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The escalation of fine particulate matter (PM) air pollution has recently become a global concern. Evidence is fast
accumulating on PM exposure-related skin damage. The present study explored the therapeutic potentials of
fucoidan purified from Sargassum natans against damaging effects of PM exposure on human HaCaT
keratinocytes. Fucoidan (SNF7) was purified from S. natans by an enzyme-assisted extraction and purified by
anion exchange chromatography. SNF7 (=50 kDa) was identified as a fucoidan containing 70.97% fucose and
36.41 £ 0.59% of sulfate. Treatment of fine dust from Beijing, China (CFD) increased intracellular ROS levels in

Keywords:

Fuﬁgdan HaCaT cells triggering DNA damage and apoptosis. Treatment of SNF7 dose-dependently attenuated CFD-
Sargassum natans induced surge of intracellular ROS levels in keratinocytes by increasing antioxidant defense enzymes. Moreover,
Fine dust SNF7 chelated metal ions Pb> ", Ba®", Sr**, Cu?*, Fe?", and Ca® " coming from CFD. The results substantiated the

potential therapeutic effects of SNF7 against CFD-induced oxidative stress. Further studies could promote SNF7's

use as an active ingredient in cosmetics.

© 2020 Published by Elsevier B.V.

1. Introduction

Ambient particulate matter (PM) is a leading cause of morbidity in
East Asian countries, including China, Korea, and Japan. It has now be-
come a major concern in dermatological research as a causative agent
that adversely affects human skin [1]. The effects on the respiratory sys-
tem have widely been studied. According to the World Health Organiza-
tion, PM contributes to 800,000 premature deaths every year, ranking it
the 13th leading cause of mortality worldwide [2]. PM could consist of a
variety of substances such as smog, soot, molds, pollen-like allergens,

Abbreviations: PM, Particulate matter; SN, crude polysaccharide from Sargassum
natans; SNF7, SN fraction 7; CFD, China fine dust; DW, deionized water.
* Corresponding author.
** Correspondence to: Y-J. Jeon, Department of Marine Life Science, Jeju National
University, Jeju 690-756, Republic of Korea.
E-mail addresses: daesung@mabik.re.kr (D.-S. Lee), youjin2014@gmail.com (Y.-J. Jeon).

https://doi.org/10.1016/j.ijpiomac.2020.05.132
0141-8130/© 2020 Published by Elsevier B.V.

mineral dust from sandstorms, and exhaust gas from vehicles, indus-
tries, and coal-burning plants [3]. Polycyclic aromatic hydrocarbons,
heavy metals, sulfates, and nitrate compounds are among the constitu-
ents of PM that may stimulate allergic and inflammatory responses in
cells [4].

Recent epidemiological investigations have demonstrated the im-
pact of ambient air pollutants on the development of inflammatory
skin diseases such as acne, atopic dermatitis, and psoriasis [5,6]. Atopic
dermatitis is one of the most common allergic skin disorders seen
among children, as noted in a recent study from South Korea describing
the contribution of PM to atopic dermatitis in children inhabiting urban
areas [7]. Arguments on the effects of fine dust on human skin are still at
a controversial stage, which suggests the need for extensive investiga-
tions of the mechanisms involved. Ahn [8] reported that PM can in-
crease the oxidative stress in skin tissues leading to immunological
dysregulations. Moreover, PM-induced ROS are reported to aggravate
skin aging (wrinkles) by increasing elastosis marked by the production
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of various matrix metalloproteinases in skin fibroblasts and
keratinocytes [9,10]. This results in irregular skin darkening by stimulat-
ing melanin production, a condition known as lentigines [11].

Marine natural products have received increased attention in recent
biomedical research due to their potential wide-ranging biological func-
tionality and unfamiliar structural characteristics [ 12]. The brown algae-
derived sulfated polysaccharide, fucoidan, is at the center of many ongo-
ing biomedical investigations. Fucoidans are reported to possess wide-
ranging bioactivities such as antioxidant, anti-inflammatory, immune-
modulatory, anticancer, anticoagulant, antimicrobial, and many others
[13]. Fucoidan has a chemical structure comprising abundant 3 and 4-
linked a-1-fucopyranose residues interspersed with numerous mono-
saccharide units [14]. Heterogenous attachment of sulfate groups to
C2, C3, or C4 of fucopyranose units are a characteristic feature of
fucoidans. Variations may occur in monomer sequences, sulfate substi-
tution patterns, and molecular size of the polymer chains. These struc-
tural alterations, which are influenced by environmental factors, were
identified in several species of brown algae.

Sargassum natans is considered as an invasive species that affect
coastal biodiversity and livelihood of many coastal residents. Eventual
decomposition of S. natans massive biomass results in a foul smell. Mo-
hammed et al. report the optimization and purification of Sodium algi-
nate from S. natans [15]. Large biomass of S. natans found in coastal
areas of Sri Lanka remains underutilized. It could be a potential candi-
date for refining alginate, fucoidan, and other natural products.

The current study was part of a project exploring bioactive function-
alities of under-explored marine algae inhabiting the Laccadive Sea,
bordering Sri Lanka, India, and the Maldives. The objectives were to ex-
plore the hypotheses, antioxidant, and cytoprotective potential of
fucoidan extracted from S. natans against Chinese fine dust (CFD)-in-
duced oxidative stress and apoptosis in HaCaT cells.

2. Materials and methods
2.1. Materials

Urban aerosols (CRM No. 28) designated as CFD was purchased from
the National Institute for Environmental Studies, Ibaraki, Japan. The
fucoidan standard, 2’ 7’-dichlorodihydrofluorescein diacetate (DCFH2-
DA), propidium iodide, Folin-Ciocalteu regent, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), nitric acid, agarose
(low melting point), and deuterated water were purchased from
Sigma-Aldrich Corp., St. Louis, MO, USA. HaCaT keratinocytes were pur-
chased from the Korean Cell Line Bank (Seoul, Republic of Korea). Fetal
bovine serum (FBS), Dulbecco's Modified Eagle's Medium (DMEM), and
antibiotics (penicillin and streptomycin) were procured from Thermo
Fisher Scientific, Waltham, MA, USA. Antibodies were obtained from
Santa Cruz Biotechnology, Dallas, TX, USA. Organic solvents were of
the highest purity grade.

2.2. Algae collection, extraction, and purification of fucoidans

S. natans samples were collected from Hikkaduwa, Sri Lanka. Sam-
ples were thoroughly washed, lyophilized, and ground to a powder.
The dry powder was first depigmented using 95% ethanol and
suspended in an ethanol solution containing 10% formaldehyde for 8 h
at 37 °C. The solution was filtered off, and the powder was washed
thrice with ethanol. The dry powder was then suspended in sterilized
distilled water, and the pH was adjusted to 4.5 using HCl. Then
Celluclast was introduced to the suspension at a 0.5% substrate concen-
tration. The digestion was carried out for 24 h at 50 °C with continuous
agitation. The extract was recovered by initial coarse filtration using a
stainless steel sieve followed by centrifugation at 6000 xg. Celluclast
in the filtrate was heat-inactivated by incubating in a boiling water
bath for 10 min. The mixture was then adjusted to a pH of 8.0 by
NaOH. Then Alcalase was incorporated at 0.1% of substrate weight and

incubated for 8 h at 50 °C under continuous agitation. Alcalase was
heat-inactivated, and the pH was adjusted to 4.0 using HCI. A saturated
solution of CaCl, was gradually incorporated into the mixture to precip-
itate alginate. After centrifugation, the pH of the supernatant was ad-
justed to 7.0 by NaOH. The volume of the mixture was reduced to 1/
4th of its initial extraction volume via lyophilization. Then, four volumes
of 95% ethanol were incorporated to the mixture to precipitate the poly-
saccharides. The precipitated polysaccharides were washed with etha-
nol, dissolved in DW, and dialyzed. Precipitated polysaccharides were
further fractionated by a DEAE-sepharose anion exchange open column.
The column was equilibrated with sodium acetate buffer (50.0 mM,
pH 5.3), The sample was loaded and eluted with 200 ml of each solvent
system with increasing concentrations of NaCl in the same buffer (0, 0.2,
0.4,0.6,0.8,1.0,1.2,1.4, 1.6, 1.8, and 2.0). The eluents were collected by
a Gilson FC 203B fraction collector (Villiers Le Bel, France) into conical
tubes (10 ml each), and the polysaccharide contents in tubes were mea-
sured by phenol-sulfuric assay [16]. The tubes were pooled into 7 frac-
tions (SNF1 - SNF7) based on their polysaccharide contents.

2.3. Analysis of the chemical composition

Polysaccharide, polyphenol, and protein levels were analyzed re-
spectively by phenol-sulfuric assay, Folin-Ciocalteu method, and using
a BSA protein assay kit [16,17]. Sulfate content was analyzed by the
BaSO, precipitation method [18]. For the analysis of monosaccharide
composition, a portion of the fractions was hydrolyzed using
trifluoroacetic acid and analyzed after resolving in a CarboPac PA1 car-
tridge column integrated to an ED50Dionex electrochemical detector.

2.4. FTIR, NMR, and molecular weight (MW) distribution analysis

FTIR spectra were taken using NicoletTM 6700 FTIR spectrometer,
Thermo Scientific, MA, USA, by KBr pelleting method. NMR analysis
was done following the deuterium exchange. The polysaccharide sam-
ple was dissolved in D,0, and a minute amount of methanol was incor-
porated as the internal standard. The analysis was done at 33 k using a
JNMECX400, NMR spectrometer, JEOL, Japan. The MW distribution pat-
tern of the polysaccharide fractions was analyzed by agarose gel electro-
phoresis using dextran sulfate and chondroitin sulfate MW markers
[19].

2.5. Cell culture; evaluating the protective effects of SNF against CFD-
induced oxidative stress

HaCaT keratinocytes were cultured and maintained in DMEM media
supplemented with 1% penicillin/streptomycin mixture and 10% FBS.
Cultures were maintained in a humidified atmosphere under 37 °C sup-
plemented with 5% CO,. Exponentially replicating cells were seeded for
experiments ata 1 x 10° cells mL™! concentration. After 24 h, different
concentrations of the column fractions were treated into the cells and
again after 1 h, stimulated with 125 pg mL™" of CFD. The final concentra-
tion of CFD (125 ug mL™') was optimized based on preliminary exper-
iments on cell viability and intracellular ROS levels [20]. After a 30 min
incubation period, the wells were washed twice by PBS to remove CFD,
and new culture media was added. After 1 h, intracellular ROS levels
were determined by DCFH2-DA assay, and after 24 h, cell viability was
measured by MTT assay [21]. For the selected sample SNF7, the treated
cells were stained with DCFH2-DA for fluorescence microscopy
(CoolSNAP-Pro color digital camera) and flow cytometry analysis fol-
lowing our previously described methods [20].

2.6. ICP-OES analysis
The treatment and stimulation of cells followed the same method as

described above. The cells were harvested washed in PBS by resuspen-
sion and transferred to dry preweighted vials. The cells were dried in
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a drying oven at 105 °C overnight. The dried cells were digested in conc.
Nitric acid containing 30% H,0, for 30 min at 105 °C. The digests were
diluted in ultrapure DW (Milli-Q® IntegralWater Purification System,
MilliporeSigma, Burlington, MA, USA) containing 3% HNOs. Metal ions
were analyzed by an inductively coupled plasma optical emission spec-
trometry (ICP-OES) (OPTIMA 7300DV, PerkinElmer, Inc., Waltham, MA,
USA). The spectrometer was calibrated with a multi-element standard
(PerkinElmerN9300233).

2.7. Evaluation of CFD-induced apoptotic body formation

Following the above mentioned sample treatment and CFD-
stimulation, HaCaT cells were stained with Hoechst 33342
(10 pg mL™") or a mixture of acridine orange/ethidium bromide
(100 ug mL~1) [22]. After a 10 min incubation, fluorescence images of
the cells were taken by a fluorescence microscope, integrated to a
CoolSNAP-Pro color digital camera.

2.8. Cell cycle analysis

Flow cytometry analysis of the cell cycle was carried out to deter-
mine the cells residing in the sub-G; phase of the cell cycle following
the method by [22]. The analysis was done using a Becton Dickinson
FACSCalibur flow cytometer (San Jose, CA, USA). The pre-seeded cells
were treated with different sample concentrations and stimulated
with CFD. After 24 h, the cells were harvested and kept fixed in 70% eth-
anol. For the analysis, the cells were first washed with PBS containing
2 mM of EDTA and mixed with a solution containing RNase and the PI
stain.

2.9. Comet assay

Protective effects of the sample against the CFD-induced DNA dam-
age were evaluated by comet assay following the method by [22].
Briefly, the pre-seeded cells were treated with different sample concen-
trations and stimulated with CFD. After 24 h, the cells were harvested
and used for the comet assay analysis.

2.10. Western blot analysis

Western blot analysis was done following the method by Fernando
et al. [22]. The cells were harvested and lysed using NE-PER® Nuclear
and Cytoplasmic extraction kit (Thermo Scientific, Rockford, USA). The
lysates were quantified for their protein levels using a Pierce™ BCA Pro-
tein Assay Kit (Thermo Scientific, Rockford, USA). Proteins (40 pg) were
loaded to 12% SDS-polyacrylamide gels, and electrophoresis was carried
out at 100 V. The bands were visualized by doping with an enhanced
chemiluminescence reagent (Amersham, Arlington Heights, IL, USA)
and visualized by a Fusion Solo Vilber Lourmat system (Paris, France).

2.11. Statistical analysis

All data values are indicated as means + SD based on at least three
independent evaluations. Significant differences among the data values
were calculated using IBM SPSS Statistics 20 software by Duncan's mul-
tiple range test using one-way ANOVA. ** P-values <0.05 (P< 0.05) were
considered significant.

3. Results
3.1. Yield and composition of general components

S. natans raw material contained 62.44 + 0.52% carbohydrates,
17.22 4+ 0.06% ash, 10.35 + 0.55% proteins, and 1.62 4 0.05% lipids by

dry weight. The ethanol precipitate (SNF) gave a 5.25% yield from the
initial sample dry weight and indicated a polysaccharide content of

67.92 4 0.58% with a 26.42 4 0.36% sulfate content. The protein and
polyphenol contents in SNF were 1.92 £ 0.05% and 4.50%, respectively.

3.2. Fractionation of polysaccharides by anion exchange chromatography

SNF was separated into seven fractions based on polysaccharide
ionic charge by DEAE-sepharose anion exchange chromatography
(Fig. 1A). We identified seven prominent peaks based on the polysac-
charide content analysis. The three minor peaks at tube numbers
range 73-84, 153-158, and 173-177 were not studied due to their
low yield, which was insufficient for carrying out further analysis.
Fourier-transform infrared spectroscopy (FTIR) spectra (Fig. 1B) indi-
cated peaks corresponding to different functional groups. The peak at
845 cm™! is attributable to the bending vibration of C-0-S. An asym-
metric carboxylate 0-C-O vibration is indicated by 1616 cm™' peak.
The broad peak centered at 1035 cm ™! represent stretching vibrations
of a glycosidic bond, which is common to all polysaccharides and
hence could be considered as a reference peak. The prominent peak be-
tween 1220 and 1270 cm™! indicate stretching vibrations of S=0
bonds in sulfate groups [19,23]. The relative intensity increment of
1220-1270 cm ™! peak (sulfate groups) in comparison to reference
peak at 1035 cm ™! indicate the increase of sulfate group substitutions
in subsequent fractions. SNF7 showed the most prominent
1220-1270 cm™! peak, which corresponds to its higher degree of
sulfation.

3.3. Characterization of polysaccharide fractions

Table 1 indicates the composition of the general components in each
of the column fractions. Polysaccharides were the main components in
all fractions. The monosaccharide composition of each polysaccharide
fraction was analyzed after hydrolysis with trifluoroacetic acid. The
polysaccharide content and sulfate content showed a reciprocal varia-
tion in successive fractions, while the polysaccharide content gradually
decreased, the sulfate content gradually increased. SNF7 had the highest
sulfate content (36.41 + 0.59%). There was no exact pattern in the pro-
tein and polyphenol contents. The major monosaccharide component in
all fractions was fucose, which gradually increased in successive
fractions.

The MW distributions of the fractions were approximated by aga-
rose gel electrophoresis (Fig. 2A) in comparison to known sulfated poly-
saccharide molecular weight (MW) standards. The MW distributions
gradually decreased with each subsequent fraction. The mean value of
MW distributions of fractions SNF1-SNF7 was respectivelly approxi-
mated as 135, 120, 110, 95, 90, 85, and 50 kDa. Based on '"H NMR chem-
ical shifts shown in Fig. 2B, signals in between 0.95 and 1.35 ppm can be
assigned to methyl protons of fucopyranose units [24]. As described by
[25], chemical shifts of anomeric protons can be used to designate be-
tween - and - anomers. Anomeric protons of a-fucose reside within
5.10-5.40 ppm, whereas peaks for protons H2 - H4 resided within the
3.5-4.5 ppm region [26]. The noise level was higher in the '3C spectrum
(Fig. 2C), probably due to the high polydispersity index of these poly-
mers. However, certain peaks could be identified, such as the peaks at
12.5-17.5 ppm, which represented C6 methyl groups. Peaks between
95.0 and 105.0 ppm may contain peaks for C1 carbon atoms, whereas
the peak range 65-75 ppm may contain peaks representing ring carbon
atoms (C2-C5) [26].

3.4. Protective effects of polysaccharide fractions against CFD-induced oxi-
dative damage

As shown in Fig. 3A, none of the fractions within the examined con-
centration range are cytotoxic on HaCaT cells. Hence a
12.5-100 pg mL™" concentration range was considered safe for further
experiments. According to Fig. 3B, CFD treatment causes a prominent
increase in intracellular ROS levels and a decrease in HaCaT cell viability.

Please cite this article as: L.P.S. Fernando, K.K.A. Sanjeewa, H.G. Lee, et al., Characterization and cytoprotective properties of Sargassum natans
fucoidan against urban aerosol-induced keratinocyte damage..., , https://doi.org/10.1016/j.ijbiomac.2020.05.132



https://doi.org/10.1016/j.ijbiomac.2020.05.132

4 LP.S. Fernando et al. / International Journal of Biological Macromolecules 159 (2020) xxx

(A)

2.5
3.5
2 -,
s ©
8 25 i5 8
5 °
° 2 £
2 1s 1 5
2L
< 5]
! O.SZ
0.5
0 0
—r e R ARE TR NRC SRR E ARS8 RERARRTEIRRCEBREELSR55S2 (Tube No.)
> -— — — —— — —p
SNF1 SNF2 SNF3 SNF4 SNF5 SNF6 SNF7
(B)
SNF1
SNF2
SNF3
SNF4
SNF5
SNF6
SNF7
Fucoidan
standard
600 800 1000 1200 1400 1600 1800 2000

Wave number (cm™!)

Fig. 1. Fractionation of crude polysaccharides. (A) Anion exchange chromatography purification of crude polysaccharides. (B) FTIR analysis of purified fractions (SNF1-SNF7).

Treatment of polysaccharide fractions dose-dependently reduced the
CFD-induced ROS levels and increased cell viability. A trend was ob-
served, where the antioxidant activity and cytoprotective effects in-
creased in successive fractions. SNF7 showed the best antioxidant
activity among all fractions with an ICsq of 22.45 + 2.73 ug mL™". The
inhibitory effects of SNF7 on intracellular ROS generation were further
confirmed by DCFH2-DA staining by both fluorescence microscopy
(Fig. 3C) and flow cytometry (Fig. 3D). Per the fluorescence images,
the green color intensity was dose-dependently reduced with SNF7
staining compared to the CFD-stimulated cells. Per FACS analysis, a
peak shift to higher intensity (FITC axis) denoted increased ROS levels.

The treatment of SNF7 dose-dependently lowered the cell population,
which had a higher ROS level. The gating strategy used during the
FACS analysis excludes fluorescence of cellular debris and only consid-
ered the cell count based on the fluorescence intensity of viable cells.

3.5. SNF7 could chelate metal ions in CED-treated HaCaT keratinocytes

Treatment of CFD increased the metal ions, Pb, Sr, Ca, Ba, Fe, Al, Mg,
As, Cu, and Cr in HaCaT cells (Table 2), compared to the control. SNF7
dose-dependently reduced the content of a particular set of metal
ions, including Pb > Fe > Ca > Sr > Ba and Mg.
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Table 1
The composition of column fractions.
SNF1 SNF2 SNF3 SNF4 SNF5 SNF6 SNF7
Yield (%) 16.55 + 066 1423 £ 0.13 1220 + 007 1248 £ 094 1728 £ 058 11.02 £ 027 8.13 £ 0.76
Chemical composition (%) Polysaccharide  82.32 4 0.12  77.35 £ 0.42 7472 + 008  69.73 4+ 0.55 6641 £ 035 63.33 £ 005 5425 4+ 0.55
Sulfate 8.34 + 0.94 1296 + 092 1581 £ 089 20.85 4+ 0.84 24.07 + 049 2730 + 0.24  36.41 £ 0.59
Protein 0.21 £ 0.01 0.20 £ 0.02 0.23 £ 0.01 0.21 4+ 0.01 0.19 £ 0.00 0.20 £ 0.02 0.22 + 0.03
Polyphenol 0.53 £ 0.02 0.53 £ 0.01 0.52 + 0.02 0.44 + 0.04 0.47 £ 0.02 0.42 + 0.02 04 + 0.02
Monosaccharide composition (%) Fucose 45,70 45.85 51.92 53.32 59.74 61.65 70.97
Rhamnose 0.26 0.36 0.67 0.65 1.36 1.82 1.015
Galactose 28.01 26.65 2043 18.59 15.54 10.97 6.77
Glucose 3.12 2.61 2.53 1.95 1.85 1.38 0.53
Xylose 19.11 19.23 10.91 1131 9.33 5.66 239
Others 3.79 531 13.56 14.19 12.18 18.51 18.31

3.6. SNF7 reduced the formation of apoptotic bodies in CFD treated HaCaT
cells

The CFD treatment induced the formation of apoptotic bodies in
HaCaT cells, as seen from the Hoechst 33342 stain (Fig. 4A). Also, a con-
siderable proportion of the cells were identified to be in late apoptosis
based on the nuclear double staining with acridine orange and ethidium
bromide (Fig. 4B). The appearance of fragmented green and orange
color nuclear morphology indicates cells in late apoptosis. These events
could be revoked by dosing with SNF7. Cell cycle analysis indicated
paranal results, whereas SNF7 lowered sub-G apoptotic cell popula-
tions, which was augmented upon CFD treatment (Fig. 4C).

3.7. SNF7 reduced the CFD-induced DNA damage in HaCaT keratinocytes

As evident from the comet assay (Fig. 5A), CFD treatment caused
DNA damage, as seen from the increased tailing smear of the comet
compared to the control. The damage was reduced dose-dependently
upon the application of SNF7. Western blot analysis was carried out to
identify the levels of crucial apoptosis regulatory proteins, which
might mediate CFD-induced apoptosis. As shown in Fig. 5B, CFD en-
hances the levels of Bax, caspase-3, caspase-9, and cleavage of poly
(ADP-ribose) polymerase (PARP) while decreasing Bcl-xL levels. As
shown in Fig. 5C and D, CFD-stimulation increases the levels of
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antioxidant enzymes, including superoxide dismutase (SOD), catalase
(CAT), and heme oxygenase (HO-1) in the cytoplasm and nuclear factor
erythroid 2-related factor 2 (NRF2) in the nucleus of the HaCaT
keratinocytes. Treatment with SNF7 further increased their levels, en-
hancing the protective effects against CFD-induced oxidative stress.

4. Discussion

The present purification approach using Celluclast gives a higher
fucoidan yield compared to conventional water extracts [19]. Further,
the acidic pH conditions optimal to Celluclast activity minimized the
contamination of the extract with alginate. Polymerizing polyphenols,
with the addition of formaldehyde, prevented the contamination of
polysaccharides with polyphenols. Alcalase hydrolyzes proteins into
small peptides and amino acids, thereby increasing their solubility,
which in turn minimizes their precipitation during the addition of eth-
anol [19]. The chemical composition of the ethanol precipitate indicated
a polysaccharide content of 67.92 4 0.58% with a 26.42 4+ 0.36% sulfate
content. The negligible levels of protein and polyphenol contents con-
firmed the effectiveness of this extraction method for enriching
fucoidans.

Anion exchange chromatographic purification fractionated the
crude polysaccharides into seven sensible fractions. We observed the
elution of fractions for each mobile phase solvent system having differ-
ent NaCl concentrations. However, the yield of some fractions (three of
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Fig. 2. Polysaccharide characterization. (A) Molecular weights of polysaccharide fractions after column separation as analyzed by agarose gel electrophoresis. Characterization of SNF7

(B) 'H NMR, and (C) '*C NMR.
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Fig. 3. Cytotoxicity and protective effects of polysaccharide fractions against the CFD induced oxidative damage. (A) Cytotoxicity of polysaccharide fractions in HaCaT keratinocytes,
(B) Effects of polysaccharide fractions on CFD induced ROS levels, and cell viability. Effects of SNF7 on CFD induced ROS levels as evaluated by (C) fluorescence microscopy and
(D) flow cytometry. Cell viability was evaluated by MTT assay, and DCFH2-DA stain was used to measure ROS levels by fluorescence microscopy and flow cytometry. The results are
means + SD (n = 3). Significant difference “#” from control (A) and CFD alone (B) were considered as *P < 0.05 and **P < 0.01.

them) was too low for further studies. The polysaccharide and sulfate
contents in each successive fraction indicated a counter-parallel rela-
tionship, where the polysaccharide content decreased while the sulfate
content was elevated, increasing its anionic characteristics. The anion
exchange chromatographic systems are designed to elute the most neg-
atively charged molecules last [19]. The increasing sulfate content in
successive fractions was explained by the above scenario. The monosac-
charide composition of the fractions indicated an increase in the fucose
content in successive fractions. Trifluoroacetic acid supposedly hydro-
lyzes the polymer, while desulfating it giving monosaccharides. How-
ever, observation of a few spurious peaks in all HPAEC-PAD
chromatograms suggests a minor flaw in the desulfation of fucose
units. Considering the high abundance of fucose, we neglected the
above error and reported them under the term “others” in the Table 1.
As defined earlier, fucoidan is a fucose-rich sulfated polysaccharide.

Table 2
Metal ion composition in cells (ppm).

The ion-exchange chromatography led to the purification of fucoidans,
and the ideal fucoidan features increased with successive fractions.

FTIR spectrum of SNF7 indicated a higher degree of similarity to the
fucoidan standard. The prominent peak between 1220 and 1270 cm ™!
agreed with its higher sulfate substitution compared with other frac-
tions. The active fraction, SNF7, was characterized by NMR analysis,
which showed characteristic peaks of fucoidan as described in the re-
sults section.

Treatment of each fraction dose-dependently reduced the intracellu-
lar ROS levels in CFD-induced HaCaT keratinocytes. SNF7 showed the
most prominent activity. Simultaneously, an increase in the cell viability
was observed for each fraction, indicating cytoprotective effects against
CFD-induced oxidative stress. The antioxidant molecular mechanism of
SNF7 was investigated by analyzing levels of some key antioxidant en-
zymes. Fucoidans are known to promote cellular antioxidant defense

Element Control CFD CFD + SNF7 (25 ug mL™") CFD + SNF7 (50 ug mL™") CFD + SNF7 (100 pg mL™")
Na 717 £ 6 724 £ 7 728 £+ 11 718 £ 17 723 £ 14
Mg 116 + 21** 178 £ 7 155 + 18 149 4+ 22 119 + 12**
Al ND 84 £+ 2 81 + 24 73+ 7 62 + 8*

K 475 £ 10 477 £ 11 468 + 17 463 4+ 13 473 £ 6
Ca 169 + 20™* 456 + 6 429 4 16 404 + 4** 307 £ 11*
Fe 67 +£ 11** 274 + 12 259 £+ 13 195 + 22** 117 £ 11*
Mn ND 68 + 7 67 + 12 62 +£7 46 £+ 12
Cu ND 26 £5 22 £ 2 16 + 4 11 + 4
As ND 41 + 12 39 +£ 13 35+£0 28+ 6

Sr 8 4+ 6 176 + 16 165 + 18 141 + 16 101 + 17
Ba ND 113 £ 11 79 £+ 4 69 + 9% 43 + 16™*
Pb ND 369 £+ 19 323 + 17 268 + 18 150 + 5**
Cr ND 26 £ 11 25+ 6 21+ 8 23+ 4

All metal ion concentrations are given in parts per million (ppm). N.D. stands for not detected. CFD concentration was 125 nug mL-1. Results were obtained by triplicate determinations
(n = 3) and presented as means + SD. * P< 0.05 and ** P < 0.01 were considered significant compared to the CFD (only) treated group.
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using acridine orange and ethidium bromide. (C) Cell cycle analysis of sub-G; populations of hyperdiploid cells. Repeatability of results was confirmed by triplicate determinations (n = 3)

and presented as means =+ SD.

by increasing the levels of antioxidant enzymes such as HO-1, SOD, and
CAT [27]. The western blot analysis revealed that SNF7 could dose-
dependently augment HO-1, SOD, and CAT levels in CFD-induced
HaCaT keratinocytes. Nrf2 is an important transcription factor that reg-
ulates the expression of antioxidant genes such as HO-1, CAT, and SOD
by binding to antioxidant response elements. The up-regulation of
these enzymes via Nrf2 transcription increases the cytoprotective re-
sponses and plays an essential role in attenuating oxidative stress [28].

CFD used in the present study consists of mainly 14.9% of Si, 12% of C,
6.69% of Ca, 5.04% of Al, 3.91% of S, 2.92% of Fe, 1.40% of Mg, 1.37% of K,
0.807% of Cl, 0.796% of Na, 0.79% of N, 0.292% of Ti, 0.145% of P and
0.144% of Zn with other elements found at minor level. Other than inor-
ganic constituents CFD contain polycyclic aromatic hydrocarbons (PAH)
including pyrene, indeno (1,3,3,-cd) pyrene, fluoranthene, benzo
(b) fluoranthene, benzo (ghi) perylene, benz (a) anthracene, benzo
(a) pyrene and benzo (k) fluoranthene [29]. Previously, it has been
shown that fucoidan can act as a chelating agent, which indicates affin-
ity towards divalent metal ions such as Pb®*, Ba%*, Cd?*, Sr**, Cu™,
Fe?™, Mg?™ and Ca®* [30]. Our previous findings involving GC-MS/MS
analysis indicated that PAH in CFD doesn't have a significant effect on
keratinocyte viability and ROS production [31]. The damaging effects

were mainly attributed to heavy metals sourcing from CFD. Inductively
coupled plasma-optical emission spectrometry evaluations indicated
that SNF7 could dose-dependently reduce the content of some metal
ions such as Pb**, Ba®™, Sr**, Cu®*, Fe’*, and Ca®" in HaCaT
keratinocytes. Alginate over fucoidan is renowned as a prominent
metal ion chelator [31]. Fewer studies describe the metal ion chelation
effects of fucoidans [30]. The ability of SNF7 to reduce toxic metal ions
could have a positive effect on the observed cytoprotective results.

A cytotoxic material could impose cell death through apoptosis or
necrosis. Apoptosis is a genetically controlled approach of cell death
characterized by cell shrinkage, DNA fragmentation, and membrane
blebbing [32]. The DNA damage is a key biological marker for evaluating
oxidative stress-induced apoptosis [33]. CFD treatment causes the for-
mation of apoptotic bodies, as seen from the fluorescence image analy-
sis in Fig. 4A and B. Also, the cell-cycle analysis revealed the
accumulation of cells in the sub-G; phase, which was indicative of apo-
ptosis. Additionally, SNF7 treatment reduced the apoptotic cells dose-
dependently, exhibiting its cytoprotective effects. A comet assay is an-
other versatile and sensitive approach to analyze DNA damage [22].
The tail DNA percentage abruptly increased upon CFD treatment for a
24 h period. A dramatic dose-dependent decrease was observed upon
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Fig. 5. Effect of SNF7 on CFD induced DNA damage and mediation of apoptosis in HaCaT keratinocytes. (A) Effect on DNA damage as assessed by comet assay. (B) Effects on apoptosis-
related key molecular mediators. Effects on levels of antioxidant enzymes in (C) cytosol and (D) nucleus. Repeatability of results was confirmed by triplicate determinations (n = 3).

SNF7 treatment. These results suggested that SNF7 could protect the
cells against CFD-induced damage.

Apoptosis is a process mediated by a complex system of cell-
signaling pathways. Mitochondria are the main target in oxidative
stress-induced apoptosis [28]. Cytochrome c released from mitochon-
dria can activate caspase-9, an initiator caspase that gets triggered by
apoptosomes [34]. Activated caspase-9 activates downstream caspases
such as caspase-3, -6, and -7, which initiate signaling pathways leading
to cell death. Other than this, pro and anti-apoptotic proteins come into
play, whereas Bax mediates the release of cytochrome c and pro-
apoptotic factors from mitochondria [35]. Alternatively, the anti-
apoptotic protein, Bcl-xL, works the other way by competitively
inhibiting Bax by binding to tBid, which activates Bax. Activation of
Bcl-xL while inhibiting Bax is, therefore, a desirable property for
achieving cytoprotective effects. Hence, the reduction of the Bax/Bcl-
xL ratio is considered to be an important prognostic factor of
cytoprotectivity, which agrees with the present observations. Cleavage
of PARP, which maintains DNA stability and regulates DNA repair and
transcription is another characteristic feature seen during apoptosis
[36]. The present evidence collectively indicated that CFD could induce
apoptosis in HaCaT keratinocytes via the mitochondria-mediated
intrinsic pathway, whereas SNF7 could dose-dependently increase
cytoprotective effects.

With fine dust air pollution increasing in many parts of the world,
the need for pharmaceutical agents that could counter the detrimental
effects of PM has become a timely requirement. In conclusion, the
fucoidan-rich SNF7 fraction showed promising cytoprotective effects
in HaCaT keratinocytes against urban PM-induced oxidative stress by
boosting antioxidant defense mechanisms. These fucoidans showed
great potential to be developed into cosmeceuticals to counter the

detrimental effects of PM exposure to skin. Although some rocky coastal
areas of Sri Lanka flourish with algae, none of them are utilized and re-
main idle. These underutilized algal bioresources could be used in in-
dustry for manufacturing safe and efficient consumables.
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