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Abstract

Obesity is a chronic systemic disorder frequently associated with multiorgan complications
of inflammatory and metabolic origin. This study aimed to evaluate the histoprotective
effects of Sargassum muticum, an invasive brown seaweed harvested from the Moroccan
Atlantic coast, in cafeteria diet-induced obese rats. Thirty-five Wistar rats were divided into
five groups: standard control, obese control (cafeteria diet), two obese groups treated with
Sargassum muticum at 10% and 20%, and one group treated with orlistat at 30 mg/kg. After
eight weeks, tissue samples were collected for a histopathological analysis. In untreated
obese rats, histological examination revealed multiple abnormalities, including submucosal
edema, vascular congestion, gastric inflammatory infiltration, pulmonary hemorrhage and
lipid vacuoles, as well as hepatic, cardiac, pancreatic, and testicular lesions. Treatment with
S. muticum, particularly at 20%, markedly improved these alterations, characterized by a
significant reduction in inflammatory infiltration, vascular congestion, lipid vacuolization,
and tissue degeneration, together with improved preservation of tissue architecture. These
effects were superior to those observed with orlistat. The anti-inflammatory, antioxidant,
and metabolic properties of S. muticum are likely due to its richness in bioactive compounds,
notably phlorotannins, fucoxanthin, and sulfated polysaccharides. These findings confirm
the therapeutic potential of S. muticum in preventing histopathological complications of
obesity and pave the way for translational studies and potential nutraceutical applications
in human obesity management.
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metabolic, and inflammatory imbalances. It represents a major global public health chal-
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o ] lenge, affecting millions of individuals worldwide. Recent statistics indicate that 650 million
This article is an open access article

distributed under the terms and people suffer from obesity, while approximately 1.9 billion are overweight [1]. This epi-
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Among its most common comorbidities are cardiovascular diseases, non-alcoholic fatty
liver disease (NAFLD), type 2 diabetes, kidney disorders, chronic respiratory conditions,
and neurological impairments, which collectively contribute to obesity-related multiorgan
dysfunction. These complications share common underlying mechanisms, notably low-
grade chronic inflammation and oxidative stress [2]. Such mechanisms often lead to
characteristic histopathological changes, including inflammatory cell infiltration, tissue
fibrosis, and structural disruptions in vital organs.

In this context, natural products such as marine algae are drawing increasing interest
due to their richness in bioactive compounds [3]. Sargassum muticum, an invasive brown
alga introduced to the Moroccan northwestern Atlantic coast in 2011 [4], stands out not only
for its nutritional profile rich in fiber, essential minerals, and vitamins [5] but also for its
high content of fucoxanthin, saringosterol, phlorotannins, fucoidan, and alginates, which
are known for their antioxidant, anti-inflammatory, and metabolic properties [6]. Although
our study is currently under publication highlighted the effectiveness of S. muticum on
anthropometric and biochemical parameters related to obesity, its role in modulating
associated histopathological alterations remains poorly explored, particularly in the context
of invasive species studied in Morocco.

This study is original in evaluating an invasive Moroccan macroalga as a potential
therapeutic agent, exploring its protective or restorative effects on obesity-induced tissue
damage. Beyond its pharmacological interest, this approach also has important ecological
and socio-economic implications, as S. muticum has caused significant disturbances to
coastal ecosystems along the Moroccan Atlantic coast [4]. Its valorization as a therapeutic
and nutraceutical resource may contribute to mitigating the ecological impact of its invasion
while creating added economic value, with potential relevance for other regions affected by
the spread of this species.

This study thus aims to evaluate the effects of dietary supplementation with S. muticum
collected from the Moroccan Atlantic coast on histological alterations in vital organs of
obese Wistar rats.

2. Materials and Methods
2.1. Algal Material

Samples of the brown seaweed Sargassum muticum (Phylum: Ochrophyta, Class:
Phaeophyceae, Order: Fucales, Family: Sargassaceae) were collected from the coast of
Sidi Bouzid, Morocco, in April and June 2022 (33°13/'52” N, 8°32/51” W). For taxonomic
nomenclature, the online databases Index Nominum Algarum and AlgaeBase were con-
sulted [7]. The algae were harvested manually and rinsed on site to remove impurities
such as salt, sand, and epiphytes. After refrigerated transport, the samples were processed
in the laboratory by rinsing with freshwater, followed by air-drying in the shade. Once
dried, the algae were ground into a fine powder and stored at —20 °C until further use in
biological experiments.

2.2. Animal Material

Thirty-five male Wistar rats, weighing between 140 and 200 g, were used in this
study. The animals were housed under standard environmental conditions: temperature of
20 £ 2 °C, relative humidity of 60 &= 5%, and a 12 h light/dark cycle. Food and water were
provided ad libitum. The study was conducted in accordance with international ethical
guidelines for the use of laboratory animals and was approved by the Biomedical Research
Ethics Committee of Casablanca, Morocco under approval number (No. 10/24).
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2.3. Induction of Obesity

Obesity was induced in rats by administering a cafeteria diet (CAF) for a period of
eight weeks. This diet consisted of a 50/50 mixture of standard chow and a high-calorie
mix rich in fats and sugars, including sausage, paté, biscuits, cheese, chips, peanut butter,
and chocolate, as described by Darimont et al. [8]. The standard chow was provided by
INAAM, Casablanca, Morocco. The daily ration consisted of 30 g of this mixture, prepared
as a paste, dried, and administered to the animals. The nutritional composition of the diets
is summarized in Table 1.

Table 1. Nutritional composition of the standard and cafeteria diets.

Diet Proteins (g) Carbohydrates (g) Lipids (g)
Standard 15.5 58 2
Cafeteria 14.5 41.7 15.35

2.4. Animal Treatment

The rats were randomly divided into five experimental groups, each consisting of
seven animals, and were treated for a period of two months. The first group, serving as the
healthy control, received a standard diet. The second group was fed a CAF to induce obesity
without any treatment. The third and fourth groups, consisting of obese rats, were treated
with a CAF supplemented with 10% and 20% S. muticum, respectively. The fifth group, also
obese, received oral treatment with orlistat at a dose of 30 mg/kg body weight [9], alongside
the cafeteria diet. All diets were administered in pellet form throughout the experimental
period. The 10% and 20% inclusion levels of S. muticum were selected based on previous
studies demonstrating the efficacy and safety of similar dietary incorporation percentages,
as well as on our complementary study (currently under submission) confirming good
tolerance and absence of toxicity in the same experimental model.

2.5. Organ Collection and Sacrifice

At the end of the experiment (8 weeks), the rats were anesthetized by inhalation of 10%
chloroform and sacrificed by decapitation after a 12 h fast. The liver, heart, brain, intestine,
kidneys, pancreas, stomach, lungs, and testes were carefully removed, rinsed in 0.9% NaCl
solution, and preserved in fixative for histological analysis.

2.6. Histopathological Analysis

The nine organs evaluated in this study (liver, heart, brain, intestine, kidneys, pan-
creas, stomach, lungs, and testes) were selected based on their known involvement and
susceptibility to obesity-induced tissue alterations, allowing a comprehensive assessment
of multi-organ histopathological effects of S. muticum treatment. The collected vital organs
were fixed in 10% neutral buffered formalin. The fixed tissues were dehydrated in a graded
ethanol series, embedded in paraffin, sectioned at 5 um thickness using a microtome, de-
paraffinized, mounted on slides, stained with hematoxylin and eosin (H&E), and examined
under a light microscope for histopathological observations. Histopathological evaluation
was performed using a semi-quantitative descriptive approach based on previously re-
ported criteria. Tissue alterations were assessed according to the presence and severity of
lesions, including inflammatory infiltration, cellular degeneration, tissue disorganization,
and structural damage. For each organ, multiple non-overlapping microscopic fields (at
least 5-10 fields per section) were examined at different magnifications. Observations
were carried out in a blinded manner to reduce observer bias. Due to the qualitative
and descriptive nature of the histological assessment, results were reported descriptively
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without numerical scoring, and comparisons between experimental groups were based on
consistent morphological criteria observed across multiple fields.

3. Results
3.1. Effect of Sargassum muticum Treatment on the Histopathology of Vital Organs

Histopathological observations were conducted on the liver, heart, brain, intestine,
kidneys, pancreas, stomach, lungs, and testes to evaluate the tissue alterations induced by
the cafeteria diet and the effects of S. muticum treatment.

3.1.1. Histopathological Effect of the Treatment on the Liver

Histological sections of the liver from the standard control group showed normal
architecture (Figure 1a). In contrast, the cafeteria diet (CAF) group exhibited hepatic
steatosis, blood vessel congestion, inflammation, hepatocyte hypertrophy, and hepatic
edema (Figure 1b). Treatment with S. muticum at 10% (Figure 1c) partially restored liver
structure, with noticeable reduction in steatosis and vascular congestion, though some
inflammatory infiltration and hepatocyte hypertrophy persisted. In the group treated with
S. muticum at 20% (Figure 1d), liver sections showed more advanced structural recovery,
with marked reduction of steatosis, minimal inflammatory infiltration, decreased vascular
congestion, and hepatocytes exhibiting normal morphology. However, in rats treated with
Orlistat at 30 mg/kg, hepatic alterations were only partially reversed. Moderate hepatic
steatosis persisted, along with vascular congestion, residual inflammatory infiltration,

hepatic edema, and noticeable hepatocyte hypertrophy (Figure 1e).

Figure 1. Histological liver sections from rats in the five experimental groups: (a) standard group;
(b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat treated group (30 mg/kg). Sections were stained with H&E and observed under a
40x objective. Histopathological alterations are annotated as follows: hepatic steatosis (HS), vascular
congestion (VC), inflammation (I), hepatocyte hypertrophy (HH) and hepatic edema (HE).

3.1.2. Histopathological Effect of the Treatment on the Heart

Histological examination of cardiac tissue from the standard control group revealed no
pathological alterations (Figure 2a). In contrast, heart tissue from the CAF group showed
blood vessel congestion, myocardial fiber degeneration, hypertrophy, necrosis, and myocar-
dial edema (Figure 2b). Treatment with S. muticum at 10% (Figure 2c) improved cardiac
structure, with reduction of congestion and edema, though some mild fiber degenera-
tion persisted. In the 20% S. muticum-treated group (Figure 2d), cardiac tissue exhibited
more complete restoration, with minimal congestion, absence of necrosis, and cardiomy-
ocytes displaying normal morphology. In comparison, the orlistat-treated group (Figure 2e)
showed only partial reversal of lesions, with persistent vascular congestion, moderate
hypertrophy, and residual degeneration.

https://doi.org/10.3390/phycology6010032


https://doi.org/10.3390/phycology6010032

Phycology 2026, 6, 32

5o0f 14

Figure 2. Histological heart sections from rats in the five experimental groups: (a) standard group;
(b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat treated group (30 mg/kg). Sections were stained with H&E and observed under
a 40x objective. Histopathological alterations are annotated as follows: vascular congestion (VC),
myocardial fiber degeneration (MFD), hypertrophy (H), necrosis (N), myocardial edema (ME).

3.1.3. Histopathological Effect of the Treatment on the Brain

Brain sections from the control animals displayed normal tissue organization
(Figure 3a). In contrast, brain tissue from the CAF group showed vascular congestion,
infiltration of inflammatory cells, neuronal hypertrophy, as well as vasogenic, perineuronal
and periaxonal edema (Figure 3b). In rats treated with S. muticum at 10% (Figure 3c), most
lesions were attenuated, although slight residual edema persisted. The 20% S. muticum
group (Figure 3d) exhibited a more complete restoration of brain architecture, with absence

of edema and preservation of neuronal structure. Conversely, the orlistat-treated group
(Figure 3e) showed persistent vascular congestion, neuronal hypertrophy and edema,
indicating a lack of histological improvement.

Figure 3. Histological brain sections from rats in the five experimental groups: (a) standard group;
(b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat treated group (30 mg/kg). Sections were stained with H&E and observed under
a 40x objective. Histopathological alterations are annotated as follows: vascular congestion (VC),
inflammation (I), neuronal hypertrophy (NH), vasogenic edema (VE), perineuronal edema (PNE),
and periaxonal edema (PXE).

3.1.4. Histopathological Effect of the Treatment on the Intestine

The intestinal structure appeared unchanged, with no histopathological signs observed
in the standard control group (Figure 4a). In contrast, intestinal sections from the CAF group
revealed vascular congestion, inflammation, hypertrophied epithelial cells, irregular villi,
and disoriented crypts (Figure 4b). Treatment with S. muticum at 10% led to a substantial
reduction of these abnormalities, with restoration of villus structure and overall mucosal
organization (Figure 4c). The 20% dose resulted in a complete normalization of intestinal
architecture, with no residual signs of congestion, inflammation, or epithelial hypertrophy
(Figure 4d). However, the group treated with orlistat at 30 mg/kg retained the lesions
observed in the CAF group (Figure 4e).
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Figure 4. Histological intestinal sections from rats in the five experimental groups: (a) standard
group; (b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated
group (20%); (e) Orlistat treated group (30 mg/kg). Sections were stained with H&E and observed
under a 40 x objective. Histopathological alterations are annotated as follows: vascular congestion
(VQ), inflammation (I), hypertrophied epithelial cells (HEC), irregular villi (IV) and disoriented
crypts (DC).

3.1.5. Histopathological Effect of the Treatment on the Kidneys

The kidneys of rats in the control group exhibited normal histology (Figure 5a). In
the CAF group, vascular congestion, tubular necrosis and edema were observed, without
involvement of the Bowman’s capsule (Figure 5b). Treatment with S. muticum at 10%
markedly reduced these abnormalities, with restoration of tubular structure and attenuation
of congestion and edema (Figure 5c). The 20% dose provided a complete normalization
of renal morphology, with fully preserved glomeruli and tubules and absence of residual
lesions (Figure 5d), whereas the group treated with orlistat at 30 mg/kg did not reverse the

induced lesions (Figure 5e).

Figure 5. Histological kidney sections from rats in the five experimental groups: (a) standard group;
(b) cafeteria diet (CAF) group; (c) S. muticum-treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat treated group (30 mg/kg). Sections were stained with H&E and observed under
a 40x objective. Histopathological alterations are annotated as follows: vascular congestion (VC),
tubular necrosis (TN) and edema (E).

3.1.6. Histopathological Effect of the Treatment on the Pancreas

The control group showed a healthy pancreas with no evidence of damage (Figure 6a).
In contrast, the CAF group exhibited pancreatic vascular congestion and hypertrophied
islets (Figure 6b). Treatment with S. muticum at 10% resulted in a substantial reduction of
these abnormalities, with restoration of pancreatic tissue organization (Figure 6¢). The 20%
dose led to a complete normalization of pancreatic morphology, with well-preserved acinar
and islet structures and absence of congestion (Figure 6d). The group treated with orlistat
at 30 mg/kg displayed the same histopathological changes as the CAF group (Figure 6e).

3.1.7. Histopathological Effect of the Treatment on the Stomach

The stomachs of rats in the standard control group exhibited normal histological struc-
ture (Figure 7a). Histopathological analysis of the stomachs from the CAF group revealed
vascular congestion, inflammation and submucosal edema (Figure 7b). Treatment with
S. muticum at 10% markedly reduced these lesions, restoring gastric tissue organization
(Figure 7c). The 20% dose produced an even greater effect, leading to complete normaliza-
tion of the gastric structure with absence of congestion, inflammation, or edema (Figure 7d).
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However, rats treated with orlistat at 30 mg/kg retained the lesions observed in the CAF
group, indicating persistent gastric damage (Figure 7e).

(b) (©) (d) (e)
Figure 6. Histological pancreatic sections from rats in the five experimental groups: (a) standard
group; (b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat-treated group (30 mg/kg). Sections were stained with H&E and observed under a
40x objective. Histopathological alterations are annotated as follows: vascular congestion (VC) and
hypertrophied islets (HI).

Figure 7. Histological stomach sections from rats in the five experimental groups: (a) standard group;
(b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat-treated group (30 mg/kg). Sections were stained with H&E and observed under
a 40x objective. Histopathological alterations are annotated as follows: vascular congestion (VC),
inflammation (I) and submucosal edema (SE).

3.1.8. Histopathological Effect of the Treatment on the Lungs

Histological examination of the lungs from the standard control group revealed normal
architecture (Figure 8a). In contrast, lungs from the CAF group showed alveolar congestion,
inflammation, interstitial thickening and lipid vacuoles (Figure 8b). Treatment with S.
muticum at 10% partially improved lung histology, with reduced congestion and edema
(Figure 8c), whereas the 20% dose fully restored normal pulmonary architecture (Figure 8d).
In contrast, rats treated with orlistat at 30 mg/kg still showed persistent lesions similar to
those in the CAF group (Figure Se).

ot =< '“ 3 4 » | 4‘& o \-(
(b) (9 (d) (e)

Figure 8. Histological lung sections from rats in the five experimental groups: (a) standard group;
(b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat-treated group (30 mg/kg). Sections were stained with H&E and observed under
a 40x objective. Histopathological alterations are annotated as follows: alveolar congestion (AC),
inflammation (I), interstitial thickening (IT) and lipid vacuoles (LV).

3.1.9. Histopathological Effect of the Treatment on the Testes

The testicular architecture in the control rats was normal (Figure 9a). In contrast, the
CAF diet induced fibrosis, vacuolization, vascular congestion, a reduction in Leydig cells
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and cyst formation (Figure 9b). Treatment with S. muticum at 10% partially improved
testicular histology, with reduced fibrosis and vacuolization (Figure 9c), whereas the 20%
dose fully restored normal testicular organization (Figure 9d). The group treated with
orlistat at 30 mg/kg did not prevent these alterations (Figure 9e).

® © @ (@)

Figure 9. Histological testicular sections from rats in the five experimental groups: (a) standard
group; (b) cafeteria diet (CAF) group; (c) S. muticum treated group (10%); (d) S. muticum treated group
(20%); (e) Orlistat-treated group (30 mg/kg). Sections were stained with H&E and observed under a
40x objective. Histopathological alterations are annotated as follows: fibrosis (F), vacuolization (V),
vascular congestion (VC), reduction in Leydig cells (RLC) and cyst formation (CF).

4. Discussion

Obesity is a chronic, multifactorial pathology involving systemic metabolic, endocrine,
and inflammatory disturbances. It acts as a catalyst for various comorbidities through
interconnected mechanisms including low-grade chronic inflammation, oxidative stress,
insulin resistance, and alterations of the gut microbiota [10,11]. In our study, the cafeteria
diet (CAF)-induced obese rat model successfully reproduced major histopathological com-
plications associated with this condition. Treatment with Sargassum muticum demonstrated
a protective effect at multiple levels, suggesting a multidimensional therapeutic potential.

Obesity leads to hepatic lipid overload through excessive fatty acid supply, acti-
vating lipogenic pathways such as SREBP-1c and ChREBP while inhibiting hepatic f3-
oxidation [12]. This results in NAFLD, as evidenced by steatosis, hepatocyte hypertrophy,
and vascular congestion observed in our CAF group. These alterations correspond to the
activation of M1-type macrophages in the liver, which secrete pro-inflammatory cytokines
(TNF-«, IL-13), contributing to progression towards steatohepatitis [13]. Treatment with
S. muticum led to marked histological improvement of the liver, with reduced steatosis
and congestion lesions. This benefit may be explained by several complementary mecha-
nisms: activation of the AMPK pathway, which inhibits lipogenic factors SREBP-1c and
ChREBP while stimulating (3-oxidation; reduction of hepatic oxidative stress through scav-
enging of reactive oxygen species by fucoidans and polyphenols; and improved hepatic
insulin sensitivity by enhancing signaling via the IRS-1/PI3K/Akt pathway. These ef-
fects converge to better regulation of lipid metabolism and prevention of progression to
steatohepatitis [14-18].

The identified myocardial lesions (necrosis, edema, degeneration) reflect pathological
cardiac remodeling induced by obesity. This phenomenon is associated with endoplasmic
reticulum stress activation, production of free radicals by NADPH oxidases, and myocardial
fibrosis [19]. The heart progressively becomes insensitive to insulin and growth factors, pro-
moting cardiomyocyte apoptosis. The cardioprotective role of S. muticum may be explained
by the reduction of mitochondrial oxidative stress and modulation of the PI3K/Akt and
MAPK/ERK pathways, as demonstrated with fucoxanthin in cardiac models exposed to
lipid stress. Indeed, marine polyphenols and carotenoids such as fucoxanthin present in S.
muticum act as potent antioxidants by neutralizing reactive oxygen species (ROS) generated
by dysfunctional mitochondria. This activity helps preserve cardiomyocyte integrity by lim-
iting mitochondrial DNA damage and lipid membrane peroxidation. Moreover, S. muticum
activates the PI3K/ Akt pathway, promoting cell survival, phosphorylation of GSK-33, and
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inhibition of Bax/Bcl-2-mediated apoptosis. Simultaneously, regulation of the MAPK/ERK
pathway contributes to reducing myocardial inflammation and preventing cardiac fibrosis
by inhibiting the expression of TGF-f31 and collagens I/11I, key elements of pathological
remodeling [20]. These convergent mechanisms indicate a potential role of S. muticum in
preventing cardiovascular complications of obesity, notably metabolic cardiomyopathy.

At the cerebral level, obesity-induced neuroinflammation results from the passage of
pro-inflammatory cytokines across the blood-brain barrier, leading to microglial activation
and neuronal damage [21,22]. We observed neuronal hypertrophy, vasogenic edema, and
cellular infiltration. These alterations are similar to mechanisms involved in neurodegener-
ative diseases such as Alzheimer’s disease, where the obesity—insulin resistance axis plays
a central role. S. muticum, rich in neuroprotective compounds, may inhibit the production
of nitric oxide (NO) and neurotoxic cytokines, thereby attenuating microglial activation,
according to recent studies on the effects of marine polysaccharides [23]. This action is
thought to occur primarily through inhibition of pro-inflammatory signaling pathways
such as NF-kB and JNK/p38 MAPK, which are activated in microglial cells exposed to
lipopolysaccharides or amyloid deposits [24]. Phlorotannins and fucoidans derived from
S. muticum have been shown to reduce the expression of pro-inflammatory enzymes like
iNOS and COX-2, thereby decreasing the production of NO and PGE2, which contribute
to neuroinflammation and neurotoxicity [25]. Together, these mechanisms support the
neuroprotective potential of S. muticum, especially relevant in the context of obesity, where
the blood-brain barrier is compromised and neuroinflammation is exacerbated.

The intestine plays a pivotal role in the development of obesity through altered in-
testinal permeability, bacterial translocation, and dysbiosis. These phenomena induce
systemic metabolic inflammation by activating TLR4 receptors and increasing circulating
lipopolysaccharides [26]. The intestinal lesions observed, villus atrophy and crypt dis-
organization, confirm this imbalance. S. muticum appears to restore epithelial integrity,
possibly by stimulating beneficial bacteria such as Akkermansia muciniphila and reducing
pro-inflammatory Enterobacteriaceae, as reported in murine models treated with algae rich
in fibers and sulfated polysaccharides [27]. Additionally, fucoidans and other polysaccha-
rides from S. muticum may strengthen tight junction proteins (occludin, claudin-1, ZO-1),
thereby reducing intestinal permeability and limiting endotoxin translocation [28]. These
compounds also promote the local production of short-chain fatty acids (SCFAs), notably
butyrate, which functions as an immunomodulator and fuel for epithelial cells, contributing
to mucosal regeneration [29]. Furthermore, some studies indicate that phlorotannins from
S. muticum can inhibit activation of the TLR4/NF-«kB pathways in intestinal epithelium,
reducing the local production of pro-inflammatory cytokines (TNF-«, IL-6) [30]. Together,
these mechanisms could explain the reduction of intestinal inflammation and restoration of
mucosal homeostasis observed in the treated groups.

The documented renal lesions (tubular necrosis, congestion) fall within the scope of
metabolic nephropathy, where glomerular hyperfiltration and lipotoxicity induce local
inflammation, promoted by NF-«B activation and MCP-1 production [31]. The protective
effects of S. muticum may result from inhibition of these inflammatory and fibrotic cascades.
Indeed, sulfated polysaccharides and phlorotannins present in the alga have been reported
to inhibit nuclear translocation of NF-«B, reduce the expression of pro-inflammatory genes,
and attenuate TGF-p1 activation, thereby limiting the development of renal fibrosis [32].
Moreover, some studies have shown that brown algae extracts favorably modulate the
renin-angiotensin—aldosterone system (RAAS) by reducing angiotensin converting enzyme
(ACE) activity, which could alleviate glomerular hypertension and preserve renal function
in models of induced nephrotoxicity [33]. These combined mechanisms may explain the
histological preservation observed in the renal cortex of groups treated with S. muticum.
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The pancreas, a key organ in glycemic regulation, undergoes adaptive alterations in
response to nutritional overload. The hypertrophy of the islets of Langerhans observed in
CAF rats illustrates beta-cell hyperstimulation, often followed by functional exhaustion.
This phenomenon is linked to oxidative stress activation, endoplasmic reticulum stress
pathways, and increased IL-1f3 production [34]. The preservation of pancreatic structure in
treated groups suggests that S. muticum could improve insulin sensitivity via activation
of the IRS-1/PI3K/ Akt pathway and reduction of intra-islet IL-13, as demonstrated in
previous studies on brown macroalgae [35-37].

In rats subjected to the cafeteria diet, notable histopathological alterations were ob-
served in the stomach and lungs, reflecting a marked systemic inflammatory state. The
stomach exhibited vascular congestion, submucosal edema, and inflammatory infiltration,
while the lungs showed alveolar congestion, interstitial thickening, lipid vacuoles, and
hemorrhagic foci. These lesions are consistent with immune system activation induced
by excess adipose tissue, particularly via hyperleptinemia, which is known to stimulate
pro-inflammatory cytokine production and activate neutrophils [38,39]. Treatment with S.
muticum led to near-complete restoration of the histological architecture of these organs,
indicating a clear anti-inflammatory effect. This potential may be attributed to the rich-
ness of this alga in bioactive compounds, notably phlorotannins, which can inhibit TLR
receptor signaling and modulate inflammatory pathways such as NF-kB and MAPK [40].
Furthermore, fucoxanthin, a carotenoid pigment present in S. muticum, has been shown in
several studies to reduce COX-2 expression by inhibiting p38 MAPK and JNK phosphory-
lation, thereby limiting the production of pro-inflammatory prostaglandins (PGE2) [41].
Recent research has also confirmed the anti-inflammatory effects of S. muticum in various
experimental models, with significant reductions in TNF-, IL-6, and IL-1f levels both in
the intestine and lungs [42]. These observations support our findings and suggest that the
protective effect of S. muticum against gastric and pulmonary lesions may result from a
broad-spectrum anti-inflammatory action.

Finally, the testicular alterations (atrophy, vacuolization, fibrosis) are characteristic
of functional hypogonadism related to obesity, resulting from increased tissue aromatase
activity and leptin resistance [43]. This condition decreases testosterone production and
impairs spermatogenesis [44]. The protective role of S. muticum could be explained by
the inhibition of oxidative stress in Sertoli and Leydig cells, as demonstrated in models of
testicular toxicity mitigated by brown algae extracts [45,46].

Overall, S. muticum attenuated obesity-induced histopathological lesions across mul-
tiple organs, suggesting a multi-organ protective activity. These observations align with
recent data on brown macroalgae, known for their antioxidant, anti-inflammatory, and
metabolic regulatory effects [47,48].

In a complementary study is currently under submission, we characterized the bio-
chemical composition of Sargassum muticum, revealing a profile dominated by carbohy-
drates (25.45%), followed by proteins (5.89%) and lipids (2%). These values are consistent
with those reported for S. muticum in the literature and highlight its richness in polysaccha-
rides, supporting its potential as a functional food [4,49,50]. In the same study, the treatment
with S. muticum was also associated with an improvement in the lipid profile and several
metabolic markers related to obesity. The present work provides histopathological evidence
that complements these physiological and biochemical findings, further illustrating the
multi-level protective effects of S. muticum against obesity-induced organ damage.

A key finding of this study is that S. muticum at the 20% supplementation level exerted
more pronounced histoprotective effects than the 10% dose and even surpassed orlistat,
a standard anti-obesity treatment. While orlistat primarily acts by reducing lipid absorp-
tion [51], the multi-target bioactive profile of S. muticum notably its phlorotannins, fucoxan-
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thin, and sulfated polysaccharides appears to confer broader systemic protection, including
attenuation of inflammation and normalization of tissue architecture [50]. This suggests that
S. muticum not only mimics but may also surpass the therapeutic effects of pharmacological
intervention, highlighting its potential as a natural and effective alternative.

Beyond the biomedical perspective, this study underscores the sustainable valorization
of S. muticum, an invasive species that poses ecological challenges along the Moroccan
Atlantic coast [4]. By transforming this problematic alga into a therapeutic resource, our
findings provide a dual benefit: contributing to the mitigation of ecological impacts while
offering a novel nutraceutical strategy against obesity and its complications. This approach
exemplifies how marine biodiversity can be harnessed for human health while promoting
environmental and socio-economic sustainability.

5. Conclusions

Cafeteria diet-induced obesity caused multivisceral histopathological alterations re-
flecting the severity of damage associated with this chronic condition. Our study demon-
strated that treatment with S. muticum significantly attenuates these lesions in the liver,
heart, brain, intestine, kidneys, pancreas, lungs, stomach, and testes, suggesting an overall
protective role and supporting the potential of this macroalga in preventing obesity-related
organ complications. However, this study has limitations, including the absence of long-
term follow-up, the use of an animal model, and the lack of human-relevant biomarkers.
These experimental findings call for further studies to better characterize its bioactive
compounds, develop nutraceutical formulations, and conduct pilot clinical trials to assess
safety and efficacy in humans, facilitating the translation of preclinical results into potential
therapeutic applications.
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