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Abstract: Fucoidan is a polysaccharide obtained from marine brown algae, with anti-inflammatory,
anti-viral, and immune-enhancing properties, thus, fucoidan may be used as an alternative treat-
ment (complementary to prescribed medical therapy) for COVID-19 recovery. This work aimed to
determine the ex-vivo effects of treatment with fucoidan (20 µg/mL) on mitochondrial membrane
potential (∆Ψm, using a cationic cyanine dye, 3,3′-dihexyloxacarbocyanine iodide (DiOC6(3)) on
human peripheral blood mononuclear cells (HPBMC) isolated from healthy control (HC) subjects,
COVID-19 patients (C-19), and subjects that recently recovered from COVID-19 (R1, 40± 13 days after
infection). In addition, ex-vivo treatment with fucoidan (20 and 50 µg/mL) was evaluated on ∆Ψm
loss induced by carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 150 µM) in HPBMC isolated from
healthy subjects (H) and recovered subjects at 11 months post-COVID-19 (R2, 335 ± 20 days after
infection). Data indicate that SARS-CoV-2 infection induces HPBMC loss of ∆Ψm, even 11 months
after infection, however, fucoidan promotes recovery of ∆Ψm in PBMCs from COVID-19 recovered
subjects. Therefore, fucoidan may be a potential treatment to diminish long-term sequelae from
COVID-19, using mitochondria as a therapeutic target for the recovery of cellular homeostasis.

Keywords: fucoidan; SARS-CoV-2; mitochondrial membrane potential; CCCP

1. Introduction

The coasts of the Caribbean Sea experience large upwelling of sargasso, which has
become a problem for the recreational use of beaches since it causes obstruction [1]. How-
ever, the incidence of sargasso can be an opportunity for the extraction of biologically
active metabolites such as fucoidans, which are a kind of sulfated carbohydrate rich in
fucose found in brown seaweeds [2]; the macroalgae genus Sargassum has approximately
450 species and is among the largest in tropical zones [3].

Recent researches on fucoidan have brought to light various biological activities,
such as anti-cancer, anti-coagulant, anti-oxidant, anti-bacterial, anti-inflammatory, and
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immunomodulatory [4–11]. In addition, fucoidan has been reported to exhibit anti-viral
therapeutic activities [12–14], so these compounds have been proposed as potential can-
didates for alternative treatment in coronavirus 2019 (COVID-19) disease recovery [15],
complementary to medically prescribed treatment. In this regard, Song et al. [15] re-
ported that fucoidan (15.6 µg/mL) inhibits (in vitro) SARS-CoV-2 infection in Vero E6
cells through its sulfated polysaccharides, which bind tightly to SARS-CoV-2 protein S,
preventing viral internalization.

On the other hand, other authors have reported that fucoidan inhibits phosphorylation
of the PI3K-Akt pathway and the subsequent expression of pro-inflammatory cytokines
such as TNF-α, IL-1β, and IL-6 [16–20], parameters that are found to be increased in
patients with COVID-19. Recent studies performed by our research group demonstrated
that leukocytes from women who recently recovered from COVID-19 present loss of
mitochondrial membrane potential; however, when these cells were treated ex-vivo with
a commercial formulation of Fucoidan (Alquimar®, Cancún, Mexico), the mitochondrial
membrane potential of these cells recovered [21].

The present investigation aimed to evaluate the ex-vivo treatment of fucoidan (20 µg/mL)
on human peripheral blood mononuclear cells (HPBMC) from healthy control subjects
(HC), patients with active COVID-19 (C-19), and subjects recently recovered from COVID-
19. Furthermore, in this study, the ex-vivo effect of fucoidan (20 and 50 µg/mL) on carbonyl
cyanide 3-chlorophenylhydrazone (CCCP, 150 µM)-induced ∆Ψm loss in HPBMC from
healthy subjects (H) and subjects recovered at 11 months post-COVID-19 (long COVID-19
patient) was evaluated.

2. Results
2.1. Phase 1
2.1.1. Characteristics of the Study Population

Seventy-six subjects (30 males and 46 females) with an average age of 40 (range = 18–64)
years old participated in the study. The healthy control group (HC, n = 24) was composed of
8 men and 16 women with an average age of 40 (range = 23–70) years. Also, of the SARS-
CoV-2-infected patients (C-19, n = 31), 13 were males and 18 females with an average age of
38 (range = 18–65) years, and the subjects that had recently recovered from COVID-19 (R1,
n = 21) had an average age of 40 (26–64) years, of which 9 were men and 12 women (Table 1).

Table 1. Characteristics of the study subjects.

Subject n Female Male Age SAR-CoV-2 Detection
(qRT-PCR Result)

Phase 1
HC 24 16 8 40 (23–70) −

C-19 31 18 13 38 (18–65) +
R1 21 12 9 40 (26–64) −

Phase 2
H 19 11 8 41 (21–69) −
R2 19 11 8 41 (24–74) −

HC: Group of healthy controls subjects; C-19: patients with COVID-19; R1: Subjects recently recovered from
COVID-19 (40 ± 13 days after infection); H: healthy subjects; R2: Recovered subjects at 11 months post-COVID-19
(335 ± 20 days after infection).

2.1.2. Ex-Vivo Fucoidan Treatment in HPBMCs of HC, C-19, and R1 Subjects

Data indicate that C19 patients and R1 group (patients with active COVID-19 and
recently recovered from the infection, respectively), present loss of ∆Ψm up to 96% vs.
HC group (See gray boxes Figure 1). However, fucoidan treatment (20 µg/mL) induces
significant recovery of ∆Ψm (70%) in R1 group subjects (basal R1 vs. R1 with fucoidan),
but, this parameter still is not restored at HC group level. In C-19 patients, the treatment of
fucoidan did not significantly restore ∆Ψm (basal C-19 vs. C-19 with fucoidan) (Figure 1).
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Figure 1. Mitochondrial membrane potential (MFI of DIOC6(3)) basal (gray boxes) and with fucoidan
treatment ex-vivo (20 µg/mL, white boxes) during 48 h of HPBMC from healthy controls (HC)
subjects, patients with COVID-19 (C-19), and subjects recently recovered from COVID-19 (R1) at
40 ± 13 days after infection. Data are reported as medians (horizontal bars) with 25–75% interquartile
ranges. p < 0.01 indicates statistically significant difference. Non-parametric Kruskal–Wallis and
Dunn’s multiple comparison tests were performed.

2.2. Phase 2
2.2.1. Characteristics of the Study Population

Thirty-eight subjects (16 males and 22 females) with an average age of 41 (range = 21–74)
years old participated in the study. The healthy group (H, n = 19) was composed of 8 men
and 11 women with an average age of 41 (range = 21–69) years. The recovered subjects at
11 months post-COVID-19 (R2, n = 19) had an average age of 41 (range = 24–74) years, of
which 8 were men and 11 women (Table 1).

2.2.2. Ex-Vivo Induction of ∆Ψm Loss in HPBMC

Figure 2 shows an ex-vivo exposure curve to CCCP on HPBMC, indicating that
concentrations of 150, 300, and 500 µM significantly (p < 0.001) induced loss of ∆Ψm with
respect to control HPBMC (without CCCP). This is in contrast to the 50 µM concentration,
which did not cause loss of ∆Ψm.

2.2.3. Ex-Vivo Treatment with Fucoidan on HPBMCs with CCCP-Induced Loss of ∆Ψm
from H and R2 Group Subjects

The results indicate that CCCP (150 µM) significantly induces loss of the ∆Ψm in
HPBMCs of H (30%) and R2 subject (44%) (Figure 3A,B). However, treatment with fucoidan
induces restoration of the ∆Ψm in HPBMCs in the different experimental groups of H
subject (CCCP + F20 (22%), CCCP + F50 (23%), F20 (37%) and F50 (40%)) (Figure 3A) and
R2 subjects (CCCP + F20 (24%), CCCP + F50 (25%), F20 (62%) and F50 (70%)) (Figure 3B).
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Figure 2. Induction of ∆Ψm loss mitochondrial membrane potential (MFI of DIOC6(3)) by carbonyl
cyanide 3-chlorophenylhydrazone exposure (CCCP, 0, 50, 150, 300, and 500 µM) during 15 min on
HPBMC from healthy subjects (H). Graphs represent the mean ± SEM of the data from three SARS-
CoV-2 negative subjects by duplicate. Different letters indicate statistically significant differences of
p < 0.01. For normal data distribution, an analysis of variance (ANOVA) was applied followed by a
Bonferroni subtest.
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Figure 3. Mitochondrial membrane potential (MFI of DIOC6(3)) of HPBMC isolated from (A) healthy
subjects (gray boxes) and (B) recovered subjects (white boxes) at 11 months post-COVID-19 (R2,
long-COVID), under the following conditions: Control: without CCCP and fucoidan exposure; CCCP:
exposed to 150 µM of CCCP; CCCP-F20: exposed to 150 µM of CCCP + fucoidan 20 µg/mL; CCCP-
F50: exposed to 150 µM of CCCP + fucoidan 50 µg/mL; F20: fucoidan 20 µg/mL and F50: fucoidan
50 µg/mL. Data are reported as medians (horizontal bars) with 25–75% interquartile ranges. Different
letters indicate statistically significant differences of p < 0.01. Non-parametric Kruskal–Wallis and
Dunn’s multiple comparison tests were performed.

On the other hand, Figure 3 shows that the ∆Ψm is significantly decreased in R2 with
respect to healthy subjects, however, when these cells were treated with fucoidan 20 and
50 µg/mL, HPBMCs significantly improved this parameter with respect to R2 control,
however, the ∆Ψm was not restored with respect to the healthy control group.
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3. Discussion

COVID-19 induces an elevated inflammatory/oxidative state in organisms, leading to
mitochondrial dysfunction and subsequent cell death [22–26]. In the case of patients recov-
ering from acute SARS-CoV-2 infection, they may develop long-term sequelae (pulmonary
injury, inflammatory, neurodegenerative, etc.) caused by mitochondrial dysfunction [27–34].
Therefore, the search for alternative treatments is essential to reintegrate cellular homeosta-
sis in SARS-CoV-2 infected subjects.

Obtained data demonstrate that HPBMC of patients with active SARS-CoV-2 infection
(C-19) and subjects recently recovered from COVID-19 (R1) show loss of ∆Ψm. This loss
of mitochondrial membrane potential was also detected in subjects recovered 11 months
after infection (R2 group) to SARS-CoV-2, which may be related to long-term sequelae
(long-COVID), a phenomenon that may be a predisposing factor for chronic degenerative
diseases, such as cardiovascular diseases and other inflammatory conditions [35–38]. In
this respect, it has been reported that mitochondrial dysfunction has been implicated in
the pathophysiology of several diseases, such as diabetes, cardiovascular diseases, and
gastrointestinal disorders [35,38–40]. In addition, mitochondrial dysfunction is directly
linked to neuromuscular disorders and increasing evidence has linked mitochondrial
dysfunction to neurodegenerative and neurodevelopmental disorders such as Alzheimer’s
Disease, Parkinson’s Disease, Rett Syndrome, and Autism Spectrum Disorders [41,42].

Evidence suggests that SARS-CoV-2 infection induces mitochondrial dysfunction [23,43,44].
Gibellini et al. [44] demonstrated that monocytes from SARS-CoV-2-infected patients show
signs of bioenergetic alteration and mitochondrial dysfunction (reduced basal and maxi-
mal respiration, reduced reserve respiratory capacity, and decreased proton leakage). In
addition, a significantly high number of monocytes have depolarized mitochondria and ab-
normal mitochondrial ultrastructure. Also, Ajaz et al. [43] demonstrated that SARS-CoV-2
infection causes mitochondrial dysfunction through metabolic alterations with increased
glycolysis and elevated mitokine levels in HPBMC of infected patients. Other studies
report that SARS-CoV-2 induces oxidative stress [23,45–47], which leads to mitochondrial
dysfunction. Therefore, as mitochondria are the center of cellular oxidative homeostasis,
research should be focused on new therapeutic strategies on mitochondrial metabolic path-
ways and redox balance, which could be useful to restore mitochondrial function [26,48]
and thus achieve cellular homeostasis in SARS-CoV-2-infected patients.

Since the onset of the COVID-19 pandemic, there has been a growing interest in
applying safe and effective natural approaches that support immune system function
and, in addition, have direct anti-viral effects [49]. In this regard, several polysaccharides
have been shown to exhibit potential biological activities, such as fucoidan, which is a
sulfated polysaccharide that exhibits anti-viral, anti-oxidant, and immunomodulatory activ-
ities [50,51]. Furthermore, fucoidans have been reported to present potential applications
in the antiviral activity of many enveloped viruses such as herpes simplex virus type 1
(HSV-1) [49], human immunodeficiency virus (HIV) [52], influenza A virus [53], and differ-
ent kind of paramyxoviruses such as Newcastle disease virus (NDV) and canine distemper
virus (CDV) [54,55]. In addition, it has been reported that in vitro and in vivo activity
of fucoidan exerts several biological functions against DNA and RNA viruses including
dengue virus (DENV), HIV, human cytomegalovirus (HCMV), measles virus, HSV-1, and
HSV-2 [56]. Similarly, fucoidan has been reported to inhibit SARS-CoV-2 infection in Vero
E6 cells through its sulfated polysaccharides (in vitro), which tightly bind to SARS-CoV-2 S
protein, thus preventing viral internalization [15].

Moreover, the immunomodulatory and antioxidant properties of fucoidans have also
been reported [57–66]. Fitton et al. [67] proposed fucoidan as a potential supplementary
agent to reduce the harm after viral infections caused by SARS-CoV-2, as this compound
restores innate immune function and inhibits inflammation. In this regard, Phase 1 results
indicate that treatment with 20 µg/mL fucoidan restores the ∆Ψm of recovered subjects
at 40 ± 13 days after infection to COVID-19 (basal R1 vs. R1 with fucoidan), likewise,
Phase 2 results indicate that treatment with 20 and 50 µg/mL fucoidan restored the ∆Ψm of
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recovered subjects 11 months post-COVID-19 (basal R2 vs. R2 with fucoidan); therefore, the
results of the present investigation suggest that Alquimar® fucoidan could be an alternative
treatment to improve the mitochondrial function of subjects recovered from COVID-19,
which could prevent long-term sequelae.

In phase 2, the ex-vivo treatment of fucoidan on CCCP-induced ∆Ψm loss in HPBMC
was also evaluated; results indicate that fucoidan (20 and 50 µg/mL) significantly restores
the ∆Ψm on damaged cells. This suggests that fucoidan treatment may be useful in
improving cellular homeostasis in SARS-CoV-2-infected individuals. These results are in
agreement with a previous study conducted by this research group, showing that fucoidan
(20 µg/mL) significantly improved the ∆Ψm of women recently recovered from COVID-19.
Also, Han et al. [68] reported that fucoidan inhibits MPP+ (1-methyl-4-phenyl-pyridinium,
a neurotoxin used to model Parkinson’s disease)-induced generation of ROS, dysfunction of
mitochondrial oxidative phosphorylation, and cellular apoptosis in SH-SY5Y cells through
regulation of AMPK-PGC-1α. Previous studies showed that the consequences of AMPK
activation include the acute modulation of metabolism as a result of phosphorylation of
downstream metabolic enzymes and chronic changes in gene expression and mitochondrial
biogenesis [69,70]. Effects of AMPK on mitochondrial genes and PGC-1α are almost entirely
dependent on the function of PGC-1α protein, and it is effective in promoting mitochondrial
biogenesis in various somatic cells [70,71].

Obtained data showed that fucoidan may have an immunomodulatory effect and
antioxidant activity on PBMCs of COVID-19-recovered subjects, due to the treatment with
a fucoidan formulation, which restored the ∆Ψm, suggesting that fucoidan allows the
recovery of cellular homeostasis [72,73]. However, more studies are required to determine
the immunomodulatory and antioxidant role of fucoidan in COVID-19.

4. Materials and Methods
4.1. Samples and Data Collection

All patients signed an informed consent form before biological sample collection. Each
individual filled a questionnaire to determine patient characteristics, clinical history, and
evolution of COVID-19 recovery.

This study was carried out following the guidelines stated in the Declaration of
Helsinki and was approved by the local bioethics commission (Bioethics Commission of
Nayarit State, Mexico—Registry number CEBN/01/21).

4.2. Phase 1
4.2.1. Study Design and Participants

For the first phase of the study, patients who came to the LANIIA-Nayarit laboratory
(laboratory accredited by the Mexican Ministry of Health) to request a molecular test for
SARS-CoV-2 detection by real-time qRT-PCR (swab sampling) were invited to donate blood
(10 mL) and freely and voluntarily participate in this study. Likewise, adults who had not
presented COVID-19 disease were invited to participate freely and voluntarily.

After conducting a SARS-CoV-2 screening, patients were classified into three groups:
(1) Group of healthy control (HC) subjects: negative for SARS-CoV-2 and any symptoms
or signs related to COVID-19 were declared (n = 24); (2) group of patients with COVID-19
(C-19): subjects with SARS-CoV-2 active infection (qRT-PCR positive) (n = 31); and (3) group
of subjects recently recovered from COVID-19 (R1): individuals who were diagnosed SARS-
CoV-2 positive in our laboratory facilities, came back after several weeks of recovery
(40 ± 13 days after infection) and resulted as negative to SARS-CoV-2 molecular tests
(n = 21). All participants were adults (18 to 70 years).

4.2.2. HPBMCs Isolation

HPBMCs were obtained from 10 mL of blood collected in an EDTA tube. Immediately
after sample collection, the blood was diluted 1:1 with PBS (7.2 pH), then the HPBMCs were
separated by density gradient using Histopaque-1077 (Sigma, Louis, MO, USA) in a 2:1 ratio
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(blood-to-histopaque), which was centrifuged for 25 min at 1700 rpm. Subsequently, the
HPBMCs were precipitated at 7 min at 2000 rpm. Once the cell button was obtained, it was
resuspended in RPMI medium supplemented with 10% of fetal bovine serum (Gibco™,
New York, NY, USA) and 1% of penicillin/streptomycin (Sigma, Louis, MO, USA). Cell
counting was performed on the BD Accuri C6TM (BD Biosciences, San Jose, CA, USA) flow
cytometer, identifying the cell population of interest by forward (FSC) vs. side (SSC) scatter.

Subsequently, cell cultures were performed on 24-well sterile plates, in brief, 1 × 106 cells
were resuspended in 1 mL of RPMI medium (Sigma, Louis, MO, USA) supplemented with
fetal bovine serum (10%) and penicillin/streptomycin (1%). Cells were incubated at 37 ◦C
and 5% CO2 for 24 h.

4.2.3. Ex-Vivo Fucoidan Treatment in HPBMCs from HC, C-19, and R1 Group Subjects

Fucoidan (Alquimar®), a dietary supplement extracted from Sargassum, was used
for this study. Chemical analysis of the formulation Alquimar® (250.61 kDa) used in cur-
rent research contains sulfates (145.40 ± 6.85 mg/g fucoidan), phenols (51.09 ± 0.71 mg
gallic acid equivalents/g fucoidan), and total sugars (663.89 ± 26.19 mg glucose equiv-
alents/g fucoidan). Regarding the quantification of monomers, it consists of glucose
(4.85 ± 0.47 mg/100 mg fucoidan), fucose (3.16 ± 0.54 mg/100 mg fucoidan), galactose
(10.95 ± 0.30 (mg/100 mg fucoidan), and mannitol (10.45 ± 0.71 mg/100 mg fucoidan).
Concentrations were determined by HPLC (Agilent 87H column).

For the preparation of a stock solution (10,000 µg/mL), one capsule of fucoidan
(Alquimar®) was resuspended in 5 mL of PBS (pH 7.2) and shaken until a homogeneous
mixture was obtained. Afterward, the mixture was diluted at 1:10.

For the first phase of the study, treatments of 20 µg/mL fucoidan were used for each
experimental group. Briefly, 2 µL of a stock solution of fucoidan (10,000 µg/mL) were
added to each well containing 1 × 106 cells/mL, then the HPBMCs were incubated for
a period of 48 h at 37 ◦C and 5% CO2. HPBMCs from HC, C-19, and R1 subjects were
maintained under the same conditions, but without fucoidan treatment.

Before fucoidan treatment, cell viability was assessed by propidium iodide (PI; BD
Pharmingen, Franklin Lakes, NJ, USA) staining by flow cytometry. Fucoidan treatment
was added on cultured HPBMCs with viability greater than 90%.

4.2.4. Mitochondrial Membrane Potential Determination (∆Ψm)

The ∆Ψm determination was performed using a cationic cyanine dye, 3,3′-dihexyloxac
arbocyanine iodide (DiOC6(3)) (Invitrogen™, Burlington, ON, Canada) [74]. 1× 106 HPBMC/mL
from each experimental group were centrifuged at 2000 rpm for 7 min, subsequently to the
cell button, 500 µL of PBS and DiOC6(3) 20 nM was added. The samples were incubated
at room temperature for 15 min. Finally, each sample was analyzed in the flow cytometer
(10,000 events) with the 488 nm excitation laser.

4.3. Phase 2
4.3.1. Study Design and Participants

Healthy adults (H) who had not presented COVID-19 disease were freely and voluntar-
ily invited to participate in this investigation. Likewise, according to the LANIIA-Nayarit
laboratory database, patients who tested positive for a SARS-CoV-2 molecular test in
October–November 2020 (recovered subjects at 11 months post-COVID-19, R2 group)
were freely and voluntarily invited to participate in this study. Individuals came to the
LANIIA-Nayarit laboratory facilities to donate 10 mL of blood to determine mitochondrial
membrane potential. HPBMC were obtained by density gradient as mentioned above, then
cell cultures were performed and the HPBMC were incubated at 37 ◦C and 5% CO2 for
24 h.

After the incubation period, cell viability was assessed by propidium iodide (PI) stain-
ing by flow cytometry. Samples with viability >90% were exposed to carbonyl cyanide
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3-chlorophenylhydrazone (CCCP; Sigma, Louis, MO, USA), a classic mitochondrial mem-
brane uncoupler.

4.3.2. Induction of ∆Ψm Loss Ex-Vivo in HPBMC

To define the concentration of CCCP to be used, a curve was performed with dif-
ferent concentrations (0, 50, 150, 300, and 500 µM) of said compound. Subsequently,
1 × 106 cells/mL were exposed to 150 µM of CCCP for 15 min (37 ◦C and 5% CO2); the
cells were harvested and washed with PBS at 2000 rpm for 7 min. Finally, the cells were
seeded in a 24-well culture plate for subsequent treatment with fucoidan.

4.3.3. Ex-Vivo Treatment with Fucoidan in HPBMCs with Loss of ∆Ψm Induced by CCCP
of H Subjects and R2 Group

For phase 2 of this study, two experimental groups were used, each with six specific
treatments: (1) Group of healthy (H) subjects: negative for SARS-CoV-2 and any symptoms
or signs related to COVID-19 were declared (n = 19), and (2) group of recovered subjects at
11 months post-COVID-19 (R2): individuals who were diagnosed as SARS-CoV-2 positive
in our laboratory facilities, came back after 335 ± 20 days after infection (n = 19).

To evaluate ex-vivo fucoidan treatment on ∆Ψm recovery, 20 and 50 µg/mL concentra-
tions of fucoidan were used; the six treatments were as follows: (1) Control: HPBMC with
no CCCP exposure or fucoidan treatment; (2) CCCP: HPBMC exposed to 150 µM CCCP for
15 min; (3) CCCP-F20: HPBMC exposed to CCCP (150 µM) for 15 min and treated with
20 µg/mL fucoidan; (4) CCCP-F50: HPBMC exposed to CCCP (150 µM) for 15 min and
treated with 50 µg/mL fucoidan; (5) F20: HPBMC treated with 20 µg/mL fucoidan; and
(6) F50: HPBMC treated with 50 µg/mL fucoidan. All samples were incubated for 48 h at
37 ◦C and 5% CO2. After incubating, the ∆Ψm was determined in HPBMC as mentioned
above using DiOC6(3) dye.

4.3.4. Statistical Analysis

Data were processed with FlowJo v10 Software, while statistical analyses were com-
pleted using Prism 6® software (GraphPad Software Inc. San Diego, CA, USA). The normal-
ity and homogeneity of the data variances were determined with the Kolmogorov–Smirnov
test and the Levene F test. For normal data distribution, analysis of variance (ANOVA)
followed by a Bonferroni subtest were used. To compare the differences between three
or more non-parametric data groups, a Kruskal–Wallis test and Dunn’s Test for Multiple
Comparisons were used. The statistical difference was determined with a level of p < 0.05.

5. Conclusions

Fucoidan significantly restores the ∆Ψm of HPBMC, suggesting that fucoidan treat-
ment can be useful to improve mitochondrial homeostasis after SARS-CoV-2 infection. Thus,
fucoidan may constitute a potential treatment to prevent long-term sequelae of COVID-19,
with mitochondria being a therapeutic target for the recovery of cellular homeostasis.

Author Contributions: K.J.G.D.-R.: Design of the study, development of the clinical survey, coordina-
tion of sample processing, data analysis, data interpretation, and writing of the manuscript; C.E.C.-R.:
Writing—review and editing; A.B.B.-T.: Investigation and data analysis; M.S.N.-M.: Application of
clinical survey and sample processing; F.F.R.-C.: Application of clinical survey and sample process-
ing; C.D.C.-C.: Sample processing; E.J.F.-D.: Sample processing; D.A.P.-D.: Collection of sample,
development, and application de clinical survey, data analysis; M.V.D.-B.: Collection of sample,
development, and application of clinical survey and data analysis and sample processing; M.Z.-S.:
Sample processing and investigation; G.H.V.-R.: Collection of sample and investigation; A.R.-C.:
Comments on the final version of the paper; D.A.-E.: Comments on the final version of the paper;
M.I.G.-P. Conceptualization and comments on the final version of the paper. All authors have read
and agreed to the published version of the manuscript.



Mar. Drugs 2022, 20, 99 9 of 12

Funding: This work was funded by the “Consejo Nacional de Ciencia y Tecnología (CONACYT)”
with project number 313590 “Characterisation and validation of the immunomodulatory properties
of a Mexican formulation of fucoidan as a potential alternative treatment for COVID-19”.

Institutional Review Board Statement: This study was carried out following the guidelines stated
in the Declaration of Helsinki and was approved by the local bioethics commission (Bioethics
Commission of Nayarit State, Mexico—Registry number CEBN/01/21).

Informed Consent Statement: Informed consent has been obtained from the patient(s) to publish
this paper.

Data Availability Statement: All data supporting the findings of this study are available with its
corresponding author, M.I.G.-P., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ortegón-Aznar, I.; Ávila-Mosqueda, S.V. Arribazón de sargazo en la península de Yucatán: ¿Problema local, regional o mundial?

Bioagrociencias 2020, 13, 28–37.
2. Berteau, O.; Mulloy, B. Sulfated fucans, fresh perspectives: Structures, functions, and biological properties of sulfated fucans and

an overview of enzymes active toward this class of polysaccharide. Glycobiology 2003, 13, 29R–40R. [CrossRef]
3. Nava Jiménez, I.A.; Sánchez Hernández, H. El sargazo del mar Caribe mexicano. Ciencia 2020, 71, 58–61.
4. Rupérez, P.; Ahrazem, O.; Leal, J.A. Potential antioxidant capacity of sulfated polysaccharides from the edible marine brown

seaweed Fucus vesiculosus. J. Agric. Food Chem. 2002, 50, 840–845. [CrossRef]
5. Chen, H.Y.; Huang, T.C.; Lin, L.C.; Shieh, T.M.; Wu, C.H.; Wang, K.L.; Hong, Y.H.; Hsia, S.M. Fucoidan inhibits the proliferation

of leiomyoma cells and decreases extracellular matrix-associated protein expression. Cell. Physiol. Biochem. 2018, 45, 1970–1986.
[CrossRef] [PubMed]

6. Vishchuk, O.S.; Sun, H.; Wang, Z.; Ermakova, S.P.; Xiao, J.J.; Lu, T.; Xue, P.P.; Zvyagintseva, T.N.; Xiong, H.; Shao, C.; et al.
PDZ-binding kinase/T-LAK cell-originated protein kinase is a target of the fucoidan from brown alga Fucus evanescens in the
prevention of EGF-induced neoplastic cell transformation and colon cancer growth. Oncotarget 2016, 7, 18763–18773. [CrossRef]
[PubMed]

7. Yan, M.D.; Yao, C.J.; Chow, J.M.; Chang, C.L.; Hwang, P.A.; Chuang, S.E.; Whang-Peng, J.; Lai, G.M. Fucoidan elevates MicroRNA-
29b to regulate DNMT3B-MTSS1 axis and inhibit EMT in human hepatocellular carcinoma cells. Mar. Drugs 2015, 13, 6099–6116.
[CrossRef] [PubMed]

8. Hwang, P.A.; Hung, Y.L.; Chien, S.Y. Inhibitory activity of Sargassum hemiphyllum sulfated polysaccharide in arachidonic
acid-induced animal models of inflammation. J. Food Drug Anal. 2015, 23, 49–56. [CrossRef]

9. Cho, T.M.; Kim, W.J.; Moon, S.K. AKT signaling is involved in fucoidan-induced inhibition of growth and migration of human
bladder cancer cells. Food Chem. Toxicol. 2014, 64, 344–352. [CrossRef]

10. Cho, M.; Lee, D.J.; Kim, J.K.; You, S. Molecular characterization and immunomodulatory activity of sulfated fucans from Agarum
cribrosum. Carbohydr. Polym. 2014, 113, 507–514. [CrossRef]

11. Cumashi, A.; Ushakova, N.A.; Preobrazhenskaya, M.E.; D’Incecco, A.; Piccoli, A.; Totani, L.; Tinari, N.; Morozevich, G.E.;
Berman, A.E.; Bilan, M.I.; et al. A comparative study of the anti-inflammatory, anticoagulant, antiangiogenic, and antiadhesive
activities of nine different fucoidans from brown seaweeds. Glycobiology 2007, 17, 541–552. [CrossRef] [PubMed]

12. Pereira, L.; Critchley, A.T. The COVID 19 novel coronavirus pandemic 2020: Seaweeds to the rescue? Why does substantial,
supporting research about the antiviral properties of seaweed polysaccharides seem to go unrecognized by the pharmaceutical
community in these desperate times? J. Appl. Phycol. 2020, 32, 1875–1877. [CrossRef]

13. Sansone, C.; Brunet, C.; Noonan, D.M.; Albini, A. Marine algal antioxidants as potential vectors for controlling viral diseases.
Antioxidants 2020, 9, 392. [CrossRef]

14. Shi, Q.; Wang, A.; Lu, Z.; Qin, C.; Hu, J.; Yin, J. Overview on the antiviral activities and mechanisms of marine polysaccharides
from seaweeds. Carbohyd. Res. 2017, 453, 1–9. [CrossRef]

15. Song, S.; Peng, H.; Wang, Q.; Liu, Z.; Dong, X.; Wen, C.; Ai, C.; Zhang, Y.; Wang, Z.; Zhu, B. Inhibitory activities of marine sulfated
polysaccharides against SARS-CoV-2. Food Funct. 2020, 11, 7415–7420. [CrossRef] [PubMed]

16. Boo, H.J.; Hong, J.Y.; Kim, S.C.; Kang, J.I.; Kim, M.K.; Kim, E.J.; Hyun, J.W.; Koh, S.; Yoo, E.S.; Kwon, J.M.; et al. The anticancer
effect of fucoidan in PC-3 prostate cancer cells. Mar. Drugs 2013, 11, 2982–2999. [CrossRef]

17. Wei, C.M.; Xiao, Q.; Kuang, X.Y.; Zhang, T.; Yang, Z.S.; Wang, L. Fucoidan inhibits proliferation of the SKM-1 acute myeloid
leukaemia cell line via the activation of apoptotic pathways and production of reactive oxygen species. Mol. Med. Rep. 2015,
12, 6649–6655. [CrossRef] [PubMed]

18. Zhang, J.Q.; Riby, J.E.; Conde, L.; Grizzle, W.E.; Cui, X.Q.; Skibola, C.F. A Fucus vesiculosus extract inhibits estrogen receptor
activation and induces cell death in female cancer cell lines. BMC Complement. Altern. Med. 2016, 16, 151. [CrossRef] [PubMed]
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