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Abstract

Fucoidans (FUCs) are sulfated polysaccharides that have a wide range of bioactivities. The current study was designed to
evaluate the antioxidant potential of FUC against microcystin-LR (MC-LR)-induced toxicity. Five mice groups (n=8) were
used. Group 1 received saline, Group 2 received oral FUC 100 mg/kg/day for 21 days, Group 3 received i.p. MC-LR 10 ug/kg/
day for 14 days, Group 4 received MC-LR plus FUC 50 mg/kg/day, and Group 5 received MC-LR plus FUC 100 mg/kg/day. The
present study showed that MC-LR administration was associated with significant increases (p < 0.01) in serum concentrations of
hepatic (aspartate transferase, alanine transferase, and alkaline phosphatase), renal (urea and creatinine), and cardiac (creatine
kinase and CK-MB) injury biomarkers, as well as serum lactate dehydrogenase, cholesterol, and pro-inflammatory cytokines
(interleukins-13 and 6, and tumor necrosis factor-«), compared with the control group. Further, MC-LR-intoxicated mice
exhibited significantly higher (p <0.01) hepatic, renal, and cardiac tissue levels of malondialdehyde and nitric oxide, as well
as lower tissue levels of reduced glutathione and activities of glutathione peroxidase, superoxide dismutase, and catalase enzymes
in comparison with control mice. Treatment by FUC significantly ameliorated all the above-mentioned alterations in a dose-
dependent manner with frequent restoration of the normal ranges in the FUC 100 mg/kg/day dose group. Moreover, treatment by
FUC alone at 100 mg/kg/day was not associated with significant negative alterations in the assessed biochemical parameters,
highlighting its safety at this dose. In conclusion, treatment by FUC significantly ameliorated organ injury, induced by MC-LR in
mouse hepatic, renal, and cardiac tissues.
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Introduction
Responsible editor: Philippe Garrigues Microcystins (MCs) are cyclic heptapeptides, produced by
different species of cyanobacteria that live in fresh waters.
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Over 80 structural analogues of MCs have been identified,;
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molecular mechanisms are involved in MC cytotoxicity, in-
cluding inhibition of the serine/threonine-specific protein
phosphatases as PP1, PP2A, CaMK2, and MAPKs
(McLellan and Manderville 2017). This leads to several
downstream events as increased production of reactive oxy-
gen species (ROS), disturbed cell signaling and differentiation
(Wang et al. 2019b), alterations in the cytoskeleton structure
and dynamics (Huang et al. 2015), and impaired DNA repair
(Zhang et al. 2018). Oxidative stress is a major player in MC-
LR toxicity that induces cytotoxic damage directly or indirect-
ly via the induction of apoptosis and pro-inflammatory cyto-
kine release (Huang et al. 2015; Liu et al. 2018a).

Fucoidans (FUCs) are sulfated polysaccharides, present in
the cell walls of brown seaweeds as Laminaria Japonicum,
Fucus Vesicularis, and Cladosiphon okamuranus (Luthuli
et al. 2019). These molecules have shown a wide range of
bioactivities, including antithrombotic, antioxidant, antiviral,
anticarcinogenic, anti-inflammatory, immunomodulatory, hy-
polipidemic, and cytoprotective effects (Wang et al. 2019c).
The antioxidant and anti-inflammatory effects of FUCs have
been shown in several in vitro experiments (in DPPH assays
and LDL oxidation systems (Yuan and Macquarrie 2015;
Zhao et al. 2011)), as well as in vivo studies on rats with
diabetes (Wang et al. 2014), diabetic nephropathy (Xu et al.
2017), and hypoxia-induced injuries (Novoyatleva et al.
2019). Further, FUCs have shown cytoprotective effects
against the toxicity of several xenobiotics, such as carbon
tetrachloride (Boshy et al. 2017), acetaminophen (Wang
et al. 2018), alcohol-induced liver damage (Lim et al. 2015),
and isoproterenol-induced cardiotoxicity (Thomes et al.
2010). Due to these properties, FUCs have attracted the inter-
est of several research groups over the past decades to opti-
mize their use for preventive and therapeutic purposes.

To our knowledge, data are lacking on the chemoprotective
potential of FUC against MC-LR toxicity in animal models.
Therefore, the current study was designed to evaluate the an-
tioxidant and anti-inflammatory effects of FUC against MC-
LR-induced toxicity in the liver, heart, and kidneys of exper-
imental mice.

Materials and methods
Chemicals

Microcystin-LR was purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). Fucoidan (from Laminaria Japonica,
500 mg/capsule) was purchased from Absunutrix Lyfetrition
(USA). All enzymatic assay kits were obtained from
Biodiagnostics Co. (Cairo, Egypt), except for the kits of lactate
dehydrogenase (LDH) (Randox Laboratories Ltd., UK), creatine
kinase (CK) and CK-myoglobin binding (CK-MB) (Stanbio™,
TX, USA) enzymes, interleukin (IL)-13 and IL-6 (Glory Science
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Co. Ltd., Del Rio, TX, USA), and tumor necrosis factor (TNF)-«
(BioSource Inc., Camarillo, CA, USA).

Animals and experimental design

After approval of the ethics committee (Faculty of Veterinary
Medicine, Suez Canal University, Egypt; approval number:
201622), 40 male Swiss-albino mice (weighing 22 to 27 g,
10 to 12 weeks old) were obtained from the Egyptian
Organization for Biological Products and Vaccines and accli-
matized for 1 week at optimal environmental conditions (12-h
light-dark cycles and a temperature of 25+ 2 °C). Mice were
later divided into five groups. Group 1 received normal saline
orally (control); Group 2 received FUC at a daily oral dose of
100 mg/kg bw for 21 days (Wei et al. 2017); Group 3 received
MC-LR at a daily intraperitoneal (i.p) dose of 10 pg/kg bw for
14 days (Lone et al. 2017); Group 4 received FUC 50 mg/kg
bw daily for 21 days plus MC-LR 10 pg/kg for 14 days,
starting 7 days after the first FUC dose; and Group 5 received
FUC 100 mg/kg bw daily for 21 days plus MC-LR 10 pg/kg
for 14 days, starting 7 days after the first FUC dose (Fig. 1).

At the 21st day of the experiment, blood samples were
taken from the retro-orbital plexus, and then, all mice were
sacrificed by cervical decapitation under isoflurane anesthesia.
Blood samples were initially allowed to clot and
were centrifuged at 3000g for 15 min to separate clear serum
samples. Then, the liver, heart, and kidneys of mice were
extracted and 0.5 g of each organ was homogenized in potas-
sium phosphate buffer (0.1 M, pH 7.4), then centrifuged at
5000 rpm for 30 min. The homogenate was frozen at — 80 °C
for later biochemical analyses.

Serum biochemical assays

The obtained serum samples were used for the biochemical
assays of alanine transferase (ALT) and aspartate transferase
(AST) according to Reitman and Frankel (1957), alkaline
phosphatase (ALP) according to Tietz et al. (1983) and
creatinine and urea according to Larsen (1972) and
Coulombe and Favreau (1963), respectively. To assess the
serum activity of CK and CK-MB, we used Stanbio™ CK-
NAC (UV-Rate)/CK-MB kits (TX, USA) according to the
methods described by Szasz et al. (1979) and Wurzburg
et al. (1976), respectively. Later, serum levels of LDH were
measured according to Babson and Babson (1973), while se-
rum total cholesterol was assessed according to Allain et al.
(1974) and Richmond (1973).

Serum cytokine analysis
Commercially available ELISA kits were used to measure the

serum concentrations of IL-1f3, IL-6, and TNF-« according to
the manufacturer’s instructions. The optical density was then
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Fig. 1 Summary of the antioxidant and anti-inflammatory effects of pre-
treatment with fucoidan 50 or 100 mg/kg bw daily for 21 days in mice
exposed to microcystin-LR 10 pg/kg for 14 days, starting 7 days after the
first FUC dose. ALT, alanine transferase; ALP, alkaline phosphatase;
AST, aspartate transferase; CAT, catalase; CK, creatine kinase; CK-MB,

read at 450 nm and the cytokine concentration was calculated
from a standard curve, and then multiplied by the dilution factor.

Tissue biochemical assays

To evaluate lipid peroxidation in the hepatic, cardiac, and
renal tissues in each mouse, we employed the methods of
Mihara and Uchiyama (1978) to measure the tissue con-
centrations of malondialdehyde (MDA). While the levels
of nitric oxide (NO) in the same tissues were measured
according to Green et al. (1982). The non-enzymatic an-
tioxidant reduced glutathione (GSH) was assessed as per
Beutler et al. (1963). Later, the enzymatic activities of
glutathione peroxidase (GPx), superoxide dismutase
(SOD), and catalase (CAT) were determined according
to the methods described by Paglia and Valentine
(1967), Nishikimi et al. (1972), and Aebi (1984),
respectively.
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CK-myoglobin binding; GPx, glutathione peroxidase; GSH, reduced glu-
tathione; LDH, lactate dehydrogenase; IL, interleukin; MDA,
malondialdehyde; NO, nitric oxide; SOD, superoxide dismutase; TNF,
tumor necrosis factor

Data analysis

All values were expressed as the mean =+ the standard error of
the mean (SEM). The differences between the mean values of
different groups were tested using the ANOVA, followed by
post hoc Tukey’s test, performed by the SPSS software (ver-
sion 22 for PC, IBM, Armonk, NY). The differences were
considered statistically significant if p values were < 0.05.

Results
Serum biomarkers

Mice, treated with FUC at 100 mg/kg/day for 21 days, exhib-
ited comparable serum levels of liver injury biomarkers (AST,
ALT, and ALP), cardiac injury biomarkers (CK and CK-MB),
renal injury biomarkers (urea and creatinine), LDH, cholester-
ol, and pro-inflammatory cytokines (IL-1f3, IL-6, and TNF-x)

@ Springer



2938

Environ Sci Pollut Res (2020) 27:2935-2944

to mice in the control group. The administration of MC-LR at
10 pg/kg/day for 14 days was associated with significant in-
creases (p <0.01) in the serum values of all these parameters.
Treatment of MC-LR-intoxicated mice with FUC at 50 or
100 mg/kg/day for 21 days was associated with significant
reductions (p < 0.05) in the serum levels of the aforementioned
parameters in comparison with the MC-LR-intoxicated group;
however, only the 100 mg/kg/day dose could restore the serum
levels to normal control ranges, except for IL-6 (p = 0.03 versus
the control group) (Table 1 and Fig. 2).

Oxidant/antioxidant status in the hepatic tissue

Mice, receiving FUC alone at 100 mg/kg/day for 21 days,
showed comparable values (p>0.05) of MDA, NO, GSH,
GPx, SOD, and CAT to control mice. However, MC-LR treat-
ment at 10 pg/kg/day for 14 days was associated with significant
elevations in the hepatic tissue MDA and NO concentrations
(p <0.001) and significant reductions in hepatic GSH concentra-
tion and antioxidant enzymatic activities (p <0.01). Co-
administration of MC-LR and FUC at either 50 or 100 mg/kg/
day ameliorated MC-LR-induced alterations with restoration of
the normal tissue concentration ranges of GSH, GPx, and CAT in
the MC-LR-FUC 100 mg/kg/day group (Fig. 3).

Oxidant/antioxidant status in the renal tissue

Interestingly, treatment with FUC alone at 100 mg/kg/day for
21 days was associated with significant increases in renal GPx
(»p=0.03) and SOD (p=0.01) enzyme activities, compared
with control mice; otherwise, the concentrations of other pa-
rameters (MDA, NO, GSH, and CAT) were comparable be-
tween the two groups. In line with the findings in hepatic
tissue samples, MC-LR administration at 10 pg/kg/day for
14 days was associated with significant alterations (p < 0.05)

in the renal tissue levels of oxidant/antioxidant parameters.
However, co-treatment with FUC at 50 or 100 mg/kg/day
for 21 days alleviated these alterations, while the 100 mg/kg/
day FUC dose restored the normal tissue concentration ranges
of all parameters, except for NO and GSH (p =0.02 and 0.04
versus control mice, respectively) (Fig. 4).

Oxidant/antioxidant status in the cardiac tissue

Fucoidan treatment at 100 mg/kg/day for 21 days caused no
significant alterations (p >0.05) in cardiac tissue levels of
MDA, NO, GSH, GPx, SOD, and CAT. On the other hand,
MC-LR administration at 10 pg/kg/day for 14 days was asso-
ciated with significant elevations (p < 0.05) in cardiac tissue
levels of MDA and NO, as well as significant reductions of
GSH concentration and activities of GPx, SOD, and CAT
enzymes in the cardiac muscle in comparison to control mice.
All these alterations were ameliorated by FUC treatment at 50
or 100 mg/kg/day for 21 days; however, only the 100 mg/kg/
day dose could restore the levels of these parameters to normal
control ranges, except for GSH and CAT (p=0.02 and 0.01
versus control mice, respectively) (Fig. 5).

Discussion

The present experiment showed that acute exposure to a high
dose of MC-LR is associated with multiorgan injury, as mani-
fested by the increased serum levels of hepatic, renal, and car-
diac injury biomarkers in mice. Such tissue damage may be
mediated by MC-LR-induced oxidative stress, resulting from
increased ROS production and reduced activities of endoge-
nous antioxidant enzymes. Treatment of MC-LR-intoxicated
mice with FUC dose-dependently alleviated the tissue injury
and underlying oxidative stress in all three organs.

Table 1 The protective effects of

fucoidan treatment (at 50 and Control FUC MC-LR MC-LR- MC-LR-

100 mg/kg/day bw) on (100 mg/kg) FUC FucC

microcystin-LR (MCLR)-in- 50 mg/kg 100 mg/kg

duced serum alterations of tissue

injury biomarkers AST (U/L) 29.9+1.3* 28.1+1.7% 70.3+3.3° 51.4+£24° 33+0.87*
ALT (U/L) 21.2+0.8* 20+0.7% 48.7+2.6° 37.2+1.4° 24.8+2.1*
ALP (U/L) 66.9+3.97 59.24+2.3% 143.4+4.9° 93.7+3.6° 68.8+£9.5°
Cholesterol (mg/dL) 102.7+4.2° 100.8 £4.5% 231.8+7.8° 160+£4.1° 109 £4.5%
LDH (U/L) 208.6+10.3* 199+10.5% 338+14.8° 268.3+9.6° 220.3+5.5%
CK (U/L) 102.2+£5% 99.4 +6° 228+10.3° 149.4+3.3° 124.5+£5.5%
CK-MB (U/L) 35.7+2.2° 34.9+2.7° 142.2+8° 65.9+2.7¢ 435+2.8%
Urea (mg/dL) 31.6+1.2° 29.9+1.2% 67+2.6" 43.3+2.6° 34+1.3%
Creatinine (mg %) 0.32+0.04* 0.27+0.03* 1.74+0.22° 0.81+0.06° 0.48+£0.03*

Data are presented as mean = SEM. Values with different superscript letters within the same row are significantly
different at p <0.05. ALP, alkaline phosphatase; ALT, alanine transferase; AS7, aspartate transferase; CK, creatine
kinase; FUC, fucoidan; LDH, lactate dehydrogenase; MC-LR, microcystin-LR
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Fig. 2 The effects of fucoidan (at 50 and 100 mg/kg/day bw) against
microcystin-LR (10 pg/kg/day bw) on the serum concentrations of inter-
leukin 1f3, IL-6, and tumor necrosis factor-. The presented data are

Microcystins are primarily hepatotoxins. Following oral ex-
posure, they are absorbed from the ileum, passed to the portal
circulation through which they reach their target cells (hepato-
cytes), and are largely cleared from the blood (Bischoff 2001).
Another study in rats showed that large portions of MCs are
retained in the kidney, indicating that they can be directly excret-
ed in the urine. Only small concentrations (as low as 0.2%) are
distributed to other organs as the heart, intestine, spleen, and
gonads (Wang et al. 2008). However, these small concentrations
may have significant toxic effects as shown in the current study
and prior ones. Further, the cytotoxicity in these organs is aug-
mented secondary to the hepatotoxic effects of MC-LR
(McLellan and Manderville 2017).

Oxidative stress is a major biochemical feature of MC tox-
icity. Microcystins were shown able to increase the generation
of ROS in several in vitro systems as human hepatic cells (Liu
et al. 2018b) and erythrocytes (Sicinska et al. 2006), fish cell
lines (Puerto et al. 2009), and lymphocytes (Zhang et al.
2008), as well as in several in vivo studies in rat and mouse
liver, heart, and reproductive system (Ersoy and Kizilay 2018;
Lone et al. 2017). The involved mechanisms in MC-LR oxi-
dative stress are numerous. In concordance with previous
findings, this study has shown that MC-LR exposure increases

mean + SEM (n =8 per group). Different superscripts on columns indi-
cate statistically significant differences at p <0.05

the production of NO in different organs and inhibits the ac-
tivities of endogenous antioxidant enzymes as GPx, SOD, and
CAT (Abdel-Daim et al. 2019; Lone et al. 2017). Other studies
reported that MC-LR suppresses the expression and activity of
the glutathione S-transferase enzyme (Balsano et al. 2017) and
increases the expression of CYP2E1 and NADPH oxidase
(Nong et al. 2007). Further, Ding et al. reported that the first
event that occurs in cultured rat hepatocytes after MCs expo-
sure is a surge in the mitochondrial Ca*? levels, which initiates
the mitochondrial outer-membrane permeabilization transi-
tion, increasing ROS generation (Ding et al. 2001). Another
group suggested that MC-LR induced inhibition of protein
phosphatases as CaMK2 is involved in ROS generation
(Krakstad et al. 2006); however, further research is needed
to fully characterize the pathways of oxidative stress and its
contributions to MC-LR organ toxicity.

In addition, this study showed that acute exposure to a high
dose of MC-LR significantly increased the serum concentra-
tions of pro-inflammatory cytokines as IL-1f3, IL-6, and
TNF-cc. Similar findings have been reported in earlier studies
(Elgawish et al. 2017; Lu et al. 2014). TNF-« plays a role in
MC-induced liver damage and circulatory shock and can di-
rectly induce cytotoxicity in hepatic, glomerular, and renal
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Fig. 3 The antioxidant effects of fucoidan (at 50 and 100 mg/kg/day bw)
against microcystin-LR (10 pg/kg/day bw) on the hepatic tissue concen-
trations of malondialdehyde, nitric oxide, reduced glutathione, and

tubular cells (Al-Lamki and Mayadas 2015; Kakino et al.
2018). Further, IL-6 and IL-13 can change the glomerular
hemodynamics and increase the thickness of the glomerular
basement membrane (Duran-Salgado and Rubio-Guerra
2014). Microcystins have been shown to increase the expres-
sion of other cytokines as IL-8, cytokine-induced neutrophil
chemoattractant-2¢[3, L-selectin, and (32-integrin (Chen et al.
2018; Kujbida et al. 2009).

Due to the relevance of oxidative stress in MC-induced
organotoxicity, several studies have evaluated the potential
of different antioxidant compounds in preventing or curing
its toxicity. In this regard, the current study showed that
FUC can ameliorate the hepatic, cardiac, and renal damages
of MC-LR intoxication as manifested by the improvements in
serum concentrations of tissue injury biomarkers. The

@ Springer

antioxidant enzymatic activities. The presented data are mean + SEM
(n =8 per group). Different superscripts on columns indicate statistically
significant differences at p < 0.05

antioxidant mechanism is probably the main player in this
outcome although other mechanisms may have contributed
to it. Further, it confirmed the safety of FUC at the
100 mg/kg/day dose on the functions of the three organs.
The antioxidant and anti-inflammatory effects of FUC have
been shown before in multiple investigations. For example,
FUCs could protect the liver against the xenotoxicity of car-
bon tetrachloride (Boshy et al. 2017), acetaminophen (Wang
etal. 2018), alcohol (Lim et al. 2015), and concanavalin A (Li
et al. 2016). Such protection was mediated by antioxidant
(increased endogenous antioxidant expression), anti-
inflammatory (suppressed CYP2EI, inducible nitric oxide
synthase, and COX-II expression, as well as release of IL-
13 and TNF-w), antiapoptotic (reduced expression of Bax,
cleaved caspase-3, cleaved caspase-8, and cleaved caspase-
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Fig. 4 The antioxidant effects of fucoidan (at 50 and 100 mg/kg/day bw)
against microcystin-LR (10 pg/kg/day bw) on the renal tissue concentra-
tions of malondialdehyde, nitric oxide, reduced glutathione, and

9), and antifibrotic (reduced expression of transforming
growth factor 31) mechanisms (Hong et al. 2012; Li et al.
2016; Lim et al. 2015). Similar chemopreventive efficacies
were reported for FUC in the amelioration of acute kidney
injury (Wang et al. 2019a), chronic kidney disease (Wang
et al. 2012), and diabetic nephropathy (Xu et al. 2017). Our
findings confirm these results and extend them by showing the
hepato- and nephroprotective effects of FUC against MC-LR
toxicity.

Further, FUCs could ameliorate the severity of ischemia-
reperfusion myocardial injury (Li et al. 2011), isoproterenol-
induced myocardial infarction (Thomes et al. 2010), and au-
toimmune myocarditis in rats (Tanaka et al. 2011). These ef-
fects were explained by the amelioration of oxidative stress,
cytokine release (TNF-c, IL-6, IL-10), neutrophil and macro-
phage myocardial tissue infiltration, and hyperlipidemia (Li

antioxidant enzymatic activities. The presented data are mean + SEM
(n =8 per group). Different superscripts on columns indicate statistically
significant differences at p < 0.05

et al. 2011; Tanaka et al. 2011; Thomes et al. 2010).
According to our analysis, FUC administration significantly
ameliorated MC-LR-induced elevation of serum cholesterol.
Similar findings were reported in hypercholesterolemic ro-
dents and patients (Huang et al. 2010). FUC can enhance the
negative charges on the cell surfaces, and thereby reducing
cholesterol levels in the serum (Li et al. 2008).

Regarding the antioxidant potential of FUC, our data
showed that FUC reduces the production of the lipid peroxide
MDA and NO and increases the activity of endogenous anti-
oxidant enzymes as GPx, SOD, and CAT. Similar findings on
the antioxidant capacity of FUC against other xenobiotics
were published before (Boshy et al. 2017; Wang et al.
2018). Moreover, other studies showed that FUC can exert
free radical scavenging effects and even inhibit the production
of hydroxyl and superoxide radicals (Ajisaka et al. 2016). In
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Fig. 5 The antioxidant effects of fucoidan (at 50 and 100 mg/kg/day bw)
against microcystin-LR (10 pg/kg/day bw) on the cardiac tissue concen-
trations of malondialdehyde, nitric oxide, reduced glutathione, and

addition, Yang et al. reported that FUC inhibited the produc-
tion of NO in lipopolysaccharide-stimulated RAW264.7 cells
and that this is probably mediated by suppressing the activa-
tion of activator protein-1 (Yang et al. 2006).

Interestingly, our study showed that FUC administration
significantly reduced the serum concentrations of multiple
pro-inflammatory cytokines as IL-1f3, IL-6, and TNF-c.
This confirms the results, published earlier in other models
(Park et al. 2011). This may be explained by the reported
effects of FUC on other molecules that regulate the activities
of these cytokines and their secreting immune cells as NF-kB
and IFN-y (Choi et al. 2010; Li et al. 2011). These findings
may also be secondary to the amelioration of oxidative stress
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antioxidant enzymatic activities. The presented data are mean + SEM
(n =8 per group). Different superscripts on columns indicate statistically
significant differences at p <0.05

in FUC-treated mice. Other anti-inflammatory mechanisms
have been reported for FUCs as well, such as inhibition of
COX-2 and iNOS expression (Cui et al. 2010; Park et al.
2011) and reducing leucocyte infiltration (Zhou et al. 2018).
However, further research on the anti-inflammatory effects of
different FUCs is recommended. Another interesting finding
was the dose-dependent efficacy of FUC; this indicates that
the 100 mg/kg/day dose is more promising for further inves-
tigation and potential applications.

To recapitulate, acute exposure to MC-LR caused marked
hepatic, renal, and cardiac tissue injuries, probably through
increasing the production of ROS and pro-inflammatory cy-
tokines and impairing the endogenous antioxidant defenses.
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However, treatment by FUC was associated with significant
antioxidant and anti-inflammatory effects in all three organs in
a dose-dependent manner.
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