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Abstract

Brown seaweeds are rich in polysaccharides, such as fucoidan (FUC) which has shown beneficial effects in several medical conditions.
The aim of the present study was to assess the antioxidant, anti-inflammatory, and hepatoprotective properties of Colpomenia sinuosa—
and Sargassum prismaticum—isolated FUC in vitro and in vivo. The hot acid extraction method was used to isolate FUC from
C. sinuosa (FCS) and S. prismaticum (FSP) species. The antioxidant, anticancer, as well as the effect on neurotransmitter-degrading
enzyme and disaccharidase activities were measured using standard protocols. Moreover, the hepatoprotective effect of two FCS doses
(100 and 200 mg/kg) on paracetamol-administered rats (one dose of 1 g/kg) were evaluated by measuring blood liver function markers,
hepatic pro-oxidants as malondialdehyde (MDA) and nitric oxide (NO), antioxidants as glutathione (GSH) and glutathione peroxidase
(GPx), proinflammatory markers as inducible nitric oxide synthase (iNOS), interleukin 13 (IL-1{3), tumor necrosis factor-o (TNF-),
and liver histology. The crude fucoidan yield was 15.6% and 14.8% of C. sinuosa and S. prismaticum dry weights, respectively. The
antioxidant effects and cytotoxic activity on hepatic cancer cell were higher for FCS than FSP. Moreover, in vivo data showed that FCS
administration at both doses significantly improved liver functions and alleviated histological alterations, hepatic inflammation, and
oxidative stress following paracetamol intake. In conclusion, fucoidan exerts anti-inflammatory, antidigestive enzyme activity, anti-
oxidant, anticancer, and hepatoprotective effects.

Keywords Seaweeds - Antiproliferative effect - Colpomenia sinuosa - Sargassum prismaticum - Inflammatory markers -
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Introduction metabolites, formed due to oxidative effects that face the im-
mobile algae (Souza et al. 2012). Among seaweeds,
Sargassum is a brown to olive green colored macro-algae of
the brown algae family and can reach impressive lengths of 3—
4 or even 16 m; numerous species are distributed throughout

the temperate and tropical oceans of the world, especially in

Seaweeds are rich in biologically active compounds (Chew
et al. 2008) that possess antioxidant, antimicrobial, antifungal,
antiviral, anticancer, anticoagulant, and anti-inflammatory ef-
fects. These activities are attributed to different secondary
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the coast of the Mediterranean (Elabbar et al. 2014).
Sargassum has been used traditionally for treating scrofula,
goiter, tumor, edema, testicular pain, and swelling
(Chakraborty et al. 2009). Algin is a carbohydrate present in
Sargassum and is used in textile, paper, and pharmaceutical
industries (Chia et al. 2015). Sargassum also had been studied
extensively for its high antioxidant activity and anticancer
effect against lung and melanoma cells (Ale et al. 2011a).
However, little information about Sargassum prismaticum
species’ biological activity and polysaccharides is available
compared with those of other Sargassum species.

Furthermore, Colpomenia sinuosa (C. sinuosa) belongs to
the order of Scytosiphonales, and the family
Scytosiphonaceae, is an edible brown algae (Tannoury et al.
2016; Tannoury et al. 2017). Morphology of C. sinuosa bears
a sessile thallus which is attached by a broad base; it is leathery
and globular, hollow when young, and becoming expanded
and folded as it grows older (Parsons 1982). Historically, it
was found that this species occurs mostly in the Mediterranean
(Cotton 1908). C. sinuosa is used as human food, due to their
antioxidant properties and being a good source of phenols,
folic, vitamins, and amino acids (Gyi and Htun 2012).
C. sinuosa is rich in ash content and unsaturated fatty acids,
fucosterols, stigmasterols, the amino acid lysine, and palmitic
acid (Cotton 1908; Parsons 1982; Shaikh et al. 1991; Khin
Khin Gyi and Htun 2012; Pereira et al. 2012; Tabarsa et al.
2012). The presence of the free monosaccharides galactose,
glucuronic acid, and xylose in C. sinuosa did not differ sig-
nificantly among seasons of collection (Al Monla et al. 2020).
Likewise, fucoxanthin isolated from this seaweed significant-
ly increased percentage of death in breast cancer cells
(Karkhane Yousefi et al. 2018). C. sinuosa expressed the
highest fucoidanase activity and the highest fucoidan content
which can be used as an antioxidant, antibacterial, and antidi-
abetic medication (El Shora et al. 2018).

Moreover, fucoidans (FUCS) are a family of fucose-
containing sulfated polysaccharides (FCSPs) with variable
chemical structures (Ale et al. 2011b). In 1913, Kylin isolated
brown seaweed FUCs, which are characterized by the pres-
ence of L-fucose residues, along with low amounts of other
monosaccharides and proteins. Fucoidans have attracted the
interest of many research groups because it exhibits promising
biological activities such as anticancer, antiangiogenic, anti-
inflammatory, antiviral, and antioxidant effects (Koyanagi
et al. 2003; Chotigeat et al. 2004; Lin et al. 2016). In addition,
FUC can alleviate the symptoms of liver disease, osteoarthri-
tis, and kidney disease and reduce the risk of radiation damage
(Fitton 2011).

Several drugs are metabolized mainly in the liver, and their
overdose can induce hepatitis or hepatotoxicity. To alleviate
this toxicity, researchers have examined the hepatoprotective
effects of several naturally isolated compounds. One of these
compounds was FUC which was found to increase hepatic

growth factor (HGF), hepatic antioxidant capacity, and stellate
cell apoptosis; therefore, it prevents liver cell death and fibro-
sis induced by chemical injuries (Bilan et al. 2006; Abdel-
Daim et al. 2020a, b; Hong et al. 2012).

Thus, the aims of this work were to isolate FUCs from
Colpomenia sinuosa and Sargassum prismaticum and to eval-
uate the biological activities of isolated FUCs (in vitro) and
test the hepatoprotective ability of the most potent FUC
(in vivo).

Materials and methods
Fucoidan extraction and characterization
Seaweeds collection

Fresh marine seaweeds were collected in April 2015 from
Abu-Qir shore (Alexandria, Mediterranean Sea) and the shore
behind National Institute of Oceanography and Fishers
(NIOF, Hurghada, Red Sea) and were authenticated by Dr.
Mona Ismail (Taxonomy and Biodiversity of Aquatic Biota
Lab, NIOF, Alexandria, Egypt) as C. sinuosa and
S. prismaticum. The collections were made from low tidal
and subtidal regions (up to 1-1.5 m depth) by hand picking.
Sediment and epiphytes removal from the collected materials
was done by washing with marine water in the field then the
samples were in wet conditions. In the laboratory, several
washing steps were done by tap and distilled water to remove
all undesired materials (mud, salt, sand, and foreign sub-
stances). Finally, seaweed was dried and ground to fine pow-
der form.

Fucoidan extraction

The dried algal material (250 g) was soaked with a mixture of
ethanol:formaldehyde:distilled H,O (80:5:15) overnight to
flush out chlorophylls and other pigments. This mixture was
decanted, and the remaining algal material was defatted with
acetone. The extraction method was done twice in Soxhlet
apparatus by using a 0.1-M HCl containing 4% CaCl, solution
at 70 °C. After extraction, alginates were precipitated by
cooling, then the supernatant was collected after centrifuga-
tion for 10 min (4000 rpm, 10, 4 °C). The supernatant was
neutralized with ammonium carbonate powder. Residual
polysaccharides were then precipitated overnight by adding
2.5 times volume of ethanol. Then, ethanol was decanted
and the moist polysaccharides were centrifuged at
10,000 rpm for 15 min. The obtained precipitate was dis-
solved into 10 ml distilled water and was then freeze-dried
(von Andrea Désirée Holtkamp 2009).
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Chemical analysis

The carbohydrate content was estimated by Molish test as
mentioned in Elzagheid (2018), while fucose was measured
by Dische’s method (Dische and Shettles 1948) in which the
boiled acidified extract interacts with cysteine hydrochloride
and the concentration of the colored product was estimated at
420 nm.

Fourier transform infrared analysis

The pellet of fucoidan (1 mg) was mixed with potassium bro-
mide (100 mg), and infrared (IR) spectral (400 to 4000 cm )
analysis was performed using Shimadzu Fourier transform
infrared (FTIR) 8300 instrument, Japan.

Assessment of in vitro biological activities
Preparation of enzyme sources

The liver and brain tissues from normal rats were immediately
removed after animals’ scarification and were washed with
cold saline solution (0.9% NaCl). Then, 1 g of liver tissue
was homogenized in 9 ml of 0.1 M phosphate buffer (pH
7.4) and centrifuged at 6000 rpm for 10 min; the collected
supernatant (enzyme source) was used to estimate DPPH re-
ductase activity (Shaban et al. 2003). The brain tissue homog-
enate (4%) was prepared in the same buffer containing
0.001 M Na, EDTA, 0.2 M NacCl, and 0.5% Triton X-100,
then centrifuged and the collected supernatant was used as a
source for determination of neurotransmitter-degrading en-
zymes as acetylcholine esterase (AChE) and monoamine ox-
idase (MAO). The protein content in both supernatants was
determined according to Lowry’s method (Lowry etal. 1951).

Anticancer activity

The cytotoxic effects of FCS and FSP on HCT-116 (colon
adenocarcinoma), MCF-7 (breast adenocarcinoma), and
HepG-2 (liver adenocarcinoma) cell lines were examined
using standard protocols in which doxorubicin was used as a
positive control. Monolayer cells (10,000 counts) were grown
in growth medium (RPMI-1640 containing 10% inactivated
fetal calf serum and 50 pg/ml gentamycin) for 24 h at 37 °C
and 5% CO,. After that, cells were washed with phosphate
buffer saline (0.01 M, pH 7.2) and incubated with 100 pl from
different dilutions of FCS, FSP, or doxorubicin at 37 °C for
another 24 h. The cell viability was determined using the
crystal violet staining method, followed by cell lysis using
33% glacial acetic acid, and the absorbance (ODt) was read
at 590 nm using an ELISA reader (sunrise, TECAN Inc,
USA). The 50% inhibitory concentration (ICso) was estimated
according to Gangadevi and Muthumary (2007).

@ Springer

Antioxidant properties

The DPPH scavenging activities of different concentrations of
FCS and FSP were estimated according to Liyana-Pathirana
and Shahidi (2005). The DPPH reductase activity was mea-
sured according to Yim et al. (2004), while the ferric reducing
antioxidant power assay (FRAP) was done according to Yen
and Der Duh (1993).

Effects on digestive enzymes

Lactase, maltase, and o-amylase activities in the presence of
different concentrations of FCS and FSP were estimated ac-
cording to general enzymatic methods. The end-product, glu-
cose, was measured by using glucose oxidase reagent. The
liberated glucose from the enzymatic action (mmol) was cal-
culated by using calibration curve and then the enzymatic
activity was measured by using this equation: IU (mmol/min)
= number of mmol of glucose / time of incubation (min).

Anti-inflammatory activity

The NO radical scavenging activity was measured according
to Nabavi et al. (2008). The human red blood corpuscles
(HRBC) membrane-stabilizing method was used to detect
the in vitro anti-inflammatory activity of FCS and FSP as
per Vadivu and Lakshmi (2008).

Effects on neurotransmitter-degrading enzymes

The activity of AChE was assessed using the methods of
Ellman (1959), and the MAO activity was measured accord-
ing to Sandler et al. (1981).

Assessment of in vivo FCS hepatoprotective effect
Animals

Thirty adult male rats (aged 3 months; weight: 150-200 g)
were provided from the animal house, Faculty of
Agriculture, Alexandria University and were housed in poly-
propylene cages at 50-60% humidity, 23 =+ 2 °C temperature,
and 12 h light/dark cycle. All animal experiments were con-
ducted according to the Animal Ethics Committee guidelines
of the National Health and Medical Research Council
(NHMRC) and recommended guidelines of the Egyptian
Ministry of Health and Population, High Committee of
Medical Specialties, Arab Republic of Egypt. This study
was approved by the Committee application for the
Institutional Animal Care and Use Committees (IACUCs),
Pharmaceutical and Fermentation Industries Development
Centre (PFIDC), SRTA-City, Alexandria, Egypt; the approval
number was IACUC # 15-1P-9020.
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Animal design

Five groups (each group of 6 rats) were used in this study as
follows: group I (normal controls) rats were orally adminis-
trated 5 ml/100 g of 1% polyethylene glycol (PEG) for 8 days.
Group II rats were orally administrated 5 ml/100 g of 1% PEG
for 7 days then paracetamol (PCM, 3 g/kg b.wt.) was orally
administered at the 8th day to induce hepatotoxicity. Groups
I, TV, and V rats were orally administered 100 mg/kg FCS,
200 mg/kg FCS, or 100 mg/kg silymarin for 7 days, respec-
tively, then paracetamol was orally administrated at a dose of
3 g/kg b. wt. on the eighth day (Ross et al. 2012; Alam et al.
2017).

After 24 h of the last dose, the blood of anesthetized rats
(ketamine (70 mg/kg) plus xylazine (7 mg/kg), IP) was col-
lected in plain tubes. The serum was isolated by centrifugation
at 3000 rpm (4 °C for 20 min). After scarification by cervical
dislocation (Ross et al. 2012), the liver was removed and
washed with ice-cold saline, dried, and then weighed. The
relative liver weight was calculated using the following rule:
liver weight/body weight x 100. The liver tissue was divided
into two parts: The first one was fixed in 10% neutral formalin
solution for histological study, while the other part was used to
prepare liver homogenate as described in “Preparation of en-
zyme sources.”

Assessment of liver serum function tests

Commercial kits were used to determine the serum levels of
alanine transaminase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), bilirubin, cholesterol, al-
bumin (ALB), total protein (TP), and serum lactate dehydro-
genase (LDH) according to manufacturer’s instructions.

Assessment of hepatic oxidative stress parameters

The hepatic MDA concentration was measured using the re-
action described by Tappel and Zalkin (1959). Then, the con-
centration of MDA (nmol/mg) was calculated using the equa-
tion: At/ 0.156 where At is the absorbance of the tested sam-
ple and 0.156 is the extension coefficient. Tissue NO concen-
trations were assessed according to Qebesy et al. (2015).
Hepatic GSH levels were measured according to the methods
of Beutler et al. (1963), while glutathione peroxidase (GPx)
activity was evaluated as per Paglia and Valentine (1967).

Assessment of hepatic inflammatory parameters

The levels of inducible nitric oxide synthase (iNOS), interleu-
kin 1 (IL-1[3), and tumor necrosis factor-o« (TNF-x) were
quantified in the hepatic homogenate supernatant using
ELISA kits (CUSABIO, China), according to the manufac-
turer’s protocol.

Histopathological examination

The tissues were embedded in paraffin wax, then 6-mm-thick
sections were cut. The eosin and hematoxylin dye was used to
stain the sections. Light microscopic photomicrographs were
used to evaluate the histological changes as fibrosis, fatty in-
filtration, centrilobular necrosis, and lymphocyte infiltration.

Statistical analysis

Data were analyzed by SPSS software package version 20.0
(Armonk, NY: IBM Corp). Normally distributed quantitative
variables were described using mean and standard deviation
and the comparison between more than two groups was con-
ducted by F test (ANOVA) and post hoc LSD test. The sig-
nificance was assessed at p < 0.05.

Results
Fucoidan characterization

In this study, the obtained crude powder was about 39 g and
37 g from C. sinuosa and S. prismaticum, respectively.
Colorimetric identification showed that the isolated powder
was carbohydrates, containing fucose residues (as FUC). An
IR spectrum within the range of 400-4000 cm™' (Fig. 1a, b)
was used to confirm the presence of FUC. A broad IR band
was observed at = 3430 cmfl, which corresponds to OH and
H,O stretching vibration. The IR bands at ~ 14202520 cm '
were due to the presence of aliphatic (CH) stretching vibra-
tions in the pyranoid ring and C-O—C stretching of the glyco-
sidic bonds. Intense absorption in these regions is the common
characteristic for all polysaccharides. A strong absorption
band was observed at 1083 cm !, which is attributed to the
0=S=0 stretching of sulfates, which is a good marker of sul-
fated polysaccharides. The IR band observed at ~ 875 cm ! is
attributed to the C—O-S bending vibration of sulfate
substituents.

In vitro biological activities
Anticancer effect

Both FCS and FSP showed cytotoxic effects on HCT-116,
MCEF-7, and HepG-2 cell lines; however, this effect was less
potent than doxorubicin (Fig. 2); the estimated ICs, of both
extracts against each cell line was higher than that of the ref-
erence drug (Table 1). FSP showed a more potent cytotoxic
effect on MCF-7 and HepG-2 than FCS, while both showed
similar cytotoxic effects on HCT-116.
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Fig. 1 FTIR spectrum for fucoidan extracted from Colpomenia sinuosa (FCS) (a) and Sargassum prismaticum (FSP) (b)

Antioxidant properties

The first assay used to determine the antioxidant properties of
FCS and FSP was DPPH scavenging assay. Figure 3a shows
that both FCS and FSP had free radical scavenging activity,
which was directly proportional to the concentration gradient.
The DPPH-scavenging activity of FCS (with ICso of 16.3
png/ml) was higher than that of FSP (with ICs, of 43.2
pg/ml) (Table 1). The second assay was DPPH reductase in-
hibition, which reflects the activity of NADPH-cytochrome
P450 reductase (CPR) system. Both FCS and FSP slightly
inhibited the CPR enzyme to levels lower than those of vita-
min C (Fig. 3b); the ICsq of FCS and FSP were 520 and 886.4
pg/ml, respectively, while for vitamin C was 128 pg/ml. The
third assay was ferric-reducing activity (FRA) in which the
ability of FUCs to reduce ferric to ferrous. Figure 3¢ shows
that the FRA was directly proportional to different FUC

concentrations. Moreover, the activities of both FCS and
FSP were higher than that of vitamin C. Table 1 shows that
FCP has the highest FRA activity followed by FSP and finally
vitamin C where ECsq were 4.9, 10.3, and 19.6 pg/ml,
respectively.

Antidigestive enzyme effect

Figure 4 shows that FCS and FSP significantly inhibited the
activities of all digestive enzymes tested in the present study
and that this inhibitory activity was directly proportional to
FUC concentration gradient. FCS was a more potent inhibitor
for maltase and amylase than FCS; the ICsy of FCS for malt-
ase and amylase were 51.2 + 3.5 and 269.4 + 15.2 ug/ml,
respectively, while the ICso for FSP were 348.6 + 10.5 and
929.8 &+ 23.4 pg/ml, respectively. Both FCS and FSP showed
similar inhibitory activities on lactase enzyme (Table 1).

Table 1 IC/ECso of FCS and FSP

extracts on cancer cell line Parameters IC/ECso (pg/ml)

viability, pancreatic digestive

enzymes’ activities, DPPH and FCS FSP

NO scavenging properties,

antihemolytic activity, and MCEF-7 (reference drug ICsq = 6.1 +0.2) 42,1 £ 1 2% 232+09

neurotransmitter catabolizing HCT-116 (reference drug ICs = 0.469 + 0.05) 19.9+2.1 235+1.1

enzymes’ activities HepG-2 (reference drug ICso = 4.6 + 0.3) 30 + 0.9 214+1.1
DPPH scavenging activity (ascorbic acid ICsq = 2.4 + 0.05) 16.3 £ 1. 1% 432+2.1
DPPH reductase (ascorbic acid ICsy = 128.8 +9.8) 520 + 20.5%%* 886.4 +30.8
Ferric reducing activity (ascorbic acid ECsq = 19.6 + 1.8) 4.9 £ 0.09%#* 10.3 £0.01
Anti-maltase activity 51.2 & 3.5%%* 348.6 £ 10.5
Anti-lactase activity 1534+11.2 130.8 £ 10.2
Anti-amylase activity 269.4 + 15.2%%%* 929.8 £23.4
NO scavenging activity 2.9 £0.02%** 4.3 +£0.005
Antihemolytic activity 88.3 £2.6%** 364.8 +£12.8
AChE 38.4 &+ 3.1%* 50.6 £2.5
MAO 2283 +£10.8 217.6 £19.8
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Values are expressed as means + SD

*p < 0.05, ¥*¥p < 0.01, and ***p < 0.001 levels of significant difference



Environ Sci Pollut Res (2021) 28:19664-19676

19669

—|—- {5 —@—T5P —e—Viablastine
120
100
e &0
£ @
B
S 4
20
0
] 10 20 30 10 50 60
Concentration ug/mi
b —a—FCS ——FSP —@—Doxrubcin
120
100
® 80
= &
E %
20
0 T T
] 10 20 30 40 50
concantratian (ug/ml}
120 « )
—W—FC5 —e— 5P —@—Vinblasline
100
« 80
% 60
=
> a0
20
b *
Q T T T T T J
] 10 20 30 40 50 60

concentration ug/ml

Fig. 2 Anticancer effect on MCF-7 breast cancer (a), HCT-116 colon
cancer (b), and HepG-2 hepatocellular carcinoma (c) cell lines against
standard reference drugs

Anti-inflammatory activity

Figure 5 shows that the NO scavenging activity was directly
proportional to fucoidan concentration gradient. FCS (with ICsq
0f 2.9 + 0.005 pg/ml) was a more potent anti-inflammatory than
FPS (with IC5 of 4.2 = 0.02 pg/ml) (Table 1). Further, FCS
(with ECs of 88.3 pg/ml) was more efficient in preventing
RBC hemolysis than FSP (with ECs, of 364.8 pg/ml).

Effects on neurotransmitter-degrading enzymes

Figure 6 shows that both FCS and FSP had inhibitory effects
on AChE and MAO, and these inhibitory effects were directly
proportional to FUC concentrations. In the case of AChE,
FCS (ICsq 38.4 &+ 3.1) was a more potent inhibitor than FSP
(ICsp: 50.6 = 2.5 ug/ml; p < 0.05), while both of them

a —m— FCS —e—FSP —@— Ascorbic acid
120
®2
s a0
&
E_\'}
@ &0
a
>
S an
A
T
& 20
= 2
Q
0 10 20 30 10 50 o0
Concentration {ug/ml}
35
b R —|— S —e— 5P —— Acscorbiz acid
g 30
E=]
2 25
=
[
= 20
u
u
8 1s
o]
-1
5 10
s
-8
o
]
o] 10 20 30 40 30 60
Concentratian (ug/ml}
c —— FCS —— 5P —@— fscaruic acd
a0
R
c /D
2
" S0
=
£
T so
@ an
2
3 30
g 20
]
4 10
@
v 0
s o] 12 29 32 490 S0 60
fra

Concentration {ug/ml})

Fig. 3 Antioxidants properties on DPPH scavenging activity (a), DPPH
reductase inhibition (b), and ferric reducing power activity (¢) comparing
with standard ascorbic acid

exhibited similar MAO inhibitory effects (similar ICs, values)
(Table 1).

In vivo hepatoprotective agent

Table 2 shows that all groups had the same body and absolute
liver weights, as well as relative liver weight, at p < 0.05.
Table 3 shows that PCM administration was associated with
significantly elevated serum levels of AST, ALP, ALT, LDH,
bilirubin and cholesterol, as well as significantly reduced se-
rum ALB and TP levels. FCS at both doses significantly im-
proved all these blood parameters (p < 0.05).

Table 3 indicates that PMC induced marked oxidative
stress in the hepatic tissue. The administration of PMC was
associated with significantly increased (p < 0.05) MDA, NO,
iNOS, IL-1f3, and TNF-& when compared to control rats.
Treatment with FCS at both doses significantly improved
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Fig. 4 Antidigestive enzyme
effect

inhibation%

these parameters in comparison to PCM-intoxicated rats, but it
failed to restore them to control levels (Table 4).

Histopathological study showed that liver tissue sections from
PCM-intoxicated rats exhibited centrilobular hepatic necrosis,
infiltrating lymphocytes, cell degeneration, hepatocytes inflam-
mation, and fat droplet. Treatment with FCS 100 mg/kg and
silymarin alleviated PCM-induced histopathological changes,
while treatment with 200 mg/kg FCS restored the hepatic archi-
tecture to normal (Fig. 7).

Discussion

Fucoidans extracted from the same species growing at differ-
ent locations have various bioactivities (Kim et al. 2010). This
could be attributed to the difference vicinity, seaweed growing

conditions, extraction, and analytical methods (Bilan et al.

#-- NO scavenging activity FSP

—— Antihemolytic activity FSP

Concentration (ug/ml)

Fig. 5 NO scavenging activity and anti-hemolytic properties
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2006). Therefore, it was important to isolate FUCs from
Egyptian seaweeds and investigate their action in vitro and
in vivo. The isolated FUCs showed cytotoxic effect against
breast, colon, and hepatic cancer cell lines. Several previous
studies proved that FUCs inhibit the proliferation of cancer
cells through activation of caspase-8-dependent pathway and
inhibition of cytosolic Bax which consequently increase cyto-
solic cytochrome ¢ (Kim et al. 2010), enhancing immune sur-
veillance and response, suppression of angiogenesis, and re-
duction of cancer oxidative stress environment (Zorofchian
Moghadamtousi et al. 2014).

Due to a lack of benchmark for antioxidant assay, several
antioxidant assays must be conducted in order to establish the
overall antioxidant capacity of a sample (Fedorov et al. 2013).
Therefore, three methods were used in the current study to
assess the antioxidant properties of both FCS and FSP. Our
findings proved that both FCS and FSP had the capacity to
prevent DPPH auto-oxidation and reactive oxygen species
(ROS) formation through NADPH oxidation and electron do-
nation to ferric chloride to produce ferrous chloride
(Skriptsova 2015). Former findings revealed that sulfated
polysaccharides like fucoidan present significant antioxidant
system in vitro (O’Sullivan 2013) due the presence of —
OSO3H groups which contain a highly activate hydrogen at-
om. Moreover, FUC’s chelating properties and antioxidant
activities are affected by the presence of other monosaccharide
and polysaccharide chains (Souza et al. 2012).

Cancer cells consume more glucose during metabolism to
fuel malignant proliferation; therefore, a glucose depletion
strategy could offer therapeutic benefits in cancer (Jang et al.
2013). There are several methods to control the blood glucose
level, one of them is the control of carbohydrate breakdown
and glucose intestinal absorption by inhibiting pancreatic o-
amylase and intestinal disaccharidases (x-glycosidase/maltase
and lactase) (Costa et al. 2010). The inhibition of amylase,
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Fig. 6 Inhibitory effects of FCS ™

and FSP on AChE and MAO
activities 60

maltase, and sucrase is an effective strategy to control post-
prandial hyperglycemia (Da Silva et al. 2009). In agreement
with our results that confirmed the inhibitory effects of FCS
and FSP on these digestive enzymes, a previous studies dem-
onstrated that fucoxanthin-rich extract from the brown sea-
weed Sargassum hemiphyllum can inhibit o-glucosidase, «-
amylase, sucrase, and maltase activities and increase insulin
secretion in vitro (Fred-Jaiyesimi et al. 2009; Skriptsova et al.
2010).

Nitric oxide has an antitumor activity and is generated by
various NADPH-dependent enzymes called NO synthases
(NOS) (EI Shora et al. 2018). During inflammation, the for-
mation of NO is increased, which may cause undesirable del-
eterious effects. Yang et al. (2006) concluded that FUC in-
hibits NO production in macrophages activated by LPS or
TNF-o through the selective inhibition of AP-1 activation.
Moreover, liberation of lysosomal enzymes is involved in
both acute and chronic inflammation. The antihemolytic effect
of FCS and FSP confirmed its ability to stabilize the lysosomal
membrane which in turn mitigates the inflammatory response.
In agreement with our results, FUC from Sargassum vulgare
prevented erythrocyte membrane damage (Dore et al. 2013).

Acetylcholinesterase and MAO-B inhibitors are used to
increase acetylcholine concentration and dopamine, respec-
tively, which in turn improves or stabilizes the symptoms of

S
—i— MAQO inhibation FCS

AChE inhbaion FC * AChE inhbaion FSP

—&— MAQO inhibation FSP

Concentration (ug/ml)

Alzheimer’s disease (Dorosti and Jamshidi 2016). Published
data highlighted a correlation between antioxidant power and
the anticholinesterase activity (Muhammad et al. 2016). In
agreement with this finding, both FSC and FSP acted as potent
AChE and MAO inhibitors. It is proved that several polysac-
charides could be considered memory and learning enhancers
(Asker et al. 2015). In agreement with our results, FUC ex-
tracted from Ecklonia cava showed significant in vitro antiox-
idant activity, inhibitory effect against AChE, and neuronal
cell-protective effect (Park et al. 2018).

Altogether, FUC possesses antioxidant, anti-inflammatory,
hypoglycemic, and cell cycle regulatory effects; therefore, it
could be used as a hepatoprotective agent against PCM-
induced liver injury.

Although paracetamol is a safe drug at its therapeutic dose,
it is converted into a highly toxic substance (in overdose) that
damages kidney and liver cells by inducing necrosis and se-
vere inflammation. Hepatic cell death occurs due to the for-
mation of highly reactive PCM metabolite by cytochrome
P450 that conjugated progressively with GSH leading to
GSH depletion and mitochondrial dysfunction (Simeonova
etal. 2013; Park et al. 2018). Yan et al.’s (2018) study proved
that PCM increased TBARS level and decreased GSH level.
Oxidative stress alters the cell membrane permeability, trig-
gers leukocytes infiltration, and stimulates Kupffer cell. These

Table 2 Effect of different doses

of FCS on body and liver weights ~ Treatment groups

Initial b. wt. (g) ~ Finalb. wt. (g)  Liver wt. (g)  Relative liver wt.

on paracetamol-induced

hepatotoxicity in rats Sham control

Hepatotoxic control
Treated with FCS (100 mg/kg)
Treated with FCS (200 mg/kg)

Treated with Silymarin (100 mg/kg)

167+5.0a 176 £12.0 a 746+095a 42+36a
177+20a 171+11.0a 725+0.82a 42+20a
170+ 11.0a 173£9.0a 791+1.12a 46+22a
165+9.0a 175+7.0a 786+027a 45+03a
164+70a 166 +8.0a 723+059a 43+08a

Values are expressed as means + SD of rat groups. Within the column, means with different letters (a, b, ¢, d, or e)
were significantly different at p < 0.05. Mean with letter (a) was significantly the lowest value while mean with the
letter (e) was significantly the highest value. If two or three groups have the same letters, this means there was no
significant difference between them at p < 0.05
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Table 4  Effect of different doses of FCS on hepatic oxidative stress and inflammatory markers on paracetamol-induced hepatotoxicity in rats

Treatment groups TBARS NO (ng/mg) GSH (ug/ GPx (IU/mg) iNOS (ng/ IL-1B3 (pg/ TNF-o (ng/
(nmol/mg) mg) mg) mg) mg)

Sham control 44+0.14a 623+04a 19+£007e¢ 15+0.09e 99+008a 1.1+£0.02a 29+05a

Hepatotoxic control 10+0.8d 153+09e 0.62+0.05a 024+0.0la 39+21d 29+004d 120+85e

Treated with FCS (100 mg/kg) 64+03c¢ 11.9+0.7d 089+0.01b 096+0.08b 19+09c 19+0.05c 70+£3.6d

Treated with FCS (200 mg/kg) 53+05b 79+£05b 13+£0.02d 13+£0.08d 11.2+£05b 13+0.02b 50+24b

Treated with silymarin (100 56+03b 103+02¢ 1.1+001c 12+007c¢ 123+04b 13+0.05b 62+3.5¢

mg/kg)

Values are expressed as means + SD of rat groups. Within the column, means with different letters (a, b, ¢, d, or e) were significantly different at p < 0.05.
Mean with letter (a) was significantly the lowest value while mean with the letter (¢) was significantly the highest value. If two or three groups have the
same letters, this means there was no significant difference between them at p < 0.05

abnormalities stimulate the production of NO through expres-
sion of iNOS and proinflammatory cytokines like IL-13, IL-6,
and TNF-a (McGill and Jaeschke 2013). Due to oxidative
stress and inflammation, hepatic necrosis and cellular damage
occur leading to liberation of liver enzymes into the blood
(Ross et al. 2012; McGill and Jaeschke 2013; Simeonova

et al. 2013; Yan et al. 2018). These alterations prove that
PCM induces hepatic abnormalities that are similar to acute
hepatitis, which is characterized by changes in liver function
tests (elevation of AST, ALT, ALP, LDH, bilirubin, and re-
duction of TP and ALB) (Park et al. 2018). Our data are in
agreement with (Alam et al. 2017) who reported that PCM

Fig. 7 Effect of treatment with
FCS and silymarin
histopathology of liver tissues

o A T
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increased ALT, AST, and bilirubin levels in mice.
Histopathological results confirmed the alterations that took
place in PCM-intoxicated group as centrilobular necrosis, in-
filtrating lymphocytes, cell degeneration, and fat droplet ac-
cumulation (Simeonova et al. 2013).

Because hepatic oxidative stress and inflammation are the
possible mechanisms of PCM-induced hepatotoxicity, the ad-
ministration of antioxidants could protect against hepatotox-
icity. It has been demonstrated that the marine brown algae
extracts containing antioxidant have hepatoprotective effects
(Ross et al. 2012). According to our in vitro results, FCS is a
potent antioxidant and anti-inflammatory agent; therefore, it
could be interesting to examine it as a hepatoprotective agent
against PCM-induced liver injury. Our results proved that
FCS prevented PCM-induced hepatic oxidative stress and in-
flammation as it decreased TBARS, NO, TNF-«, IL-13, IL-6,
and INOS, while it increased GSH and GPX activities and
restored blood routine parameters nearly to normal which con-
sequently prevented leukocyte inflammation, steatosis, and
hepatic necrosis.

In agreement with our results, several findings reported that
sulfated polysaccharides preserve the integrity of hepatocytes
membrane and prevent cell membrane damage by reactive me-
tabolites; therefore, they restore the activities of hepatic marker
enzymes to normal levels (Tittarelli et al. 2017). Moreover, sul-
fated polysaccharides activate cellular antioxidants status and
consequently prevent oxidative cell injury (Costa et al. 2010).
Moreover, FUC protected liver from injury by increasing HGF
expression (Bilan et al. 2006). Moreover, it was found that FUC
inhibited liver fibrogenesis and induced hepatic stellate cell apo-
ptosis, and these actions could be attributed to its sulfate content,
which is important for its bioactivity.

Conclusion

In the present study, FUCs were isolated from the Egyptian
alga species, C. sinuosa and S. prismaticum, and their struc-
ture was confirmed by FTIR and colorimetric methods.
Experimental studies of FCS and FSP exhibited considerable
hypoglycemic, hypocholesteremic, antioxidant, antidementia,
and anticancer activities. The present study provides the first
investigation of the in vivo hepatoprotective effect of FUC
from Colpomenia sinuosa against PCM-induced hepatotoxic-
ity. Fucoidan exhibited antioxidant and anti-inflammatory
properties that protected the hepatocytes from inflammation
and membrane damage.
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