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Abstract: The Asian coastal communities have used the brown seaweeds Fucus vesiculosus and
Ascophyllum nodosum since ancient times. Recently, some in vitro and in vivo studies have
demonstrated their abilities in reducing risk factors for metabolic syndrome. Here, we analyzed the
protective effect of a phytocomplex extracted from these seaweeds on the deposition of fat in the
liver after the administration of a high-fat diet (HFD) to rats for five weeks. The administration of
F. vesiculosus and A. nodosum led to significant reductions in microvescicular steatosis and plasma
biochemical and lipid parameters, such as alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), total and conjugated bilirubin, and triglycerides. Furthermore,
the postprandial glycemic peak was delayed and significantly reduced (p < 0.01) by the algal extract
administration. In conclusion, this extract is effective in reducing microvescicular steatosis and
improving glycemic control, thereby lowering the risk of nonalcoholic fatty liver disease, obesity,
and diabetes, diseases related to the consumption of fat and sugar-enriched diets.

Keywords: Fucus vesiculosus; Ascophyllum nodosum; brown seaweeds; NAFLD; insulin resistance;
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1. Introduction

The brown seaweeds Fucus vesiculosus and Ascophyllum nodosum are easily available food sources
that have been used since ancient times by the coastal communities of Britain, Asia, and other
countries [1]. A number of studies have recently confirmed that the consumption of seaweeds
ameliorates the conditions of patients affected by metabolic diseases, e.g., type 2 diabetes (T2D)
and obesity [2,3], by virtue of their numerous bioactive compounds, such as phlorotannins and
fucoidans [4-8].

The modern western lifestyle is characterized by a drastic increase in the consumption of
high-palatable hypercaloric diets, which lead to obesity, T2D, and metabolic syndrome [9]. This has
been associated with metabolic disorders, e.g., nonalcoholic fatty liver disease (NAFLD), but also with
pathologic conditions characterized by a low-grade inflammatory state, which could lead to severe
immune and cognitive dysfunctions [10-12].
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In this context, a behavioral approach aimed at lifestyle modifications could address this complex
interplay of alterations. In particular, nutrition plays a pivotal role in the treatment of these metabolic
alterations, considering that it is well-known that an appropriate intake of energy can improve all these
conditions. It has been demonstrated that Fucus vesiculosus and Ascophyllum nodosum are rich in natural
compounds able to slow down cholesterol absorption by increasing intestinal viscosity and delaying
and decreasing sugar absorption through the inhibition of both x-amylase and «-glucosidase [5,13-15].
In particular, it has already been reported that this inhibitory effect is due to the high content of different
bioactive compounds in the algal extract, and the fingerprint analysis we performed in our previous
study indicated the presence of three main types of constituents, i.e., polysaccharides, polyphenolics,
and fatty acids [5].

On the basis of these considerations, the aim of this study was to ascertain whether a chronic
administration of a hot water extract obtained from Fucus vesiculosus and Ascophyllum nodosum
may be useful in preventing high-fat diet-induced fatty livers and their associated dysregulation of
glycemic control.

2. Results

2.1. Body and Liver Weights

As shown in Figure 1a, the body weights of rats fed with high-fat diet (HFD) were higher than that
of animals fed with standard diet (SD), starting from the second week of treatment, and this difference
reached statistical significance after four weeks. The weights of HFD rats treated with the algal extract
were virtually identical to that of control rats. Similarly, at the moment of sacrifice, the liver weights of
rats fed with HFD were significantly higher than that of controls, while those of rats treated with the
algal extract did not differ from controls (Figure 1b).
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Figure 1. Body weights (g) of rats during the 5 weeks of treatment (a) and liver weights (b) at sacrifice.
Grey line = rats fed with standard diet (SD), blue line = rats fed with high-fat diet (HFD), and black line
= rats fed with HFD + algal extract. Data are reported as mean + S.EIM. * = p < 0.05 and ** = p < 0.01
vs. rats fed with SD.

2.2. Liver Histology and Plasma Biochemistry

In order to evaluate liver status, we performed a histological analysis of liver tissues by
hematoxylin—eosin staining of paraffine-embedded liver slices and measuring biochemical markers of
liver function. During histology, moderate steatosis, mainly microvescicular, was observed in HFD
rats (Figure 2a), while only isolated steatotic hepatocytes were found in the animals treated with the
algal extract (Figure 2b, arrow).
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Figure 2. Liver histology. Hematoxylin—eosin (H&E) staining of liver tissues obtained from rats fed
with HFD (a) and HFD with algal phytocomplex (b). A diffuse microvescicular steatosis could be
observed in rats fed with HFD (a), whereas very rare cells with microvescicular steatosis could be
evidenced in the rats treated with the algal extract ((b), black arrow).

Coherently, lower levels of serum biochemical parameters were observed in the treated rats
(Figure 3). In particular, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total
and conjugated bilirubin were significantly decreased by the treatment with respect to HFD rats,
suggesting its beneficial role in liver function.
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Figure 3. Biochemical markers of liver function in rats fed with standard (SD), high-fat diet (HFD),
and high-fat diet treated with the algal extract. ALT: alanine aminotransferase; AST: aspartate
aminotransferase; ALP: alkaline phosphatase. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 vs. rats fed
with SD; # = p < 0.05 and # = p < 0.01 vs. rats fed with HFD.

As expected, plasma triglycerides and low-density lipoproteins (LDL) cholesterol were significantly
higher in HFD rats when compared to animals fed with standard diet (Figure 4). The treatment with the
algal extract reduced only plasma triglycerides, whereas it had no effects on total and LDL cholesterol.

2.3. Postprandial Blood Glucose Levels

We measured postprandial blood glucose levels in the two groups of HFD rats after a
starch-simulated high-carbohydrate meal. As shown in Figure 5, the treatment with the algal
extract affects level and timing of postprandial blood glucose peak, since it was delayed (120 vs. 60 min)
and reduced (89.67 + 13.27 vs. 95.67 + 10.30 mg/dL) by the treatment. Notably, blood glucose of treated
animals was significantly lower (p < 0.01) than that of the untreated group 60 min after the meal,
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whereas it was significantly higher after 360 min (p < 0.001), confirming that the algal components act
by delaying carbohydrate digestion and sugar absorption.

06 triglycerides 25 total cholesterol LDL cholesterol
* 2 e 0.5 el *x
04 1T 0.4
3 o 15 —I—
: - < 03
02 E 10 g
E 02
0.5
0.1
0.0 0.0
sD HFD HFD + $D HFD HFD + 0.0
algal extract algal extract . sD HFD HFD +

algal extract

Figure 4. Plasma lipid profile of rats fed with standard (SD), high-fat diet (HFD), and high-fat diet
treated with the algal extract. * = p < 0.05, ** = p < 0.01, and ** = p < 0.001 vs. rats fed with SD.
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Figure 5. Postprandial blood glucose levels after starch ingestion. After an overnight fast, rats were
fed by oral gavage with a 50%-50% starch and sunflower oil solution, and blood glucose levels were
measured at 30, 60, 120, and 360 min. Blue line = mice fed with HFD and black line = mice fed with
HFD + algal extract. Data are reported as mean + S.EM. # = p < 0.01 and #* = p < 0.001 vs. rats fed
with HFD.

3. Discussion

In this study, we investigated the effects of the five-week administration of the phytocomplex
obtained from two brown algae, A. nodosum and F. vesiculosus, on glycemic control and liver
function of HFD-treated Wistar rats. Several studies have confirmed the multiple beneficial effects of
seaweed products, since their bioactive components have antidiabetic, antiobesity, and antioxidant
properties [4,13,16-20]. A recent study reported that ascophyllan from A. nodosum is able to
induce glucagon-like peptide-1 (GLP-1) secretion from human intestinal cells, suggesting that it
may represent a useful agent for controlling blood glucose in humans [21,22]. In Western countries,
widespread consumption of hypercaloric diets has been registered in the last decades, leading
to increased incidences of metabolic diseases, such as obesity, T2D, and metabolic syndrome [9].
Since appropriate intake of energy can improve these clinical conditions, nutritional adjustments, such
as reductions of glucose intake, might play a pivotal role in the clinical management of these metabolic
alterations. The inhibition of the two intestinal enzymes x-amylase and «-glucosidase, both involved
in carbohydrate digestion, can significantly decrease and delay glucose absorption after a composite
carbohydrate meal. Accordingly, synthetic x-glucosidase inhibitors, such as acarbose, are currently
used in the treatment of T2D. Some studies have already demonstrated that specific components of
F. vesiculosus and A. nodosum (phlorotannins and fucoidans) inhibit both «-amylase and o-glucosidase,
thereby delaying/decreasing sugar absorption [5,13-15,21].
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The findings we obtained about plasma bilirubin levels deserve further discussion. Indeed,
it is well-known that a controversial relationship exists between plasma bilirubin and NAFLD,
since, although a mild increase of serum bilirubin levels had been associated with a reduction
of liver steatosis risk [23], a more recent study [24] provided convincing evidences against this
hypothesis. Our data indicate that the algal extract decreases bilirubin plasma levels, as well as ALT
and AST, thereby confirming its beneficial effects on liver function, which are also demonstrated by
histology. On the contrary, dietary supplements based on Silybum marianum (milk thistle), a plant with a
well-recognized antioxidant [25] and hepatoprotective actions (see, e.g., [26] and references therein) have
been demonstrated to improve liver function by increasing bilirubin levels and suppressing UGT1A1,
the enzyme responsible for bilirubin conjugation, and decreasing body weight [27]. Furthermore,
bilirubin was recently found to act through the nuclear receptor PPAR«x [28,29] to reduce body
weight. However, the results obtained in this study are probably the consequence of a different
mechanism of action, since, as stated before, the effects of the extract obtained from the brown algae
A. nodosum and F. vesiculosus have been linked to the inhibition of the two digestive enzymes x-amylase
and a-glucosidase, which leads to a decrease of glucose absorption. Further pharmacokinetic and
mechanistic studies are needed to ascertain whether any algal component is absorbed by the intestines
and reaches the liver, acting there by means of different mechanisms.

Taken together, the results of our study (reductions in body weight, free triglycerides, and blood
glucose peak of treated animals) confirm previous observations, suggesting an effect of this treatment
on insulin resistance, although it has to be noted that the rats involved in this study still had normal
glycemic control (Figure 5), probably because of the limited period of HFD feeding. Moreover,
our findings notably link these effects to liver function, since we demonstrated for the first time that
the administration of a commercial phytocomplex obtained from these two algae is able to reduce liver
steatosis and the plasma concentration of several liver function markers, whose increases are associated
with hepatic impairment. These findings are extremely relevant, since the prevalence of NAFLD and
its complications in nonalcoholic steatohepatitis (NASH) are increasing worldwide, and no therapeutic
options are currently available [30].

4. Materials and Methods

4.1. Algal Extract

The phytocomplex used in this study was extracted from the brown seaweeds A. nodosum
and F. vesiculosus and is commercially available under the name InSea2® (Rimouski, QC, Canada).
This extract, titrated in polyphenols at 20%, was prepared by hot water extraction, ultrafiltration
processes, and then spray-dried to obtain a brown soluble powder. Its chemical characterization has
already been described in detail [5].

4.2. Study Design

All the experimental procedures involving animals were in compliance with national and European
guidelines for the handling and use of experimental animals (authorization No. 799/2016; 30 August
2016). Ten male Wistar rats, aged 5 weeks (body weight 150-170 g), were obtained from Charles
River Italia (Calco, Lecco, Italy). They were kept under controlled environmental conditions and fed
with standard diet for 2 weeks before the beginning of the treatment [31]. Then, the animals were
randomized into two experimental groups, both fed with high-fat diet (HFD = kcal from 23.5% protein,
18.4% carbohydrate, and 60.3% fat; Altromin; Lage, Germany). During the 5-week administration of
HFD, one group of rats was treated daily with an oral administration by intragastric gavage of the
algal extract (7.5 mg/kg-bw).
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4.3. Postprandial Blood Glucose Levels, Biochemical and Histological Analysis

After 5 weeks of treatment, rats were fed with a 50%-50% starch and sunflower oil solution,
as previously described [5]. Blood glucose levels were measured 30, 60, 120, and 360 min after the
simulated meal by snipping the tails and using a glucose meter (BG Star, MDSS GmbH; Hannover,
Germany). After 360 min, rats were sacrificed by excesses of gaseous anesthesia with isoflurane,
and blood was collected by intracardiac puncture. In order to evaluate the presence of HFD-induced
steatosis, rat livers were collected, weighed, and a histological analysis was performed by means
of the standard hematoxylin—eosin staining technique [32] and evaluated by two pathologists (S.S.
and M.G.) who were blinded to the treatment of the rats [33]. Liver function was assessed by
measuring biochemical markers, i.e., serum concentrations of albumin, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and total and conjugated
bilirubin [34]. The plasma lipid profile was assessed by measuring triglycerides, total cholesterol,
and LDL cholesterol [35]. These plasma biochemical parameters were also measured in 5 rats fed with
standard diet. All plasma biochemical parameters were assessed by standard laboratory methods.

4.4. Statistical Analysis

All data are expressed as mean + S.E.M. and analyzed with GraphPad Prism (GraphPad Software
Inc.; San Diego, CA, USA) ver. 8.0. Statistical analysis was performed by means of a Student’s -test
or one-way ANOVA, followed by Tukey’s post-hoc test when appropriate. p < 0.05 was considered
statistically significant [36,37].

5. Conclusions

In conclusion, the algal extract obtained from the brown algae F. vesiculosus and A. nodosum is
effective in reducing body weight and postprandial glucose levels, thereby representing a useful tool
for lowering the risk of metabolic diseases related to the consumption of high amounts of dietary
fat. Furthermore, since the consumption of this extract has been for the first time associated with a
reduction of hepatic fat, further studies are needed to explore the use of brown seaweed extracts in the
management of NAFLD and NASH, hepatic diseases often associated with unhealthy eating habitudes.
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