothelial function, and; (B) aortic NADPH activity in high fat diet (HFD)-fed
mice. Data are expressed as means SEM (n=8). Groups with di erent letters statistically dier (  p< 0.05

).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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