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ARTICLE INFO ABSTRACT

Edited by Dr. A.M Tsatsaka Particulate matter (PM) contributes to air pollution and primarily originates from unregulated industrial emis-

sions and seasonal natural dust emissions. Fucoxanthin (Fx) is a marine natural pigment from brown macroalgae

Keywords: that has been shown to have various beneficial effects on health. However, the effects of Fx on PM-induced
Fucoxanthin toxicities in cells and animals have not been assessed. In this study, we investigated the anti-inflammatory po-
Sargassum fusiformis

tential of the Fx-rich fraction (FxRF) of Sargassum fusiformis against PM-mediated inflammatory responses. The
FxRF composition was analyzed by rapid-resolution liquid chromatography mass spectrometry. Fx and other
main pigments were identified. FXRF attenuated the production of inflammatory components, including pros-
taglandin E2 (PGEy), cyclooxygenase-2, interleukin (IL)-1p, and IL-6 from PM-exposed HaCaT keratinocytes. PM
exposure also reduced the levels of nitric oxide (NO), tumor necrosis factor-a, inducible nitric oxide synthase
(iNOS), and PGE; in PM-exposed RAW264.7 macrophages. Additionally, the culture medium from PM-exposed
HaCaT cells induced upregulation of NO, iNOS, PGE,, and pro-inflammatory cytokines in RAW264.7 macro-
phages. FxRF also significantly decreased the expression levels of factors involved in inflammatory responses,
such as NO, reactive oxygen species, and cell death, in PM-exposed zebrafish embryos. These results demon-
strated the potential protective effects of FXRF against PM-induced inflammation both in vitro and in a zebrafish
model.

Particulate matter
Anti-inflammatory response

1. Introduction lead to the development of lung cancer, chronic respiratory and heart
diseases, and immune system dysfunction [7]. These particles are

Particulate matter (PM) is the main contributor to air contamination. believed to be pathogenic and adversely affect the human body by

PM primarily originates from unregulated industrial emissions and
seasonal natural dust emissions [1,2]. In modern China, increases in
coal-burning thermal power plants, petrol and diesel consumption by
vehicles, and agricultural activities have contributed to the occurrence
of haze or smog episodes [3,4]. PM often contains potentially toxic
metals in the form of aerosols at concentrations higher than natural
concentrations [5,6]. PM particles pose a high risk to health; they can

causing respiratory complications and inducing inflammatory and
allergic reactions [8,9]. Previous research has described the potential
toxicological mechanisms [10] and gene expression [11] that link PM
and its effects on human epidermal keratinocytes.

Fucoxanthin (Fx), a marine natural pigment, is a carotenoid abun-
dantly present in brown macroalgae, such as Phaeodactylum tricornutum,
Laminaria japonica, Eisenia bicyclis, Undaria pinnatifida, and Sargassum

Abbreviations: Fx, Fucoxanthin; FxRF, Fucoxanthin-rich fraction; PM, Particulate matter; PGE, Prostaglandin E; COX, Cyclooxygenase; IL, Interleukin; NO, Nitric
oxide; TNF-a, Tumor necrosis factor-a; iNOS, Inducible nitric oxide synthases; DMEM, Dulbecco’s Modified Eagle’s Medium; PI, Propidium iodide; DCFH-DA, 2, 7-
dichlorofluorescein diacetate; H-PM, Culture medium of PM-induced keratinocytes; SE, Standard error; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide.
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Fig. 1. Chemical information of fucoxanthin-rich fraction (FxRF) from Sargassum fusiformis. (A) Extraction and isolation scheme for FxRF. (B) The HPLC chro-
matographs of Fx standard and FxRF. The mobile phases used in the isocratic elution consisted of eluent: 0.1% formic acid water and 95% methanol. The flow rate
was 0.3 mL/min and UV detection was observed at 445 nm. (C) The mass spectrum of fucoxanthin from FxRF.

siliquastrum [12-14]. These seaweeds serve as traditional foods in Asian
countries. Fx exerts antioxidant, anticancer, anti-inflammatory, and
anti-ultraviolet (UV) effects [13,15-17]. Because seaweeds contain
relatively low Fx contents (0.02-0.58% fresh weight), obtaining suffi-
cient quantities of Fx for commercial application is a major challenge
[18]. However, extracts of the fucoxanthin-rich fraction (FxRF), which
contain Fx and other similar bioactive pigments, are easy to obtain.

Sargassum fusiformis is a well-known type of brown seaweed in
Eastern Asia and has been used as a folk medicinal ingredient for
thousands of years. In a recent study, S. fusiformis was found to have high
concentrations of heavy metals, such as arsenic, which induces a series
of metabolic disorders in humans. In our previous studies, we found that
the heavy metal content could be significantly decreased using acid-hot
water processing [19,20]. An FxRF from Hizikia fusiforme showed higher
DPPH radical scavenging activity than those from Undaria pinnatifida
and S. fulvellum [21]. However, little information is available regarding
the anti-inflammatory activities of FxRF from S. fusiformis on
PM-induced inflammation.

Therefore, in this study, we assessed the anti-inflammatory activities
of FxRF from S. fusiformis against PM-induced inflammation in vitro and
in vivo.

2. Materials and methods
2.1. Preparation of FxRF

S. fusiformis was purchased from a commercial dealer in Dongtou,
Zhejiang province, China, in May 2018. The length of fresh seaweed
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S. fusiformis is ranged from 20—60 cm. The sample was cleaned by tap
water to remove debris. Heavy metal of the sample was decreased by
acid-hot water processing followed our previous method [19]. The
S. fusiformis (500 g) powder was shaken with 80% methanol for 24 h.
The extract was then partitioned with water and chloroform. The
chloroform layer (5.4 g) was separated by silica column chromatog-
raphy; the mobile phase was selected as a chloroform-methanol mixture
(100:0, 90:10, 80:20, 70:30, 60:40, and 50:50) to obtain separated
fractions; the active fractions were marked as 0 M (M is short for the
ratio of methanol), 10 M, 20 M, 30 M, 40 M, and 50 M, respectively.
According to chemical analysis, 0 M showed the highest relative Fx
content; therefore, we used this fraction as FxRF (Fig. 1A).

2.2. Chemical analysis of FxRF

High-performance liquid chromatography (HPLC; Agilent 1220 In-
finity LC system; Agilent Technologies Inc., Santa Clara, CA, USA) was
carried out to quantify the compounds [22]. The structure of the main
compound was compared with a commercial Fx standard (cat. no.
16337; Sigma-Aldrich, St. Louis, MO, USA) based on a previous report
[23]. A 10-pL sample was injected into the Agilent 1220 Infinity LC
system. The column was used in a Proshell 120 EC-Cyg (150 mm x 4.6
mm, 4 pm; Agilent Technologies Inc.). The mobile phases used in the
isocratic elution consisted of eluent (A) comprising 0.1% formic acid
distilled water and eluent (B) comprising 95% methanol. The flow rate
was 0.3 mL/min, and UV detection was observed at 445 nm. The Fx was
eluted at a retention time of 9.899 min (Fig. 1B). The Fx standard was
used to calibrate the standard curve and retention times with six
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continuously increasing concentrations. Agilent ChemStation software
(Waldbronn, Germany) was used to acquire peak areas.

A liquid chromatography system (Agilent 1200 RRLC; Agilent
Technologies Inc.) coupled with a mass spectrometer (Agilent 6520 Q-
TOF-MS; Agilent Technologies Inc.) in positive ion mode was used for
analysis. An Agilent Eclipse Plus C;g column (2.1 mm x 150 mm, 3.5
pm) at 30 °C was used to separate samples. The flow rate was 0.3 mL/
min, and the injected volume was set to 5 pL. The mobile phases and
isocratic elution mode followed that of HPLC analysis. The parameters
for mass spectrometry were set as follows: atomization gas pressure of
2.41 x 10° Pa, nebulizer of 30 psig, cone voltage of 35 V, capillary
voltage of 2800 V, fragmentation voltage of 120 V, drying gas flow rate
of 0.8 mL/min, drying gas temperature of 350 °C, and mass range of m/z
100-2000.

2.3. Cell culture

RAW264.7 macrophages and HaCaT keratinocytes were obtained
from the Korean Cell Line Bank (KCLB, Seoul, Korea). Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum and 1%
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA)
was used to cultured cells.

2.4. Nuclear staining and reactive oxygen species (ROS) measurement

The protective properties of FXRF against PM-stimulated apoptosis in
keratinocytes were observed following analysis of Hoechst 33342/pro-
pidium iodide (PI) nuclear staining and 2,7-dichlorofluorescein diac-
etate (DCFH-DA) assay. Keratinocytes were seeded at a density of 1 x
10° cells/mL in 24-well culture wells, and after 24 h incubation, various
concentrations of FxRF were added. The cells were then treated with 125
pg/mL PM. PM was collected from Beijing, China, and morphological
and compositional analyses of PM were performed in our previous study;
the dose of PM (125 pg/mL) in vitro was followed in the previous study as
well [24]. Fresh medium was added after incubation for 30 min. Next, a
25-pL volume of Hoechst 33342 (stock 1 mg/mL)/PI (5 pg/mL) nuclear
staining solution and a 25-pL volume of DCFH-DA solution (25 pM) were
added to cells for 24 h incubation. Cells were imaged using a fluores-
cence microscope coupled with a CoolSNAP-Pro color digital camera
(Meyer Instruments, Inc., Houston, TX, USA) after 10 min of staining in
the dark [25].

2.5. Evaluation of inflammatory responses

Macrophages and keratinocytes were seeded separately in different
24-well plates. After incubation for 24 h, the indicated concentrations of
FxRF were added to the cells, and cells were incubated for an additional
1 h. Then, PM (125 pg/mL) was added to the indicated wells. Fresh
medium was added and an additional 30-min incubation, and cells were
continuously incubated for another 24 h. The culture medium was
collected to measure the levels of inflammation-related mediators and
cytokines. The cells were stained in 3 h with 2 mg/mL of MTT solution in
the dark for cell viability measurement and stained in 10 min with 5 pg/
mL of DCFH-DA solution in the dark for ROS level detection. In kerati-
nocytes, cell viability, intracellular ROS, inflammation-related media-
tors, and cytokines were investigated by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays, DCFH-DA assays, and
commercial kits (R&D Systems Inc., Minneapolis, MN, USA) [26]. Heavy
metals influence the value of MTT assays because the assays are color-
imetric assays. Therefore, to avoid the influence of heavy metals on cell
viability, the dimethyl sulfoxide solution containing formazan was
centrifuged (8000 x g for 5 min), and the supernatant was measured at
540 nm. The cell medium was harvested to measure the expression of
inflammatory-related mediators and cytokines using commercial
enzyme-linked immunosorbent assay kits. The analysis was performed
according to the manufacturer’s guidelines. In macrophages, the PM

351

Toxicology Reports 8 (2021) 349-358

concentration, cell viability, nitric oxide (NO) production, and
inflammation-related mediators and cytokines were evaluated accord-
ing to previous protocols [24].

The seeded keratinocytes were exposed to the indicated concentra-
tions of FxRF, and inflammation was induced by PM for 30 min. The cells
were replaced with fresh medium and continuously incubated for 24 h.
Then, the culture medium of PM-induced keratinocytes (H-PM) was
treated with the preseeded macrophages in real time, and inflammation-
related mediators and cytokines were evaluated.

2.6. Western blot analysis

Keratinocytes and macrophages were harvested after FxRF and PM
or H-PM treatment, and cells were then homogenized with lysis buffer.
The supernatants of the lysates were obtained by centrifugation, and
protein content was measured using a commercial kit. Lysis buffer
containing 30 pg protein was separated on a polyacrylamide gel (12%).
The proteins were then transferred onto nitrocellulose membranes. A
solution containing 5% nonfat milk was used to block the membranes for
3 h, and the membranes were then incubated with primary antibodies
(B-actin, p38 MAPK, P-p38 MAPK, Erk1/2, P-Erk1/2, JNK, P-JNK, iNOS,
and COX-2 (Santa Cruz Biotechnology) (4 °C for 8 h), followed by in-
cubation with secondary antibodies (anti-mouse IgG, Santa Cruz
Biotechnology) at room temperature for 3 h. A chemiluminescent sub-
strate was employed to develop the blots. The fluorescence images and
calculation of band intensity were performed as previously reported
[27].

2.7. Zebrafish embryo experiments

Zebrafish were obtained and cultured with a light/dark cycle at room
temperature. According to a previous protocol [24], a PM concentration
of 10 pg/mL was selected for each well. PM-induced NO, ROS produc-
tion, and cell death in embryos were evaluated. Briefly, the embryos
were randomly transferred to 12-well plates and treated with different
concentrations of FxRF followed by PM treatment. After incubation for
72 h, 4-amino-5-methylamino-2’,7'-difluorofluorescein diacetate,
DCFH-DA, and acridine orange were used as fluorescent dyes to identify
NO production, ROS levels, and cell death of hatched larvae, respec-
tively. The fluorescence intensity of embryos was determined using a
spectrofluorometer (Perkin-Elmer LS-5B, Austria). All animal assays
were approved by the Animal Care and Use Committee of Jeju National
University.

2.8. Statistical analysis

The assays in this study were carried out in three independent ex-
periments. Values are expressed as means + standard errors (SEs). One-
way analysis of variance was used to analyze the mean values in
GraphPad Prism 5. Student’s t-tests were employed to calculate signif-
icant differences between means. Results with p value of less than 0.05
were considered significant.

3. Results

3.1. HPLC and rapid-resolution liquid chromatography mass
spectrometry (RRLC-MS) analysis of FxRF

HPLC analysis of six active fractions (0 M, 10 M, 20 M, 30 M, 40 M,
and 50 M) from S. fusiformis was conducted. As shown in Fig. 1B, based
on the peak areas, 0 M contained the highest concentration of Fx
(18.46%) among the six fractions tested. Subsequently, RRLC-MS was
carried out for identification of Fx. The [M+H]" ion (m/z 659.3) and the
adduct [M + Na]' ion (m/z 681.9) were identified based on the frag-
ment pattern shown in Fig. 1C. The daughter ions of Fx at m/z 581.4 and
641.4 were generated by loss of HyO and HO + CH3COOH,
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Fig. 2. Efficacy of FxRF against inflammation induced by PM in

HaCaT keratinocytes (A), and analyses of HaCaT cell viability and intracellular ROS levels; (B)

Western blot analyses of COX-2 expressions; (C) levels of key molecular mediators in the MAPK pathways; and (D) ELISA of PGE; and pro-inflammatory cytokines (IL-
1B, IL-6, and TNF-a). Pre-seeded cells (1 x 10° cells/mL) were treated with different FXRF concentrations after 24 h and stimulated with PM after 30 min. Cells were
harvested after 24 h to measure inflammatory mediators (COX-2 and PGE,) and pro-inflammatory cytokines (IL-1p, IL-6, and TNF-a). Apoptotic body formation was
observed under a fluorescence microscope after (E) DCFH-DA treatment and (F) Hoechst 33,342 and PI staining. Graphical representations are means + standard

error (SE) based on three replications. *p < 0.05 and **p < 0.01

indicate that the values were significantly different from those for the PM-treated group..
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respectively. Thus, the characteristic ion m/z 581.4 and 641.4 peaks in
the mass spectrum matched that of Fx. In addition, other compounds,
mainly pigments, such as pheophytin-a, chlorophyll-a, and p-carotene,
were identified by determination of molecular weight and fragments.
The identified compounds were in good agreement with published ar-
ticles [28,29].

3.2. Effects of FXRF on PM-induced inflammatory responses in
keratinocytes

The production of inflammatory mediators and cytokines in PM-
induced keratinocytes was evaluated by MTT and DCFH-DA assays.
The lipopolysaccharide (LPS)-treated group was regarded as a positive
control. We found that LPS treatment increased ROS levels and
decreased the viability of HaCaT keratinocytes. The cytoprotective ef-
fects of FXRF on PM-exposed HaCaT keratinocytes (Fig. 2A) were also
observed. In cell viability assays, we found high SE values suggesting
that the PM contained high amounts of heavy metals. Heavy metals
interfere with the measurement of UV absorbance in cell viability tests.
Compared with the LPS- and PM-treated groups, the levels of cyclo-
oxygenase (COX)-2, phospho-p38 mitogen-activated protein kinase
(MAPK), phospho-extracellular signal-regulated kinase 1/2, and
phospho-c-Jun N-terminal kinase decreased significantly in the control
group in a concentration-dependent manner (Fig. 2B and C). PM treat-
ment also increased the levels of prostaglandin E; (PGEy), interleukin
(IL)-6, IL-1B, and tumor necrosis factor-o (TNF-o; Fig. 2D). FxRF treat-
ment substantially attenuated PM-stimulated inflammatory responses
and the expression levels of inflammatory mediators, including IL-1p, IL-
6, PGE,, and TNF-a, in HaCaT keratinocytes.
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3.3. Protective activity of FxRF against PM-stimulated apoptotic body
formation in keratinocytes

After conducting MTT assays to assess cell viability, DCFH-DA assays
and Hoechst 33342 and PI staining were performed to further elucidate
the protective effects of FXxRF against PM-stimulated keratinocytes.
Fluorescence microscopy images (Fig. 2E and F) showed significant
apoptotic body formation in PM-exposed cells. However, apoptotic
bodies were significantly downregulated in the FxRF-treated group in a
concentration-dependent manner.

3.4. Protective effects of FXRF against PM-induced inflammatory
responses in macrophages

As shown in Fig. 3A, NO production increased in PM- and LPS-
stimulated macrophages. Moreover, the production of LPS-induced NO
was higher than that of PM-induced NO. FxRF treatment decreased NO
production but significantly increased the viability of PM-induced
macrophages; this was observed for all concentrations. Key inflamma-
tory regulators, such as iNOS and COX-2, indirectly regulated the levels
of NO and PGE,. PM stimulation significantly increased iNOS and COX-2
expression levels. However, FxRF treatment downregulated these tar-
gets in a concentration-dependent manner (Fig. 3B). Moreover, consis-
tent with these observations, PM downregulated IL-18 and IL-6
compared with the effects of LPS (Fig. 3C). Additionally, compared with
the control group, protein levels of TNF-a and PGE; were markedly
decreased upon PM stimulation. These observations were consistent
with those a previous study [24].
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3.5. Inflammatory responses in macrophages treated with the culture
medium from PM-exposed FxRF-treated keratinocytes

Next, we evaluated the potential inflammatory responses in macro-
phages. Inflammatory responses were induced by medium from PM-
stimulated keratinocytes. H-PM was transferred to macrophage culture
plates, and inflammatory mediator levels were analyzed after 24 h of
incubation. FxRF treatment markedly inhibited inflammatory responses
in a concentration-dependent manner (Fig. 4A). Moreover, as the con-
centration of FxRF increased, iNOS and COX-2 levels were down-
regulated (Fig. 4B). As depicted in Fig. 4C, compared with the control
group, the H-PM group showed increased levels of all inflammatory
mediators and cytokines in macrophages.

3.6. Anti-inflammatory effects of FxRF in a PM-exposed zebrafish embryo
model

As shown in Fig. 5, low viability and high ROS and NO levels were
observed in PM-exposed embryos compared with those in the control.
However, the cell death rate of embryos decreased by 90 % following
treatment with FXRF prior to PM treatment. FxRF treatment significantly
decreased ROS and NO production in larvae, thereby protecting against
PM-induced cell death. Interestingly, upon cell death, the cerebrum of
PM-treated larvae exhibited a visible fluorescence intensity spot, indi-
cating that PM may have the ability to damage the head tissue of larvae.
Additionally, treatment of the embryos with FxRF strongly inhibited the
inflammatory responses of PM in a concentration-dependent manner in
zebrafish embryos. These results indicated that FxRF markedly
decreased inflammatory responses in PM-exposed zebrafish embryos.

4. Discussion

PM is a serious public health concern in many developing countries.
PM of less than 2.5 pm in size, known as PM 2.5, causes severe damage to
the respiratory and circulatory systems [30]. Moreover, PM 2.5 also
causes air pollution [31]. Notably, PM induces apoptosis in keratino-
cytes, which form the outer layer of the skin [32]. This induction of
apoptosis leads to the production of secondary immune mediators, such
as IL-1p and IL-6, by the surviving keratinocytes, resulting in the initi-
ation of an inflammatory response [33]. The evidence of signal protein,
such as p53 and TAp63, developing vertebrate keratinocyte and
epidermis in breeding tubercles of the zebrafish was found [34]. The
proinflammatory cytokines Il-1p and Tnf-a were controlled by macro-
phages in zebrafish [35]. Moreover, macrophages from zebrafish pro-
mote the healing of injury such as wounds [36]. Previous studies have
indicated that the anti-inflammatory activity of diphlorethohydrox-
ycarmalol against PM-stimulated responses in skin and immune cells
[24]. Alginic acid from S. horneri has been shown to be useful against
PM-induced inflammation in keratinocytes, RAW 264.7 macrophages,
and zebrafish model [37]. Therefore, PM induces keratinocytes and
transfers the inflammatory response to macrophages, and then PM
stimulating apoptosis in zebrafish is promising.

Carotenoids are major pigments in seaweeds and have strong bio-
activities [38,39]. In this study, FXRF was found to contain a mixture of
five pigments, namely Fx, chlorophyll-a, p-carotene, cis-fucoxanthin,
and pheophytin-a. These pigments have also been reported in other
brown seaweeds [40]. Previous reports have observed the antioxidant
ability of p-carotene [41] and the anti-inflammatory effects of
chlorophyll-a [42]. Moreover, Fx reduces the levels of NO, PGE,, IL-1p,
TNF-a, and IL-6 via inhibition of the MAPK pathway in macrophages
[43]. Hence, FXRF may be a promising active fraction for protection
against PM-stimulated damage in macrophages, and the
anti-inflammatory effects of FxRF are thought to be related to the
presence of these five pigments. PM treatment decreased the viability of
macrophages by 60%, whereas FxRF treatment resulted in cytopro-
tective activity against PM-stimulated inflammatory responses.
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The MAPK signaling pathway is an extensively studied and well-
known signaling pathway involved in various biological processes.
Intracellular and extracellular materials related to inflammatory-
associated cytokines and receptors mediate the MAPK pathway [43].
In our work, the inflammatory responses in PM-exposed keratinocytes
were determined by measuring a series of cytokines and receptors, such
as COX-2 and PGE;. ROS production and cell viability were also
measured. Comparison of LPS- and PM-induced inflammation revealed
that the levels of cytokines and receptors decreased more in the latter
group, and the decrease was dependent on PM concentration. This result
highlighted the substantial anti-inflammatory effects of FxRF against
PM.

5. Conclusion

In this study, we demonstrated that FxRF from S. fusiformis extracts
exerted strong anti-inflammatory effects by attenuating PM-induced
inflammation in macrophages and oxidative stress in keratinocytes.
Collectively, our findings suggested that S. fusiformis may be a promising
anti-inflammatory agent and an appropriate functional food ingredient.
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