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1. Introduction

1. Definition and nomenclature of MASLD

Metabolic dysfunction—associated steatotic liver disease (MASLD) is the current umbrella term
encompassing a spectrum of liver conditions characterized by excessive hepatic fat
accumulation in the presence of metabolic dysfunction. This condition includes metabolic
dysfunction—associated steatotic liver (MASL), corresponding to isolated steatosis in the
absence of significant inflammation; metabolic dysfunction—associated steatohepatitis
(MASH), defined by the presence of lobular inflammation and hepatocellular ballooning; and
progressive disease stages that may evolve toward liver fibrosis, cirrhosis, and hepatocellular

carcinoma (HCC)(1, 2).

In particular, MASLD is also described as the “hepatic manifestation of metabolic syndrome
(MS)”(3), as its diagnosis requires the presence of hepatic steatosis—typically identified by
abdominal ultrasonography—in combination with metabolic abnormalities classically included

in MS definitions, in individuals in whom significant alcohol consumption has been excluded

(4).

Historically, in 1980 Ludwig and colleagues introduced the term non-alcoholic steatohepatitis
(NASH) to describe a severe form of fatty liver disease observed predominantly in overweight
individuals who denied alcohol intake, thereby highlighting an apparently “unknown” etiology
(5). Subsequently, the broader term non-alcoholic fatty liver disease (NAFLD) was adopted to
describe hepatic steatosis affecting more than 5% of hepatocytes in the absence of significant
alcohol consumption—defined as <20 g/day for women and <30 g/day for men—and other

secondary causes (6).

However, the NAFLD terminology has progressively been considered inadequate, as it defines

the disease by exclusion rather than by its underlying metabolic drivers. Given the strong



association between hepatic steatosis and metabolic conditions such as obesity, type 2 diabetes
mellitus (T2DM), and dyslipidemia, a shift toward the term metabolic dysfunction—associated
fatty liver disease (MAFLD) was proposed to emphasize the central role of metabolic
dysfunction (7). This change was formalized through an international expert consensus led by
Eslam et al.(7), with diagnostic criteria requiring hepatic steatosis in combination with
overweight/obesity (BMI>25 kg/m?), T2DM, or at least two additional metabolic abnormalities

to better describe the involvement of metabolic status in this condition (6).

Despite its conceptual advances, the MAFLD definition was later reconsidered , as it was also
deemed insufficient to fully capture the complexity of the disorder. In particular, the scientific
community sought to further elucidate the underlying pathophysiological processes by adopting
a unified diagnostic framework aimed at facilitating disease recognition and minimizing the
risk of misclassification of the affected population. The new nomenclature proposed through a
multisocietal Delphi consensus process—engaging more than 200 participants from over 50
countries, including representatives of scientific societies and patient advocacy organizations—
also seeks to promote a potentially less stigmatizing diagnosis, given that the term “fatty” has

repeatedly been perceived as discriminatory (4).

As claimed by the latest joint guidelines issued by the European Association for the Study of
the Liver (EASL), the European Association for the Study of Diabetes (EASD) and the
European Association for the Study of Obesity (EASO)(8), MASLD is now the term universally
recognized by scientific community to describe the presence of excess hepatic triglyceride
storage in addition with at least one cardiometabolic risk factor. MASLD is insert into the newly

established consensus definition of steatotic liver disease (SLD).

2. Epidemiological data

According to a recent systematic review and meta-analysis of 92 population-based studies,
MASLD 1is nowadays recognized as the most frequent liver disease worldwide, with its

prevalence affecting more than one-third of the general adult population, including about 80%



of people with obesity and 70% of those with type 2 diabetes (9). The trend analysis showed a
50% increase in prevalence in the period from 2016-2019 compared to 1990-2006. Findings
also confirm that the prevalence of MASLD may vary by ethnicity and it is higher in Latin
American (44%) than in Western Europe (25%) (10). Specifically, a previous meta-analysis of
34 included studies shows that the prevalence of MASLD in USA vary from 22.9% in Hispanic
people, of 14.4% in white people and 13.0% in black people. However, outside USA, data
appear to be very limited (11).

Regarding the incidence of MASLD, a meta-analysis covering the period from 2000 to 2016
(12) reported an overall incidence of 4,613 new cases per 100,000 person-years. Specifically,
the analysis showed that between 2000 and 2015 the incidence of MASLD in Asia increased
substantially, rising from approximately 2,000 to nearly 7,000 cases per 100,000 person-years.
Among individuals with overweight or obesity, the incidence of MASLD was almost threefold
higher compared with individuals with normal weight, reaching 8,417 versus 3,358 cases per

100,000 person-years, respectively.

Consistently, data from the Global Burden of Disease Study(13), conducted between 2010 and
2021 across more than 200 countries, highlighted a progressive increase in both prevalence and
annual incidence of MASLD. The estimated annual incidence was 608 new cases per 100,000
population (95% uncertainty interval: 599—618), with a higher prevalence observed in men
compared with women (15,731 vs. 14,310 per 100,000 population). The highest point of
occurrence in men is at 45-49 years of age while for women is at 50-54 years. Another American
study confirmed the upward trend in the incidence of MASLD. Between 1997 and 2014, the

annual incidence rose from 62 to 329 cases per 100,000 inhabitants (14).

Based on this evidence, the scientific community agrees that the incidence of MASLD has
increased over time. This trend is partially explained by the rising prevalence of metabolic

comorbidities as well, such as obesity and type 2 diabetes mellitus (T2DM) (15, 16).

Consequently, it has been estimated that, driven by these conditions, the prevalence of MASLD
will exceed 55% by 2040 (17).



3. Pathophysiology of MASLD

Insulin resistance, overweight, genetic predisposition, and alterations in the gut microbiota—
arising from both environmental and genetic determinants—play a central role in the
development and progression of MASLD. Consequently, therapeutic strategies aimed at
addressing major metabolic comorbidities, including appropriate pharmacological

interventions, may contribute to limiting the progression and overall burden of MASLD (18).

However, despite significant advances in research, the pathogenesis of MASLD remains
incompletely understood. The disease is thought to result from multiple interrelated
mechanisms, in which excessive dietary energy intake, adipocyte dysfunction, and insulin
resistance—promoting increased free fatty acid release and enhanced de novo hepatic
lipogenesis—play pivotal roles (3). These processes lead to an imbalance between lipid
synthesis, influx, oxidation, and export, ultimately resulting in triglyceride accumulation within
hepatocytes. In physiological conditions, lipolysis is suppressed by insulin, but in insuline
resistance conditions, which is really common in patients with MASLD, this regulation is
impaired, resulting in excessive free fat acids accumulation in liver (19). This intracellular lipid
overload induces cellular injury and apoptosis, thereby triggering hepatic inflammation and

fibrogenesis, contributing potentially to the several form of MASLD, i.e. MASH (20).

Several dietary factors, tipically belonging to Western diet, including diets high in sugars—
particularly glucose and fructose—or rich in fats, can contribute to low-grade inflammation in
the liver and other organs (21). Adipose tissue further amplifies inflammatory responses
through the production of pro-inflammatory cytokines and the recruitment and activation of

macrophages, thereby promoting the progression of MASLD (21, 22).

High fructose levels are also associated with progression to MASH, increasing intestinal
permeability, activating a cascade of inflammatory cytokines and causing microbiota dysbiosis

(23). This altered mechanism is supported by increased expression of hepatic toll-like receptors



(TLRs) and alterations in bile acid metabolism, exacerbating inflammation and tissue damage

for new therapies (24).

4. Clinical Presentation and Diagnostic criteria of MASLD

Since MASLD is considered the hepatic manifestation of metabolic syndrome (MS), its
diagnosis integrates evidence of hepatic steatosis—most commonly detected by abdominal
ultrasonography—with the presence of at least one of the metabolic criteria defining MS,
including central obesity (waist circumference WC >102 c¢cm in men and >88 cm in women, or
ethnicity-specific cut-offs), arterial hypertension (systolic blood pressure >130 mmHg and/or
diastolic blood pressure >85 mmHg, or current antihypertensive treatment),
hypertriglyceridemia (fasting triglycerides >150 mg/dL or lipid-lowering therapy), impaired
glycemic control (fasting plasma glucose >100 mg/dL or previously diagnosed type 2 diabetes
mellitus), or reduced high-density lipoprotein cholesterol (HDL-C) levels (<40 mg/dL in men
and <50 mg/dL in women), in individuals without significant alcohol consumption (<2 standard

drinks/day for women and <3 standard drinks/day for men) (3).

In the absence of cirrhosis, patients with MASLD are usually asymptomatic or may report mild,
nonspecific symptoms such as fatigue, malaise, or vague abdominal discomfort, particularly in
the right upper quadrant (25). Consequently, hepatic steatosis is frequently diagnosed
incidentally during abdominal imaging performed for unrelated reasons or following further
investigations prompted by mild to moderate elevations in serum aminotransferase levels,
especially alanine aminotransferase (ALT) (26). However, ALT levels do not reliably correlate
with disease severity, as up to two-thirds of patients—including those with advanced fibrosis
or cirrhosis—may exhibit normal aminotransferase values (27). Mild to moderate
hepatomegaly is observed in approximately 50% of patients with MASLD, whereas
splenomegaly is relatively uncommon, occurring in about 5% of cases (26). Epidemiological
data indicate that nearly 80% of individuals with MASLD have a body mass index (BMI)

greater than 25 kg/m?; approximately 70% present with atherogenic dyslipidemia, characterized



by low HDL-C levels and/or elevated plasma triglycerides; around 60% have prediabetes or

overt type 2 diabetes mellitus; and nearly half are affected by arterial hypertension (28).

Moderate-to-severe hepatic steatosis is commonly detected using conventional abdominal
ultrasonography, which demonstrates a sensitivity ranging from 80% to 89% and a specificity
between 87% and 90% (26, 29-31). In contrast, the detection of mild steatosis—defined as
hepatic fat content below 20%—remains challenging with ultrasonography due to its limited
sensitivity, which is reported to be below 50% (32). These limitations overdescripte could be
overcome by the use of the controlled attenuation parameter (CAP) feature. American
Association for the Study of Liver Diseases (AASLD) recommends the use of the CAP to assess
and quantify the severity of hepatic steatosis, as CAP shows greater sensitivity for detecting
mild steatosis compared with conventional ultrasonography (33). According to current
guideline recommendations (8), CAP assessment is a non-invasive feature, typically performed
in concert with vibration-controlled transient elastography, which evaluates liver stiffness by
measuring the propagation speed of ultrasound waves through hepatic tissue. CAP values are
expressed in decibels per meter (dB/m), and hepatic steatosis is generally identified at values
exceeding 248 dB/m, with increasing values reflecting greater histological severity of steatosis.
Based on established cut-off thresholds (8), steatosis is classified as absent (S0) at CAP values
<248 dB/m, mild (S1) between 248 and 268 dB/m, moderate (S2) between 268 and 280 dB/m,
and severe (S3) at values >280 dB/m. Furthermore, CAP is considered a fast, validated and
clinically useful tool, as it enables point-of-care assessment of hepatic steatosis, including mild

forms (34).

However, beyond its metabolic and hepatic implications, MASLD is increasingly recognized
as a condition associated with a substantial burden on patients’ quality of life and overall health
status (35). Individuals with MASLD not only exhibit a broader spectrum of comorbidities
compared with those without the disease, but also experience significant impairments in both
physical and mental well-being (36). According to the AASLD practice guidance, MASLD is
frequently accompanied by multiple extrahepatic conditions that contribute to disease burden
and negatively affect daily functioning (6). Consistently, a study conducted by the United States
Nonalcoholic Steatohepatitis Clinical Research Network demonstrated that 713 patients with
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MASLD reported significantly lower physical and mental health scores compared with
population in general (37). These findings are further supported by evidence indicating that
individuals with MASLD are at increased risk of developing mental health disorders, a
vulnerability largely attributed to disease-related stigma and obesity. Such aspects underscore
the importance of a holistic, patient-centered approach that healthcare professionals should

consider in the clinical management of MASLD (6).

5. Treatment of MASLD : the evidences for therapeutic approach

Variability in the clinical presentation and natural history of MASLD is strongly driven by the
convergence of genetic susceptibility, epigenetic regulation, and environmental exposures. The
ultimate manifestation of the disease therefore arises from the combined and interactive effects
of these determinants, which collectively shape disease trajectory (1). As a result, optimal
management of MASLD will depend on tailored therapeutic strategies and, more importantly,
on integrated multidisciplinary care models that address the complexity and synergistic

influence of these contributing factors (2, 38).

Despite ongoing advances in scientific research aimed at elucidating the pathophysiological
mechanisms underlying MASLD, the therapeutic strategies currently supported by strong
expert consensus and guideline recommendations remain predominantly focused on lifestyle
modification (39). In particular, the modern Western lifestyle—characterized by excessive
caloric intake, high consumption of refined carbohydrates, and physical inactivity—plays a
central role in the development of metabolic disorders such as obesity, type 2 diabetes mellitus,
MS and MASLD (40). These conditions share common pathophysiological features, including
chronic low-grade inflammation and impaired glucose metabolism (39). Within this metabolic
framework, behavioral interventions promoting dietary balance, alcohol avoidance and
increased physical activity are widely recognized as effective first-line strategies, exerting

pleiotropic benefits across multiple metabolic pathways (20).

10



6. Diet therapy

In the management of MASLD, caloric restriction—typically involving a daily energy deficit
of 500-1000 kcal-—combined with regular physical activity represents the cornerstone of
treatment for the improvement of hepatic steatosis (41). In clinical practice, daily energy intakes
of approximately 1200 kcal/day for women and 1500 kcal/day for men have been shown to be
effective in significantly reducing hepatic lipid content, decreasing visceral adipose tissue, and
promoting histological improvement (42, 43). However, dietary interventions must be
individualized, and caloric targets should be adjusted according to the patient’s clinical

condition, metabolic profile, and energy expenditure (41).

Current clinical guidelines on MASLD treatment (44) indicate that a weight loss of
approximately 5% of total body weight is associated with a reduction in hepatic fat
accumulation, whereas a weight loss of 7-10% leads to significant improvements in
hepatocellular ballooning, hepatic steatosis, and normalization of biochemical parameters.
Sustained weight loss exceeding 10% may confer additional benefits, including improvement

in hepatic fibrosis.

Beyond caloric restriction alone, the qualitative composition of the diet plays a critical role in
the development and progression of metabolic disturbances and, consequently, MASLD. The
Western dietary pattern represents a paradigmatic example of an unfavorable nutritional model,
being characterized by a high intake of foods rich in simple sugars, which may account for more
than 15% of total daily energy intake. This pattern is particularly enriched in fructose, mainly

consumed as high-fructose corn syrup and sucrose, commonly ingested as table sugar (45).

Fructose is rapidly absorbed and preferentially taken up by the liver, where it bypasses key
regulatory steps of carbohydrate metabolism and strongly stimulates de novo lipogenesis (46).
At the cellular level, excessive fructose metabolism is associated with a marked reduction in
intracellular phosphate and ATP availability, leading to an energy-depleted state that impairs

protein synthesis and promotes oxidative damage alongside mitochondrial dysfunction (45)
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(47). Unlike other carbohydrates, fructose phosphorylation proceeds largely unchecked by
feedback inhibition, resulting in extensive hepatic phosphorylation and channeling of substrates

toward lipogenic pathways (48).

In contrast to Western dietary habits, a growing body of studies have evaluated the
Mediterranean model as the most suitable for the treatment of MASLD, as the Mediterranean
diet (MD). MD is recognized as the first-line dietary choice also for cardiovascular diseases
and other metabolic disorders, such as type 2 diabetes mellitus, all risk factors closely related

to MASLD (49-51).

Specifically in MASLD, adherence to the MD has been associated with reductions in key
markers of liver injury, including AST and GGT levels, as well as with decreased hepatic fat

accumulation (52).

The MD promotes the consumption of minimally processed food, where food sources such as
whole grains, legumes, nuts, fish or extra virgin oil are favored, and, on the other hand,

transformed meat or sweetened and packaged drinks are minimized (27).

From a nutritional standpoint, the MD represents a balanced dietary pattern, as its macronutrient
distribution aligns with established nutritional recommendations. Prospective observational
studies further indicate that high-quality dietary patterns, such as the MD, are associated with
a lower prevalence of MASLD (53, 54), whereas unhealthy dietary behaviors rich in processed
foods and sugar-sweetened beverages appear to promote disease development in a dose-
dependent manner mechanism (55). Accordingly, the most recent EASL-EASD-EASO clinical
practice guidelines confirm the MD as the dietary approach of choice for the treatment of non-

alcoholic metabolic and liver disorders (8).

Other dietary patterns have also been investigated as potential strategies for the management of
MASLD, particularly with respect to the reduction of hepatic steatosis and associated
biochemical abnormalities. Among these, low-carbohydrate diets have received increasing
attention (56).

In low-carbohydrate dietary regimens, the intake of starch and rapidly absorbable carbohydrates
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is markedly reduced. The proposed therapeutic rationale is grounded in specific metabolic
mechanisms. High carbohydrate consumption stimulates insulin secretion and increases
circulating insulin-like growth factor-1 (IGF-1) levels, which may promote inflammatory
signaling pathways implicated in the progression of hepatic steatosis. Persistent activation of
these pathways has also been linked to the stimulation of pro-tumorigenic mechanisms,
including those involved in hepatocarcinogenesis (57, 58). Nevertheless, the comparative
effectiveness of low-carbohydrate diets versus other dietary approaches in MASLD remains a

matter of debate.

A recent meta-analysis showed no significant differences between low-carbohydrate and low-
fat diets in reducing hepatic fat content or improving liver enzyme profiles in patients with
NAFLD (56). Notably, ten of the eleven studies included reported significant weight loss in
both dietary groups, suggesting that overall caloric restriction and weight reduction—rather
than macronutrient distribution per se—may represent the primary drivers of hepatic
improvement. Earlier meta-analyses similarly evaluated low-carbohydrate diets mainly through
single-arm designs, limiting direct comparisons with alternative dietary patterns and precluding

definitive conclusions regarding their superiority (59).

7. Healthy life-style with physical activity

According to the available literature, lifestyle and behavioral modifications fully comply with
first-line therapeutic recommendations for MASLD, owing to their broad and well-documented
beneficial metabolic effects (60). Among non-pharmacological strategies, regular physical

activity plays a pivotal and independent role.

Engagement in structured exercise programs has been associated with a reduction in systemic
inflammation and oxidative stress, together with measurable improvements in liver biochemical
parameters (61). In addition, physical activity contributes to increased energy expenditure,

thereby facilitating the achievement of a sustained negative energy balance. When combined
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with dietary interventions, this mechanism supports weight loss and improves overall metabolic
control (43). International guidelines emphasize the importance of both increasing physical
activity levels and limiting sedentary behavior, as prolonged inactivity has been linked to
MASLD progression through a dose-dependent relationship (62). To this end,
recommendations suggest a minimum of 150 minutes per week of moderate-intensity aerobic
exercise, or alternatively 75—150 minutes per week of vigorous-intensity activity, as an effective
threshold to induce metabolic and hepatic benefits (8). Importantly, accumulating evidence
indicates that physical exercise may reduce hepatic fat content even in the absence of substantial
weight loss or strict dietary caloric restriction, highlighting a direct effect on intrahepatic lipid
metabolism (63). Nevertheless, current data regarding the potential antifibrotic effects of
physical activity remain limited, and further studies are required to clarify its impact on fibrosis

regression (64).

To enhance long-term adherence to lifestyle interventions, behavioral support strategies have
been increasingly integrated into clinical care. Techniques such as motivational interviewing
and cognitive behavioral therapy have demonstrated efficacy in facilitating sustained
behavioral change, improving treatment compliance, and supporting increases in physical

activity levels (65, 66).

Finally, a comprehensive lifestyle-based approach to MASLD management should also address
additional modifiable risk factors. Smoking cessation and the limitation or avoidance of alcohol
consumption are strongly encouraged, given their adverse effects on metabolic health and their

contribution to liver disease progression(27).

8. Nutraceutical approach as a therapeutic option

At present, no approved pharmacological therapy is specifically available for the treatment of
MASLD. Given the increasing prevalence and clinical burden of this condition, there is a
growing need for safe and effective strategies to mitigate disease progression. Alongside
lifestyle interventions, recent research has increasingly focused on nutraceutical approaches

with documented beneficial effects on metabolic disorders such as type 2 diabetes and obesity,
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which may represent a complementary, non-pharmacological strategy in the management of

MASLD (67).

In this context, accumulating evidence supports the use of nutraceutical products containing
bioactive molecules, like polyphenols, a broad class of phytochemicals characterized by
phenolic structures, and a kind of polysaccharides called fucoidans, for the improvement of

metabolic alterations including insulin resistance and hepatic steatosis as well (68, 69).

Meta-analytical data derived from twenty-seven randomized controlled trials (70) indicate that
polyphenol-based nutraceuticals are associated with improvements in key MASLD-related

parameters, such as serum transaminase levels, glycemic control, and inflammatory markers.

The beneficial effects of polyphenols in MASLD appear to be mediated by the modulation of
key regulatory pathways involved in hepatic lipid metabolism (71). In particular, these
compounds have been shown to influence cellular energy sensing mechanisms, notably through
the activation of AMPK, which in turn downregulates lipogenic transcription factors such as
SREBP-1c¢ and limits fatty acid synthesis (72). Collectively, these molecular events contribute
to the attenuation of hepatic lipid accumulation (71). In addition, Evidence suggests that the
hepatoprotective properties of polyphenols involve the attenuation of pro-inflammatory
signaling cascades. By downregulating nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-Kb) activation, these compounds may limit oxidative stress and inflammatory

damage, thereby mitigating mechanisms implicated in MASLD progression (73).

In addition to polyphenols, increasing attention has been directed toward sulfated
polysaccharides, such as fucoidans, rich in fucose composed of 44% fucose and 26% sulphate,
found in various marine plant species which have been investigated for a wide range of
biological activities, including antioxidant, anti-inflammatory, antidiabetic, and lipid-lowering
effects (74). Intestinal absorption of fucoidans has been scientifically proven. Nagamine et al.
also found significant absorption at the level of liver cells, which was then confirmed in
experimental in vivo models of rats with NAFLD fed fucoidans. Rats fed a high-fat diet are a

widely used experimental model for studying NAFLD in humans, as they readily show
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alterations in lipid metabolism, transaminase function, inflammation and, of course,
intrahepatic lipid accumulation (75). In this context, fucoidans appear to act as a functional tool
in the treatment of NAFLD and related complications, reducing the degree of inflammation and
oxidative stress while improving lipid metabolism (76). In particular, fucoidans, administered
for 12 weeks at a dose of 100 mg/kg to rats fed a high-fat diet, led to an improvement in BMI,
the amount of fat accumulated in the liver, transaminases, lipid profile (total cholesterol and
triglycerides) and blood glucose compared to the control group treated with the high-fat diet
alone (76). There was also a reduction in highly reactive aldehydes produced as a result of lipid
peroxidation, which act as amplifiers of oxidative stress, such as malondialdehyde, but also
nitric oxide; at the same time, there was an increase in glutathione, an endogenous antioxidant
molecule. Concomitantly, a downregulation of pro-inflammatory cytokines, such as tumor

necrosis factor-a (TNF-a) and interleukin-1p (IL-1p), has been consistently reported (76).

Additional mechanistic insights have been provided by studies investigating gene expression
related to lipid metabolism. In the study by Yokota et al (77), supplementation with fucoidans
in mice with apolipoprotein E deficiency and fed a high-fat diet led to an improvement not only
in anthropometry but also in blood lipid levels, particularly total cholesterol, non-HDL
cholesterol, and triglycerides, as well as glucose, compared to the control group that did not
receive supplementation. In addition, HDL-C and plasma lipoprotein lipase activity increased
considerably. These effects were associated with the downregulation of genes involved in
hepatic lipogenesis, such as sterol regulatory element-binding protein-1 (SREBP-1), and
cytochrome P450 enzymes (CYP7A1 and CYP8B1), alongside the upregulation of pathways
promoting fatty acid transport and oxidation, including peroxisome proliferator—activated
receptor-a. (PPARa) and fatty acid-binding protein (77). Collectively, these findings suggest
that fucoidans may exert a multifaceted protective role in MASLD by simultaneously
modulating lipid metabolism, reducing hepatic inflammation, and attenuating oxidative stress
(76). Such properties support their inclusion within nutraceutical formulations aimed at

complementing dietary and lifestyle interventions in metabolic liver disease.
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Among the most extensively investigated natural sources of both polyphenols and sulphated
polysaccharides, marine algae have gained increasing attention due to their richness in bioactive

secondary metabolites with recognized pharmacological potential (68, 78).

Within the international research landscape, brown algae in particular have been extensively
studied, with Ascophyllum nodosum and Fucus vesiculosus representing well-characterized
species rich in a unique class of polyphenolic compounds known as phlorotannins and
fucoidans (79, 80). These compounds have been associated with a broad spectrum of biological
activities, including antioxidant, anti-inflammatory, antibacterial and enzyme-inhibitory

properties (74, 81-84) .

The role of a nutraceutical formulation containing polyphenols and fucoidans derived from

brown seaweed will be discussed in detail in the following chapter.

9. GDUE®: a nutraceutical based on brown algae and chromium

picolinate

Gdue® is a nutraceutical composition formed by two brown seaweeds, Ascophyllum nodosum
and Fucus vesiculosus in ration 95/5, enriched with picholinate chromium. Specifically, each
capsule of Gdue® (466 mg) contains 237.5 mg of Ascophyllum nodosum, 12.5 mg of Fucus
vesiculosus, and 7.5 pg of picolinate chromium. Recent evidence suggests that the combined
use of Ascophyllum nodosum and Fucus vesiculosus may exert beneficial effects on metabolic
dysfunctions. These effects are mainly linked to the presence of biologically active compounds
in the extracts, including polyphenols such as bromophenols, phlorotannins and sulfated

polysaccharides like fucoidans (85).

Preclinical and clinical evidence suggests that these seaweed-derived extracts are able to inhibit
the activity of intestinal a-glucosidase and a-amylase, resulting in a delayed digestion and

absorption of carbohydrates and then contributing to the regulation of postprandial blood
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glucose levels. In addition, these extracts may affect intestinal cholesterol absorption by

increasing luminal viscosity, thereby enhancing the fecal excretion of dietary cholesterol (86).

Carbohydrate digestion occurs through a sequence of enzymatic reactions, that allow starch to
be metabolized and absorbed. a-Amylase, released by the salivary glands and pancreas, initiates
this process by hydrolyzing complex polysaccharides—such as starch, amylopectin, glycogen,
and amylose—into smaller carbohydrate fragments. The final digestive step is mediated by a-
glucosidase, a brush-border enzyme of the intestinal epithelium, which converts these
intermediates, including complex carbohydrates and disaccharides, into absorbable

monosaccharides (87, 88).

In addition to seaweed-derived bioactives, chromium represents in Gdue® a relevant
component of the formulation. Chromium is recognized as an essential trace element involved
in the regulation of carbohydrate, lipid, and protein metabolism. Despite a relatively low dietary
bioavailability, chromium plays a critical role in glycemic control by acting as a cofactor in
insulin signaling (89). In particular, it enhances insulin receptor activity in insulin-sensitive
tissues, including skeletal muscle, adipose tissue, and liver, thereby facilitating glucose uptake

and contributing to improved glucose tolerance (90).

Among trivalent chromium compounds, chromium picolinate is considered one of the most
bioavailable forms and has been associated with potential health benefits in humans,

particularly in relation to glucose metabolism and blood pressure regulation (91).

In vivo animal studies conducted in experimental models of diet-induced NAFLD and NASH
suggest beneficial effects of Gdue® under overnutrition and insulin resistance states when
associated with hepatic steatosis (92). In these experimental models, male rats were exposed
to a high-fat diet combined with 30% fructose in drinking water for 12 weeks to induce NAFLD
or for 18 weeks to promote disease progression toward NASH. Under these conditions, daily
oral administration of Gdue® was associated with an overall improvement in systemic
metabolic parameters, including body weight regulation, fasting glycemia, circulating

triglyceride levels, and inflammatory markers. Model-specific effects were also observed, with
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improved postprandial glycemic responses in NASH animals and a reduction in total
cholesterol levels in NAFLD rats, suggesting a potential role of seaweed-derived compounds
in the modulation of cholesterol metabolism and/or excretion. Liver function was also
positively affected, as indicated by the normalization of plasma biochemical markers
commonly altered in steatotic liver disease, including ALT, alkaline phosphatase, and total
bilirubin. Histological evaluation further demonstrated a reduction in hepatic lipid
accumulation, with an improvement in both the size and number of lipid droplets within the

liver parenchyma in treated NAFLD and NASH rats.

To gain mechanistic insight into these effects, molecular pathways involved in hepatic lipid
storage and metabolism were examined. Gdue® administration was associated with the
downregulation of genes implicated in triglyceride synthesis and lipid droplet formation,
including diacylglycerol acyltransferase isoforms (DGAT-1 and DGAT-2), in both disease
models compared with untreated controls, supporting a mechanistic role for the nutraceutical

formulation in limiting hepatic lipid accumulation (92).

Consistent with these preclinical findings, data derived from a real-world observational study
in humans indicate that six months of Gdue® supplementation is associated with an overall
improvement in metabolic alterations related to MS (93). In this study, 505 subjects presenting
at least one diagnostic criterion of metabolic syndrome were enrolled during routine clinical
visits by healthcare professionals, including physicians and nutritionists. Daily intake of Gdue®
(23 tablets per day) was associated with improvements in multiple metabolic syndrome
components, particularly those related to carbohydrate metabolism, such as fasting plasma
glucose, insulin levels, and insulin resistance assessed by the HOMA-IR index. Additional
benefits were observed on systolic blood pressure, inflammatory markers, and waist
circumference. Notably, these improvements were already evident after three months of

supplementation and were further confirmed after six months of treatment (93).

In line with other evidence available in the literature, these clinical observations complement
the preclinical findings obtained in experimental models, supporting the potential role of

Gdue® as a nutraceutical strategy in metabolic dysfunction. On the basis of these premises, a
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randomized, double-blind, placebo-controlled clinical trial was designed to evaluate the effects
of Gdue®, in combination with a standardized hypocaloric diet, on hepatic steatosis and

anthropometric parameters in patients with metabolic syndrome associated with MASLD.

2. Materials and Methods
1. Study design

A six-month, randomized, double-blind, controlled clinical trial was conducted at the
Department of Internal Medicine and Medical Sciences, University of Genoa (Genoa, Italy), in
collaboration with the Unit of Dietetics and Clinical Nutrition (UOSD), IRCCS Policlinico San
Martino (Genoa, Italy).

The study protocol was approved by the local Institutional Ethics Committee and the trial was
conducted in accordance with the principles of the Declaration of Helsinki and the guidelines

of the Council for International Organizations of Medical Sciences (CIOMS).

All study procedures were thoroughly explained to eligible participants prior to enrollment, and

written informed consent was obtained from all subjects before inclusion in the study.

2. Patients

101 Patients with MASLD were included in the study, according to the following eligibility
criteria: male or female subjects aged >18 years; presence of metabolic syndrome (MS), defined
according to the International Diabetes Federation (IDF) criteria, namely waist circumference
>94 cm in males and >80 cm in females, plus at least two of the following conditions:
triglyceride levels >150 mg/dL; HDL-C <40 mg/dL in males and <50 mg/dL in females;
systolic blood pressure >130 mmHg or diastolic blood pressure >85 mmHg or current

antihypertensive treatment; impaired fasting glucose (IFG; 110-125 mg/dL) or established type

20



2 diabetes mellitus (T2DM). Hepatic steatosis of moderate (S2) to severe grade (S3) was

required and confirmed by Controlled Attenuation Parameter (CAP) assessment.

Exclusion criteria were: age <18 years; inability to understand the study procedures or to
provide written informed consent; use of nutraceutical supplements within the previous six
months; renal insufficiency, defined as serum creatinine values above the upper reference limit;
presence of cancer, chronic inflammatory diseases (including rheumatic or infectious
conditions), or psychiatric disorders; severe cardio- or cerebrovascular disease (e.g., New York
Heart Association class II-IV heart failure, history of myocardial infarction or stroke), or
cerebrovascular events occurring within six months prior to study enrollment; and current

smoking status.

3. Ultrasound and Elastography Assessment

Hepatic steatosis was assessed non-invasively using the CAP, obtained by vibration-controlled
transient elastography (FibroScan®), simultaneously with liver stiffness measurement. CAP
provides a quantitative estimate of liver fat content and has been validated for the assessment

of steatosis in patients with metabolic-associated liver disease.

Measurements were performed according to standardized quality criteria, and only valid
examinations were included in the analysis. CAP values corresponding to moderate steatosis

(S2: 268-280 dB/m) and severe steatosis (S3: >280 dB/m) were considered.

4. Treatment

To ensure an appropriate balance of baseline characteristics, participants were randomly

allocated into two parallel arms to receive either Gdue®, a nutraceutical formulation containing
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extracts of Ascophyllum nodosum, Fucus vesiculosus, and chromium picolinate, or a matching
placebo, for a period of six months, according to a randomized, double-blind, placebo-
controlled study design. Blinding was maintained by packaging both the nutraceutical and
placebo in indistinguishable dosage forms, identical in appearance, color, and size. The capsules
were provided in identical blister packs and stored in unlabeled containers bearing only a coded
identification, thereby preventing recognition of treatment allocation by both participants and

investigators involved in data collection.

Gdue® and placebo were self-administered three times daily, approximately 30 minutes before
the main meals (breakfast, lunch, and dinner). Participants were instructed to begin the assigned
supplementation on the day following study enrollment. Both interventions were provided at
no cost and were administered in addition to any ongoing standard medical therapy. All subjects
also received individualized dietary counseling and followed a personalized hypocaloric

Mediterranean diet tailored to their clinical condition.

Treatment adherence was monitored by pill count at each scheduled follow-up visit, during

which all unused study medication was collected and recorded to assess compliance.

5. Diet intervention and lifestyle

All participants received individualized dietary counseling by a qualified dietitian and were
prescribed a hypocaloric Mediterranean diet aimed at achieving a body weight reduction of
approximately 5—15% over six months. Daily energy intake was reduced by 600 to 1000 kcal
relative to individual energy requirements, in accordance with current guidelines for the

management of overweight and obesity.

Basal metabolic rate was estimated using the Harris—Benedict equation. The prescribed diet
provided approximately 45-50% of total energy from carbohydrates, 35-40% from fats (with
<7% from saturated fatty acids, up to 10% from polyunsaturated fatty acids, and up to 20%
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from monounsaturated fatty acids), and 15-20% from proteins. Intake of simple sugars was
limited to 10—12% of total daily energy. In addition to dietary intervention, participants received
individualized lifestyle counseling aimed at increasing habitual physical activity, in accordance
with their clinical condition and baseline physical fitness. Alchool consumption was not

permitted.

6. Assessment

At baseline (start of Gdue® treatment) and after 90 days (3 months) and 180 days (6 months)
of treatment, the following data were collected: age, sex, body weight, height, waist
circumference, fasting plasma glucose, glycated hemoglobin (HbAlc), fasting insulin levels,
homocysteine levels, total cholesterol (TC), HDL-C cholesterol, low-density lipoprotein (LDL-
C) cholesterol, triglycerides (TGL), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP). Body mass index (BMI) was
calculated as weight (kg) divided by height squared (m?). Insulin resistance was estimated using
the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR), calculated according to
the formula: HOMA-IR = (fasting glucose x fasting insulin) / 22.5. A physical examination was
performed at each visit, including measurement of blood pressure. Information regarding
comorbidities and concomitant therapies was also collected, with particular attention to the
presence of type 2 diabetes mellitus, hypertension, and dyslipidemia. Adherence to the
Mediterranean diet was assessed using the validated 14-item PREDIMED questionnaire for
adults (94). Each item was scored as 0 or 1, yielding a total score ranging from 0 to 14.
According to established cut-off values, adherence to the MD was classified as low (<5 points),

moderate (69 points), or high (>10 points).

Dietary habits were further evaluated through nutritional assessment to estimate basal metabolic
rate, total daily energy expenditure, and habitual daily caloric intake. In addition, macronutrient
intake was analyzed, and the relative contribution of proteins, lipids, and carbohydrates to total
energy intake was calculated, with particular attention to their percentage distribution. At

baseline and after 6 months of treatment, body composition was assessed by bioelectrical
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impedance analysis (BIA). Hepatic steatosis was evaluated using transient elastography with

controlled attenuation parameter (FibroScan® CAP).

7. Statistical Analysis

Descriptive analysis of continuous variables are expressed as median (IQR), given the non-

normal distribution of the data. Patient characteristics at baseline were compared by Placebo

and Gdue® groups using the Mann-Whitney U-test for continuous variables and the Pearson's

chi-squared test for categorical variables. Changes from baseline in percentage (A) were

calculated by comparing the baseline TO and T6 median values, using the following formula:
Mediantg — Mediang,

A (%) = 1
() Mediany, * 100

All tests are two-sided, and a P value < 0.05 was considered for statistical significance.

Statistical analyses were performed using the SPSS software ver. 23.0

3. Results

Recruitment started in March 2023, and completion of the six-month follow-up occurred in
June 2025. A total of 101 patients were enrolled and randomly allocated into two parallel

groups.

As reported in Table 1, at baseline participants assigned to the placebo group were
predominantly male (57%) and had a median age of 60 years (IQR 46—65). Median body mass
index (BMI) was 30.6 kg/m? (IQR 28.2-34.6), with a median weight of 91 kg (IQR 79.7-101)
and a median value of WC of 108 cm (IQR 100-117). The median phase angle was 6.1 (IQR
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5.6-6.6), and the median Controlled Attenuation Parameter (CAP) value was 312 dB/m (IQR
282-336). Hypertension was present in 73% of subjects, 33% had a diagnosis of type 2 diabetes
mellitus (T2DM), and cardiovascular disease (CAD) was reported in 12%.

Participants in the Gdue® group were also mainly male (69%), with a median age of 58.5 years
(IQR 55.5-64). Median weight value was 87.5kg (IQR 79.1-98), median value of BMI was 29.9
kg/m? (IQR 27.9-31.5), and median WC was 105 cm (IQR 100-111). The median phase angle
was 6.2 (IQR 5.9-6.9), while the median CAP value was 299 dB/m (IQR 273-319).
Hypertension was observed in 64% of patients, T2DM in 19%, and CAD in 8%. Regarding
family history, dyslipidemia was reported in 71% of patients in the Gdue® group and 63% in
the placebo group. A family history of liver disease was observed in 14% of participants in both
groups, while a family history of T2DM was reported in 52% of the Gdue® group and 53% of
the placebo group. MD adherence score with Predimed test reaches a median value in both of

groups of 7, indicating a medium adherence to MD.

Baseline biochemical parameters for each group are reported in Table 2. No statistically
significant differences were observed at baseline between the placebo and nutraceutical groups
for glycemic parameters, lipid profile, liver enzymes, homocysteine levels, or insulin resistance

indices, confirming adequate comparability between groups.

Table 3 summarizes the longitudinal changes in the parameters of interest after 3 months (T3)
and 6 months (T6) of treatment. After three months of intervention, a significant reduction in
BMI was observed in the Gdue® group compared with placebo (p = 0.029), and this difference
remained statistically significant at six months (p = 0.049), as showed by Figure 1. WC
decreased over time in both groups, without statistically significant between-group differences

at either follow-up.

After six months of intervention, percentage changes from baseline were analyzed to further
evaluate the effects of Gdue® supplementation compared with placebo on anthropometric,
metabolic, and hepatic parameters (Table 4). With respect to anthropometric outcomes, both

groups experienced similar reductions in body weight-related measures; however, a greater
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median decrease in BMI was observed in the Gdue® group compared with placebo (—5.4% vs
—4.5%). Similarly, WC showed a more pronounced reduction in the Gdue® group (—5.7% vs

—5.5%) than in the placebo group, indicating a more favorable effect on central adiposity.

Regarding body composition, fat mass percentage decreased substantially in both groups.
Although the median reduction was comparable between groups (—20% in the Gdue® group vs
—4% in the placebo group), a wider interindividual variability was observed among Gdue®-
treated subjects, with a significantly greater reduction compared with placebo (p = 0.018)

(Figure 2).

Improvements in glucose metabolism were also detected. Fasting plasma glucose and HbAlc
levels showed modest improvements over time in both groups, with no significant between-
group differences and but a more favorable trend for Gdue® group (-4.8% vs -3.2%,). However,
fasting insulin levels were significantly lower in the Gdue® group at three months compared
with placebo (-9.3% vs 7.0%, p = 0.033). At T6, fasting insulin levels decreased in both arms,
with median reductions of —6.7% in the Gdue® group and in the placebo group —7.8%, although
wide interindividual variability was observed. HOMA-IR showed a favorable trend over time

without reaching statistical significance.

In terms of lipid metabolism, HDL-C increased in both groups, with a significantly greater
median percentage increase in the Gdue® group (+13% vs +2%) compared with placebo at
T6 (p = 0.041), indicating a more favorable modulation of the lipid profile associated with
nutraceutical supplementation (Figure 3). Total cholesterol, LDL-cholesterol, and triglyceride

levels did not differ significantly between groups.

Plasma liver enzymes (AST, ALT, and ALP) remained within normal ranges throughout the

study in both groups, with no significant between-group differences.

A clinically meaningful improvement in hepatic steatosis was observed, as reflected by the
reduction in CAP values, as showed by Figure 4. At T6, the median percentage decrease in

CAP was greater in participants receiving Gdue® (—13.5% vs —12.8%) compared with those
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receiving placebo], with a statistically significant between-group difference (p = 0.039),

suggesting an enhanced reduction in liver fat content in the nutraceutical-treated group.

Overall, the analysis of percentage changes highlights a trend toward greater improvements in
anthropometric parameters, hepatic steatosis, and selected metabolic markers in patients
receiving Gdue®, supporting its potential additive benefit when combined with a hypocaloric

Mediterranean diet in individuals with metabolic syndrome—associated MASLD.

Overall, the nutraceutical intervention was well tolerated. Mild gastrointestinal adverse events
were reported in 2.9% of participants (n = 3), all occurring in the placebo group and consisting
mainly of transient aerophagia. No moderate or severe gastrointestinal adverse events, such as
diarrhea or clinically relevant gastrointestinal discomfort, were reported in either group during

the study period. No participant discontinued the study because of adverse events.

Placebo Gdue® P
GENDER M 28 57% M36 69% NS
F 21 43% Fl16 31%
AGE 60 58,5 NS
(IQR 46-65) (IQR 55,5-64)
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WEIGHT
(KG)
BMI
(kg/m?)
WC

(cm)

BIA

)

CAP
(dB/m)
Hypertension
(%)
T2DM
(%)

CAD

(%)

91

(IQR 79,7-101)

30,6

(IQR 28,2-34,6)

108

(IQR 100-117)

6,1

(IQR 5,6-6,6)

312 (IQR 282- 336)

73

33

12

87,5

(IQR 79,1-98)

29,9

(IQR 27,9-31,5)

105

(IQR 100-111)

6,2

(IQR 5,9-6.9)

299 (IQR 273-319)

64

19

NS

NS

NS

NS

NS

NS

NS

NS

Table 1. Patients characteristic at baseline. Values are expressed as median and interquartile

range or %.
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Table 2. Baseline blood chemistry values for patients expressed as median and interquartile

range
Placebo Gdue®
Parameter p
Baseline Baseline
Fasting blood glucose
92 (84-102) 94 (84.5-103.5) NS
(mg/dL)
HbAlc
5.7 (5.4-6.0) 5.7 (5.4-5.9) NS
(mmol/mol)
AST
32 (27-39) 28 (24.5-34) NS
(U/L)
ALT
40 (28-51) 34 (24.5-46.5) NS
(U/L)
ALP
73 (61-86) 67 (57-80) NS
(U/L)
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Placebo Gdue®
Parameter P
Baseline Baseline
TC
173 (137-216) 213.5 (152-243) NS
(mg/dL)
HDL-C
44 (38-50) 45 (39.5-49.5) NS
(mg/dL)
TGL
154 (94-209) 156.5 (121-228.5) NS
(mg/dL)
LDL-C
99 (65.5-147.5) 129.9 (88.6—-155.0) NS
(mg/dL)
Homocysteine
14.8 (12.1-18.1) 13.6 (10.9-16.9) NS
(pmol/L)
Fasting insulin
12.7 (8.9-17.2) 11.2 (8.4-14.3) NS
(nu/mL)
HOMA-IR 2.7(1.9-3.7) 2.63 (1.93-3.49) NS
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TO TO T3 T6 T6
PT3 PTé6
Placebo Gdue® Placebo Gdue® Placebo Gdue®
BMI
(kg/m?)
30.6 29.9 29.9 28.2 29.2 28.3
(28.2- (27.9- (27.8- (26.8- 0.029 (27.8- (26.3- 0.049
34.6) 31.5) 32.8) 30.9) 32.5) 30.5)
wC
(cm)
108 105 102 102
(96 101 (95- NS (96 99 (95- NS
(100- (100- 106) 103.5)
117) 11 111) 109)
Fasting blood glucose
(mg/dL)
92 94 9 9
83 84.5 NS (1 % ¢ NS
(84— (84.5— (83— (84.5- 98) 97)
102) 103.5) %8) 102)
HbAlc
(mmol/mol)
5.7 5.6 5.5 5.4
5.6 (5.2—
5.7 (5.4- (5.4- 58) NS (5.3— (5.3- NS
5.9) 6.0) ' 5.8) 5.8)
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T0 T0 T3 T6 Té6
PT3 PT6
Placebo Gdue® Placebo Gdue® Placebo Gdue®
(5.4-
6.0)
AST (U/L)
28 27
32 (27— 25 (21— 26 (24— 26 (22—
(24.5- (24— NS NS
39) 33.5) 33) 32)
34) 38)
ALT (U/L)
34 37
40 (28— 27(20.5— 28 (20— 30 (20—
(24.5— (22— NS NS
51) 40) 40) 38)
46.5) 49)
ALP (U/L)
67 70 67
73 (61— 74 (60— 67 (55—
(57— (61— (56.5— NS NS
86) 88) 80)
80) 92) 80)
TC
(mg/dL)
173 2135 161 183 169 183
(137 (152 (124- (138- NS (138- (147- NS
216) 243) 199) 217.5) 203) 209)

HDL-C (mg/dL)
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TO TO T3 T3 T6 T6
PT3 PT6
Placebo Gdue® Placebo Gdue® Placebo Gdue®
45 45 49
44 (38— 45 (38— 51 (43—
(39.5- (39- (41.5- NS 0.041
50) 53) 55)
49.5) 51) 53)
TGL (mg/dL)
154 156.5 122 112 120
128 (95—
(94— (121- (98- 166) NS (88— (95— NS
209) 228.5) 165) 176) 166)
LDL-C (mg/dL)
99 129.9 95.9 102.6 107 109
(65.5— (88.6— (57.6— (60— NS (66— (67— NS
147.5) 155.0) 128) 144.4) 134) 131)
Homocysteine (umol/L)
14.8 13.6 14.2 13.6
14 (12— 13 (11-
(12.1- (10.9- (11.8- (11.- NS 17) 15) NS
18.1) 16.9) 17.3) 16.1)
Fasting insulin (pu/mL)
12.7 11.2 11.8 10.1 11.7 10.5
(8.9- (8.4- 9.4- (6.8- 0.033 (8.3- (7.1- NS
17.2) 14.3) 17.3) 13.9) 15.6) 13.2)
HOMA-Index
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T0 T0 T3 T3 T6 Té6
PT3 PT6

Placebo Gdue® Placebo Gdue® Placebo Gdue®

2.69 2.63 2.6 2.6 2.2

2.4 (1.3—
(1.9- (1.9- (1.9- 3.4) NS (1.9— (1.4- NS
3.7) 3.4) 4.2) ' 3.6) 3.2)
FM (%)

36.0 35.9 34.5 28.8

(31.2- (31.0- (28.5- (25.3- 0.018

42.2) 40.8) 40.4) 35.8)

CAP (dB/m)

312 299 275 258.5

(282- (273- (253- (225.5- 0.039

336) 319) 308) 292.5)
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Figure 1. Boxplot showing changes in body mass index (BMI) from baseline (T0O) to 3 months (T3) and

6 months (T6) of intervention in placebo and Gdue® group.
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Figure 2. Boxplot showing changes in Fat Mass percentage (FM%) assessed with BIA from baseline (T0) to

months (T6) of intervention in placebo and Gdue® group
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Figure 3. Boxplot showing changes in HDL-C from baseline (T0) to months (T6) of intervention in placebo and

Gdue® group
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Figure 4. Boxplot showing changes in CAP from baseline (T0) to months (T6) of intervention in placebo and

Gdue® group

Table 4. Percentage change from baseline after 6 months (A%)

Parameter (A%)

WEIGHT

BMI

WC

HDL-C

CAP

Placebo

—4.2%

—4.5%

—5.5%

+2%

—11.8%

Gdue®

—4.2%

—5.4%

=5.7%

+13%

—13.5%

NS

0.049

NS

0.041

0.039
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Parameter (A%) Placebo Gdue® P

Fat Mass (%) —4% —20% 0.018
Fasting glucose —3.2% —4.8% NS
Fasting insulin —7.8% —6.7% NS

4. Discussion

To date, no approved pharmacological therapy is specifically available for the treatment of
hepatic steatosis and metabolic dysfunction—associated steatotic liver disease (MASLD).
Consequently, current therapeutic strategies rely primarily on lifestyle modification, with
dietary intervention and regular physical activity representing the cornerstone of disease
management (8). These approaches have consistently demonstrated efficacy in improving the
metabolic alterations underlying MASLD, including insulin resistance, dyslipidemia, and

excess hepatic fat accumulation (49).

In this context, nutraceuticals have emerged as adjunctive interventions that lie along a
nutritional continuum between conventional diet therapy and pharmacological treatment (95).
Defined as food supplements containing concentrated doses of bioactive compounds originally
derived from foods (96), nutraceuticals are intended to integrate within dietary and lifestyle
interventions rather than act independently. By reinforcing specific metabolic pathways
targeted by diet and physical activity, nutraceutical supplementation may enhance the overall
efficacy of lifestyle-based approaches in improving glycemic control, lipid profiles, and low-
grade inflammation. This integrated perspective supports the use of nutraceuticals as

complementary tools within a comprehensive nutritional strategy for metabolic dysfunction
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(95, 97). Within this framework, the hypocaloric Mediterranean diet represented the essential

background intervention upon which the effects of Gdue® were evaluated.

The present randomized, double-blind, placebo-controlled trial was designed to evaluate the
effectiveness of Gdue®, a seaweed-based nutraceutical rich in pholyphenols and fucoidans,
administered for six months in combination with a hypocaloric Mediterranean diet, on hepatic

steatosis and anthropometric parameters in patients with MASLD, compared with diet alone.

Marine algae extracts are recognized as a rich reservoir of biologically active compounds,
including polyphenols and sulfated polysaccharides, with well-documented inhibitory activity
on digestive enzymes (98). In particular, a-glucosidase and a-amylase inhibitors, commonly
present in the polyphenolic fraction of brown algae—especially phlorotannins—have been
shown to reduce intestinal carbohydrate digestion and glucose absorption, thereby modulating
postprandial glycemic excursions (99). Beyond their effects on carbohydrate metabolism, these
compounds may influence hepatic lipid metabolism through the modulation of intracellular
signaling pathways involved in inflammation and lipogenesis, such as nuclear factor kappa B

(NF-«B), ultimately leading to reduced lipid synthesis and enhanced fatty acid oxidation (100).

Fucoidans, the principally studied sulfated polysaccharides in literature, amplify metabolic
improvement of polyphenols on NAFLD, presumably acting on inflammation and oxidative

stress, implementing fatty acid oxidation rather than accumulation (77).

In our study, both treatment arms experienced reductions in BMI and WC, highlighting the

central role of dietary intervention as a form of structured dietotherapy.

In this regard, it can be hypothesized that patients with MASLD may exhibit a particularly high
level of adherence to dietary prescriptions, possibly related to an increased awareness of liver
dysfunction and the perception of the liver as a vital organ. Additionally, the diagnosis of a
chronic metabolic liver condition may induce a sense of concern or perceived health
vulnerability, which could further motivate patients to comply more strictly with lifestyle

recommendations.

40



However, patients receiving Gdue® supplementation exhibited a significantly greater reduction
in BMI compared with placebo (-5.4%vs -4.5%) at six months, suggesting an additive effect of
the nutraceutical when integrated into a dietary intervention. WC, a surrogate marker of visceral
adiposity closely associated with hepatic fat content and cardiometabolic risk, also showed a
slightly more pronounced median reduction in the Gdue® group, although between-group
differences did not reach statistical significance (-5.7%vs -5.5%). In addition to anthropometric
changes, body composition analysis performed by bioelectrical impedance analysis (BIA)
revealed a statistically significant reduction in fat mass percentage (FM%) in patients receiving
Gdue® supplementation compared with placebo (-20%vs -4%). This finding suggests that the
observed BMI improvement in the Gdue® group was primarily driven by a decrease in adipose
tissue rather than lean mass loss. The reduction in FM% is clinically relevant, as excess
adiposity—particularly visceral and ectopic fat—plays a central role in the pathogenesis of
MASLD and its associated metabolic complications (101). A preferential loss of fat mass may
contribute to improvements in insulin sensitivity, lipid metabolism, and hepatic fat
accumulation, thereby reinforcing the metabolic benefits observed in the Gdue® group. These
results further support the hypothesis that nutraceutical supplementation, when integrated into
a hypocaloric dietary intervention, may enhance qualitative changes in body composition
beyond those achieved through caloric restriction alone, particularly when targeting abdominal

fat distribution, which is strongly implicated in MASLD pathophysiology (102).

Improvements in glucose metabolism were observed in both groups, consistent with the effects
of weight loss and dietary modification (103).Notably, fasting insulin levels were significantly
reduced in the Gdue® group at three months, suggesting an early beneficial effect on insulin
sensitivity. Although reductions in fasting insulin and HOMA-IR were observed at six months
in both arms without statistically significant between-group differences, the overall trend
supports a potential modulatory role of Gdue® on insulin dynamics, according to previous

studies (92).

These effects are biologically plausible, as algae-derived polyphenols, including bromophenols
and phlorotannins, are known inhibitors of a-amylase and a-glucosidase, leading to reduced

intestinal carbohydrate absorption and attenuation of postprandial glycemic excursions.
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Additionally, these compounds may influence hepatic lipid metabolism through modulation of

signaling pathways involved in lipogenesis and fatty acid oxidation (102).

With respect to lipid metabolism, a significant increase in HDL-C was observed in the Gdue®
group compared with placebo at six months. This finding is consistent with previous clinical
evidence suggesting a favorable effect of Gdue® supplementation on lipid homeostasis (93).
Although the precise mechanisms remain speculative, potential pathways include modulation
of cholesterol biosynthesis or enhanced cholesterol efflux, ultimately contributing to a
reduction in cardiometabolic risk components associated with MASLD. However, it would
appear that the fraction of fucoidans contained in Gdue® plays a significant role in improving
the lipid profile. According to previous studies, fucoidans are able to reverse the transport of
cholesterol from peripheral tissues to the liver by inhibiting key enzymes in the synthesis of
cholesterol triacylglycerols such as HMG CoA reductase or fatty acid synthase and acetyl-CoA

carboxylase or activitaing lipoprotein lipase (69, 104) .

One of the most clinically relevant findings of the present study is the significant reduction in
hepatic steatosis, as assessed by Controlled Attenuation Parameter (CAP). Patients receiving
Gdue® exhibited a greater median percentage decrease in CAP values compared with placebo
(-13.5 vs -11.8), indicating a more pronounced reduction in liver fat content. This result aligns
with preclinical evidence showing partial regression of steatosis and normalization of

transaminases in overnourished animal models treated with Gdue® (99).

Importantly, the improvement in CAP observed in our cohort occurred in the context of lifestyle
intervention in both groups, reinforcing the concept that nutraceuticals act as coadjuvants within

a comprehensive dietary strategy, rather than as substitutes for diet and physical activity.

The hypocaloric Mediterranean diet prescribed in this study was individually tailored to each
patient’s clinical condition and estimated energy expenditure. A robust body of literature
supports the Mediterranean dietary pattern as one of the most effective strategies for reducing
cardiovascular risk and improving metabolic disorders that share common pathophysiological

features with MASLD, including insulin resistance, obesity, and ectopic fat accumulation (105).
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Dietary patterns rich in unsaturated fats and characterized by controlled carbohydrate intake
appear particularly effective in mobilizing ectopic fat depots, including hepatic and myocardial

fat, compared with low-fat dietary approaches (10, 41).

Consistent with this evidence, BMI improvement was observed in both study arms,
underscoring the effectiveness of hypocaloric dietary intervention in reducing hepatic adiposity
and improving liver-related outcomes (106). Scientific evidence consistently demonstrates a
strong association between excessive caloric intake and hepatic fat accumulation (107), and
patients with MASLD frequently exhibit an unfavorable macronutrient distribution and caloric

excess (41).

In line with this evidence, baseline dietary assessment in our cohort revealed an average daily
caloric intake exceeding estimated energy requirements by more than 300 kcal, confirming the
presence of caloric surplus as a relevant and modifiable pathogenic factor. This observation is
clinically relevant, confirming the role of energy balance correction as a key determinant of

hepatic improvement in MASLD.

Importantly, the magnitude of weight loss plays a key role in determining hepatic benefit.
Weight reductions exceeding 7% have been associated with significant improvements in
hepatic inflammation and hepatocellular ballooning, while greater weight loss may also
positively impact fibrosis progression (108). Accordingly, both the EASL-EASD-EASO
clinical practice guidelines and the current ESPEN guidelines on the management of liver
disease (8, 109) strongly recommend weight reduction through hypocaloric diet and physical
activity as first-line therapy in patients with MASLD and overweight or obesity.

In this context, our findings suggest that the integration of nutraceutical supplementation such
as Gdue® into a structured hypocaloric Mediterranean dietary approach may potentiate the
beneficial effects of lifestyle intervention on hepatic steatosis and selected metabolic
parameters (110). This concept is supported by previous clinical evidence showing that the
combination of a Mediterranean diet with nutraceutical supplementation leads to greater

improvements in anthropometric outcomes, including body weight, WC, and hip
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circumference, compared with diet alone. In particular, Chiaruzzi et al. demonstrated that a low-
calorie Mediterranean diet combined with nutraceutical supplementation over three months
resulted in significantly greater reductions in anthropometric measures in patients with MASLD

and obesity compared with placebo-treated controls (111).

Notably, the mild gastrointestinal symptoms reported during the study occurred exclusively in
the placebo group, suggesting that Gdue® supplementation itself was not associated with
adverse effects. This finding further supports the excellent tolerability and safety profile of the
nutraceutical, which is particularly relevant for long-term use in chronic metabolic conditions

such as MASLD.

The present study has several strengths. First, the randomized, double-blind, placebo-controlled
design ensures a high level of internal validity and minimizes potential bias. Second, the six-
month duration allows for the evaluation of medium-term effects of nutraceutical
supplementation, which is particularly relevant for chronic metabolic conditions such as

MASLD.

Hepatic steatosis was assessed using Controlled Attenuation Parameter (CAP), a validated and
non-invasive technique that provides quantitative information on liver fat content. Fourth, the
integration of Gdue® supplementation within a standardized hypocaloric Mediterranean diet

reflects real-world clinical practice and supports the translational relevance of the findings.

Finally, the favorable safety and tolerability profile observed in this study strengthens the
potential applicability of Gdue® as an adjunctive nutritional strategy in patients with MASLD.

Some limitations should be acknowledged. First, although the sample size was adequate to
detect differences in key metabolic and hepatic outcomes, larger multicenter studies are

warranted to confirm these findings and improve generalizability.

Liver fat content was assessed using CAP rather than histological evaluation, since it may be
influenced by operator expertise and technical factors. However, all examinations in the present

study were performed according to standardized procedures and quality criteria, thereby
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minimizing measurement variability. In addition, liver biopsy is not feasible in large clinical
trials and CAP represents a validated and widely accepted non-invasive alternative.
Furthermore, although BIA represents a practical and widely used method for body composition
assessment, it may be influenced by hydration status; however, standardized measurement

conditions were applied to minimize variability.

Dietary adherence and physical activity were assessed through counseling and follow-up visits
but were not objectively quantified, which may have introduced some variability in lifestyle-

related outcomes.

Finally, the study did not include a post-intervention follow-up period, thus limiting
conclusions regarding the long-term persistence of the observed benefits after discontinuation

of supplementation.

5. Conclusion and future perspectives

MASLD represents a major and growing global health burden, closely intertwined with obesity,
insulin resistance, and MS in general. To date, the absence of approved pharmacological
therapies specifically targeting hepatic steatosis has placed lifestyle modification—namely
dietary intervention and physical activity—at the center of disease management. However, the
long-term adherence and effectiveness of lifestyle measures alone remain challenging,
highlighting the need for complementary strategies capable of enhancing metabolic and hepatic

outcomes within a nutritional framework.

In this context, the present randomized, double-blind, placebo-controlled clinical trial was

designed to evaluate the efficacy and safety of Gdue®, a seaweed-based nutraceutical,
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administered for six months in combination with a hypocaloric Mediterranean diet, in patients
with MASLD. The findings of this study demonstrate that the integration of Gdue® into a
structured dietary intervention provides additional benefits beyond diet alone, particularly with

respect to anthropometric parameters, lipid metabolism, and hepatic steatosis.

Both treatment arms experienced significant improvements in body weight—related measures,
underscoring the pivotal role of caloric restriction and diet quality as effective therapeutic tools
in MASLD. Nevertheless, patients receiving Gdue® supplementation exhibited a significantly
greater reduction in BMI at six months compared with placebo, suggesting an additive effect
of the nutraceutical when combined with dietary intervention. WC, a surrogate marker of
visceral adiposity and a key driver of hepatic fat accumulation, also showed a more pronounced
median reduction in the Gdue® group, further supporting a potential role in modulating central

fat distribution.

Improvements in glucose metabolism were observed in both groups, consistent with the
metabolic benefits of weight loss and dietary modification. Notably, fasting insulin levels were
significantly reduced in the Gdue® group at three months, indicating an early improvement in
insulin sensitivity. Although between-group differences in insulin resistance indices were not
maintained at six months, the overall trend supports a favorable modulatory effect of Gdue®
on insulin dynamics, in line with the known inhibitory effects of algae-derived polyphenols on

carbohydrate digestion and postprandial glycemic excursions.

With regard to lipid metabolism, Gdue® supplementation was associated with a statistically
significant increase in HDL-C at six months compared with placebo. This finding is clinically
relevant, as HDL-C plays a protective role in cardiometabolic risk and is often reduced in
patients with MASLD. The observed improvement suggests a potential effect of the
nutraceutical on lipid homeostasis, possibly mediated through modulation of cholesterol

synthesis or enhanced cholesterol efflux, although further mechanistic studies are warranted.

One of the most clinically meaningful outcomes of the present trial is the significant reduction

in hepatic steatosis, as assessed by Controlled Attenuation Parameter (CAP). Patients treated
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with Gdue® showed a greater median percentage decrease in CAP values compared with those
receiving placebo (-13.5% vs -11.8%), indicating a more pronounced reduction in liver fat
content. This finding is particularly relevant given the central role of hepatic steatosis in
MASLD pathogenesis and progression. Importantly, the observed improvement occurred in the
context of lifestyle intervention in both groups, reinforcing the concept that nutraceuticals act

as coadjuvants rather than substitutes for dietary and lifestyle modification.

The favorable hepatic effects observed in this study are consistent with preclinical evidence
demonstrating reduced lipid accumulation and modulation of lipogenic pathways in
experimental models treated with Gdue®. Collectively, these data support a biological
plausibility for the observed clinical benefits, likely mediated by the combined actions of

polyphenols and other bioactive compounds present in brown seaweed extracts.

From a safety perspective, Gdue® demonstrated an excellent tolerability profile. Mild
gastrointestinal adverse events were infrequently reported and occurred exclusively in the
placebo group, with no moderate or severe adverse effects observed in either arm. This finding
further supports the suitability of Gdue® for long-term use in patients with chronic metabolic

conditions such as MASLD.

Several limitations should be acknowledged. The duration of the study, although sufficient to
detect meaningful metabolic and hepatic changes, does not allow conclusions regarding long-
term outcomes or disease progression. Additionally, while CAP represents a validated and
widely used non-invasive method for the assessment of hepatic steatosis, it remains partially
operator-dependent, although standardized acquisition protocols were applied to minimize
variability. Future studies incorporating longer follow-up periods and additional imaging or
histological endpoints may further clarify the long-term impact of nutraceutical

supplementation on MASLD progression.

In conclusion, the results of this doctoral research support the integration of Gdue® as a
complementary nutritional strategy within lifestyle-based interventions for MASLD. When

combined with a hypocaloric Mediterranean diet, Gdue® appears to enhance improvements in
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anthropometric parameters, lipid metabolism, and hepatic steatosis, while maintaining an
excellent safety profile. These findings contribute to the growing evidence supporting
nutraceuticals as valuable adjuncts in the nutritional management of metabolic liver disease and

provide a rationale for further large-scale, long-term clinical investigations.

The findings of the present study open several avenues for future research in the nutritional
management of MASLD. While the results support the role of Gdue® as a complementary
intervention to lifestyle modification, further investigations are needed to better define its long-

term clinical impact, optimal duration of treatment, and target patient populations.

Larger randomized controlled trials with longer follow-up periods are warranted to evaluate
whether the observed improvements in hepatic steatosis and metabolic parameters translate into
sustained benefits over time and whether nutraceutical supplementation may influence disease
progression, including inflammation and fibrosis. The inclusion of additional non-invasive
markers of liver injury and fibrosis, as well as advanced imaging techniques, could provide a

more comprehensive assessment of liver disease evolution.

Future studies should aim to identify subgroups of patients who may derive the greatest benefit
from nutraceutical supplementation. Factors such as baseline metabolic profile, degree of
insulin resistance, severity of steatosis, and dietary adherence may modulate individual
responses to treatment. A personalized nutrition approach, integrating nutraceuticals, could

therefore represent a promising strategy in MASLD management.

Mechanistic studies are needed to further elucidate the molecular pathways through which
seaweed-derived bioactive compounds exert their metabolic and hepatoprotective effects in
humans. In particular, the impact of Gdue® on hepatic lipid metabolism, inflammatory
signaling pathways, gut microbiota composition, and intestinal permeability represents an area
of growing scientific interest. In particular, it emerges from recent studies that dysbiosis can
exacerbate MASLD through several mechanisms. Understanding these microbial signatures
pathways could help refine nutraceutical formulations and guide their rational use in clinical

practice.
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Finally, from a translational perspective, nutraceuticals such as Gdue® may represent a
practical and well-tolerated option to support lifestyle interventions in real-world settings,
where adherence to dietary and physical activity recommendations is often suboptimal. Their
integration into structured nutritional programs could enhance patient engagement and improve

long-term metabolic outcomes, particularly in the early stages of MASLD.

Overall, future research should continue to explore the role of nutraceuticals within a
comprehensive lifestyle-based framework, with the ultimate goal of developing effective, safe,
and sustainable strategies for the prevention and management of metabolic dysfunction—

associated steatotic liver disease.

49



6. Acknowledgements

Desidero esprimere un sentito ringraziamento alla professoressa Pisciotta, senza la quale questo
percorso di dottorato non avrebbe mai preso forma. La ringrazio per avermi offerto, in questi
tre anni, I’opportunita di avvicinarmi ad un campo a me completamente estraneo, guidandomi
con estrema competenza e disponibilita. Ringrazio il professor Nencioni e la professoressa
Caffa per avermi accolta nel loro gruppo di lavoro e per avermi fatto sentire parte integrante di
esso. Ringrazio la professoressa Borriello, che sin da studentessa al primo anno di universita,
ha continuato a credere in me, anche quando io stessa ho dubitato delle mie capacita. Ringrazio
il professor Gandullia, per I’estrema competenza e la profonda etica che lo contraddistinguono

rendendolo il primario che consiglio a tutti di avere.

Ringrazio mia mamma e mio papa per essere ancora realmente “genitori” nonostante la mia eta,
mio fratello Luca per i suoi consigli, anche da professionista del settore, nel rendere piu
sostenibile la mia sindrome dell’impostore, mia nonna e le mie amiche fidatissime (Gloria, sei
per la terza volta nei ringraziamenti della mia tesi). Ringrazio la dottoressa Borgarelli e le
colleghe del DIMI, oltre alla dottoressa Ferrando per aver condiviso davvero tutte le fatiche e

le soddisfazioni di questo traguardo con me.

Infine, ringrazio Matteo, che nonostante 3 anni di dottorato riesce ancora ad amarmi.

50



7. Bibliography

1. Miao L, Targher G, Byrne CD, Cao YY, Zheng MH. Current status and future trends of the
global burden of MASLD. Trends Endocrinol Metab. 2024;35(8):697-707.

2. Younossi ZM, Golabi P, Price JK, Owrangi S, Gundu-Rao N, Satchi R, et al. The Global
Epidemiology of Nonalcoholic Fatty Liver Disease and Nonalcoholic Steatohepatitis Among Patients
With Type 2 Diabetes. Clin Gastroenterol Hepatol. 2024;22(10):1999-2010 e8.

3. Dua A, Kumari R, Singh M, Kumar R, Pradeep S, Ojesina Al et al. Metabolic Dysfunction-
Associated Steatotic Liver Disease (MASLD): the interplay of gut microbiome, insulin resistance,
and diabetes. Front Med (Lausanne). 2025;12:1618275.

4. Rinella ME, Lazarus JV, Ratziu V, Francque SM, Sanyal AJ, Kanwal F, et al. A multisociety
Delphi consensus statement on new fatty liver disease nomenclature. J Hepatol. 2023;79(6):1542-56.

5. Ludwig J, Viggiano TR, McGill DB, Oh BJ. Nonalcoholic steatohepatitis: Mayo Clinic
experiences with a hitherto unnamed disease. Mayo Clin Proc. 1980;55(7):434-8.

6. Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, Abdelmalek MF, Caldwell S, Barb D, et
al. AASLD Practice Guidance on the clinical assessment and management of nonalcoholic fatty liver
disease. Hepatology. 2023;77(5):1797-835.

7. Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher G, Romero-Gomez M, et al. A new
definition for metabolic dysfunction-associated fatty liver disease: An international expert consensus
statement. J Hepatol. 2020;73(1):202-9.

8. European Association for the Study of the L, European Association for the Study of D,
European Association for the Study of O. EASL-EASD-EASO Clinical Practice Guidelines on the
management of metabolic dysfunction-associated steatotic liver disease (MASLD). J Hepatol.
2024;81(3):492-542.

9. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. The global
epidemiology of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH):
a systematic review. Hepatology. 2023;77(4):1335-47.

10. Huang DQ, Wong VWS, Rinella ME, Boursier J, Lazarus JV, Yki-Jarvinen H, et al. Metabolic
dysfunction-associated steatotic liver disease in adults. Nat Rev Dis Primers. 2025;11(1):14.

51



11. Rich NE, Oji S, Mufti AR, Browning JD, Parikh ND, Odewole M, et al. Racial and Ethnic
Disparities in Nonalcoholic Fatty Liver Disease Prevalence, Severity, and Outcomes in the United
States: A Systematic Review and Meta-analysis. Clin Gastroenterol Hepatol. 2018;16(2):198-210 e2.

12. Le MH, Le DM, Baez TC, Wu Y, Ito T, Lee EY, et al. Global incidence of non-alcoholic fatty
liver disease: A systematic review and meta-analysis of 63 studies and 1,201,807 persons. J Hepatol.
2023;79(2):287-95.

13. Feng G, Targher G, Byrne CD, Yilmaz Y, Wai-Sun Wong V, Adithya Lesmana CR, et al.
Global burden of metabolic dysfunction-associated steatotic liver disease, 2010 to 2021. JHEP Rep.
2025;7(3):101271.

14. Allen AM, Therneau TM, Larson JJ, Coward A, Somers VK, Kamath PS. Nonalcoholic fatty
liver disease incidence and impact on metabolic burden and death: A 20 year-community study.
Hepatology. 2018;67(5):1726-36.

15. Ward ZJ, Bleich SN, Cradock AL, Barrett JL, Giles CM, Flax C, et al. Projected U.S. State-
Level Prevalence of Adult Obesity and Severe Obesity. N Engl J Med. 2019;381(25):2440-50.

16. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al. IDF Diabetes
Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for
2045. Diabetes Res Clin Pract. 2022;183:109119.

17.  Younossi ZM, Kalligeros M, Henry L. Epidemiology of metabolic dysfunction-associated
steatotic liver disease. Clin Mol Hepatol. 2025;31(Suppl):S32-S50.

18. Eslam M, Sanyal AJ, George J, International Consensus P. MAFLD: A Consensus-Driven
Proposed Nomenclature for Metabolic Associated Fatty Liver Disease. Gastroenterology.
2020;158(7):1999-2014 el.

19. Roden M. Mechanisms of Disease: hepatic steatosis in type 2 diabetes--pathogenesis and
clinical relevance. Nat Clin Pract Endocrinol Metab. 2006;2(6):335-48.

20. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD
development and therapeutic strategies. Nat Med. 2018;24(7):908-22.

21.  Adolph TE, Tilg H. Western diets and chronic diseases. Nat Med. 2024;30(8):2133-47.
22. Kawano Y, Edwards M, Huang Y, Bilate AM, Araujo LP, Tanoue T, et al. Microbiota
imbalance induced by dietary sugar disrupts immune-mediated protection from metabolic syndrome.

Cell. 2022;185(19):3501-19 €20.

23.  Begriche K, Igoudjil A, Pessayre D, Fromenty B. Mitochondrial dysfunction in NASH:
causes, consequences and possible means to prevent it. Mitochondrion. 2006;6(1):1-28.

52



24. Tsay CJ, Lim JK. NASH and the Gut Microbiome: Implications for New Therapies. Clin
Liver Dis (Hoboken). 2022;19(3):97-100.

25. Angulo P. Nonalcoholic fatty liver disease. N Engl J Med. 2002;346(16):1221-31.

26.  Rinella ME. Nonalcoholic fatty liver disease: a systematic review. JAMA.
2015;313(22):2263-73.

27. Tilg H, Petta S, Stefan N, Targher G. Metabolic Dysfunction-Associated Steatotic Liver
Disease in Adults: A Review. JAMA. 2026;335(2):163-74.

28.  Italian Association for the Study of the L. AISF position paper on nonalcoholic fatty liver
disease (NAFLD): Updates and future directions. Dig Liver Dis. 2017;49(5):471-83.

29.  Byrne CD, Patel J, Scorletti E, Targher G. Tests for diagnosing and monitoring non-alcoholic
fatty liver disease in adults. BMJ. 2018;362:k2734.

30.  Anstee QM, Castera L, Loomba R. Impact of non-invasive biomarkers on hepatology practice:
Past, present and future. J Hepatol. 2022;76(6):1362-78.

31. Tamaki N, Ajmera V, Loomba R. Non-invasive methods for imaging hepatic steatosis and
their clinical importance in NAFLD. Nat Rev Endocrinol. 2022;18(1):55-66.

32. Hernaez R, Lazo M, Bonekamp S, Kamel I, Brancati FL, Guallar E, et al. Diagnostic accuracy
and reliability of ultrasonography for the detection of fatty liver: a meta-analysis. Hepatology.
2011;54(3):1082-90.

33.  Lauschke VM. Practice guidance documents for the diagnosis and management of non-
alcoholic fatty liver disease-recent updates and open questions. Hepatobiliary Surg Nutr.
2023;12(5):780-4.

34, Turankova T BO, Brazhnikov A, Svistunov A, Gurusamy KS, Pavlov CS. Transient
elastography with controlled attenuation parameter (CAP) for diagnosis of moderate or severe

steatosis in people with suspected non-alcoholic fatty liver disease. . Cochrane Database Syst Rev
2020;(7):CD013670

35. Gomez C, Gallego Roig JJ, Lapena M, Alfaro-Cervello C, Fiorillo A, Lopez-Gramaje A, et
al. Effects of bariatric surgery on neurological disturbances and quality of life in patients with

metabolic dysfunction-associated steatotic liver disease and obesity: a prospective longitudinal study.
Surg Obes Relat Dis. 2026;22(1):113-25.

36. Golubeva JA, Sheptulina AF, Yafarova AA, Mamutova EM, Kiselev AR, Drapkina OM.
Reduced Quality of Life in Patients with Non-Alcoholic Fatty Liver Disease May Be Associated with
Depression and Fatigue. Healthcare (Basel). 2022;10(9).

53



37. David K, Kowdley KV, Unalp A, Kanwal F, Brunt EM, Schwimmer JB, et al. Quality of life
in adults with nonalcoholic fatty liver disease: baseline data from the nonalcoholic steatohepatitis
clinical research network. Hepatology. 2009;49(6):1904-12.

38. Wong VW, Ekstedt M, Wong GL, Hagstrom H. Changing epidemiology, global trends and
implications for outcomes of NAFLD. J Hepatol. 2023;79(3):842-52.

39.  Konerman MA, Jones JC, Harrison SA. Pharmacotherapy for NASH: Current and emerging.
J Hepatol. 2018;68(2):362-75.

40. Semmler G, Datz C, Reiberger T, Trauner M. Diet and exercise in NAFLD/NASH: Beyond
the obvious. Liver Int. 2021;41(10):2249-68.

41.  Stefano JT, Duarte SMB, Ribeiro Leite Altikes RG, Oliveira CP. Non-pharmacological
management options for MAFLD: a practical guide. Ther Adv Endocrinol Metab.
2023;14:20420188231160394.

42. Sacks FM, Bray GA, Carey VJ, Smith SR, Ryan DH, Anton SD, et al. Comparison of weight-
loss diets with different compositions of fat, protein, and carbohydrates. N Engl J Med.
2009;360(9):859-73.

43, Marchesini G, Petta S, Dalle Grave R. Diet, weight loss, and liver health in nonalcoholic fatty
liver disease: Pathophysiology, evidence, and practice. Hepatology. 2016;63(6):2032-43.

44, Sheikh MY, Younus MF, Shergill A, Hasan MN. Diet and Lifestyle Interventions in
Metabolic Dysfunction-Associated Fatty Liver Disease: A Comprehensive Review. Int J Mol Sci.
2025;26(19).

45, Jensen T, Abdelmalek MF, Sullivan S, Nadeau KJ, Green M, Roncal C, et al. Fructose and
sugar: A major mediator of non-alcoholic fatty liver disease. J Hepatol. 2018;68(5):1063-75.

46.  Alwahsh SM, Gebhardt R. Dietary fructose as a risk factor for non-alcoholic fatty liver disease
(NAFLD). Arch Toxicol. 2017;91(4):1545-63.

47. Abdelmalek MF, Lazo M, Horska A, Bonekamp S, Lipkin EW, Balasubramanyam A, et al.
Higher dietary fructose is associated with impaired hepatic adenosine triphosphate homeostasis in
obese individuals with type 2 diabetes. Hepatology. 2012;56(3):952-60.

48. Bode JC, Zelder O, Rumpelt HJ, Wittkamp U. Depletion of liver adenosine phosphates and
metabolic effects of intravenous infusion of fructose or sorbitol in man and in the rat. Eur J Clin
Invest. 1973;3(5):436-41.

49, Ryan MC, Itsiopoulos C, Thodis T, Ward G, Trost N, Hofferberth S, et al. The Mediterranean

diet improves hepatic steatosis and insulin sensitivity in individuals with non-alcoholic fatty liver
disease. J Hepatol. 2013;59(1):138-43.

54



50. Trovato FM, Catalano D, Martines GF, Pace P, Trovato GM. Mediterranean diet and non-
alcoholic fatty liver disease: the need of extended and comprehensive interventions. Clin Nutr.
2015;34(1):86-8.

51. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, et al. 2019 ESC/EAS
Guidelines for the management of dyslipidaemias: lipid modification to reduce cardiovascular risk.
Eur Heart J. 2020;41(1):111-88.

52. Sangouni AA, Hassani Zadeh S, Mozaffari-Khosravi H, Hosseinzadeh M. Effect of
Mediterranean diet on liver enzymes: a systematic review and meta-analysis of randomised controlled
trials. Br J Nutr. 2022;128(7):1231-9.

53. Ma J, Hennein R, Liu C, Long MT, Hoffmann U, Jacques PF, et al. Improved Diet Quality
Associates With Reduction in Liver Fat, Particularly in Individuals With High Genetic Risk Scores
for Nonalcoholic Fatty Liver Disease. Gastroenterology. 2018;155(1):107-17.

54. Maskarinec G, Namatame LA, Kang M, Buchthal SD, Ernst T, Monroe KR, et al. Differences
in the association of diet quality with body fat distribution between men and women. Eur J Clin Nutr.
2020;74(10):1434-41.

55. Zhang S, Gan S, Zhang Q, Liu L, Meng G, Yao Z, et al. Ultra-processed food consumption
and the risk of non-alcoholic fatty liver disease in the Tianjin Chronic Low-grade Systemic
Inflammation and Health Cohort Study. Int J Epidemiol. 2022;51(1):237-49.

56. Ahn J, Jun DW, Lee HY, Moon JH. Critical appraisal for low-carbohydrate diet in
nonalcoholic fatty liver disease: Review and meta-analyses. Clin Nutr. 2019;38(5):2023-30.

57. Carli F, Della Pepa G, Sabatini S, Vidal Puig A, Gastaldelli A. Lipid metabolism in MASLD
and MASH: From mechanism to the clinic. JHEP Rep. 2024;6(12):101185.

58. LiuY, Yang W, VoPham T, Ma Y, Simon TG, Gao X, et al. Plant-Based and Animal-Based
Low-Carbohydrate Diets and Risk of Hepatocellular Carcinoma Among US Men and Women.
Hepatology. 2021;73(1):175-85.

59. Haghighatdoost F, Salehi-Abargouei A, Surkan PJ, Azadbakht L. The effects of low
carbohydrate diets on liver function tests in nonalcoholic fatty liver disease: A systematic review and
meta-analysis of clinical trials. J Res Med Sci. 2016;21:53.

60. Rezende RE, Duarte SM, Stefano JT, Roschel H, Gualano B, de Sa Pinto AL, et al.
Randomized clinical trial: benefits of aerobic physical activity for 24 weeks in postmenopausal
women with nonalcoholic fatty liver disease. Menopause. 2016;23(8):876-83.

61.  Farzanegi P, Dana A, Ebrahimpoor Z, Asadi M, Azarbayjani MA. Mechanisms of beneficial
effects of exercise training on non-alcoholic fatty liver disease (NAFLD): Roles of oxidative stress
and inflammation. Eur J Sport Sci. 2019;19(7):994-1003.

55



62. Kim D, Vazquez-Montesino LM, Li AA, Cholankeril G, Ahmed A. Inadequate Physical
Activity and Sedentary Behavior Are Independent Predictors of Nonalcoholic Fatty Liver Disease.
Hepatology. 2020;72(5):1556-68.

63. Babu AF, Csader S, Lok J, Gomez-Gallego C, Hanhineva K, El-Nezami H, et al. Positive
Effects of Exercise Intervention without Weight Loss and Dietary Changes in NAFLD-Related
Clinical Parameters: A Systematic Review and Meta-Analysis. Nutrients. 2021;13(9).

64. Stine JG, Long MT, Corey KE, Sallis RE, Allen AM, Armstrong MJ, et al. American College
of Sports Medicine (ACSM) International Multidisciplinary Roundtable report on physical activity
and nonalcoholic fatty liver disease. Hepatol Commun. 2023;7(4).

65.  Hallsworth K, Adams LA. Lifestyle modification in NAFLD/NASH: Facts and figures. JHEP
Rep. 2019;1(6):468-79.

66. Moscatiello S, Di Luzio R, Bugianesi E, Suppini A, Hickman 1J, Di Domizio S, et al.
Cognitive-behavioral treatment of nonalcoholic Fatty liver disease: a propensity score-adjusted
observational study. Obesity (Silver Spring). 2011;19(4):763-70.

67. Cicero AFG, Colletti A, Bellentani S. Nutraceutical Approach to Non-Alcoholic Fatty Liver
Disease (NAFLD): The Available Clinical Evidence. Nutrients. 2018;10(9).

68. Rashed ZE, Grasselli E, Khalifeh H, Canesi L, Demori I. Brown-Algae Polysaccharides as
Active Constituents against Nonalcoholic Fatty Liver Disease. Planta Med. 2022;88(1):9-19.

69. Lagowska K, Jurgonski A, Mori M, Yamori Y, Murakami S, Ito T, et al. Effects of dietary
seaweed on obesity-related metabolic status: a systematic review and meta-analysis of randomized
controlled trials. Nutr Rev. 2025;83(2):e116-¢30.

70. Huang Q, An Z, Xin X, Gou X, Tian X, Hu Y, et al. The Effectiveness of Curcumin,
Resveratrol, and Silymarin on MASLD: A Systematic Review and Meta-Analysis. Food Sci Nutr.
2024;12(12):10010-29.

71. Kang OH, Kim SB, Seo YS, Joung DK, Mun SH, Choi JG, et al. Curcumin decreases oleic
acid-induced lipid accumulation via AMPK phosphorylation in hepatocarcinoma cells. Eur Rev Med
Pharmacol Sci. 2013;17(19):2578-86.

72. You M, Matsumoto M, Pacold CM, Cho WK, Crabb DW. The role of AMP-activated protein
kinase in the action of ethanol in the liver. Gastroenterology. 2004;127(6):1798-808.

73. Ucar F, Sezer S, Erdogan S, Akyol S, Armutcu F, Akyol O. The relationship between
oxidative stress and nonalcoholic fatty liver disease: Its effects on the development of nonalcoholic
steatohepatitis. Redox Rep. 2013;18(4):127-33.

74.  Fitton JH, Stringer DN, Karpiniec SS. Therapies from Fucoidan: An Update. Mar Drugs.
2015;13(9):5920-46.

56



75. Grasselli E, Canesi L, Portincasa P, Voci A, Vergani L, Demori I. Models of non-Alcoholic
Fatty Liver Disease and Potential Translational Value: the Effects of 3,5-L-diiodothyronine. Ann
Hepatol. 2017;16(5):707-19.

76.  Heeba GH, Morsy MA. Fucoidan ameliorates steatohepatitis and insulin resistance by
suppressing oxidative stress and inflammatory cytokines in experimental non-alcoholic fatty liver
disease. Environ Toxicol Pharmacol. 2015;40(3):907-14.

77. Yokota T, Nomura K, Nagashima M, Kamimura N. Fucoidan alleviates high-fat diet-induced
dyslipidemia and atherosclerosis in ApoE(shl) mice deficient in apolipoprotein E expression. J Nutr
Biochem. 2016;32:46-54.

78. Tung YT, Wu CH, Chen WC, Pan CH, Chen YW, Tsao SP, et al. Ascophyllum nodosum and
Fucus vesiculosus Extracts Improved Lipid Metabolism and Inflammation in High-Energy Diet-
Induced Hyperlipidemia Rats. Nutrients. 2022;14(21).

79. Roy M-C, Anguenot R, Fillion C, Beaulieu M, Bérubé¢ J, Richard D. Effect of a commercially-
available algal phlorotannins extract on digestive enzymes and carbohydrate absorption in vivo. Food
Research International. 2011;44(9):3026-9.

80. Li B, LuF, Wei X, Zhao R. Fucoidan: structure and bioactivity. Molecules. 2008;13(8):1671-
95.

81. Kang K, Park Y, Hwang HJ, Kim SH, Lee JG, Shin HC. Antioxidative properties of brown
algae polyphenolics and their perspectives as chemopreventive agents against vascular risk factors.
Arch Pharm Res. 2003;26(4):286-93.

82. Shin HC, Hwang HJ, Kang KJ, Lee BH. An antioxidative and antiinflammatory agent for
potential treatment of osteoarthritis from Ecklonia cava. Arch Pharm Res. 2006;29(2):165-71.

83. Braden KW, Blanton JR, Jr., Allen VG, Pond KR, Miller MF. Ascophyllum nodosum
supplementation: a preharvest intervention for reducing Escherichia coli O157:H7 and Salmonella
spp. in feedlot steers. J Food Prot. 2004;67(9):1824-8.

84. Li Y-X, Wijesekara I, Li Y, Kim S-K. Phlorotannins as bioactive agents from brown algae.
Process Biochemistry. 2011;46(12):2219-24.

85. Derosa G, Cicero AFG, D'Angelo A, Maffioli P. Ascophyllum nodosum and Fucus
vesiculosus on glycemic status and on endothelial damage markers in dysglicemic patients.
Phytotherapy research : PTR. 2019;33(3):791-7.

86. André R, Pacheco R, Bourbon M, Serralheiro ML. Brown Algae Potential as a Functional
Food against Hypercholesterolemia: Review. 2021;10(2):234.

57



87. Kim KY, Nguyen TH, Kurihara H, Kim SM. Alpha-glucosidase inhibitory activity of
bromophenol purified from the red alga Polyopes lancifolia. Journal of food science.
2010;75(5):H145-50.

88. Sales PM, Souza PM, Simeoni LA, Magalhdes PO, Silveira D. a-Amylase Inhibitors: A
Review of Raw Material and Isolated Compounds from Plant Source. Journal of Pharmacy &
Pharmaceutical Sciences. 2012;15(1):141-83.

89. Nicolucci A, Rossi MC, Petrelli M. Effectiveness of Ascophyllum nodosum and Fucus
vesiculosus on Metabolic Syndrome Components: A Real-World, Observational Study.
2021;2021(1):3389316.

90. Derosa G, Pascuzzo MD, D'Angelo A, Maffioli P. Ascophyllum Nodosum, Fucus Vesiculosus
and chromium picolinate nutraceutical composition can help to treat type 2 diabetic patients. Diabetes
Metab Syndr Obes. 2019;12:1861-5.

91. Cicero AF, Tartagni E, Ertek S. Nutraceuticals for metabolic syndrome management: from
laboratory to benchside. Curr Vasc Pharmacol. 2014;12(4):565-71.

92. Gabbia D, Roverso M, Zanotto I, Colognesi M, Sayaf K, Sarcognato S, et al. A Nutraceutical
Formulation Containing Brown Algae Reduces Hepatic Lipid Accumulation by Modulating Lipid
Metabolism and Inflammation in Experimental Models of NAFLD and NASH. Mar Drugs.
2022;20(9).

93. Nicolucci A, Rossi MC, Petrelli M. Effectiveness of Ascophyllum nodosum and Fucus
vesiculosus on Metabolic Syndrome Components: A Real-World, Observational Study. J Diabetes
Res. 2021;2021:3389316.

94, Papadaki A, Johnson L, Toumpakari Z, England C, Rai M, Toms S, et al. Validation of the
English Version of the 14-Item Mediterranean Diet Adherence Screener of the PREDIMED Study,
in People at High Cardiovascular Risk in the UK. Nutrients. 2018;10(2).

95. Olalekan SO, Bakare OO, Okwute PG, Osonuga IO, Adeyanju MM, Olalekan RO. The role
of nutraceuticals in managing metabolic syndrome: a review of clinical studies. The Egyptian Journal
of Internal Medicine. 2024;36(1):108.

96. Zeisel SH. Regulation of "nutraceuticals". Science (New York, NY). 1999;285(5435):1853-
5.

97. Derosa G, Maffioli P. Nutraceuticals for the treatment of metabolic diseases: evidence from
clinical practice. Expert review of endocrinology & metabolism. 2015;10(3):297-304.

98. Gabbia D, Dall’Acqua S, Di Gangi IM, Bogialli S, Caputi V, Albertoni L, et al. The
Phytocomplex from Fucus vesiculosus and Ascophyllum nodosum Controls Postprandial Plasma
Glucose Levels: An In Vitro and In Vivo Study in a Mouse Model of NASH. 2017;15(2):41.

58



99. Gabbia D, Saponaro M, Sarcognato S, Guido M, Ferri N, Carrara M, et al. Fucus vesiculosus
and Ascophyllum nodosum Ameliorate Liver Function by Reducing Diet-Induced Steatosis in Rats.
Mar Drugs. 2020;18(1).

100. Huang Q, An Z, Xin X, Gou X, Tian X, Hu Y, et al. The Effectiveness of Curcumin,
Resveratrol, and Silymarin on MASLD: A Systematic Review and Meta-Analysis.
2024;12(12):10010-29.

101. Kim DH, Choi SY, Park EH, Yang JI, Kim W, Kim YJ, et al. 934 NON-ALCOHOLIC
FATTY LIVER DISEASE (NAFLD) AS A RISK FACTOR OF CORONARY HEART DISEASE;
RELATION OF NAFLD TO CORONARY ARTERY CALCIFICATION SCORE BY MULTI-
DETECTOR COMPUTED TOMOGRAPHY. Journal of Hepatology. 2008;48:S350.

102. Rizzo M, Colletti A, Penson PE, Katsiki N, Mikhailidis DP, Toth PP, et al. Nutraceutical
approaches to non-alcoholic fatty liver disease (NAFLD): A position paper from the International
Lipid Expert Panel (ILEP). Pharmacol Res. 2023;189:106679.

103.  Wander PL, Boyko EJ, Leonetti DL, McNeely MJ, Kahn SE, Fujimoto WY. Change in
visceral adiposity independently predicts a greater risk of developing type 2 diabetes over 10 years in
Japanese Americans. Diabetes Care. 2013;36(2):289-93.

104. Park J, Yeom M, Hahm DH. Fucoidan improves serum lipid levels and atherosclerosis
through hepatic SREBP-2-mediated regulation. J Pharmacol Sci. 2016;131(2):84-92.

105. Zelber-Sagi S, Salomone F, Mlynarsky L. The Mediterranean dietary pattern as the diet of
choice for non-alcoholic fatty liver disease: Evidence and plausible mechanisms. Liver Int.
2017;37(7):936-49.

106. Koutoukidis DA, Koshiaris C, Henry JA, Noreik M, Morris E, Manoharan I, et al. The effect
of the magnitude of weight loss on non-alcoholic fatty liver disease: A systematic review and meta-
analysis. Metabolism. 2021;115:154455.

107.  Zelber-Sagi S, Lotan R, Shlomai A, Webb M, Harrari G, Buch A, et al. Predictors for
incidence and remission of NAFLD in the general population during a seven-year prospective follow-
up. J Hepatol. 2012;56(5):1145-51.

108. Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L, Torres-Gonzalez A, Gra-Oramas B,
Gonzalez-Fabian L, et al. Weight Loss Through Lifestyle Modification Significantly Reduces
Features of Nonalcoholic Steatohepatitis. Gastroenterology. 2015;149(2):367-78 e5; quiz el4-5.

109. Bischoff SC, Bernal W, Dasarathy S, Merli M, Plank LD, Schutz T, et al. ESPEN practical
guideline: Clinical nutrition in liver disease. Clin Nutr. 2020;39(12):3533-62.

110. Cheng FY, Chen C, Wang FY, Zhao BH. Combining nutraceuticals and a mediterranean diet

for managing metabolic dysfunction associated with steatotic liver disease. World J Hepatol.
2025;17(4):104622.

59



111.  Chiurazzi M, Cacciapuoti N, Di Lauro M, Nasti G, Ceparano M, Salomone E, et al. The
Synergic Effect of a Nutraceutical Supplementation Associated to a Mediterranean Hypocaloric Diet
in a Population of Overweight/Obese Adults with NAFLD. Nutrients. 2022;14(22).

60



