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Abstract
The objective of this research was to evaluate a nutritional strategy based on the consumption of a fucoidan extract 
from brown algae Lessonia trabeculata to control oxidative stress in experimental alloxan-induced insulin-dependent 
diabetes mellitus rats. Over 30 days, 75, 100, and 125 mg  kg−1 of body weight of fucoidan doses were administered 
and both positive and negative control (n = 5 per group). Serum, liver, pancreas, and kidney biochemical indicators of 
oxidative stress improvement were evaluated. Measures included lipid peroxidation, superoxide dismutase and catalase 
activity, and antioxidant activity by assessment of free radical scavenging power and histopathological changes. The 
results showed an increase in the activity of antioxidant enzymes while reducing oxidative damage (lipid peroxidation 
index) in serum (p ≤ 0.05) and tissues (p ≤ 0.05). Further, no liver necrosis was observed in treated groups, unlike the 
Type 1 diabetes positive control group that presented mild necrosis and moderate congestion. In the pancreas, treated 
rats presented mild oedema, while the positive control group showed moderate oedema. A significant protective effect 
against oxidative stress caused by alloxan-induced diabetes was found in this model, therefore it can be concluded that 
fucoidan extracted from the Lessonia trabeculata algae could be considered a good functional compound for the control 
of oxidative stress in diabetic patients. Because diabetes is such a widespread public health issue, developing fucoidan-
based products could be a natural way to improve patients' quality of life.
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Introduction

For centuries a large amount and variety of seaweeds has 
traditionally been consumed as food for their positive 
impact on health in different countries, mainly in Asia such 
as Japan, Korea, and China (Ohno and Critchley 1998). 
Among seaweed components are protein, carbohydrates, 
essential fatty acids, dietary fibres, flavonoids, vitamins 
and minerals, while the proportion of lipids is very low 
(MacArtain et al. 2007). Due to seaweed being considered 
natural and safe, a great variety of seaweed extracts have 
been studied as important sources for a variety of bioac-
tive compounds with potential beneficial health effects (Sun 
et al. 2018; Murai et al. 2021). One of the most biologically 
important compounds present in brown algae is fucoidan 
(Li et al. 2008), which is widely studied for its potential 
positive effects on health (Fitton et al. 2015; Abdel-Latif 
et al. 2022). There are countless studies demonstrating the 
positive effects against certain pathologies such as liver 
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disease (Li et al. 2020), brain injury (Wang et al. 2021), 
viral infections (Pradhan et al. 2022) inflammatory disease 
(Sanjeewa et al. 2021), overall having a marked antioxidant 
activity (El Rashed et al. 2021). Special interest in the anti-
oxidant capability of fucoidan extracts from brown algae 
has been extensively researched for their use in diabetes 
treatment (Reys et al. 2022).

Diabetes mellitus, more commonly known as diabetes, is 
a metabolic disease characterized by chronic hyperglycaemia 
due to defects in insulin response (Saeedi et al. 2019). Due 
to the anabolic effect of insulin, its lack of activity can 
cause different types of abnormalities in the metabolism of 
carbohydrates, lipids and proteins causing an inadequate 
response of its target tissues such as skeletal muscles, 
adipose tissue and liver. Depending on the causes and risk 
factors diabetes can differ into two types: Type 1 diabetes 
(T1D), or insulin-dependent diabetes, and Type 2 diabetes 
(T2D), or insulin resistance. T1D is characterized by an 
alteration of the pancreas' beta cells, which cannot produce 
insulin, whereas in T2D, the production of insulin remains 
normal but cannot be used optimally by the target tissues. 
Both kinds of diabetes are endocrinological diseases of 
multifactorial or genetic origin, characterized by abnormally 
high levels of glucose in the blood being fasted or in a 
postprandial state currently being a major global public 
health problem (Kharroubi and Darwish 2015). Many of 
the symptoms are not limited to organs such as the liver, 
kidneys, and eyes, but also involve the increase in free 
radicals, oxidative stress and many metabolic stress factors 
(Asmat et al. 2016) that worsen the disease pattern and 
further complicate the development of the pathogenesis of 
diabetes (Kasznicki et al. 2012).

Several reports suggest that oxidative stress plays an 
important role in the development of complications in dia-
betes in the pancreas (Eguchi et al. 2021), liver (Harrison 
2006) and kidney (Dave and Kalia 2007). These compli-
cations included alteration in the antioxidant system by 
measuring superoxide dismutase (SOD), catalase activ-
ity (CAT), malondialdehyde (MDA), reduced glutathione 
(GSH), and oxidized proteins levels (Darenskaya et al. 
2021). Oxidation/reduction (redox) imbalance can lead to 
a worsening of the diabetic pathology already present and 
also contribute to its cause.

It has long been known that seaweed extracts can posi-
tively influence some of the most important symptoms of 
diabetes such as lowering blood glucose (Sharifuddin et al. 
2015) reducing blood lipids (Ara et al. 2002) and improv-
ing the activity of antioxidant enzymes (Kim et al. 2009). 
This bioactivity is due to certain bioactive compounds such 
as polyphenols, carrageenan, fucoidans, a long-chain sul-
phated polysaccharide found in high concentrations in vari-
ous species of brown algae (Li et al. 2008). Fucoidans are 
present in algal cell walls, and contain large percentages of 

L-fucose and sulfate ester groups, with small proportions 
of uronic acids, galactose, xylose, and mannose. Fucoidans 
have in vitro antioxidant effects (Wang et al. 2010), via the 
inhibitory effect on the formation of hydroxyl  (HO−) and 
superoxide  (O2

−) radicals (Rocha de Souza et al. 2007). 
In vivo studies also show the fucoidan’s beneficial effects on 
diabetes symptoms (Wang et al. 2015). For the present study, 
we used fucoidan extracted from the brown alga Lessonia 
trabeculata, a species of kelp that is abundant and of great 
economic importance on the coasts of Peru. The concentra-
tion of fucoidan present in L. trabeculata is similar, on aver-
age, to that found in other algae of the class Phaeophyceae 
(Ponce and Stortz 2020).

We hypothesize that the fucoidan extract obtained from 
L. trabeculata exhibits hypoglycaemic effects and antioxi-
dant properties in a validated animal model of T1D. Thus, 
the present study was primarily focused on the extraction of 
fucoidan from L. trabeculata (LtFc) collected on the Peru-
vian coast with a method that optimizes the preservation and 
structural integrity of molecules. Once the fucoidan extract 
was obtained it was studied for potential to act as an ame-
liorative agent of oxidative stress while improving diabetic 
hyperglycaemia. For this purpose we used an animal model 
of alloxan-induced diabetes (AID), a common model of 
insulin-dependent diabetes caused by the selective damage 
of beta cells in the pancreas (Ighodaro et al. 2017), which 
we treat with different doses of parenteral LtFc. Based on 
previously cited evidence, we evaluated antioxidant activity 
by measuring lipid peroxidation levels, SOD, CAT, and the 
antioxidant activity potential of LtFc. In addition, glycaemic 
control and histopathological changes in the liver, pancreas 
and kidney in these in vivo models were analysed.

Materials and methods

Extraction and chemical characterization 
of fucoidan

Fucoidans extraction from Lessonia trabeculata

The seaweed material corresponds to specimens of the 
brown alga Lessonia trabeculata (Villouta and Santelices 
1986), which was collected in the San Nicolás de Marcona 
bay (15°15′21.0″S, 75°14′31.0″W), Nazca, Ica, Peru, in the 
winter of 2018 and identified as between juvenile and adult 
stage according to the size and by the width of the fronds. 
All processes for fucoidan extraction were carried out in the 
Instituto de Investigación de Bioquímica y Biología Molecu-
lar (IIBBM) of the Universidad Nacional Agraria La Molina 
(UNALM), Lima, Peru, following the method of Ale et al. 
(2012). The material was washed with saline water and the 
fronds, stipes and holdfast were allowed to dry separately, 
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first at room temperature. in the laboratory for 15 days with 
periodic removals and then in an oven until completely dry 
at a temperature of 40 °C. Subsequently, grinding was car-
ried out with a manual mill, and then by a sieve with a 500-
μm mesh to finally obtain the algae flour. The L. trabecu-
lata samples were identified as specimens corresponding to 
a stage between juvenile and adult by size, approximately 
2 min, and by the width of the fronds.

The first stage, or pre-treatment, consisted of removing 
pigments and phenolic compounds that can interfere with 
fractionation and purification. A mixture of MeOH/CHCl3/
H2O (4:2:1) was added to all the dry, ground and 500 μm 
sieved material and placed on a hot plate at 50 °C for 12 h 
with constant stirring. After some time, the solvent was fil-
tered and discarded, repeating this process until a filtered 
mixture of solvents was obtained that was as colourless as 
possible to ensure the elimination of the pigments.

The second stage was the extraction of the fucoidan from 
the mixture. 0.07 M HCl solution was added to the pre-
treated sample and it was placed on a hot plate at 90 °C for 
3 h with constant agitation. After this incubation, the mixture 
was left to sediment. The supernatant liquid (SL1) was 
decanted and the sediment still suspended was centrifuged 
at 1800 × g for 10 min, obtaining another supernatant (DL1). 
The obtained sediment (SD1) underwent a second extraction 
process in a similar way, from which a supernatant liquid 
2 (SL2), decantated liquid 2 (DL2), and another sediment 
2 (SD2) were obtained. The mixture of SL1, DL1, SL2 
and DL2 was treated with 1 M  CaCl2 to precipitate the 
alginates while fucoidans remained in the supernatant. The 
supernatant was treated with 2:1 v/v of 70% EtOH and then 
centrifuged at 800 × g. The final obtained sediment, LtFc, 
was washed with EtOH and dried at 40 °C. The yield of 
LtFc was calculated by the difference between the initial 
weight of dried and ground alga and the final extract powder, 
while the LtFc fucoidan percentage was calculated using the 
following formula:

Phytochemical screening of fucoidan extract

Total carbohydrates as fucose content of fucoidans were ana-
lysed with the phenol–sulfuric acid (DuBois et al. 1956), 
respectively, using fucose (Sigma Chemical Co., USA) 
as standard. Total protein concentration was determined 
using the Lowry method (Lowry et al. 1951) with bovine 
serum albumin (BSA, Sigma) as standard. The sulfate group 
content was determined using the barium chloride-gelatin 
method (Dodgson and Price 1962). The determination of 
uronic acids as galacturonic acid was carried out by direct 

% Fucoidan =
%carbohydrates + %sulphates

100 − humidity
× 100

titration with a standard sodium hydroxide solution on the 
exhaustively electrodialyzed sample and by the m-hydroxy-
phenyl sulfuric method (Blumenkrantz and Asboe-Hansen 
1973). For the determination of total polyphenols, the Folin-
Ciocalteu method modified was used (Cicco et al. 2009). A 
mixture of phosphotungstic acid and phosphomolybdic acid, 
fform a yellow colour to a blue colour consisting of oxides 
tungsten and molybdenum, and using a standard solution 
of gallic acid as a reference. The total flavonoid content of 
the dried extract was determined by the aluminium chloride 
 (AlCl3) colorimetric method (Chang et al. 2020) using rutin 
for a calibration curve and the result was expressed as mg 
rutin equivalent per g of dry weight.

Molecular weight determination

To determine molecular weight (MW), a 1% fucoidan solu-
tion was aliquoted in triplicate of 10, 20 and 30 μL and 
brought to a final volume of 500 μL with water. Then, 500 
μL of 0.05%  K3[Fe(CN)6] and 500 μL of 0.065% in 0.053% 
 Na2CO3 solution were added, homogenizing the mixture 
and heating in a water bath at 100 °C for 15 min. Once 
cooled to room temperature, 2.5 mL of a solution of 1.5 g 
of Fe(NH4)2(SO4)2·6H2O and 1 g of sodium dodecyl sulfate 
(SDS) in 1 L of 0.05 of  H2SO4 were added. Once homog-
enized, the resulting solution was measured at 690 nm. In 
the same way, the calibration curve was prepared with a 
stock solution of galactose 1 μM. The determination of 
the MW (number average) applies the following equation:

where; m: mass of polysaccharide in mg; % CH: percent-
age of total carbohydrates of the polysaccharide; P: the slope 
of the curve of absorbance vs sugar concentration; Va: vol-
ume of the aliquot of the polysaccharide solution; A: absorb-
ance; Vt: total volume of the solution (0.5 mL); MWms: aver-
age MW of the monosaccharide unit; 180/162: the factor that 
corrects the fact that the MW of the monosaccharide unit in 
the polysaccharide is 18 mass units less than the sugar used 
as a standard according to the method proposed by Park and 
Johnson (1949).

In vivo study

Animals and ethics statement

The study was carried out in 25 male Wistar rats provided by 
Bioterio of Universidad Nacional Agraria La Molina weigh-
ing approximately 220–250 g, which were placed in standard 
conditions of animal experimentation including individual 
cages per animal and maintaining an average ambient 

MW =
m × %CH × P × V

a
× 10

A × V
t

×MW
ms

180

162
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temperature of 22–25° C, humidity 75% with a 12-h photo-
period. All animals received standard rodent chow pellets 
(2.9 kcal  g−1) and water ad libitum during the experiment. 
Handle and care of animals was made by the Declaration 
of the World Medical Association on the Use of Animals 
in Biomedical Research (Reaffirmed by the  203rd WMA 
Council Session, Buenos Aires, Argentina, April 2016: 
www. wma. net/ polic ies- post/ wma- state ment- on- animal- use- 
in- biome dical- resea rch/), doing all possible efforts to mini-
mize animal suffering and reducing the number of rats used 
per experimental group. The pertinent authorized protocols 
for animal research are included in the approved Project; 
“Desarrollo e Implementación de Procesos Tecnológicos de 
Validación Analítica y Bioactiva para fucoidano de algas 
pardas como suplementos nutricionales para humanos” 
(143-PNICP-PIAP-2015, INNOVATE-PERU), 1 January 
2015.

Experimental groups and chronic treatment

Five experimental groups (n = 5) for 30-day chronic LtFc 
treatment were established for the study; a diabetes positive 
control (T1D), 75 mg  kg−1, 100 mg  kg−1 and 125 mg  kg−1 
of body weight (BW) and non-diabetic counterpart negative 
control (NDC). For three doses of treatments, LtFc solution 
was prepared to dissolve it in saline solution (0.9% NaCl) 
and parenteral daily administered by gavage after 8 h of fast-
ing to the corresponding group in a volume of 1 mL  kg−1 of 
BW for 30 days. The doses were selected based on previous 
works and covered the range of protective effects against 
oxidative stress (Heeba and Morsy 2015). For diabetes posi-
tive control and late treated groups, the induction of T1D 
in rats was made with a mixture of 225 mg  kg−1 BW nico-
tinamide (98% purity, Merck: cas98920) and 100 mg  kg−1 
BW alloxan (98% purity, Merck: cas2244113) dissolved in 
saline solution as intraperitoneal (IP) injected to the rats 
in a 12-h fasting state. NIC was used to partially protect 
pancreatic beta cells from the cytotoxic effect of alloxan 
(Abdel-Rahman et al. 1992). All treatments started after 
the induction of T1D on day 7. For NDC negative control 
a vehicle saline solution was administered to the rats in the 
same way as the treatments. The BW of the animals was 
daily recorded.

Glycaemia measurement

Seven days after T1D induction, the blood glucose concen-
tration (mg  dL−1) was determined in the animals deprived of 
food for 18 h. Tail blood samples were collected by small cut 
them glucose concentration was determined using a standard 
glucose oxidase method by Accutrend glucometer (Roche 
Diagnostics, Germany). The same method was used to deter-
mine glycaemia at the end of treatment.

Sample collection

At the end of chronic treatment, all animals were sacri-
ficed by ketamine IP overdose (320 mg  kg−1 BW). Subse-
quently, the blood was extracted by cardiac puncture and 
collected in Vacutainer tubes with EDTA-2Na as an anti-
coagulant (Becton Dickinson, Madrid). It was allowed to 
stand at room temperature for 30 min and then centrifuged 
at 1000 × g for 5 min at 4 ºC. The plasma was collected in 
cryovials and stored at -80 °C until later use.

Immediately after collecting the blood, perfusion was 
performed through the aorta artery, using saline solu-
tion. After perfusion, the pancreas, liver, and kidneys 
were quickly dissected, weighed, and a piece of the tissue 
was fixed in 4% formaldehyde for histopathological stud-
ies. The rest of the tissues were homogenised in 0.05 M 
phosphate-buffered saline (PBS) pH 7.4, centrifuged at 
1250 × g for 5 min and the supernatant was separated to 
later carry out biochemical essays.

Antioxidant capability determination

Malondialdehyde quantification To determine lipoperoxida-
tion, the thiobarbituric acid (TBA) method was used (Buege 
and Aust 1978). The plasma or tissue homogenate was 
mixed with 20% trichloroacetic acid in HCl, to deproteinize 
and eliminate interferences. Then, it was centrifuged and 
the supernatant was separated. The supernatant was mixed 
with TBA (98% purity, Sigma-Aldrich: CAS504176) and 
incubated in a hot water bath at 97 °C for 30 min. The col-
our change was quantified at 535 nm. To quantify the MDA 
levels in the samples, a calibration curve was made with 
MDA (98% purity, Sigma-Aldrich: CAS4764174) standard 
solutions (0.042–0.83 μM). The final results of MDA activ-
ity were expressed as IU  mL−1  min−1.

Superoxide dismutase activity quantification The SOD activ-
ity quantification was performed according to Marklund and 
Marklund (1974). The delipidated plasma sample (30 mL chlo-
roform and 50 mL cold methanol per 100 mL of plasma) was 
mixed with Tris–HCl buffer pH 8.2 and pyrogallol solution (98% 
purity, Sigma-Aldrich: CAS87661). After 10 s of reaction, the 
absorbance at 420 nm was read. At the same time a blank test 
with distilled water was carried out. The percentage of oxidation 
will be determined by dividing the absorbances of the sample and 
the blank, and then the percentage of inhibition of auto-oxidation 
and the enzymatic activity in IU  mL−1  min−1 will be calculated. 
The de-lipidation step was not required for tissue homogenates.

Formula ∶ Enzymatic activity(EA)IUmL−1 min−1

= (%inhibition of autooxidation)∕5
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where: % inhibition of autooxidation = 100 -% oxidation

Catalase activity quantification CAT activity quantification 
was performed, according to Aebi (1984). Briefly, 950 µL of 
a 50 mM PBS pH 7 was added to a 1 cm diameter cuvette 
and then 40 µL of the sample (plasma or tissue homogen-
ate) was added. It was mixed at 25 °C and read at 240 nm 
(Blank). Then, 10 µL of 6%  H2O2 in PBS was immediately 
added. After a minute of reaction, the mix was read again at 

% oxidation = (ΔODsample∕ΔODblank) × 100

240 nm. The average change in hydrogen peroxide absorb-
ance per minute was calculated. CAT activity was expressed 
in IU  mL−1  min−1.

Antioxidant activity quantification The determination was 
carried out by the method of Re et al. (1999). 50 µL of 
the sample (plasma) was mixed with 950 µL of 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid radical (ABTS) 
solution (ABTS Solution ready-to-use, ref 11,684,302,001, 
Roche Diagnostics, Germany). Then, it was homogenized 
and allowed to react for 10 min in darkness. After a time, 

Table 1  Phytochemical 
screening of fucoidan extract 
from Lessonia trabeculata 

Phytochemical  
screening

Percentage  
average (%)

mg kg −1 administered per dose
75 100 125

Carbohydrates
Fucose 41.29 ± 3.62 30.97 41.29 51.61
Uronic acids
Galacturonic acid 32.49 ± 14.89 24.37 32.49 40.61
Sulfates 7.85 ± 0.15 5.89 7.85 9.81
Protein 0.24 ± 0.12 0.18 0.24 0.30
Total Fucoidan content 81.87 ± 6.22 61.40 81.87 102.33

mg (100 g)−1 of dry weight mg  kg−1 administered per dose
Flavonoids 1.52 ± 0.33 1.14 1.52 1.91
Polyphenols 11.53 ± 1.28 8.67 11.56 14.45
Fucoidan yield 1.71 ± 0.13 g (100g)–1 of dry algae

Fig. 1  Effect of chronic fucoidan extract from Lessonia trabecu-
lata (LtFc) by gavage administration at the end of 30 days of treat-
ments on body weight (BW) gain in male Wistar rats. Bars are 
means ± standard error of the mean (SEM) (n = 5 animals per group). 
Data were analysed by one-way ANOVA and Tukey’s post hoc multi-
ple comparisons test. (***) p < 0.001 indicates significant differences 
compared with the Type 1 diabetes rats (T1D) group. (###) p < 0.001 
indicates significant differences compared with all treated groups 
(75 mg  kg−1, 100 mg  kg−1 and 125 mg  kg−1)

Fig. 2  Effects of administration of fucoidan extract from Lessonia 
trabeculata (LtFc) before and after gavage chronic administration 
on the blood levels of glucose (glycaemia) in male Wistar rats. Data 
are expressed as means ± standard error of the mean SEM (n = 5 ani-
mals/group) analysed by Two-way ANOVA (time and treatment) and 
Tukey’s post hoc multiple comparisons test. (*) p < 0.05 and (**) 
p < 0.01 significant differences compared with Before treated group. 
(#) p < 0.05 and (###) p < 0.001 significant differences compared T1D 
Before treatment group. ($) p < 0.05 and ($$$) p < 0.001 significant 
differences compared T1D after treatment group
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the absorbance of the solutions was at 732 nm. The blank 
sample was prepared with 50 µL of distilled water and 950 
µL of ABTS. This solution was also measured at 732 nm. 
To determine the antioxidant capacity, a standard curve of 
the reference antioxidant Trolox (6-hydroxy-2,5,7,8-tetra-
methylchroman-2-carboxylic acid) (98% purity, Sigma-
Aldrich: CAS53188071) equivalent antioxidant capacity 
(TEAC) was performed. For the quantification of antioxi-
dant activity in tissues, a variation of the technique accord-
ing to Joyeux et al. (1995) was carried out.

Histopathological evaluation

The liver, pancreas, and kidney tissue samples were fixed 
in 10% formaldehyde in 0.1 M PBS for 24 hfolllowed 
by dehydration, clarification, and impregnation steps. 
Then, they were embedded in 60% paraffin and cut at 4 
m with a horizontal microtome and stained with hema-
toxylin–eosin. Slides were placed on a binocular opti-
cal microscope (Leica DM500 and EC3 digital camera, 
Leica Microsystems) to determine the main tissue lesions: 
necrosis, degenerative changes, and congestion. Pancreatic 
islet counting was performed using the Gomori staining 
technique (Trichrome Stain AB solution, Sigma-Aldrich: 

RefHT10516). Size of islets: small: < 50 µm, medium 
50—250 µm, large: > 250 µm (Carter et al. 2009). Five 
rats per group and two sections of the pancreas, and kid-
ney tissue samples per animal were analysed.

Statistical analysis

All results were expressed as mean ± standard error of the 
mean (SEM). A size of 5 samples per treated group (n = 5) 
was taken into account for the statistical analysis of the dif-
ferent studies. Statistical analysis was performed using ver-
sion 8 of GraphPad Prism software (GraphPad Software Inc). 
One-way or two-way Analysis of Variance (ANOVA) was 
assessed followed by Tukey’s post hoc multiple comparisons 
test for all results. The post hoc tests only were conducted if 
the F value in ANOVA reached a p < 0.05 while homogeneity 
of variance was not statistically significant. The results were 
considered statistically significant at p < 0.05.

Results

A yield of 1.71 ± 0.13 (n = 5) g of fucoidan extract was 
obtained for every 100 g of dried and ground alga. Fucoidan 
content was 81.87 ± 6.22% and results of the phytochemical 

Fig. 3  Effect of chronic 
fucoidan extract from Lessonia 
trabeculata (LtFc) treatment 
by gavage administration on 
tissues malondialdehyde (MDA) 
activity in male Wistar rats. 
Bars are means ± standard 
error of the mean SEM (n = 5 
animals per group). Data were 
analysed by Two-way ANOVA 
and Tukey's post hoc test. (***) 
p < 0.001 denotes significant 
differences compared with the 
Type 1 diabetes (T1D) group. 
(#) p < 0.05, (##) p < 0.01 and 
(###) p < 0.001 denotes signifi-
cant differences compared with 
75 mg  kg−1 group. ($$) p < 0.01 
denotes significant differences 
compared with the 100 mg  kg−1 
group

3252 Journal of Applied Phycology (2022) 34:3247–3261



1 3

screening of extract showed an abundant presence of carbo-
hydrates, uronic acids and sulfates. The MW calculated for 
the fucoidan was 10.04 ± 0.02 kDa. Table 1 shows a sum-
mary of phytochemical screening of fucoidan and the chemi-
cal composition for administered doses.

We determined the prevention of weight loss in the 
T1D rat model with fucoidan extract from L. trabeculata. 
Throughout the experiment, as expected, T1D positive con-
trol rats lost weight at an average of 27.21 ± 2.77% while 
the NDC gained weight at an average of 34.34 ± 3.51% 
(p < 0.001). As shown in Fig. 1, all the treated groups have 
a slight tendency to gain weight with treatment. If the BW 
gain after each treatment is compared to T1D, the changes 
are highly significant (p < 0.001). No significant differences 
were found between the three treatments.

Throughout the experiment, blood glucose levels constantly 
increased after induction to diabetes in the T1D positive con-
trol group while NDC negative control group remained stable. 
On one side, the glucose levels of both 75 and 100 mg  kg−1 
treatment groups also changed through the experiments on the 
first day of T1D induction (p < 0.05 and p < 0.01 respectively), 
and on the other hand they reverted significantly the hypergly-
caemia regarding the T1D (p < 0.05) (Fig. 2).

To determine the capability of LtFc to reduce diabetic 
oxidative stress we study the MDA activity in plasma, liver, 

pancreas and kidney tissues. It can show the diminished 
concentration of MDA after chronic treatments compared 
with T1D for all LtFc doses (p < 0.001) in plasma (Fig. 3a). 
The dose of 125 mg  kg−1 was able to equal the activity of 
MDA in the NDC group. If the different doses are compared, 
100 mg  kg−1 was the most effective (p < 0.05). A positive 
result was obtained in the analyses of the liver (Fig. 3b) 
when both 100 and 125 mg  kg−1 doses decreased the MDA 
activity (p < 0.01) matching it with the levels present in the 
NDC group. Similar results to the liver were obtained in the 
pancreas (Fig. 3c) and kidney (Fig. 3d) when MDA activ-
ity was diminished by 100 and 125 mg  kg−1 doses, staying 
unchanged with 75 mg  kg−1 dose.

To evaluate the capability of removing the superoxide 
and peroxides from select tissues, the activity of SOD and 
CAT was measured in the select tissues. According to the 
T1D model, the SOD enzyme showed lower activity in the 
positive control compared to the NDC group, except in the 
liver where no significant differences were found. None of 
the three treatment doses was able to improve SOD activity 
in the analysed tissues (Fig. 4a–d).

The activity of CAT enzyme activity has detected 
an increase in T1D regarding 100 mg   kg−1 (p < 0.05), 
125  mg   kg−1 and NDC groups (p < 0.001) in plasma 
(Fig. 5a). However, in both the liver and pancreas, the 

Fig. 4  Effect of chronic 
fucoidan extract from Lessonia 
trabeculata (LtFc) treatment 
by gavage administration on 
tissues superoxide dismutase 
(SOD) activity in male Wistar 
rats. Bars are means ± standard 
error of the mean SEM (n = 5 
animals per group). Data were 
analysed by Two-way ANOVA 
and Tukey's post hoc test. (**) 
p < 0.01 and (***) p < 0.001, 
denotes significant differ-
ences compared with the Type 
1 diabetes (T1D) group. (#) 
p < 0.05, (##) p < 0.01 and (###) 
p < 0.001 denotes significant 
differences compared with 
75 mg  kg−1 group. ($$) p < 0.01 
denotes significant differences 
compared with the 100 mg  kg−1 
group. (&&) p < 0.01 denotes 
significant differences compared 
with the 125 mg  kg−1 group
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increased activity of CAT was observed with treatments 
and NDC groups compared with T1D (Fig. 5b and c). 
When this same CAT activity was analysed in the kidney, 
no significant differences were found between any of the 
groups (Fig. 5d).

To quantify antioxidant activity, the percentage of 
ABTS inhibition was also measured at different doses 
of treatments. In the plasma sample, the percentage of 
inhibition of ABTS was equalled to the NDC with both 
75 and 100 mg  kg−1 being higher than T1D (p < 0.001) 
(Fig. 6a). No effects were found in the 125 mg  kg−1 dose 
group. Results in the liver show a great improvement in 
ABTS inhibition where all treatments induced higher per-
centages of inhibition (p < 0.001) matching it to the NDC 
group (Fig. 6b). Comparable results were observed in the 
rest of the tissues, except the dose of 100 mg  kg−1 in the 
pancreas (Fig. 6c) and 125 mg  kg−1 in the kidney (Fig. 6d) 
which had no effects on ABTS inhibition.

The histopathological study of the liver, pancreas 
and kidney shows a reduction in tissue damage after 
LtFc treatments. As expected, the NDC negative con-
trol did not show congestion, necrosis or necrosis 
in any of the tested tissues. In turn, the T1D posi-
tive control group showed moderate congestion and 
mild necrosis and oedema in both liver (Fig. 7a–b) 

and pancreas (Fig. 8a–e) tissues respectively. None 
of the LtFc treatment groups showed liver necrosis 
compared with the T1D group. In addition, 100 and 
125 mg  kg−1 doses managed to moderate and reverse 
the liver congestion respectively. The kidney conges-
tion also was improved with 100  mg   kg−1 (moder-
ate to mild) and reverted with 125 mg  kg−1 treatment 
(Fig. 9a–e).

Microscopic observation per 4 × field allowed quantifi-
cation of islets of Langerhans. We classified them depend-
ing on their size and number according to treatment. The 
negative control group had the highest number of islets 
(10) while in the T1D group the number decreased to 2. 
The 75 and 125 mg  kg−1 dose treatments only showed a 
small increase in the number of islets (2 to 3) while the 
125 mg  kg−1 group remained unchanged. Besides, the size 
of all islets of Langerhans only was could differentiate in 
NDC negative control (4 small and 6 medium), being all 
small in the T1D and treatments groups. Also, as can be 
deduced from the observation and counting by size of the 
islets of Langerhans according to their size in the pancreas, 
the NDC group presented larger regions with respect to the 
treatments and the negative control (p < 0.001). The histo-
pathological changes produced in the liver, pancreas and 
kidney are summarized in Table 2.

Fig. 5  Effect of chronic 
fucoidan extract from Lessonia 
trabeculata (LtFc) treatment 
by gavage administration on 
tissues catalase enzyme (CAT) 
activity in male Wistar rats. 
Bars are means ± standard 
error of the mean SEM (n = 5 
animals per group). Data were 
analysed by Two-way ANOVA 
and Tukey's post hoc test. (*) 
p < 0.05 and (***) p < 0.001 
denotes significant differences 
compared with the Type 1 dia-
betes (T1D) group. (##) p < 0.01 
and (###) p < 0.001 denotes 
significant differences compared 
with the 75 mg  kg−1 group. 
($) p < 0.05, ($$) p < 0.01 
and ($$$) p < 0.001 denotes 
significant differences compared 
with 100 mg  kg−1 group. (&) 
p < 0.05 and (&&) p < 0.01 
denotes significant differences 
compared with the 125 mg  kg−1 
group
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Discussion

Marine macroalgae, in particular the Phaeophyceae such 
as Lessonia spp, contain fucoidan. This includes a group 
of certain fucose-containing sulfated polysaccharides but 
also includes branched sulfated galactofucans with fucose 
or fuco-oligosaccharide, and/or glucuronic acid, xylose or 
glucose substitutions. This complex of sulphated polysac-
charides, homopolysaccharides, and heteropolysaccharides, 
is known as fucans and they are the metabolic product of a 
wide variety of significant biological activities (Ale et al. 
2012). Fucans can also contain galactose, glucuronic acid, 
mannose and xylose (Rocha de Souza et al. 2007), and 
they can be used as by-products in the food and cosmetic 
industry (Polat et al. 2021). Fucan structural complexity 
varies according to the degree of branching, substituents, 
sulfation and type of bonds and the structure depends on 
the type of polysaccharide. Although the biological activ-
ity of fucoidan varies with the species, environment, MW, 
composition, structure or extraction method (Ale et al. 
2011). Currently, fucoidan is the subject of an extensive 
study on its various therapeutic effects (Luthuli et al. 2019; 
Wang et al. 2019). Our results on MW are consistent with 
the main literature, but perhaps both the extraction yield 

and the chemical composition of fucoidan may be a bit low 
compared to previous work (Qu et al. 2014). Neverthe-
less, the fucose content was relatively more elevated that 
cited for Lessonia spp (Qu et al. 2014). For reproducible 
and trusted biological activities, flavonoids, polyphenols 
and proteins should be quantified to determine the qual-
ity grade of fucoidans. Although these extract components 
have biological activity, they are present in low concentra-
tions; around 11% for flavonoids, less than 2% for poly-
phenols and 0.2% for proteins. Thus, it is probable that 
these secondary metabolites exist in the fucoidan extract 
of LtFc influence the antioxidant activity. Even some, such 
as the polyphenols extracted from L. trabeculata, could be 
beneficial for the intestinal microflora, as was verified in 
diabetic rats, in which the dysbiosis of the microbial ecol-
ogy in diabetic rats could be regulated (Yuan et al. 2019). 
In addition, fucoidan is present to greater proportion, more 
than 80%, in the extract when compared to others second-
ary metabolites. For that reason, we could hypothesise that 
the main beneficial effect of extracted from LtFc on health 
would be due to the presence of fucoidan. In this regard, 
the proportions of fucoidan found in our extract were con-
sistent with the Phaeophyceae described in the previous 
reports (Ponce and Stortz 2020).

Fig. 6  Effect of chronic 
fucoidan extract from Lessonia 
trabeculata (LtFc) treatment by 
gavage administration on tissues 
2,2'-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) (ABTS) 
inhibition in males Wistar rats. 
Bars are means ± standard error 
of the mean SEM (n = 5 animals 
per group). Data were analysed 
by Two-way ANOVA and Tuk-
ey's post hoc test. (**) p < 0.01 
and (***) p < 0.001 denotes 
significant differences compared 
with the Type 1 diabetes (T1D) 
group. (#) p < 0.05 and (###) 
p < 0.001 denotes significant 
differences compared with the 
75 mg  kg−1 group. ($$) p < 0.01 
and ($$$) p < 0.001 denotes 
significant differences compared 
with the 100 mg  kg−1 group. 
(&&&) p < 0.001 denotes 
significant differences compared 
with the 125 mg  kg−1 group
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Hyperglycaemia is one of the main causes of diabetes 
complications. For this reason there are numerous studies 
to control this elevation by natural edible compounds due to 
an absence of side effects. There is previous evidence that 
fucoidan extract from different seaweed fulfils this premise 
(Abe et al. 2013) being also easy to obtain and use as a 
nutraceutical supplement (Fitton et al. 2019). Among other 
things; fucoidan has been extensively studied in animal mod-
els of metabolic syndrome (Yokota et al. 2016; Shang et al. 
2017), improver of insulin resistance and fatty liver (Heeba 
and Morsy 2015) and as a hypoglycaemic agent (Jiang et al. 
2015; Shan et al. 2016). In this way, our positive results on 
the insulin-dependent diabetes animal model confirm this 
activity when the LtFc is chronically administered.

In diabetic individuals one of the important signs of T1D 
is weight loss due to the inefficient use of glucose despite 

the existing hyperglycaemia, which would cause the body 
to consume lipid deposits and muscle proteins to obtain 
energy. In the present study, the variation in BW was evalu-
ated finding that all treatment doses with LtFc were able to 
avoid weight loss. These findings are consistent with a study 
conducted by Cui et al. (2014).

There is controversy about the relationship between late 
complications in diabetes and oxidative stress. Although, 
has been studied a relationship between the increase in ROS 
production and the decrease in antioxidant systems in dia-
betic patients (Jiang et al. 2015). Studies also have shown the 
presence of products derived from lipid peroxidation in the 
blood and tissues of diabetic subjects which can interact with 
DNA and damage it (Hoeldtke et al. 2009). Therefore the 
control of this oxidative stress in diabetes is vitally impor-
tant, and there is clinical evidence that medical conditions 

Fig. 7  Representative micro-
scopic images (4x) of liver 
sections with haematoxylin–
eosin staining. (a) positive 
control T1D section showed 
level of congestion 2 (moder-
ate) and necrosis 1 (Mild); (b) 
75 mg  kg−1 fucoidan extract 
from Lessonia trabeculata 
(LtFc) treatment showed con-
gestion level 2 (moderate) with-
out necrosis; (c) 100 mg  kg−1 
LtFc treatment showed conges-
tion level 1 (mild) without 
necrosis; (d) 125 mg  kg−1 LtFc 
treatment did not show conges-
tion without necrosis; (e) nega-
tive control NDC section did 
not show congestion or necrosis

3256 Journal of Applied Phycology (2022) 34:3247–3261



1 3

can improve with antioxidant supplementation (Golbidi et al. 
2011). We also studied the protective activity of fucoidan 
against oxidative stress present in plasma, liver, pancreas and 
kidney in AID rats. AID is a validated and standard model, 
especially for the study of natural therapeutic products 
such as algae extracts against T1D (Ighodaro et al. 2017). 
Alloxan has a molecular similarity to the glucose structure 
and is taken up by the beta cell via the glucose transporter 2 
(GLUT-2), generating hydroxyl radicals, thus facilitating the 
toxic and diabetogenic action (Lenzen 2008). For this, the 
usual markers of oxidative damage and antioxidant response 
altered in the animal model of T1D were analysed in com-
parison with its NDC and then compared with their improve-
ment by the LtFc treatments. The relationship between lipid 
peroxidation and the development of complications in dia-
betes is known, in addition to a considerable increase in the 

lipid peroxidation, CAT, SOD and reduced glutathione in 
diabetic patients. Lipoperoxidation, is a validated indicator 
of oxidative damage, as measured by the concentration of 
MDA in plasma, liver, pancreas and kidneys. We found a 
significant improvement in lipoperoxidation with treatments 
in the four tissues analysed. These levels of improvement 
were comparable to NDC with the highest dose of LtFc 
treatment. A similar decrease in lipoperoxidation was also 
observed by others (Li et al. 2008; Wang et al 2010) support-
ing our conclusion that fucoidan prevents lipids oxidation.

Oxidative damage to macromolecules, which cannot 
be counteracted by antioxidant defence systems, induces 
various diseases, such as diabetes, atherosclerosis, 
inflammatory processes, Alzheimer's disease, Parkin-
son's disease, and various types of cancer, among oth-
ers (Pham-Huy et al. 2008). Since diabetes is affected 

Fig. 8  Representative micro-
scopic images (4x) of pancreas 
sections with hematoxylin–
eosin staining. (a) positive con-
trol T1D section showed level 
2 of congestion and oedema 
(moderate); (b) 75 mg  kg−1 
fucoidan extract from Lessonia 
trabeculata (LtFc) treatment 
showed congestion level 0 
and level 1 of oedema (Mild); 
(c) 100 mg  kg−1 LtFc treat-
ment showed congestion level 
2 (moderate) and level 1 of 
oedema (mild); (d) 125 mg  kg−1 
LtFc treatment did not showed 
congestion although it did 
present oedema level 1 (mild); 
(e) negative control NDC sec-
tion did not show congestion or 
oedema
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Fig. 9  Representative micro-
scopic images of kidney 
sections with haematoxylin–
eosin staining. Both positive 
control T1D (a) and 75 mg  kg−1 
fucoidan extract from Les-
sonia trabeculata (LtFc) dose 
(b) sections showed level 2 
of congestion (moderate); (c) 
100 mg  kg−1 LtFc treatment 
showed congestion level 1 
(mild); 125 mg  kg−1 LtFc dose 
(d) and negative control NDC 
(e) did not show congestion

Table 2  Average values of histopathological evaluation variables 
after treatment with fucoidan extract from Lessonia trabeculata 
(LtFc) by microscopic observation per field (4x) of five rats per group 
(n = 5) and two sections for each tissue sample. For variables such 

as congestion and necrosis or oedema; 1 = mild, 2 = moderate, and 
3 = severe. For the pancreas, the columns show the average number 
and size (small, medium and large) of islets of Langerhans. Type 1 
diabetes (T1D); Non-diabetes counteract (NDC)

TISSUE GROUPS LIVER PANCREAS KIDNEY

Congestion Necrosis Congestion Oedema Islets Congestion

Small Medium Large p  mm-2 Size (μm)

T1D 2 1 2 1 2 0 0 2 41.15 ± 2.5 2
75 mg  kg−1 2 0 0 1 3 0 0 3 39.33 ± 4.48 2
100 mg  kg−1 1 0 2 1 2 0 0 2 42.00 ± 2.12 1
125 mg  kg−1 0 0 0 1 3 0 0 3 39.33 ± 1.44 0
NDC 0 0 0 0 4 6 0 10 112 ± 22.39 0
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by this damage to macromolecules, we also measured 
other indicators of the antioxidant system that could be 
altered, such as both SOD and CAT activity. Specifi-
cally, SOD is an  O− scavenger catalysing its dismutation 
into hydrogen peroxide  (H2O2) and oxygen  (O2). The 
enzymatic activity of SOD measured in plasma, pan-
creas and kidney after LtFc treatments and non-treated 
rats was diminished concerning in all diabetic rats com-
pared with NDC. Surprisingly, this alteration was not 
found in the liver. Although there were increases in the 
means of SOD activity in plasma regarding diabetic rats 
with the treatments, these were only statically significant 
with 125 mg  kg−1 dose. Previous in vitro work of Rocha 
de Souza et al. (2007) reported the protective effect of 
fucoidan extract against superoxide anion by SOD. In 
this way, the LtFc treatment should have been a good and 
nice approach to increase SOD activity without adminis-
tering it exogenously as Di Naso et al. (2011) proposed.

Concerning CAT activity, this enzyme is involved in 
the protective decomposition of  H2O2 generated during 
cellular metabolism. The CAT has a greater affinity for 
the high concentrations of  H2O2 formed in hyperglycae-
mic conditions and its activity is increased in diabetes 
(Darenskaya et al. 2021). The increase of CAT activity 
joins an increase in protein synthesis is an adaptation 
mechanism against damage by  H2O2. The literature does 
not report data on the effect of fucoidan on the activ-
ity of CAT in tissues but our results also agree with a 
CAT increase in the T1D and treatments but only in 
plasma where fucoidan was able to decrease its activity. 
However, in the pancreas and liver, two hyperglycae-
mic-sensitive organs, the level of CAT increased with 
the treatments in the same way as NDC. The expected 
increase was not seen in organs mostly affected by 
hyperglycemia, but the levels were normalized concern-
ing the healthy control. No changes were observed in 
the kidney, maybe for its function of glucose reabsorp-
tion and full recovery of filtered glucose eliminating it 
from the urine.

The antioxidant activity also was completed by assessing 
the free radical scavenging power ABTS in each studied 
tissue. The radical cation  ABTS+ has reduced thanks to the 
antioxidant capacity of the antioxidant components present 
in the tissue. The advantage of using the ABTS is that it 
evaluates the activity of compounds of a hydrophilic and 
lipophilic nature. As predicted, the ABTS percentage inhi-
bition showed reduced in the untreated AID model for all 
tissues analysed in respected non-diabetic animals. Treat-
ments with LtFc are also capable of increasing the ABTS 
inhibition percentage. The results obtained would agree with 
the statement that a breakdown of the redox equilibrium 
is due to the generation of free radicals. Jointly as can be 
observed by the results of the MDA, SOD and CAT analyses, 

LtFc treatments produced in minor or major levels improve 
antioxidant defensive systems.

The histopathological study of the liver, pancreas, and 
kidney in the rats after treatment concluded that there are 
mild and moderate degenerative changes. Necrosis is a form 
of cell death caused by drugs or toxins such as alloxan. This 
toxicity would be producing this alteration in the liver, pan-
creas and kidney of AID rats. On the other hand, oedema is 
the increase in cell volume, it can occur by a physiological 
process, such as a response to oxidative stress or in response 
to cell injury or alteration of the cell membrane (DeLeve 
et al. 2009). Although the duration of chronic treatment 
could have been a limitation for the appearance of severe 
degenerative changes, the treatments with higher doses did 
improve these alterations. In the three analysed tissues of 
the treated rats, the congestion was recovered concerning 
untreated AID rats with the high LtFc dose. Necrosis in the 
liver and oedema in the pancreas also were recovered and 
improved respectively by LtFc. In the histological study of 
the pancreas of animals injected with alloxan, the appear-
ance of the islet of Langerhans necrosis with the disappear-
ance of beta cells was also found. Despite improved oxida-
tive damage in the pancreas, islet loss could not be reversed 
for treatments with LtFc.

Our findings provide more evidence of the therapeu-
tic effect of fucoidan (Fitton et al. 2019; Luthuli et al. 
2019) overall, against oxidative damage (Wang et al. 
2010, 2015; Qu et al. 2014) and diabetes (Jiang et al. 
2015). The main results in the present works dem-
onstrate the protector effect on oxidative stress in a 
diabetes animal model both at the plasmatic and tissue 
level. In addition, key negative effects of diabetes such 
as loss of weight and hyperglycemia also improved 
oxidative stress related to insulin-dependent diabe-
tes. We can conclude that LtFc supplementation has 
potential to partially address chronic complications of 
diabetes. Dietary clinical studies are warranted.
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