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Summary

In East-Asia region (China, Korea, and Japan) fine dust (FD) have become a major threat
of air pollutions and causing negative health effects on human skin, respiratory system,
and digestive system. Specifically, the extensive arid or semiarid highlands of northern
China and Mongolia (Gobi Desert, Hunshdak Sandy Lands, Loess Plateau, and
Taklimakan desert) are considering as the major sources of dust in Asia region. However,
coal-burning power plants, rapid developments in industrialization, numerous petroleum
vehicles, and large-scale mining operations have contributed to increase the FD
concentration in the urban areas located in East-Asia region. Continuous exposure to air
pollution such as FD can induce oxidative stress, inflammation, and poses a serious risk
to human health.

Alveolar macrophages, who lives in lower respiratory tract are capable to
phagocyte FD particles reach the lower respiratory. However, depending on the size and
particle composition, exposed macrophages may produce inflammatory responses.
Recently, several studies reported that, the exposure of FD to macrophages led to
inflammatory responses in macrophages including RAW 264.7 cells. According to the
recent studies, the exposure of macrophages to FD triggers inflammatory responses in
macrophages via altering multiple cell signaling pathways. The endotoxins presented in
FD particles found to induce the toll-like receptor-4 mediated inflammation, and reactive
oxygen species induce pro-inflammatory cytokine production in macrophages. The
continuous/uncontrolled inflammatory activities leading to develop chronic
inflammatory responses and end up with the pathogenesis of catastrophic disease
conditions like cancer and immunomodulatory diseases. In addition, dust particles inside
of the lungs attacked/consumed by alveolar macrophages, and then activated cells

removed by lysosomes. Thus, number of healthy macrophages decrease and which might
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affect to the immune system that further results in less immunity in our body. Therefore,
it is very important to down-regulate inflammation induced by FD particles to reduce
health concerns associated with FD. Besides the respiratory system, FD also has a
possibility to damage digestive system as some part of inhaled dust moved to the
digestive system and directly going to the digestive tract with FD contaminated foods.
Thus, effect of FD to digestive system cannot neglect and require in-depth studies to

expose it effects on a digestive system like inflammation and oxidative stress.

According to the statistics cancer incidents reported from colon and rectum were
nearly doubled from 1999 to 2012 period, where lung cancer levels were remaining
constant in that period. Other than the bad food habits FD also might responsible for this
increased levels of colon and rectum cancers. Therefore, author also attempted to
evaluate effect of fine dust using digestive tract epithelial cells. CMT-93 is an epithelial
cell line separated from a 19 months old male mouse rectum. Recent studies carried out
with CMT-93 reported the exposure of CMT-93 to LPS, triggers the inflammatory
responses in CMT-93 cells. Therefore, CMT-93 cell model is a promising model to

evaluate complication associated with the inflammation in digestive system.

However, use of in vitro results for the development of functional materials have
limited possibility as the culture cells were maintained in artificial conditions. Therefore,
to validate in vitro results it is compulsory to use in vivo research models. Recently,
zebrafish (Danio rerio) has been recognized as a promising in vivo model to use in
research areas such as cancer, stem cell research and immunology and infectious diseases
research due to its morphological and physiological similarity to the mammals,
transparency, easy to handle, and less maintenance cost. Other than that, the optical

transparency of zebrafish embryos allows for non-destructive and live imaging of the
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inflammatory responses developed in embryos. Due to these specific morphological and
physiological features of zebrafish models provide great opportunities to accelerate the
process of drug discovery including target identification, disease modelling, lead

discovery, and toxicology.

Taken together, during this study author attempted to screen seaweeds with
potential anti-inflammatory compounds to develop as a functional ingredient to act
against FD induced inflammatory complications. For preliminary screening author used
4 seaweeds (Ecklonia cava, Ishige okamurae, Sargassum horneri, and Porphyra
yezoensis). According to the results, Sargassum horneri and Ecklonia cava had strong
anti-inflammatory properties against FD-induced inflammation in macrophage cells.
Moreover, our results reviled that the treatment of 3-Hydroxy-5,6-epoxy-fB-ionone, the
active compound isolated from S. horneri blocked the FD-induced inflammation via
inhibiting NF-kB, MAPK, and NRF2/HO-1 signal pathways. The evidence in this study
providing solid information’s to develop functional materials from S. horneri against

dust induced inflammation.
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Background

Fine dust

Air pollution is a process that mixing of pollutants into the atmosphere, which are
potentially harm to humans, and cause negative impacts to the surrounding environment
(biotic and abiotic). The negative health effects associated with air pollution, have been
reported from both indoor and outdoor environments. Due to the high exposure risk even
at the low concentrations of fine dust (FD), which become a major health threat to human
society. According to the WHO 2017 report 4.2 million deaths report in each year as a
direct consequence of air pollution through damage to the respiratory system and lungs
(http://www.who.int/airpollution/en/). In the East-Asia region (China, Korea, and Japan)
fine dust have become a major threat of air pollutions and causing negative health effects
on human skin and respiratory system. Specifically, the extensive arid or semiarid
highlands of northern China and Mongolia (Gobi Desert, Hunshdak sandy lands, Loess
plateau, and Taklimakan desert) are considering as the major sources of dust in Asia
region. In addition to the natural phenomenon, coal-burning power plants, rapid
developments in industrialization, numerous petroleum vehicles, and large-scale mining
operations have contributed to increase the FD concentration in the urban areas located
in East-Asia region. Continuous exposure to air pollution such as FD can induce
oxidative stress, inflammation, and poses a serious risk to human health. Specifically, it
has been reported that the continues exposure to FD contributes to increase the increased
use of asthma medication, asthma attacks in patients having asthma, chronic obstructive
pulmonary disease (COPD) attacks, hospital admissions for cardiovascular diseases,

deaths from heart attacks, strokes and respiratory problems.



According to the Incen AG — Staad, Switzerland, concentrations of FD higher
than the 35 pg/m? to 49.9 pg/m? in the atmosphere could be contributed to development
of pulmonary diseases, cancers, and cardiovascular diseases. Unfortunately, in Korea
during 2017 most major cities (Seoul, Suwon, Daegu, Gwangju, and Jeju) had over 90
pg/m? FD in their atmospheres. Specifically, in Jeju highest FD level was recorded as
250 pg/m>. Therefore, immediate and long-term actions required to reduce negative

health effects associated with the FD.

What is inflammation?

Inflammation is a physical response that defends against injury, infection, and irritants
through multiple mechanisms. Macrophages play critical role during the inflammatory
responses and which are considered as the first line of host-defence against inflammation.
Macrophages release a variety of inflammatory mediators including nitric oxide (NO),
prostaglandin E2 (PGE:), and a number of pro-inflammatory cytokines during the
inflammatory process. Pro-inflammatory cytokines released by macrophages during the
inflammation (interleukin (IL)-1B, IL-6, and tumour necrosis factor-o; TNF-a)
consequently induce the amount of neutrophils, monocytes, and lymphocytes in the
blood stream. As well as those are concentrated at the damaged or infected areas to
facilitate tissue recovery and immunostimulant removal from the host. Inflammation is
usually fallen into two categories as acute inflammation and chronic inflammation.
Acute inflammation is an initial response to the inflammatory agents which initiate rapid
and short-term immune responses. Long-term and inappropriate acute inflammatory
responses are known as chronic inflammation. The up-regulated pro-inflammatory

cytokines production, dysregulation of lipid metabolism, cancer progression, and insulin



resistance are some characteristics features of chronic inflammation. To the date, an
infinite number of synthetic anti-inflammatory drugs (SAD) have been developed to treat
the diseases associated with chronic inflammation. However, most of the SAD
demonstrated adverse side effects such as ulcers, stroke, renal failure irritations, and skin
eruptions. In addition to the side effects associated with the SAD, cause to alters genetic
and metabolic pathways. In this point of view, natural products are considered as a good
alternative for replace SAD as natural compounds are effective and have no or fewer
side effects. With the growing body of scientific evidences, seaweeds are promising
candidate to develop functional products to reduce inflammation related complications.
Therefore, in this Ph.D. dissertation I mainly focused to identify possible anti-
inflammatory compound from seaweeds and evaluate their anti-inflammatory
mechanisms using LPS and fine dust as inflammatory stimuli using RAW 264.7, MH-S
lung macrophages, and zebrafish model. In addition, fine dust exposed CMT-93;
digestive tract epithelial cells used to demonstrate effect of FD accumulation in digestive
tract and protective effect of compounds isolated from seaweeds against inflammation

in digestive system.

What is Oxidative stress?

Free radicals are generally categorized into two groups as reactive oxygen species (ROS)
and reactive nitrogen species (RNS). ROS and RNS are molecules/molecular fragments
containing unpaired electrons (one or several). The presence of unpaired electrons
usually makes them highly reactive in biological systems. The hydroxyl radical (OH),
nitric oxide (NO), the superoxide radical anion (O2"), and peroxyl radicals (ROO) are
few well-known free radical species identified in biological systems. Oxidative stress

can define as an imbalance between the production of free radicals and the ability of the



cells or organs to defeat or detoxify their harmful effects through neutralization by
antioxidants. Internal antioxidant defence mechanisms such as antioxidants (ascorbic
acid, tocopherols, and glutathione) and enzymes (superoxide dismutase; SOD,
peroxidase, and catalase) are capable to maintain safe levels of ROS inside the celliular
environments. However, failures of antioxidant defence mechanisms lead to modifies
proteins, making them resistant to ubiquitination. In addition, oxidative stress also
damaged to the lipids, and DNA, which could contribute to cytotoxicity, geno-toxicity,
aging, and carcinogenesis (breast, bladder, colon, liver, pancreatic, prostate, and skin
cancer).

Moreover, oxidative stress is important aspect in inflammation as well
pulmonary diseases linked with fine dust such as severe asthma and chronic obstructive
pulmonary disease (COPD). Oxidative stress activates the pro-inflammatory cytokines
production through transcription factors such as nuclear factor Kappa-B (NF-kB) and
mitogen activated protein kinases (MAPKSs) resulting in enhanced inflammation.
Oxidative stress is increased in patients with COPD, particularly during exacerbations,

and reactive oxygen species contribute to its pathophysiology.

Importance of seaweeds as a food source to avoid FD-induced inflammation and
oxidative stress

Seaweeds are a heterogeneous group of plants with the low content of lipids, high amount
of polysaccharides, polyunsaturated fatty acids, vitamins, and bioactive molecules. In
contrast to the terrestrial plants, algae require flexible structure to withstand the constant
stress coming from the ocean currents and motion. According to the botanical definitions,
leaves, roots, or vascular systems are absent in typical seaweed. Thus, seaweeds use

osmosis to transport nutrients and minerals for growth and development. In addition to
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the food value, seaweeds contain diverse secondary metabolites with great
pharmaceutical, cosmeceutical, and nutraceutical values. South Korea is one of the top
consumer and producer of seaweeds in global market. Traditionally, Korean people
consume seaweeds as a vegetable or used as a medicine. Compared to Europe, the food
applications and the medicinal applications of seaweeds have strong history in East-Asia
including Korea, China, and Japan. Koreans consume seaweeds in fresh forms as well
as eat as a dry product after drying under sun. Within Korean traditional diet, seaweeds
use to prepare soups (Mi-yeok-guk and Mom-guk,), snacks (Kimbugak), vegetables,

pickles, and salads or to prepare gim-bap.

Sargassum horneri the brown seaweed used to isolate pure compounds

Sargassum horneri (Sargassaceae, Fucales, Phaeophyta) is an edible brown seaweed,
abundant worldwide in shallow sea-water ecosystems. Thallus of S. horneri is a large,
macroscopic, and brown-coloured, attached by a solid holdfast, but can also form free-
floating mats. Plant body is sporophytic and looks like an angiospermic herb. Main axis
or “stem” is cylindrical, erect and flat. Holdfast is irregular, thick and solid structure (up
to 3 cm), and helps in the attachment of plant to some substratum. Y oung plants resemble
ferns, with opposite leaf-like blades, extending from a central axis. The blades have
broad, deeply incised, ragged tips. As the plant grows, it becomes a single frond, loosely
branched, in a zig-zag pattern. Once it matures, the blades become narrower and the
branches develop small, ellipsoidal air bladders and larger spindle-shaped reproductive
receptacles, both on stalks. The leaves of the young plant and the lateral branches of the
primary lateral were produced spirally with a divergence of 2/5, and this pattern did not
change for the entire length of the primary lateral. The airbladders keep the seaweeds

upright in the water column. In some locations like Japan, plants can reach 2.5 - 5 m in
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height. Other than the ecological importance of this seaweed, which also popular as a
nutrient rich edible seaweed specifically in the East-Asian countries. Usually Korean
people consume this seaweed as a soup which is a mixture of boiling meat or fish. In
Japan, S. horneri is known as “akamoku” and is harvested at the maturation stage for

eating in regions along the Sea of Japan.

Selection of suitable extraction method

Selection of extraction method for extract target bioactive compounds from seaweeds is
one of the important step which has a great impact on the research outcomes. The
extraction efficiency depends on the several factors including type of solvent,
temperature, particle size, and growth phase of seaweed. However, the selection of

suitable extraction method depends on the target compounds.

Water extraction methods

Use of water as an extraction medium is a well-known green extraction technique use to
isolate bioactive compounds from seaweeds. Low-cost, non-toxic nature, and the less
environmental pollution are some advantages of water extraction. Both hot and cold
forms of water use as the extraction medium to isolate water-soluble metabolites from
seaweeds. During the last few years, a number of studies reported, the crude and pure
compounds separated from seaweeds via water-assisted extraction techniques had the
potential to developed as the anti-inflammatory agents. However, low extraction
efficiency, high time consumptions are the major dis-advantages of hot water and cold
water extractions methods. Thus, the adaptation of water extraction methods for

industrial level applications are limited.



Enzyme-assisted extraction methods

Enzyme-assisted extraction is a common extraction method applying to isolate bioactive
metabolites from seaweeds. For seaweed extractions carbohydrate degradation enzymes
or protease enzymes are mainly use to extract bioactive metabolites from seaweeds. The
large amount of cell wall polysaccharides reduce the extraction efficiency and reduce the
release of active compounds to the extraction medium. Therefore, enzyme-assisted
extraction methods are considering as useful approach to increase the digestion of cell
wall materials. In general, extracts separated from food-grade enzyme-assisted
extraction methods consider as non-toxic materials. Thus, crude and pure compounds
isolated from enzyme-assisted extraction have high demand to use as an active ingredient

in products like nutraceuticals, cosmeceuticals, and functional foods.

Organic solvent assisted extraction methods

Organic solvent assisted extraction (OSE) methods are also apply to isolate bioactive
compounds from seaweeds. Incubation of seaweed with organic solvents in the room
temperature and sonicate seaweed with organic solvents are popular OSE methods.
Organic solvents like chloroform, di-chloromethanol, ether, and acetone mainly used
isolate compounds like polyphenols, tannins, flavonoids, and terpenoids. Most of the
time, OSE methods use to isolate phlorotannins from seaweeds. Specifically,
phlorotannins dissolve in the extractants having less polarity than water. Therefore,
different combinations of water with methanol, ethanol, or acetone use to extract
phlorotannins from brown seaweeds. OSE methods are popular in the industrial level

extractions due to the high extraction efficiency and less time consumption.



Part- 1

Initial screening of seaweeds to identify potential candidates for

separate anti-inflammatory compounds



Abstract

Background

Recently, seaweeds have gained considerable research attention due to their strong
bioactive properties. Generally, seaweeds produce substantial amounts of
phytochemicals to avoid the herbivorous and protect them from abiotic stress conditions
such as UV radiation. A number of studies have confirmed, compounds produced by
seaweeds to protect themselves possess strong bioactive properties under in vivo and in
vitro conditions. However, until now limited number of compounds commercialized for
public use and large number of compounds remains under study for bioactivities or not
yet consider for biological studies. Specially, compounds produced by seaweeds with
anti-inflammatory properties have the potential to develop as functional foods and
nutraceuticals. Which will be a solution in the future to reduce chronic inflammatory

complications such as autoimmune diseases and some cancers.

Methodology

Four seaweeds Ecklonia cava, Sargassum horneri, Ishige okamurae, and Porphyra
yezoensis extracted using enzyme assisted extraction methods and 80% methanol. Then
the anti-inflammatory effects of each extract evaluated using LPS-activated RAW 264.7
cells. The anti-inflammatory properties of each target evaluated using western blots,
ELISA, and RT-qPCR. The identities of purified compounds were confirmed using '*C-

NMR and mass spectra (FAB-MS and EIMS).

Results
Bioactive guided fractionation led to isolate four bioactive compounds from S. horneri.

Out of four isolated compounds 2 were first reported from S. horneri. The two novel
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compounds identified from S. horneri were identified as 6-6-hydroxy-4,4,7a-trimethyl-
5,6,7,7a-tetrahydrobenzofuran-2(4H)-one (MW: 196.2 Da; Abbreviation: HTT) and 3-
Hydroxy-5,6-epoxy-p-ionone (MW: 224.2; Abbreviation: HEBI). The other two were
identified as Sargachromanol B and Apo-9°’-fucoxanthinone. Specifically, 80% methanol
extract of S. horneri supress the LPS-induced inflammation in macrophages via down-
regulating NF-xB and MAPK signal transduction pathways. In addition, gene expression
of pro-inflammatory cytokines also reduced with S. horneri treatment in LPS-activated

macrophages.

Conclusions

According to the results, S. horneri strongly reduced fine dust induced inflammation in
RAW 264.7 macrophages. Specifically, HEBI isolated from S. horneri might have the
potential to develop as functional products due to the promising anti-inflammatory

properties.
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1.1. introduction

Within recent recedes, natural ingredients had gained more interest in the industries like
functional food, nutraceuticals, and cosmeceuticals. Seaweeds are considering as an
interesting marine organism, with great ecological importance and which are contributed
to increase the biodiversity of eco-systems where they were originated and habitat
(Sanjeewa and Jeon 2018). With the developing interest on seaweed metabolites, the
discovery of bioactive secondary metabolites from seaweeds have significantly been
increased. Specifically, bioactive secondary metabolites such as, sulphated
polysaccharides, carotenoids, and phlorotannins isolated from different seaweed species
found to possess the range of bioactive properties including anticancer, anti-
inflammation, anti-obesity, antioxidant, anti-allergic, anti-wrinkling, and anti-diabetic.
With the aforementioned bioactive properties seaweeds have been considering as an
ideal raw material for many industries (Ferreira et al. 2018; Sanjeewa et al. 2017; Sun et

al. 2018).

Enzyme-assisted and organic solvent-assisted extractions are two common
extraction methods use in different seaweed related industrial applications. Carbohydrate
degradation enzymes (Celluclast, viscozyme, and AMG) or protease enzymes (Alcalase
and Neutrase) commonly used to extract polysaccharides from seaweeds. The extracts
separated using food-grade enzymes consider as non-toxic raw materials for many
consumer products such as cosmeceuticals and functional foods (Charoensiddhi et al.
2016). Thus, crude and pure compounds isolated from enzyme-assisted extraction have
a high demand to use as an active ingredient in products like nutraceuticals,
cosmeceuticals, and functional foods (Wijesinghe and Jeon 2012). In contrast to

enzymes, organic solvent assisted extraction (OSE) is a one of the easiest and popular
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extraction method applying to separate phlorotannins from brown seaweeds (Sathya et
al. 2017). Phlorotannins are easily dissolved in extractants having less polarity than water.
Therefore, a mixture of water and methanol, ethanol, or acetone can be used to extract
phlorotannins from brown seaweeds. Recently, a number of studies suggested, OSEs are
more suitable to isolate phlorotannins from brown seaweed than the EAE (Tierney et al.

2013).

The word inflammation is used to define the complex biological responses of
infected or damaged cells to protect host cells from offending agents such as bacteria,
virus, and other pathogens (Ptaschinski and Lukacs 2018). However, studies have been
revealed that prolong and uncontrolled inflammatory responses have a potential to
induce disease conditions such as Alzheimer's disease, rheumatoid arthritis,
inflammatory bowel disease, and cancer. Term anti-inflammation refers a property of a
treatment or substance which has the ability to modulate inflammatory responses in a
host (Annunziato et al. 2015; Grivennikov et al. 2010). Interestingly a large number of
studies reported that secondary metabolites presents in seaweed have potential anti-
inflammatory activities in in vitro and in vivo models (Barbosa et al. 2017; de Aratjo et
al. 2011). In the present study, author attempted to identify suitable extraction method
and candidate seaweed to developed anti-inflammatory drugs from brown seaweeds

collected along the shores of Jeju Island.

13



1.2. Materials and Methods

1.2.1. Sample collection

All seaweed species (Ecklonia cava, Sargassum horneri, Ishige okamurae, and Porphyra
yezoensis) were collected in May and June in 2016 along the shallow costs of Jeju Island

in South Korea.

1.2.2. Chemicals and regents

The murine macrophage cell line RAW 264.7 was purchased from the Korean Cell Line
Bank Seoul, Korea. Dulbecco’s modified Eagle’s medium (DMEM), penicillin-
streptomycin, and fetal bovine serum (FBS) were purchased from Gibco BRL
(Burlington, ON, Canada). Pierce™ BCA Protein Assay Kit was purchased from
Thermo Scientific, Rockford, IL, USA. 3-(4, 5- dimethyl sulfoxide (DMSO),
Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). AMG, Celluclast, Viscozyme, and Alcalase were
purchased from Novo Nordisk (Bagsvaerd, Denmark). NE-PER® nuclear and
cytoplasmic extraction kit was purchased from Thermo scientific, Rockford, USA.
Watman No.4 filter papers were purchased from GE Healthcare, Buckinghamshire, UK.
Enzyme-linked immunosorbent assay (ELISA) kits for TNF-a, IL-1p and PGE; were
purchased from R&D Systems Inc. (Minneapolis, MN, USA). HPLC grade solvents
were purchased from Burdick & Jackson (MI, USA). All other chemicals and reagents

used in these experiments were of analytical grade.

1.2.3. preparation of crude 80% methanolic extracts from seaweeds
The freeze-dried seaweed samples were homogenized with a grinder and then, 2 g of

seaweed powder was mixed with 100 ml of 80% methanol solution and incubated 24 h
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in a shaking incubator. Reaction mixtures were then centrifuged at 5000 x g for 5 min
and the supernatants were filtered with Watman No.4 (GE Healthcare, Buckinghamshire,
UK) filter papers. The filtrates were concentrated using a rotary evaporator followed by
freeze dryer. The freeze-dried powder of seaweed considered as the crude methanolic

extract.

1.2.4. Preparation of enzymatic digests from seaweeds

2 g of freeze-dried and homogenized powdered seaweed particles were incubated in 100
ml of distilled water (DW) with 20 ul or 20 mg of each enzyme separately at the optimum
temperature and pH (Table 1). After 24 h, the samples were centrifuged at 2,500 x g for
10 min and the supernatants were filtered with Watman No.4 filter papers. Then, the

supernatants were freeze-dried and used as enzymatic digests.

1.2.5. Analysis of chemical composition

Total polysaccharide content was measured by the phenol-sulfuric acid method as
described by DuBois et al. (1956). Total phenol content was quantified by using a
protocol similar to that described by Chandler and Dodds in 1983 (Chandler and Dodds
1983). The protein content of all samples was quantified using the Pierce™ BCA Protein

Assay Kit.
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Table 1-1. Extraction conditions used for the collect seaweed extracts

Medium PH Temperature (°C) Time
DW 7 RT 24X 3h
80 % methanol 7 RT 24X 3h
Viscozyme 4.5 50 24 h
Cellucalst 4.5 50 24 h
AMG 4.5 60 24 h
Pepsin 2 37 24 h
Trypsin 8 37 24 h
Protamax 6 40 24 h
Alcalse 8 50 24 h
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1.2.6. purification of bioactive compounds from S. horneri

The freeze dried S. horneri sample (50 g) was extracted three times (less than 40 °C) in
80% methanol solution (1000 ml) using a shaking incubator. The liquid layer was
obtained via vacuum filtration, and the filtrates were concentrated using rotary
evaporator followed by freeze dryer. The freeze dried powder was considered as the
crude methanolic extract of S. horneri (CMS). Then the CMS powder was dissolved in
distilled water and partitioned according to the polarity using n-hexane (CMSH),
chloroform (CMSC), and ethyl acetate (CMSE), respectively. The resulting solvent

fractions were concentrated using rotary evaporator and freeze-dried.

1.2.7 Apparatus used for the isolation of active compounds
High performance centrifugal partition chromatography (HPCPC) (Sanki Engineering,
Kyoto, Japan) was used in separation procedure. The total cell volume was 240 ml. A
four-way switching valve incorporated in the HPCPC, which facilitate the operation of
HPCPC in either ascending or descending mode. This HPCPC system was equipped with
L-4000 UV detector (Hitachi, Japan) Gilson FC 203B fraction collector (Gilson, France),
and Hitachi 6000 pump The chloroform fraction of S. horneri was manually injected
through a Rheodyne valve (Rheodyne, CA, USA) with a 2 ml sample loop.

The recycle HPLC system was equipped with a liquid feed pump type L-7100
(JAI, Japan), and JAI UV detector 3702 (JAI). The HPLC system contained binary
Gilson 321 pump, Gilson 234 auto-injector, S06C interface module (Gilson), and Gilson
UV-Vis 151 detector. The "H-NMR spectra were measured with a JEOL INM-LA 300

spectrometer (JEOL Ltd., Tokyo, Japan) and 3 C-NMR spectra with a Bruker AVANCE

17



400 spectrometer (BRUKER, Germany). The mass spectra (FAB-MS and EIMS) were

recorded on a JEOL JMS 700 spectrometer.

1.2.8. HPCPC separation of S. horneri compounds

The HPCPC was performed using a two-phase solvent system composed of water: ethyl
acetate: n-Hexane: methanol (1:1:1:1, v/v). The two phase of organic solvents and water
mixture was separated using a separation funnel at room temperature after. The top
organic phase was used as the stationary phase, whereas the bottom aqueous phase was

used as the mobile phase.

1.2.9. HPCPC separation procedure

The HPCPC column was filled with the organic stationary phase and then operated at
1,000 rpm while the mobile phase was pumped into the column in the descending mode
at the flow rate used for the separation (2 ml/min). When the mobile phase emerged from
the column, indicating that hydrostatic equilibrium had been reached (back pressure: 3.8
MPa). CMSC (0.5 g) dissolved in 6 ml of a 1:1 (v/v) mixture of the two HPCPC solvent
system phases was injected through the Rheodyne injection valve. The effluent from the
HPCPC was monitored in UV at 254 nm and fractions were collected with 6ml by a

Gilson FC 203 B fraction collector.

1.2.10. HPLC analysis

The HPLC system used in this study was equipped with a Waters Reagent Pump, a
Waters PDA detector, a Waters auto sampler (Waters Corporation, USA). A 10 ul of
5mg/ml sample solution was injected on C18 column (4.6 x 150 mm, sunfire C18 ODS)

using a gradient acetonitrile - water solvent system. The mobile phase was acetonitrile —
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water in gradient mode as follows: acetonitrile — water (0 min - 60 min: 5:95 v/v - 100:0
v/v, - 70 min - 100:0 v/v). The flow rate was 1.0 ml/min with various wavelengths by

PDA detector.

1.2.11. Cell culture

RAW 264.7 cells were grown in DMEM supplemented with 10% heat-inactivated FBS
(30 min in 55 °C), 1% streptomycin (100 pg/ml), and penicillin (100 unit/ml). RAW
264.7 cells were incubated with 5% CO> at 37 °C (Sanyo MCO-18AIC CO; Incubator;

Moriguchi, Japan). Cultured cells from passage 4-6 were used for the experiments.

1.2.12. Cell viability assay

Macrophages (1 x 10° cells/ml) were seeded in a 24-well plate and incubated for 24 h.
Then, the cells were incubated with seaweed extracts for 24 h. Then the cells incubated
with 50 pl of MTT (200 50 pg/ml). After 3 h of incubation, formosan crystals were
dissolved in DMSO, and the color development of blue-black formazan was determined

using plate reader machine (BioTek Instruments, Inc., Winooski, USA) at 540 nm.

1.2.13. Determination of NO production

To determine the effect of seaweed extracts on NO production in LPS-stimulated RAW
264.7 cells, author performed Griess assay following a method described by Leiro et al.
(2002) with slight modifications. Briefly, the cells (1 x 10° cells/ml) were seeded in 24-
well plates and incubated for 24 h. Then, the cells were treated with seaweed extracts
(50 pg/ml and 100 pg/ml) for 1 h and stimulated with LPS (1 pg/ml) for 24 h. Finally,

equal amounts of culture medium and Griess reagent were reacted in a 96-well plate for
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10 min. Then the absorbance was measured at 540 nm using an ELISA plate reader. The
results expressed as mean percentages of the NO production versus the NO production

of only LPS-treated cells.

1.2.14. Determination of PGE>, TNF-a, IL-6, and IL-1f production

RAW 264.7 macrophages (1 x 10° cells/ml) were treated with measured concentrations
of seaweed extracts. 1 h later, the macrophages were stimulated with LPS (1 pg/ml).
After 24 h of incubation, the PGE>, TNF-a, IL-6, and IL-1P concentration in the
supernatant was quantified by using a competitive enzyme immunoassay Kkits by

following the vender’s instruction.

1.2.15. Total RNA extraction and cDNA synthesis

Total RNA from RAW 264.7 cells was extracted using Tri-Reagent™ (Sigma-Aldrich,
St. Louis, MO, USA) by following the manufactures instructions. Absorbance was
measured at 260 nm and 280 nm using a uDrop Plate (Thermo Scientific) to determine
the concentration and purity of the extracted RNA. Then, RNA samples were diluted (1
pg/ul) and first strand cDNA was synthesized using prime Script™ first-strand cDNA
synthesis kit (TaKaRa BIO INC, Japan) according to the manufactures instructions.

Finale products were stored in a medical refrigerator at -80 °C until use.

1.2.16. Quantitative real-time PCR (RT-qPCR) analysis

Expression levels of pro-inflammatory cytokines were analyzed using SYBR Green
quantitative real-time PCR (qPCR) technique with the thermal cycler dice-real time
system (TaKaRa, Japan). GAPDH was used as an internal reference gene in

amplification. Reactions were carried out in a 10 pl volume containing 3 pl diluted cDNA
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(20 time diluted in PCR grade water), 0.4 ul each of the forward and reverse gene specific
primers (10 pM), 1.2 ul of PCR grade water, and 5 pl of 2x TaKaRa ExTaq™ SYBR
premix. The reaction was performed using the following thermal profile: one cycle at
95 °C for 10 s, followed by 40 cycles at 95 °C for 5 s, 55 °C for 10 s, and 72 °C for 20
s, and a final single cycle at 95 °C for 15 s, 55 °C for 30 s, and 95 °C for 15 s. The relative
expression levels were analyzed according to the method [(2~24CT) method] describe by
Livak and Schmittgen (2001). The base line was automatically set by Dice™ Real Time
System software (version 2.00) to keep reliability. The sequence of primers used in this
study were shown in Table 1-2 (Bioneer, Seoul, Korea). The data are presented as the
mean + standard error (SE) of the relative mRNA expression from three consecutive
experiments. The two-tailed unpaired Students t-test was used to determine statistical

significance (* = p < 0.05 and ** =p <0.01).

1.2.17. Western blot analysis

RAW 264.7 macrophages (1 x 103 cells/ml) were seeded in 6-well plates and incubated
for 24 h. The cells were treated with the seaweed samples for 1 h and then stimulated
with LPS (1 pg/ml) for 24 h. To determine the NF-kB and MAPK protein expression
levels, first macrophages (1 x 10° cells/ml) were cultured in 6-well plates and incubated
for 24 h. Then, the cells were incubated with or without samples (100 pg/ml) for 1 h and
then stimulated with LPS (1 pg/ml) for 30 min. Cytosolic and nucleus proteins were
extracted from macrophages using a NE-PER® nuclear and cytoplasmic extraction kit.
After separation on a 10% SDS—polyacrylamide gel under denaturing conditions, the
cytoplasmic proteins (40 pg) were electrotransferred onto a nitrocellulose membrane.
After blocking with 5% non-fat milk for 1 h, the blots were separately incubated with

the following primary antibodies: rabbit polyclonal antibodies (iNOS, p65, pp65, p50,
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ppS0, and nucleolin), and mouse monoclonal antibodies (COX2, and B-actin) (Cell
Signalling Technology, Beverly, MA, USA) for 1 h. The blots were washed twice with
Tween 20/Tris-buffered saline (TTBS) and then incubated with HRP-conjugated anti-
mouse or anti-rabbit IgG for 60 min. Antibody binding was visualized by using enhanced
chemiluminescence (ECL) reagents (Amersham, Arlington Heights, IL, USA). The basal
levels of each protein were normalized by analysing the level of B-actin or nucleolin

protein by using ImagelJ program (V 1.4).
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Table 1-2. Sequence of the primers used to evaluate inflammation related gene

expression levels

Gene Primer Sequence

Sense 5'- AAGGGTCATCATCTCTGCCC-3'
GAPDH

Antisense 5-GTGATGGCATGGACTGTGGT-3'

Sense 5'-ATGTCCGAAGCAAACATCAC-3’
iNOS

Antisense 5'-TAATGTCCAGGAAGTAGGTG-3’

Sense 5'-CAGCAAATCCTTGCTGTTCC-3'
COX2

Antisense 5'-TGGGCAAAGAATGCAAACATC-3’

Sense 5'-CAGGATGAGGACATGAGCACC-
IL-1B 3

Antisense 5-CTCTGCAGACTCAAACTCCAC-3'

Sense 5'-GTACTCCAGAAGACCAGAGG-3'
IL-6

Antisense 5-TGCTGGTGACAACCACGGCC-3'

Sense 5-TTGACCTCAGCGCTGAGTTG-3’
TNF-a

Antisense 5'-CCTGTAGCCCACGTCGTAGC-3'
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1.2.18. Statistical analysis

All the data were expressed as the mean = standard of three determinations (n =3). The
collected data were analyzed by analysis of variance using the SPSS V20 statistical
analysis package. The mean values of each experiment were compared using one-way
analysis of variance. Duncan’s multiple range test (DMRT) was used to determine mean

separation. A p-value < 0.05 and 0.01 were considered to be statistically significant.
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1.3. Results and discussion

1.3.1. Extraction efficiency of seaweed samples

A number of studies reported the extraction efficiency and bioactive properties of
extractants depend on the extraction method (Heffernan et al. 2016). Specifically,
organic solvent assisted extraction methods have been use to extract phlorotannins from
seaweeds and EAEs are used to extract polysaccharide from seaweeds (Wijesinghe and
Jeon 2012). According to the results, 80% methanol extraction had the lowest extraction
efficiency compared to the other two methods. Moreover, comparatively extraction
efficiency of enzyme assisted extraction had highest efficiency than the water extraction
method. The extraction yields of each seaweed shown in the Table 1-3. The extraction
efficiency of Porphyra yezoensis (red seaweed) overall high compared to the other three
brown seaweed species. In addition, extraction efficiency of Celluclast was high
compared to the other enzymes. Extraction efficiency of each tested seaweed are shown

in Table 1-3.

As the next study author attempted to compare general components of seaweed
extracts. As shown in Table 1-4 the lowest polysaccharide composition was recorded
from 80% methanolic extract and ranged between 8.61 - 12.14%. The polysaccharides
composition of enzyme-assisted extracts were higher than the DW extracts. This results
suggesting that the EAEs have the potential to increase polysaccharide extraction
efficiency from seaweeds. Moreover, polysaccharide contents of tested enzymes were
ranged between 12 - 53%. However, in water extracts the polysaccharide composition

was around 13 - 27%. In contrast to polysaccharides, polyphenol composition was high
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in the 80% methanolic extracts compared to the EAEs and water extracts (Table 1-5).

Specifically, 80% methanol extract of £. cava had large amounts of polyphenols (~ 18%).
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Table 1-3. Extraction efficiency of seaweeds with water, enzymes, and 80% methanol

Extraction

N tboq | [Eckloniacava  Porphyra yezoensis Sargassum horneri Ishige okamurae
DW 23.00+229 2450+ 1.73 16.90 = 0.87 12.00 = 1.50
80% MeOH 11.00+0.50 12.33+1.89 12.50 = 1.80 14.33 + 1.50
AMG 36.67+1.44 4433 +1.04 24.17 £ 1.53 30.17 £ 0.58
Celluclast ~ 44.83+0.76  57.50 +1.32 26.83 £ 1.26 32.33 £ 1.61
Viscozyme 39.17+1.15  56.17 +2.84 25.00 +2.18 28.66 +0.57
Alcalase 37.83+£0.76  62.17+0.79 25.50 = 0.87 30.25 + 1.84
Pepsin 36.33+0.76 51.83+1.26 17.17 +0.76 35.83 + 1.04
Protamex  26.50+0.51 4550 +1.01 19.50 + 0.52 23.00 +0.52
Trypsin 33.50+0.87 42.33+1.15 21.17 £ 1.53 28.00 = 1.03

Data are expressed as mean + SD from three independent experiments (n = 3).
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Table 1-4. Polysaccharide composition of seaweed extracts

Extraction

N tboq | Eckloniacava  Porphyra yezoensis  Sargassum horneri Ishige okamurae
DW 27.46+028 26.18+0.14 3428 +0.35 13.91 +0.42
80% MeOH 12.14+0.29  10.75+0.71 32.22£0.19 8.61 +0.56
AMG 25.06+1.83  31.43+0.67 34.49 £ 0.67 29.35+0.67
Celluclast  41.00+£0.51  31.96 +0.25 53.29 £ 0.17 21.15+0.12
Viscozyme ~ 35.56:0.01  37.93 +0.67 38.52+1.17 33.98 + 0.15
Alcalase 31.31+2.84 23.76+0.17 32.66 + 1.58 13.65 + 0.99
Pepsin 20.67+0.06  25.81 +0.08 26.87 +0.25 15.93+0.16
Protamex  28.06+0.30  29.22 +0.45 34.93 +1.79 16.69 + 0.67
Trypsin 31.31+0.84  36.39+0.51 41.12+0.33 12.82+0.74

Total polysaccharide content was measured by the phenol sulfuric acid method. Glucose

used as the standard. Values are mean + standard deviation (n = 3)
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Table 1-5. Polyphenol composition of seaweed extracts

Ef;é?}‘l’ggn Ecklonia cava  Porphyra yezoensis  Sargassum horneri  Ishige okamurae
DW 790+0.14  1.67+0.30 246=0.10 284+033
80% MeOH 18.09 + 0.62 2.35+0.15 8.72 £ 0.12 6.67 £0.25
AMG 730+£033  2.05+0.25 220+ 0.14 2.98 % 0.00
Celluclast 7.88 £0.07 1.64 £0.01 2.47+0.01 2.18+ 0.03
Viscozyme 8.59 +£0.03 1.73 £0.01 2.38 £0.05 2.72 +£0.07
Alcalase 7.16 £0.38 0.85+0.03 1.77 £ 0.08 2.26 +0.03
Pepsin 4.66 % 0.03 1.50 + 0.05 1.11 4 0.02 2.46+0.12
Protamex 9294018  2.13+0.15 248 +0.22 335 +0.03
Trypsin 8.65+0.51  2.18%0.02 2.66 % 0.06 3.07+0.12

Total phenol content was quantified by using a protocol described by Chandler and

Dodds (1983) using gallic acid as the standard. Values are mean + standard deviation (n

= 3).

29



1.3.2 Cytotoxicity of seaweed extracts on RAW 264.7 cells

Before evaluate the bioactive properties, author attempted to evaluate cytotoxicity of
each seaweed extract using RAW 264.7 cells. Initially two concentrations (50 and 100
ug/ml) used to determine cytotoxicity of extracts. According to the results, 50 and 100
pg/ml concentrations were not affected to the viability of RAW 264.7 cells. However,
some extracts of P. yezoensis (AMG and Pepsin) showed considerable cytotoxic effect
on RAW 264.7 cells. With this results, author decided to discontinue the study with P.
yezoensis as it having some cytotoxic effect on RAW 264.7 cells under the tested

conditions. However, P. yezoensis is a popular edible red seaweed in Korea (Herath et

al. 2017).

1.3.3 Anti-inflammatory effects of seaweed extracts against LPS-induced NO
production in RAW 264.7 cells

Inflammation is a physiological response of the organisms against the damages to the
tissues or cells. The inflammatory response leads to activate defence mechanisms such
as activation and recruitment of leukocytes to the damage area, triggers the production
of NO and stimulate the production of pro-inflammatory mediators such as TNF-a, IL-
6, and IL-1B (Alvarez-Suarez et al. 2017; Ham et al. 2015). According to the previous
studies, un-controlled and excessive production of pro-inflammatory mediators has been
closely related with the activation of macrophages and the pathogenesis of several
chronic diseases (cancer, rheumatoid arthritis, atherosclerosis, and diabetes) (Alvarez-
Suarez et al. 2017). LPS is one of the leading activator of macrophages, and the LPS-
exposed macrophages produce inflammatory responses through the various

inflammatory pathways. The activated macrophages play important roles during the
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inflammation through the up-regulated production of NO (Bezerra et al. 2018). The
production of NO from macrophages plays a key role in the pathogenesis of
inflammation associated diseases and it also cause to induce oxidative stress in the cells
(Pacher et al. 2007). Therefore, as the first screening study author compared the NO
inhibitory effects of seaweed extracts against LPS-activated macrophages (fig. 1-2).
According to the results, 80% methanol extract had highest cyto-protective effect against
LPS-induced toxicity in macrophages. Overall, all seaweed extracts significantly
increased the viability rates of macrophages against LPS-induced toxicity. However,
AMG extract of E. cava and DW extract of I. okamurae not showed any cyto-protection
against LPS-induced toxicity in macrophages. Similar to the cytoprotective data ethanol
extracts of 3 tested seaweeds showed strong NO suppressive effect against LPS-
stimulated NO production in macrophages. In addition, enzymatic extracts of I
okamurae found to possess weaker NO inhibition compared to the other two seaweeds.
Previously, it has been reported that the OSE extracts of brown seaweeds are rich in
phlorotannins and are more active than the polysaccharides against LPS-induced
inflammation in macrophages. In addition, a number of studies demonstrated the
methanol extracts were rich in phlorotannins as well as they inhibit LPS-induced NO
production from macrophages than the enzyme assisted extracts. (Islam et al. 2013; Lee
et al. 2012). Similar to the previous observations, the 80% methanolic extracts showed
better cyto-protection as well as NO inhibition levels in LPS-exposed macrophages.
With these results author decided to use only 80% methanolic extracts of E. cava and S.

horneri for further studies.
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Figure 1-1. Cyto-protective effects of seaweed extracts in RAW 264.7 macrophages.
RAW cells were pretreated with different concentrations of seaweed extracts and
incubated 24 h. Colorimetric MTT assay was used to determined cell viability.
Experiments were carried out in triplicate and the results are represented as means + SD.

*P <0.05and **P < 0.01.
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Figure 1-2. Effect of seaweed extracts on NO production in LPS-stimulated RAW 264.7
cells. The cells were incubated with the 50 and 100 pg/ml concentrations of seaweed
extracts for 24 h with or without LPS. NO levels in the culture mediums were quantified
using Griess assay. Data are expressed as mean = SD from three independent
experiments and analyzed using one-way ANOVA. #p < 0.01 vs. control, *p < 0.05 and

**p <0.01 vs. LPS alone treatment.
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1.3.4 PGE: and Pro-inflammatory cytokine inhibitory effect of 80 % methanolic
extracts of E. cava and §. horneri

PGE> is an important inflammatory mediator, which produced during inflammatory
responses (Cha et al. 2016). Cytokines are also play an important role during the
inflammation, which are a group of large proteins (15 - 25 kDa) mainly secreted from
immune cells. The production of cytokines useful to inhibit inflammatory responses and
active removal of immune stimulants from the site of infection. However, excessive
production of pro-inflammatory cytokines (IL-1B, IL-6, and TNF-a) lead to chronic
inflammatory complications in the host tissues and organs (Charrad et al. 2016; Kim et
al. 2016).

Therefore, in the present study, author compared PGE> and pro-inflammatory
cytokine levels in LPS-induced RAW 264.7 cells after the treatment of S. horneri and E.
cava extracts. The exposure of LPS triggers the production of PGE: (fig .1-3a) and pro-
inflammatory cytokines from macrophages (fig. 4). However, pre-incubation of seaweed
extracts decreased the elevated PGE; levels in LPS-exposed RAW 264.7 cells. Moreover,
pro-inflammatory cytokines including TNF-a (fig. 1-3b), IL-1p (fig. 3c), and IL-6 (fig.
1-3d) levels in the culture media was quantified using ELISA method. The results
revealed that, pre-treatment of both seaweed extracts suppressed the elevated pro-
inflammatory cytokine release from activated macrophages. Specifically, S. horneri
extract effectively inhibited the TNF-a and IL-6 production from LPS-induced
macrophages compared to E. cava extract. However, IL-1P inhibition was high in E.

cava extract compared to S. horneri extract.
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Figure 1-3. PGE> and pro-inflammatory cytokine expression inhibitory effect of
Ecklonia cava and Sargassum horneriin LPS-activated RAW 264.7 macrophages. RAW
264.7 macrophages were incubated with 31.3 -125 pg/ml of seaweed extracts for 24 h,
and subsequently, they were stimulated with 1 pug/ml of LPS for 24 h. ELISA kits were
used to measure PGE; (a), TNF-a (b), IL-1p (¢), and IL-6 (d) secretion into cell culture
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1.3.5 Effects of the seaweed extracts on LPS-induced iNOS and COX2 expression in
RAW 264.7 cells

The iNOS and COX2 responsible for the production of NO and PGE,, respectively in
activated macrophages. NO production reflects the degree of inflammation and provides
a measure to assess the effect of anti-inflammatory drugs. The activated macrophages
produce iNOS in response to LPS, which induce the mass production of NO (Cha et al.
2016; Song et al. 2016). In addition to the NO; PGE is another pro-inflammatory PGs
and which has important roles during the inflammation, such as the regulation of immune
response, fertility, blood pressure, and gastrointestinal integrity; it is produced by COX2
(Choi et al. 2018).

The expression levels of iNOS and COX2 proteins were evaluated using western
blot assay (fig. 1-4). According to the results, expression of iNOS and COX2 protein
was markedly increased with the LPS stimulation. However, both seaweed extracts
significantly inhibited the up-regulated iNOS and COX2 levels in LPS-induced
macrophages. Similar to PGE: inhibition S. horneri strongly suppressed the COX2 than
E. cava extract. These results indicating that S. horneri and E. cava extract decreases NO
and PGE: production in LPS-induced macrophages via inhibiting iNOS and COX2,
respectively. According to the results, 80% methanolic extract of S. horneri had
comparatively high suppressive effect on inflammatory mediators such as NO, PGE»,
TNF-a, IL-1B, IL-6, iINOS, and COX2 expressions. Therefore, further studies carried out

with S. horneri extracts.
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Figure 1-4. Effect of 80% methanolic extracts of Ecklonia cava (a) and Sargassum
horneri (b) on iNOS and COX2 protein expressions in LPS-stimulated RAW 264.7 cells.
The cells were incubated with the indicated concentrations of seaweed extracts for 24 h
with or without LPS. The protein levels of iNOS and COX2 were determined using
Western blot analysis. The bar chart shows the quantitative evaluation of iNOS and
COX2 bands by densitometry. Data are expressed as mean + SD from three independent

experiments and analyzed using one-way ANOVA. *P <0.05, **P <0.01.
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1.3.6. Effect of S. horneri extracts on LPS-induced NF-xB protein expressions

In response to inflammatory stimuli (LPS), macrophages response via activating Toll-
like receptors (TLRs) mediated inflammation pathway. In general, TLR-2 and TLR-4
binds to LPS and triggers the subsequent phosphorylation of cytoplasmic proteins, such
as MAPK transcription factors related proteins including p38, ERK, and JNK. The
activation of TLR-2/4 cause to activate NF-kB and its down-stream transcriptional
mediators that induce and increase the inflammation related complications (de Oliveira
etal. 2017). In normal cells or at un-stimulated conditions, NF-kB forms a complex with
I-xkB and is concentrated in the cytosol as an inactivated complex. After the
phosphorylation, IkB is ubiquitinated and degraded by 26S proteasome, which resulting
the translocation of NF-kB to the nucleus where it activates the transcription of a variety
of target genes (Hatada et al. 2000). The activation of NF-kB increase the production of
pro-inflammatory mediators such as TNF-a, IL-1p, IL-6, PGE>, and the activation of
inducible enzymes like iNOS and COX2 (Kim et al. 2018). Therefore, inhibition of NF-
kB associated protein expression is an important target in anti-inflammatory drugs

(Sanjeewa et al. 2017).

Recently a number of studies reported, the extracts separated from seaweeds have
the potential to inhibit and translocation of NF-kB proteins to nucleus (Lin et al. 2016;
Padua et al. 2015). Specifically, species belong to family Sargassaceae found to possess
strong anti-inflammatory properties under in vitro and in vivo conditions (Wu et al. 2016)
(Chen et al. 2014). Thus, in the current study, author attempted to evaluate effect of S.
horneri extracts on NF-kB proteins expressions in LPS-exposed macrophages. Similar
to previous observations, 80% methanol extract of S. horneri has inhibitory effect on

LPS-induced phosphorylation of NF-kB P50/65 (fig. 1-5a) and translocation of those
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proteins in to the nucleus (fig. 1-5b). These results suggesting, S. horneri extract
effectively reduced the LPS-induced inflammation responses via blocking the NF-kB
mediated inflammation pathway. Specifically, the inhibition of NF-xkB signal
transduction pathway might be the possible reason for the down-regulated expression of

iINOS, COX2, and other inflammatory mediators.

1.3.7. The effects of S. horneri 80% methanol extract against pro-inflammatory gene
expression in LPS-exposed RAW 264.7 cells.

Gene expression analysis is a key tool which widely used to elucidate the complex
regulatory networks of the genetic, signalling, and metabolic pathways. Reverse
transcription quantitative real-time polymerase chain reaction (RT-qPCR) is used to
determine the fold change of the expression of genes of interest or as a technique to
confirm the results of differential protein studies obtained by proteomic analyses
(Meng et al. 2017; Murase et al. 2018; Petriccione et al. 2015). Previously, it has been
reported that, exposure of macrophages to LPS cause to induce the expression of
inflammation related genes such as IL-18, IL-4, IL-6, and TNF-a (Kats et al. 2016; Lee
et al. 2017). The mRNA expression levels of iNOS (fig. 6a), COX2 (fig.6b), and pro-
inflammatory cytokines (IL-1p, IL-4, IL-6, and TNF-a) in LPS-induced RAW 264.7
cells were quantified using qPCR. Compared to the un-treated control mRNA levels were
dramatically increased in LPS-stimulated macrophages (fig. 6). However, treatment of
S. horneri extract, reduced the elevated mRNA levels in LPS-exposed macrophages in a

dose-dependent manner.
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Figure 1-5. Inhibitory effect of 80% methanol extract of Sargassum horneri against LPS-
induced NF-kB phosphorylation and translocation in RAW 264.7 cells. Macrophages
were stimulated with LPS (1 pg/ml) and S. horneri extract (31.3 - 125 pg/ml) for 30 min,
and the cell lysates were analyzed for the expression of both P50 and P65 in the cytosol
(a) and nucleus (b). Results are expressed as mean + SD from three independent

experiments and analyzed using one-way ANOVA. *P < (.05, **P <0.01.
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Figure 1-6. Inhibition of LPS- induced iNOS (a), COX2 (b), IL-1P (c), IL-6 (d), and
TNF-o (¢) mRNA expression by Sargassum horneri extracts in RAW 264.7
macrophages. The results were analyzed by the Delta-Ct method and expression of target
genes was normalized to GAPDH expression. Control was obtained in the absence of
LPS and S. horneri. The values shown are the means + SEs of three independent

experiments; *p < 0.05, **p < 0.01 vs. the fine dust treated group.
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1.3.8. fractionation of S. horneri 80% methanol extract for isolate bioactive
compounds

The organic solvent-assisted extraction (ethanol and methanol) and fractionation of
extractants with solvent-solvent partition chromatography is a popular and common
technique used to identify bioactive metabolites from seaweeds (Pangestuti and Siahaan
2018; Rahelivao et al. 2015; Sanjeewa et al. 2016). Based on the previous results, 80%
methanol extract of S. hormeri (SHM) purified using solvent-solvent partition
chromatography (fig. 1-7). SHM was dissolved in DW and fractionated between n-
hexane, chloroform, and ethyl acetate (1:1, v/v of sample). During the biological studies,
the authors noted the chloroform fraction had strong NO inhibitory effect and cyto-
protective effect in LPS-induced macrophages (fig. 1-8). Thus, chloroform fraction was
resolved and further purified by pre-optimized HPCPC. The bioactive fraction was
analyzed and confirmed by high-performance liquid chromatography (HPLC) LC-DAD-

ESI/MS for structure and purity.

1.3.9. NO inhibitory effect of three solvent fractions separated from S. horneri against
LPS-induced RAW 264.7 cells

SHM was fractionated into n-hexane (SHMH), chloroform (SHMC), and ethyl acetate
(SHME) to identify active fractions and to concentrate bioactive compounds. The three
fractions separated from liquid-liquid chromatography were evaluated for anti-
inflammatory activities using LPS-activated macrophages (fig. 1-8). The results revealed
that, SHMC had significant NO inhibition compared to the other fractions. Specifically,
SHMC dose-dependently increased the cell viability of LPS-exposed macrophages. In

addition, 125 pg/ml of SHMC had the highest NO inhibition under the tested conditions.
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Thus, SHMC further purified using HPCPC. The HPLC spectrum of SHM and SHMC

are represented in the figure 1.9.

43



Sargassum horneri

80% Methanol
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Figure 1-7. Extraction and fractionation of Sargassum horneri. First the freeze dried
seaweed powder was extracted with 80% methanol, concentrated using rotary evaporator
and freeze dried. Then the freeze dried samples were further purified using solvent-
solvent  partition = chromatography @ and  High  performance  centrifugal

partition chromatography.
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Figure 1-8. Protective effect of Sargassum horneri 80% methanol extract and its
fractions against LPS-exposed macrophages. The cells were incubated with the 31.3 -
125 pg/ml concentrations of SHM, SHMH, SHMC, and SHME for 24 h with or without
LPS. The level of NO in the culture media was quantified using Griess assay. Data are
expressed as mean + SD from three independent experiments and analyzed using one-

way ANOVA. Means with same letters are not significantly different at 0.05 sigma level

*SHM- 80% methanol extract of S. horneri. The fourth character followed by SHM is

standard for the fractions of SHM. (hexane (H), chloroform (C), and ethyl acetate (E))
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1.3.10. HPCPC and HPLC spectrums of SHMC after HPCPC chromatography

Based on the anti-inflammatory properties of SHMC fraction, which was further purified
using HPCPC system. After the HPCPC chromatography author obtained 5 fractions
from the initial sample as shown in the figure 1-9a. Then the purity of each fraction
evaluated using HPLC with different wave lengths (fig. 1-9b). Based on NO suppressive
effect in LPS-activated macrophages (data not shown) SHMC-II-B, SHMC-III-C, and
SHMC-III-D used to further study. Under different wave lengths 230 nm and 254 nm
SHMC-II-B yielded 2 different spectrums (Data not present). Therefore, under different
wavelengths the active peaks were concentrated using HPLC and purity of each
compound confirmed using NMR and GC-MS techniques (fig. 1-10 and 1-11). Out of 4
isolated compounds two were newly identified from S. horneri. The two compounds
were known as 6-6-hydroxy-4,4,7a-trimethyl-5,6,7,7a-tetrahydrobenzofuran-2(4H)-one
(MW: 196.2 Da; Abbreviation: HTT) and 3-Hydroxy-5,6-epoxy-p-ionone (also known
as- 3-Hydroxy-5,6-epoxy-B-ionone) (MW: 224.2; Abbreviation: HEBI). The other two

were identified as Sargachromanol B and Apo-9’-fucoxanthinone.
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Figure 1-9. HPCPC chromatography (a) & HPLC spectrums (b) of each fraction
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1.3.11. Anti-inflammatory properties and cytoprotective effect of four pure
compounds isolated from S. horneri.

As the last study of preliminary study, author attempted to evaluate NO inhibitory effect
of 1solated compounds using LPS-activated RAW 264.7 macrophages. According to the
results, all isolated compounds had a protective effect against LPS-induced toxicity in
RAW macrophage cells (fig. 1-12a). Furthermore, the compound 2 (HEBI) strongly
suppressed the LPS-induced NO production and the ICso was less than 15.6 pg/ml. In
addition, the compound 3; Sargachromanol B also strongly suppressed the LPS-induced
NO production from RAW 264.7 cells. However, the compound 1; HTT and the
compound 4; Apo-9’-fucoxanthinone had less NO suppressive effect between 15.6 —
62.5 ng/ml. Based on these results, HEBI is a possible candidate compound to develop

functional products from S. horneri.
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Figure 1-12. Cyto-protective effect and NO inhibitory properties of 4 compounds
isolated from Sargassum horneri in LPS-activated macrophages. Data are expressed as
mean + SD from three independent experiments. The values shown are the means + SEs
of three independent experiments; *p < 0.05, **p < 0.01 vs. the LPS-stimulated group.
C-1; 6-6-hydroxy-4,4,7a-trimethyl-5,6,7,7a-tetrahydrobenzofuran-2(4H)-one; HTT
C-2; 3-Hydroxy-5,6-epoxy-B-ionone; HEBI

C-3; Sargachromanol B
C-4; Apo-9’-fucoxanthinone
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1.4. Conclusions

Based on the extraction results, the extraction efficiency of seaweeds depends on the
method of extraction. Specifically, the enzyme assisted extraction methods are ideal to
extract polysaccharides for industrial applications than the organic solvent assisted
extraction methods. However, OSEs are ideal to isolate phenolic compounds from
seaweeds.

However, according to the bio-activities of 80% methanolic extracts had better
anti-inflammatory activities under tested conditions. High percentage of polyphenol in
the 80% methanolic extracts of seaweeds might be the possible reason for this improved
anti-inflammatory properties. During the initial screening studies, S. horneri showed
strong anti-inflammatory properties than the other seaweeds. Therefore, only 80%
methanol extract of S. horneri used to evaluate anti-inflammatory properties against
LPS-activated RAW 264.7 macrophages. According to the ELISA and RT-qPCR data
IL-6 and TNF-a levels in LPS-activated macrophages were reduced by the S. horneri
extract; which are considering as the bio-markers of fine dust induced inflammation.
According to the bioassays guided fractionations, four compounds were isolated from S.
horneri and all isolated compounds had strong NO inhibitory properties. However, 2™
compound (HEBI) strongly suppressed the LPS-induced NO production from
macrophages. Our results reviled S. horneri extract and its pure compounds has
inhibitory effect on NF-kB mediated inflammatory pathway and pro-inflammatory gene

expression in LPS-exposed macrophages.
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Part- 2

3-Hydroxy-5,6-epoxy-f-ionone isolated from Sargassum horneri
protect MH-S mouse lung cells against fine dust induced inflammation

and oxidative stress
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Abstract

Background

Air pollution is a process that mixing of pollutants into the atmosphere, which are
potentially harm to humans, and cause negative impacts to the surrounding environment
(biotic and abiotic). The negative health effects associated with air pollution, have been
reported from both indoor and outdoor environments. Due to the high exposure risk even
at the low concentrations of fine dust, which become a major health threat to human
society. Specifically, dust storms originated in China and Mongolian desert areas bring
large amount of fine dust to Korean atmosphere. Therefore, preventive measures require
to reduce health impacts associated with dust to maintain health population. According
to the recent statistics one major outcome of fine dust exposure is inflammation and
oxidative damage in lungs. Other than the avoiding direct exposure to fine dust, use of
functional foods to avoid inflammation and oxidative stress might be a possible long

term approach to reduce fine dust related health complications.

Methodology

Lung macrophages (CMT-93) were treated with 3-Hydroxy-5,6-epoxy-p-ionone (HEBI)
a pure compound isolated from Sargassum horneri (Brown edible seaweed) and after 1
hr stimulated with fine dust (31.3 pg/ml). Then, inflammatory and antioxidant

parameters were evaluated using western blots, ELISA, RT-qPCR, and MTT assays.

Results
According to the results, at the concentrations between 31.3 - 125 ng/ml significantly
reduced the fine dust induced NO, PGE2, and pro-inflammatory cytokine production, via

blocking downstream signal transduction of toll like receptor 2, 3, 4, and 7 in activated
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CMT-93 cells. In addition, HEBI treatment also induce the anti-oxidant protein
expression levels of FD exposed CMT-93 via P38/Nrf2/Keapl mediated antioxidant

pathway.

Conclusions
The active compound; HEBI isolated from S. horneri has the potential to develop as a
functional food or as an active ingredient in cosmeceuticals due to its profound effects

against fine dust induce inflammation, and oxidative stress in CMT-93 macrophages.
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Graphical abstract

Cell wall

Graphical abstract: Protective effect of HEBI against fine dust induced inflammation
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2.1. Introduction

Air pollution is a process that mixing of pollutants into the atmosphere, which are
potentially harmed to humans, and cause negative impacts to the surrounding
environment (biotic and abiotic). The negative health effects associated with air pollution,
have been reported from both indoor and outdoor environments. Due to the
high exposure risk even at the low concentrations of fine dust, which become a major
health threat to human society (Perini et al. 2017). According to Shah et al. (2013), two
million deaths to be reported in each year as a direct consequence of air pollution through
damage to the respiratory system and lungs (Shah et al. 2013). Fine dust has become a
major threat of air pollutions and causing negative health effects on human skin and
respiratory system in the East-Asia region (China, Korea, and Japan). Specifically, the
extensive arid or semiarid highlands of northern China and Mongolia (Gobi Desert,
Hunshdak Sandy Lands, Loess Plateau, and Taklimakan desert) are considering as the
major sources of dust in Asia region (Lee et al. 2015). However, coal-burning power
plants, rapid developments in industrialization, numerous petroleum vehicles, and large-
scale mining operations have contributed to increase the fine dust concentration in the
urban areas located in East-Asia region (Fernando et al. 2017). Continuous exposure to
air pollution such as fine dust can induce oxidative stress, inflammation, and poses a
serious risk to human health (Lee et al. 2015).

Alveolar macrophages stay in the lower respiratory tract and usually phagocyte
fine dust particles reach to the lower respiratory tract. However, depending on the size
and particle composition, fine dust exposed macrophages may produce inflammatory
responses (Pozzi et al. 2003). According to the previous studies, fine dust act as
inflammatory stimuli on macrophages. Recently, Zhao et al. (2016) and Bekki et al.

(2016) reported that the exposure of macrophages to fine dust induce inflammatory

64



responses in macrophages via altering multiple cell signaling pathways. The endotoxins
presented in fine dust particles found to induce the toll-like receptor 4 mediated
inflammation, and reactive oxygen species induce pro-inflammatory cytokine
production in macrophages. The continuous/uncontrolled inflammatory activities
leading to develop chronic inflammatory responses such as cancer and
immunomodulatory diseases (Dalgleish and O’Byrne 2006; Oh et al. 2017). In addition,
dust particles inside the lungs phagocyte by macrophages and then were removed by
lysosome activation. As a result, the macrophages population decreased and that further
reduced the immunity in our body (Su et al. 2017).

Sargassum horneri is a nutrient rich edible brown seaweed, which abundantly
grows in the subtidal zone as an annual species along the coasts of Korea, China, and
Japan. With the optimum growth conditions, the thallus of S. horneri reach around 7 m
length and a fresh weight of 3 kg. S. horneri also rich in essential vitamins, amino acids,
and polysaccharides. In addition, which has been considering as an ingredient in
traditional medicine for thousands of years in East-Asia region (Sanjeewa et al. 2017).
However, anti-inflammatory effects of S. horneri against fine dust yet to be report. Thus,
in the present study author attempted to evaluate anti-inflammatory mechanisms
associated with 3-Hydroxy-5,6-epoxy-p-ionone isolated from S. horneri against fine dust

exposed-mouse lung macrophages.
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2.2. Materials and methods

2.2.1. Chemicals and regents

Fine dust (collected from filters located in a central ventilating system installed in a
building in Beijing city centre) was purchased from the national institute for
environmental studies, Ibaraki, Japan (certified reference material no. 28). MH-S, a
murine alveolar macrophage cell line (ATCC® CRL-2019™) was purchased from
American type culture collection, Manassas, Virginia, USA. Roswell Park Memorial
Institute medium (RPMI), fetal bovine serum (FBS), and penicillin-streptomycin (10,000
U/ml) purchased from Life Technologies Corporation, Grand Island, NY, USA.
Prostaglandin E2 (PGE:) Parameter™ assay kit was purchased from R&D Systems Inc.
ELISA Kits for Interleukin-1 beta (IL-1p), IL-6, and tumour necrosis factor alpha (TNF-
a) were purchased from BD Biosciences, San Joes, CA, USA. SP-60025, SB-202190,
PD-98059, Thiazolyl blue tetrazolium bromide (MTT), Tri-Reagent™, bacterial
lipopolysaccharides (LPS), 2’,7'-dichlorodihydrofluorescein diacetate (DCFDA), and
dimethyl sulfoxide (DMSO) purchased from Sigma-Aldrich Co (St. Louis, MO, USA).
NE-PER® nuclear and cytoplasmic extraction kit was purchased from Thermo scientific,
Rockford, USA. Superoxide dismutase (SOD) activity was determined using a
colorimetric commercial SOD activity assay kit purchased from Abcam, Cambridge,
MA, USA. CD14 mouse ELISA kit was purchased from OriGene, Rockville, MD, USA.

All other chemicals and reagents used in these experiments were of analytical grade.

2.2.2. Purification and isolation of HEBI from S. horneri
First S. horneri was extracted with 80% methanol in room temperature and then
fractionated into hexane, chloroform, and ethyl acetate. Then the chloroform fraction

was further purified using HPCPC. The identification and confirmation of structure was
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similar to the method describes in the part 1. The structure of 3-Hydroxy-5,6-epoxy-p-
ionone (HEBI) illustrated in figure 2-1. The isolated compound has several names in
national center for biotechnology information support center (NCBI) data base and also
known as 3-Buten-2-one, 4-(4-hydroxy-2,2,6-trimethyl-7-oxabicyclo[4.1.0]hept-1-yl)-.
In addition, PubChem CID of the HEBI is 5371267. Additional details of the compounds
are available in the following link.

https://pubchem.ncbi.nlm.nih.gov/compound/5371267#section=Top
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HO

Figure 2-1. The molecular structure of 3-Hydroxy-5,6-epoxy-p-ionone isolated from

Sargassum horneri. (MW: 224.2), PubChem CID: 5371267, Abbreviation : HEBI
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2.2.3. Estimation of fine dust particle size by scanning electron microscopy

The fine dust sample was mounted on double-sided carbon tape and sputter-coated with
platinum in a Q150R rotary-pumped sputter coater (Quorum Technologies, Lewes, UK).
The surface morphology of fine dust particles was observed using a JSM-6700F field-

emission scanning electron microscope (JEOL, Tokyo, Japan) operated at 10,000 V.

2.2.4. Cell culture
MH-S macrophages were cultured in RPMI supplemented with 10% heat inactivated
FBS and 1% penicillin-streptomycin (100 Units/ml). The cells were incubated with 5%

CO; at 37 °C (Sanyo, Moriguchi, Japan). Cells were sub-cultured within 3 day’s intervals.

2.2.5. Determination of cell viability

The cytotoxic effect of HEBI, fine dust, or their combinations on MH-S cells were
evaluated using a colorimetric MTT assay. The assay was performed similar to the
method described by Mosmann in 1983. MH-S cells (1 x 10° cells/ml) seeded in a 24-
well plates and incubated for 24 h. Then, the cells were treated with HEBI (15.6, 31.3,
62.5ug/ml), fine dust (15.6, 31.3, 62.5, 125 pg/ml) or their combinations for 24 h. Then,
MTT reagent (200 pg per well) was added to each well. After 1 h of incubation, the
formazan crystals were dissolved in DMSO, and absorbance was measured at 540 nm.
The optical density at 540 nm in untreated MH-S cells was considered to represent 100%

viable cells.

Cell viability (%) = L2eontrot=0Psampte) \ 1,

ODcontrol
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2.2.6. Evaluation of cell death rates by analysis of lactate dehydrogenase (LDH)
levels

Release of LDH in culture supernatants was measured using the CytoTox 96 Non-
radioactive cytotoxicity Assay (Promega, Madison, WI, USA). The LDH release from
the cells were quantified using the manufactures instructions. Plates were read at an

optical density at 490 nm using an ELISA plate reader.

2.2.7. Determination of NO inhibition effect

NO production was evaluated using a method described by Leiro et al. (2002) with slight
modifications (Leiro et al. 2002). Briefly, 450 pl of cell suspensions (1 x 10° cells/ml)
were incubated on 24-well plates for 24 h. Then treated with 25 pl of HEBI (15.6 - 62.5
pg/ml) to each well and incubated for 1 h and treated with 25 pl of fine dust (62.5 mg/ml)
for 24 h. Then 75 pl cell suspensions were mixed with equal volume of Griess reagent.

After 10 min incubation, the absorbance was read with an ELISA reader at 540 nm.

NO inhibition (%) = — 2control=00sample) 1,
(ODcontroi- ODfine dust group)

2.2.8. Determination of PGE: and pro-inflammatory cytokine production

The levels of PGE; and pro-inflammatory cytokines in the culture supernatants were
evaluated using commercial ELISA assay kits. Briefly, 450 ul of MH-S cell suspensions
(1 x 10° cells/ml) were incubated on 24 well plates for 24 h. Then MH-S cells exposed
to 25 pl of HEBI (15.6 - 62.5 pg/ml) and incubated for 1 h. Then MH-S cells with or

without HEBI stimulated with 25 pl of fine dust (31.3 mg/ml) for 24 h. The cell culture
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supernatants were collected and analysed for PGE», IL-1p, IL-6, and TNF-a using the

ELIZA kits according to the vendor’s instructions.

2.2.9. Western blot assay

MH-S cells (1 x 10° cells/ml) were seeded in 6-well plates and incubated for 24 h. Then
cells exposed to 25 pl of HEBI (15.6 - 62.5 ug/ml) and incubated for 1 h. Then MH-S
cells stimulated with 25 pl of fine dust (31.3 mg/ml) for 30 min or 24 h after the treatment
of HEBI for 1 h. Protein extraction performed using NE-PER® nuclear and cytoplasmic
extraction kit with the manufactures instructions. The western blots were carried out
according to the previously optimized method as described in (Sanjeewa et al. 2017) for
rabbit polyclonal iNOS, COX2, HO-1, MyD-88, Keapl, C23, Nrf2, NF-xb p50, NF-kb
p65, Pp50, Pp65, P38, Pp 38, P42/44, PP42/44, nucleolin, and B-actin (Cell Signalling
Technology, Beverly, USA) antibodies. The expression levels of each protein was
normalized by analysing the level of B-actin protein expression levels by using Imagel

program.

2.2.10. Level of ROS in fine-dust exposed MH-S cells

Reactive oxygen species generation in MH-S cells were measured by using a method
described by Thakor et al. (2017) with slight modifications. Briefly, 1 x 10° cells were
seeded in 6 well plate and incubated for 24 h. Then the cells treated with HEBI and after
1 h stimulated with fine dust. The treated plates were further incubated for 24 h. Then
cells were washed with serum free media for twice and then supplemented with serum

free media containing 50 uM 2',7' DCFDA at 37 °C for 30 min.
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ROS (%) — (ODcontrol_ODsample) X 100

ODcontrol

2.2.11. Analysis of SOD Activities

The cultured macrophage cells lysis with 1M Tris/HCI, pH 7.4 containing 0.5% Triton
X-100, SmM - mercaptoethanol, and 0.1 mg/ml phenylmethylsulfonyl fluoride solution.
Then, cell lysates were centrifuged at 14,000 x g for 5 min at 4 °C. The supernatant
collected and transferred to a clean e-tube. The amount of proteins in supernatants were
quantified and normalized using same lysis solution. The SOD levels in extractants were
quantified using colorimetric SOD quantification kit according to the vendor’s

instructions.

2.2.12. Effect of HEBI on MAPK pathway related proteins

The amount of NO in the culture medium was determined using Griess reagent as
previously described. MH-S cells were seeded onto a 24-well plate at a density of 1 x
10° cells/ml and then cultured at 37 °C in 5% CO> for 24 h. Later, the cells washed with
FBS free medium and suspended in DMEM without FBS. Then pre-treated with vehicle,
CE extracts at various concentrations (62.5, 125, 250, and 500 pg/ml), PD 98059 (ERK
inhibitor; 20 uM), SP600125 (JNK inhibitor; 20 uM), or SB 203580 (p38 inhibitor;
20 uM). Following incubation for 1 h at 37 °C, the cells were stimulated with fine dust
(31.3 pg/ml) for 24 h. The supernatant of each well (100 pl) were transferred onto a 96-
well plate and then added equal volume of Griess reagent. The absorbance was measured

at 540 nm using a microplate reader.
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2.2.13. Total RNA extraction and cDNA synthesis

Total RNA from MH-S cells were extracted using Tri-Reagent™ (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufactures instructions. Absorbance was measured
at 260 nm and 280 nm using a puDrop Plate (Thermo Scientific) to determine the
concentration and purity of the extracted RNA. Then, RNA samples were diluted (1
pg/ul) and first strand cDNA was synthesized using prime Script™ first-strand cDNA
synthesis kit (TaKaRa BIO INC, Japan) according to the manufactures instructions.

Finale products (diluted cDNA) were stored at -80 °C until use.

2.2.14. Quantitative real-time PCR (qPCR) analysis

Expression levels of pro-inflammatory cytokines were analyzed using SYBR Green
quantitative real-time PCR (qPCR) technique with the Thermal Cycler Dice-Real Time
System (TaKaRa, Japan). GAPDH was used as an internal reference gene in
amplification. The primers used in this study indicated in Table 2-1 and 2-2 (Bioneer,
Seoul, Korea). Reactions were carried out in a 10 pl volume containing 3 pl diluted
cDNA, 0.4 ul forward and 0.4 pl reverse gene specific primers (10 pM), 1.2 ul PCR
grade water, and 5 pl of 2x TaKaRa ExTaq™ SYBR premix. The reaction was
performed using the following thermal profile: one cycle at 95 °C for 10 s, followed by
40 cycles at 95 °C for 5's, 55 °C for 10 s, and 72 °C for 20 s, and a final single cycle at
95 °C for 15 s, 55 °C for 30 s, and 95 °C for 15 s. The relative expression levels were
analyzed according to the method [(2” 24°T) method] describe by Livak and Schmittgen
(2001) (Livak and Schmittgen 2001). The base line was automatically set by Dice™ Real
Time System software (version 2.00) to keep reliability. The data are presented as the

mean =+ standard error (SE) of the relative mRNA expression from three consecutive
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experiments. The two-tailed unpaired Students t-test was used to determine statistical

significance (* = p <0.05 and ** =p <0.01).
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Table 2-1. Sequence of the primers used to evaluate inflammation related RNA

expression levels

Gene Primer Sequence (5’ — 3')
Sense AAGGGTCATCATCTCTGCCC
GAPDH
Antisense ~ GTGATGGCATGGACTGTGGT
. Sense ATGTCCGAAGCAAACATCAC
INOS Antisense TAATGTCCAGGAAGTAGGTG
Sense CAGCAAATCCTTGCTGTTCC
cox2 Antisense  TGGGCAAAGAATGCAAACATC
Sense CAGGATGAGGACATGAGCACC
1P Antisense  CTCTGCAGACTCAAACTCCAC
Sense GTACTCCAGAAGACCAGAGG
-6 Antisense ~ TGCTGGTGACAACCACGGCC
TNFoq Sense TTGACCTCAGCGCTGAGTTG

Antisense CCTGTAGCCCACGTCGTAGC
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Table 2-2. Primer sequences of mouse TLRs used for the Real-time RT-qPCR

Gene Primer Sequence (5" — 3')
TLR1 Sense TCAAGTGTGCAGCTGATTGC
Antisense TAGTGCTGACGGACACATCC
Sense CAGCTGGAGAACTCTGACCC
LRz Antisense CAAAGAGCCTGAAGTGGGAG
Sense CCTCCAACTGTCTACCAGTTCC
L Antisense GCCTGGCTAAGTTATTGTGC
Sense CAACATCATCCAGGAAGGC
TLR Antisense GAAGGCGATACAATTCCACC
Sense AGCATTCTCATCGTGGTGG
LR Antisense AATGGTTGCTATGGTTCGC
Sense TGGATGTCTCACACAATCGG
TLRO Antisense GCAGCTTAGATGCAAGTGAGC
Sense TTCCTTCCGTAGGCTGAACC
TERT Antisense GTAAGCTGGATGGCAGATCC
Sense TCTACTTGGCCTTGCAGAGG
TLRS Antisense ATGGCAGAGTCGTGACTTCC
Sense CAAGAACCTGGTGTCACTGC
LR Antisense TGCGATTGTCTGACAAGTCC
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2.2.15. Statistical analysis

All experiments were repeated at least three times to confirm reproducibility. All results
were expressed as the mean + standard error (SE). The data analyzed by analysis of
variance using the Statistical Package for the Social Sciences (SPSS) v 20.0 statistical
analysis package. The mean values of each experiment were compared using one-way
analysis of variance. Duncan’s multiple range test (DMRT) was used to determine mean

separation. P < 0.05 (*) and < 0.01 (**) was considered statistically significant.
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2.3. Results and discussion

2.3.1-Anti-inflammatory properties of HEBI against fine dust induced
inflammation in MH-S cells

2.3.1.1. Composition of fine dust

With the recent studies, it is clear that the exposure to air pollutions, like fine dust
induce oxidative stress, inflammation, and adverse health effects to human beings (Pardo
et al. 2018). As a result of industrial development and natural phenomenon, the level of
fine dust in the Korean atmospheres found to increase during the last few decades (Kim
2018). With the increased fine dust concentration, health complications associated with
respiratory system also found to increase in Korea, China, and Japan (Pardo et al. 2018).
Inflammation associated complications in respiratory system caused by fine dust is one
of the major topic discussed during the last few years. Recently, He et al. (2016)
attempted to evaluate the allergic inflammatory responses in murine lungs after exposed
them into fine dust collected from urban areas and sand storms. In this study, the authors
claimed, fine dust particles (PM 2.5) collected from urban areas induced the
inflammatory responses in macrophages (He et al. 2016). Electron microscopic image of
fine dust particles (fig. 2-2.) shows that the particle sizes are not distributed equally and
which contained range of particle sizes. Looking at the particle size distribution, some
particles had around 9.6 um diameter. However, large portion of fine dust particles had
less than 2.5 um diameter (more than 60%). Additionally, fine dust particles had irregular

shapes and distributed randomly in electron microscope image.
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Figure 2-2. Scanning electron microscope image of fine dust particles purchased from
the national institute for environmental studies, Ibaraki, Japan (certified reference

material no. 28). Scale bar represent 10 pm lengthy.
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2.3.1.2. cell viability and NO production in fine dust exposed MH-S cells

Before evaluate the bioactive properties of HEBI, author attempted to evaluate toxicity
and NO stimulatory effect in fine dust exposed MH-S cells. According to the results,
concentrations higher than the 62.5 pg/ml were dramatically reduced the viability of
MH-S cells compared to the un-treated control (fig. 2-3a). In parallel to the cell viability
results, the NO secretion increased with fine dust concentrations up to 31.3 pg/ml and
then declined (fig. 2-3b). The reduction of NO levels in concentrations higher than the
31.3 pg/ml might be associated with reduced cell viability. Previously, a number of
studies reported the exposure of macrophages to fine dust cause to induce chronic
inflammatory responses and activate apoptotic cell death. Airborne particulate matter
(PM), 2.5 is considering as the most vulnerable size for induce adverse health effects
(Bekki et al. 2016). With the electron microscope analysis, large portion of fine dust
sample contained less than 2.5 um diameter PM. Specifically, particles smaller than 2.5
pum can easily go through the throat and nose to reach the alveolus (Bekki et al. 2016).
Therefore, fine dust cause to induce adverse health consequences to respiratory system.
With these observations, and previous evidences, the author decided to use 31.3 pg/ml

concentration of fine dust for further studies.

2.3.1.3. Cyto-toxic effect of HEBI on MH-S cells

The colorimetric MTT assay was performed to select optimal concentrations for the
further study. According to the results, the concentrations between 15.6 - 62.5 pg/ml not
significantly affected to the viability of MH-S cells (fig. 2-4a). However, the
concentrations higher than the 125 pg/ml significantly reduced the MH-S cell viability.

Therefore, the concentrations below 125 pg/ml used for the consequent studies.
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Figure 2-3. Cytotoxicity (a) and NO production levels (b) in fine dust-exposed MH-S
cells. Results represent the pooled mean + SE of three independent experiments,

performed in triplicate. *p < 0.05, **p < 0.01, face to the respective control.
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2.3.1.4. Protective effect of HEBI against fine dust-induced cell death and NO
production in MH-S cells

In the present study, author attempted to evaluate NO inhibition levels and cytoprotective
effects of fine dust exposed macrophages with presence of HEBI. Previously, Kim et al.
(2018) reported HEBI isolated from Sargassum muticum has the potential to reduce LPS-
induced inflammatory responses in RAW 264.7 macrophages and zebrafish models via
blocking MAPKs and NF-kB signalling pathways. Other than that, Huang et al. (2003)
reported, continuous fine dust exposure link with the pathogenesis of adverse health
effects. Furthermore, the authors reported, fine dust exposed individuals were diagnosed
with pulmonary neutrophilic inflammation and increased blood fibrinogen (Huang et al.
2003). Similar to these observations, the exposer of MH-S cells to fine dust reduced the
cell viability (fig. 2-4b and 2-4c) as well as induce NO production (fig. 2-4d) from MH-
S cells. However, pre-treatment of HEBI reduced the cell death rates and NO production

levels in fine dust-exposed macrophages in a dose-dependent manner.
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Figure 2-4. Viability of MH-S cells exposed to 3-Hydroxy-5,6-epoxy-p-ionone (HEBI)
and fine dust (FD). Cells were exposed to HEBI with or without FD (31.3 ug/ml) at the
doses of 15.6 - 62.5 pg/ml. After 24 h, cell viability was measured by the MTT (a, b) and
LDH assays (c). Secreted NO in the culture media was quantified using Griess assay (d).
Statistical significance was tested using a Student’s t-test. HEBI group vs FD group *p

<0.05, **p <0.01; FD vs control group (positive control) # p < 0.01.
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2.3.1.5. Effects of HEBI on fine dust induced PGE; and pro-inflammatory cytokine
secretion (ELISA)

Previously, it has been reported that exposure of macrophages to fine dust resulted in up-
regulated production of pro-inflammatory cytokines and PGE, (Tsai et al. 2017).
Moreover, it is well-known fact that the up-regulated production of PGE; and pro-
inflammatory cytokines increased the cancer risk and arisen of other chronic
inflammatory diseases (Echizen et al. 2016). Therefore, in the present study author
attempted to evaluate the protective effects of HEBI against fine dust induced MH-S
cells by evaluating production levels of PGE: (fig. 2-5a) and pro-inflammatory cytokines.
ELISA assays used to evaluate the pro-inflammatory cytokines levels (IL-1p; fig. 2-5b,
IL-6; fig. 2-5c, and TNF-q; fig. 2-5d) in fine dust exposed culture supernatants collected
from MH-S cells. Similar to previous results, the exposure of macrophages to fine dust
increased the secretion of PGE,, IL-1p, IL-6, and TNF-a from macrophages. However,
the pre-incubation of HEBI dose-dependently decreased the elevated cytokine secretion

from macrophages.

2.3.1.6. Effects of HEBI on FD-induced iNOS and COX2 protein production

The production of NO and PGE; mainly depend on the expression levels of iNOS and
COX2 proteins, respectively. The production of NO in the cellular environment depends
on the conversion of I-arginine to I-citrulline by the enzyme nitric oxide synthase (NOS).
There are three known isoforms of NOS, namely neuronal NO synthase (nNOS/NOS1),
inducible NO synthase (iNOS/NOS2) and endothelial NO synthase (eNOS/NOS3). In
general, the activation of nNOS and eNOS caused to produce nano-molar concentrations
of NO for short time periods (seconds or minutes). However, the activation of iNOS

caused to generates higher amounts of NO, in the micro-molar range and for relatively

84



long time period (from hours to days) (Vannini et al. 2015). Besides the iNOS; COX2 is
the product of an "immediate-early" gene that is rapidly inducible and tightly regulated
(Crofford 1997). Moreover, COX2 is the inducible form of cyclo-oxygenase and play an
important role in inflammation by stimulating conversion of arachidonic acid to
prostaglandins. In normal situations, COX2 not present in the cells and expression is
avoided. However, during the inflammation process cells produce a large amount of
COX2 to facilitate inflammatory responses (Crofford 1997; Sutcliffe and Pontari 2016).
Thus, author compared the cytosolic expression levels of iNOS and COX2 in fine dust-
stimulated MH-S cells and HEBI co-treated cells. According to the results, exposure of
fine dust triggers the production of iNOS and COX2 from MH-S cells (fig. 2-6a).
However, per-treatment of HEBI decreased the elevated COX2 (fig. 2-6b) and iNOS (fig.
2-6¢) from fine dust exposed macrophages.

Upon the activation of toll like receptors, TLR/MyD88 complex dislocate,
resulting down-stream activation of the transcription factors related to NF-xB and
MAPKs which are the primary contributors to pro-inflammatory gene expression
(Mitchell et al. 2018). Therefore, author attempted to evaluate the MyD88 expression
levels in the fine dust exposed MH-S cells (fig. 2-6a). According to the image analysis
results, fine dust significantly increased the cytosolic MyD88 levels compared to the un-
treated control. However, the pre-treatment of HEBI prior to the fine dust exposure

reduced the elevated levels of MyD88 in fine dust exposed cells (fig. 2-6d).
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Figure 2-5. Effects of HEBI on production of PGE: and pro-inflammatory cytokines in
fine dust (FD)-activated MH-S cells. Percentage of PGE: (a), IL-6 (b), IL-1pB (c), and
TNF-a (d) in cell cultures. Results represent the pooled mean + SE of three independent
experiments, performed in triplicate. *p <0.05, **p <0.01, face to the respective control

(ANOVA, Duncan’s multiple range test).
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Figure 2-6. Effects of HEBI on the fine dust (FD)-induced expression of MyD-88, iNOS,
and COX2 in MH-S macrophages (a). Lysates were prepared from cells that were not
treated or pre-treated with HEBI (15.6 - 62.5 pg/ml) for 1 h and then stimulated FD (31.3
pg/ml) for 24 h. Density ratios of COX2 (b), iNOS (c), and MyD88 (d) were measured
using densitometry. The values shown are the means + SD of three independent

experiments. *p < 0.05, **p < 0.01.
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2.3.1.7. Suppressive effect of HEBI in fine dust induced NF-xB phosphorylation and
translocation to the nucleus in MH-S macrophages

The transcription factor NF-xB has been considering as a key mediator in inflammation.
The activation of NF-kB depends on the range of factors such as LPS, viral infection,
inflammatory cytokines (TNF or IL-1), UV irradiation, T cell and B cell activation, and
by other non-physiological and physiological factors (Baldwin 1996). The activation and
translocation of NF-kB strictly control by the inhibitor protein called IxB.
Phosphorylation and sub-sequent degradation of IkB allows the activation and
translocation of NF-kB to nucleus (Tak and Firestein 2001). In the cytoplasm three forms
of IkB indemnified and called them as IxB-a, IkB-f, and IkB-¢. The first protein IxB-a
is associated with transient NF-kB activation. Out of 3 IxB subunits, only IkB-a binds
to the p50 heterodimer and p50-p65 homodimer. In the nucleus, NF-kB dimers bind to
its target DNA elements and then triggers the transcription of genes responsible for
inflammation (Baeuerle and Baltimore 1996; Baldwin 1996; Tak and Firestein 2001).
The translocation and activation of NF-kB proteins are graphically illustrated in the
figure 2-7a. Thus, first evaluated the phosphorylation levels of cytosolic IkB-a, p50, and
p65 using western blot analysis. According to the western blot analysis, fine dust
increased the phosphorylation of IkB-a from fine dust exposed cells compared to the un-
treated control (fig 2-7b). However, the elevated phosphorylation levels were dose-
dependently decreased with the treatment of HEBI. These results suggesting the isolated
compound has an inhibitory effect on phosphorylation of IkB-a. As second step author
attempted to evaluate the NF-kB related cytosolic p50 and p65 phosphorylation levels
using western blot analysis. Similar to the IxkB-a phosphorylation both p50 and p65
phosphorylation increased with fine dust exposure and dose-dependently decreased with

HEBI treatment (fig. 2-8a). In addition to our study, Kim et al. (2014) reported an
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ethanolic extract collected from S. horneri had suppressive effect on phosphorylation of
p65 in LPS-stimulated macrophages. Similar to Kim et al. (2014) observations, HEBI
inhibited fine dust induced p65 phosphorylation than the p50 phosphorylation in

activated macrophages (fig. 2-8a).

In addition, author also attempted to the evaluate NF-«xB activation levels in the
nucleus. In response to fine dust, levels of p50 and p65 increased dramatically in MH-S
cells (fig 2-8b). However, the co-treatment of HEBI down-regulated the elevated p50

and p65 protein expression in the nucleus.
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Figure 2-7. The graphical illustration of activation and translocation of NF-kB from
cytosol to nucleus (a). The inhibitory effects of HEBI on fine dust (FD)-stimulated NFxB
related (IkB-a, and p-IkB-a) protein expression (b). The gel shown is a representative of
the results from three separate experiments. *p < 0.05, **p < 0.01, face to the respective

control (ANOVA, Duncan’s multiple range test).
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Figure 2-8. The effects of HEBI on NF-kB expression in fine dust (FD)-exposed MH-S
cells. Western blotting was performed to analyze the protein phosphorylation of NF-xB
p50 and p65 in the cytosol (a) and the nucleus (b). The values presented are the
mean + SD of three independent experiments. *p < 0.05, **p < 0.01, face to the

respective control (ANOVA, Duncan’s multiple range test).
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2.3.1.8. HEBI inhibits MAPK protein expression in fine dust exposed MH-S sells
Mitogen-activated protein kinases (MAPK) are an evolutionarily preserved family of
enzymes which are capable to form a highly integrated network required to achieve
specialized cell functions such as apoptosis, cell differentiation, and cell proliferation
(Hommes et al. 2003). ERK1/2, JNK, and p38 are three known MAPK’s involved in the
inflammatory gene regulation. To the date, it has been reported that the MAPK kinase
(MKK)1 and MKK-2 are involved in the activation of ERK1/2; MKK3, MKK4, and
MKKS6 are involved in the p38 MAPK activation; and MKK4 and MKK?7 are involved
in the activation of JNK (Kaminska 2005).

Inflammatory stimuli such as bacteria, fungi, and dust activate macrophages
through the receptors located in cell membrane. The activation of receptors triggers
intracellular signalling cascades like MAPK pathways and the which directly and
indirectly responsible for activation of the NF-«B related signal transduction. The
activation of MAPK pathway up-regulate the production of pro-inflammatory cytokines
such as TNF-a, IL-6, IL-8, IL-1B, collagenase-1, and collagenase-3 (Kyriakis and
Avruch 2001). Specifically, TNF-a is a potent activator of NF-kB signal transduction
pathway and MAPK’s are potent inducers of TNF-a. This positive feedback is key to
chronic inflammatory complications including cancer, rheumatoid arthritis, and
inflammatory bowel disease (Arango Duque and Descoteaux 2014). Therefore, the
compounds capable to inhibit or down-regulate MAPK related protein might have a
potential to developed as anti-inflammatory drugs. In the present study, author attempted
to evaluate phosphorylation levels of MAPK’s in fine dust exposed MH-S cells and
HEBI co-treated MH-S cells together with fine dust. According to the results,
phosphorylated forms of JNK, ERK1/2, and P38 increased in fine dust-exposed MH-S

cells. According to the results, co-treatment of HEBI decreased the phosphorylation
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levels of JNK and ERK1/2 in a dose-dependent manner (fig 2-9). However, the
phosphorylation level of P38 increased in a dose-dependent manner after co-treatment
of HEBI. The up-regulated expression of P38 linked with the anti-oxidant pathways in
macrophages and could be considering as an important effect of HEBI. The effects of
up-regulated P38 phosphorylation in related to the antioxidant mechanisms are later

discuss in details.
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Figure 2-9. Effect of HEBI MAPKSs in fine dust (FD)-stimulated MH-S macrophages.
Data represent the mean + SEM of three independent experiments (N = 3). One of the
similar results from three separate experiments is represented, and the relative ratio (%)
is also shown, where the p-p38, p-JNK and p-ERK signals were normalized to the p38,
JNK and ERK signals. *p < 0.05, **p < 0.01, face to the respective control (ANOVA,

Duncan’s multiple range test).
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2.3.1.9. Effect of HEBI against fine dust induced inflammatory gene expression in
MH-S cells

The inflammation related genes including IL-1, IL-6, TNF-a, iNOS, and COX2 were
examined using RT-qPCR in order to identify the gene expression levels and protective
effect of HEBI against fine dust induced inflammation in MH-S cells. In response to fine
dust the mRNA levels of iNOS and COX2 were significantly increased in MH-S cells
(fig. 2-10a/b). However, the co-treatment of HEBI down-regulated the elevated levels of
iNOS and COX2 in fine dust exposed MH-S cells. Previously, it has been reported that,
the exposure of cells to fine dust, has the potential to induce transcription of
inflammation related genes such as iNOS, COX2, TNF-a, IL-1p, and IL-6 (Seok et al.
2018). Specifically, the levels of TNF-a (~ 35 folds) and IL-6 (~ 8 folds) mRNA levels
were up-regulated after exposed to the fine dust (fig. 2-10 c-e). According to the previous
observations, the up-regulated expression of TNF-a trigger the NF-xB inflammatory
pathway via activating TLR/MyD88 dependent inflammatory pathway (Arango Duque
and Descoteaux 2014). Therefore, the up regulated expression of TNF-a might worsen
the inflammatory responses in macrophages via over activating NF-kB signal cascade.
Therefore, as next study author attempted to evaluate mRNA expression levels of TLRs

using RT-qPCR.
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Figure 2-10. Inhibition of fine dust induced iNOS (a), COX2 (b), IL-18 (c), IL-6 (d), and
TNF-a () mRNA expression by HEBI in MH-S macrophages. The results were analyzed
by the Delta-Ct method and expression of target genes was normalized to GAPDH
expression. Control was obtained in the absence of fine dust and HEBI. The values
shown are the means + SEs of three independent experiments; *p < 0.05, **p < 0.01 vs.

the fine dust treated group or “p < 0.05, #p < 0.01 vs. the un-stimulated group.

96



2.3.1.10 inhibitory effect of HEBI against fine dust induced TLR activations (RT-
qPCR).

The principle role of toll-like receptors (TLRs), is reorganization of specific molecular
patterns identical to microbial components. Activation of TLR control the distinct
patterns of gene expressions linked with the protective mechanisms. It has been
identified, TLRs are involved in activation of innate immunity and the development of
antigen-specific acquired immunity (Akira and Takeda 2004). In the present study,
author evaluated the gene expression levels of TLRs (1-9) using RT-qPCR to identify
the effect of fine dust on TLRs activation. According to the results, only TLR 2, 3, and
4 response to fine dust and others were not sufficinenty expressed under the tested
conditions. Therefore,author conclude that only TLR 2, 3, 4, and 7 involved in the fine
dust induced inflammation in MH-S cells (fig 2-11). In addition, treatment of HEBI,
dose-dependelty reduced the expression levels TLR 2 (fig. 2-11 b), 3(fig. 2-11 ¢), and 4
(fig. 2-11 d).

According to Akira and Takeda (2004), the activation of TLR 2, 3, and 4 trigers
the production of inflammatory cytokines as wells as which are involved in MyD88-
dependent NF-kB pathway actvation. Threfore, the upregulated inflammatory responces
observed in MH-S cells after the fine dust exposure should related to the TLR/MY 88

pathway mediated NF-xB and MAPK protein expressions.
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Figure 2-11. Effect of HEBI against mRNA expression of fine dust (FD)-induced toll
like receptors (TLR) (1-9; a-h) in MH-S macrophages. After FD exposure for 6 h, total
RNA was extracted from MH-S macrophages and RT-qPCR was performed for the
TLRs genes using TagMan reagents. The results were analyzed by the Delta-Ct method
and expression of target genes was normalized to GAPDH expression. Control was
obtained in the absence of FD and HEBI. The values shown are the means + SEs of three
independent experiments; *p < 0.05, *xp < 0.01 vs. the FD treated group or “p < 0.05,

#p < 0.01 vs. the un-stimulated group.

99



2.3.2-Anti-oxidant properties of HEBI against FD-induced inflammation in MH-S
cells

Oxidative stress is a major cause of apoptosis and involves the formation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) via activating apoptosis
related signal pathways linked to the Ca2" overload, mitochondrial inhibition, and
inflammatory responses such as over production of RNS (Yang et al. 2009). Therefore,
it is important to avoid oxidative stress built inside the cells to protect them from
apoptosis and inflammation related complications.

Antioxidants are a group of substances that react at different stages of free-radical
formation and which are able to reduce free-radical concentrations in the cells, organs,
and in the body (Perchyonok et al. 2016). Enzymes such as glutathione peroxidase,
superoxide dismutase, catalase, and glutathione reductase are well-known endogenous
anti-oxidant enzymes synthesized within the cell (Mulgund et al. 2015). The activation
of theses enzymes monitored by specific signal transduction pathways such as NF-E2-
related factor 2 (Nrf2)/ heme oxygenase(HO-1). Nrf2 is a nuclear transcription factor
that binds to antioxidant response element and co-ordinately activates a battery of
detoxifying/defensive genes. This leads to protection and cell survival (Powell et al.
2012). In general, Nrf2 is attached with Kelch-like ECH-associated protein 1 (Keap-1)
and make inactive complex in cytoplasm. However, with the oxidative stress or
electrophiles Keap-1 is inactivated by direct modification of reactive cysteine residues.
The phosphorylation of Keap-1 breaks the complex between Nrf2 and Keap-1. The
breakdown of Nrf2/Keap-1 facilitate the translocation of Nrf2 in to the nucleus and
transcription of antioxidant and detoxification related genes. Nrf2 cause to activate
number of genes such as xenobiotic disposition (quinone reductases, GSTs, and Mrps,),

protection from electrophiles (GSH synthesis, superoxide dismutase; SOD), and general
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stress response (HO-1, thioredoxin) (Lehman-McKeeman 2013). Thus, activation of
Nrf2 is play an important role to protect cells against oxidative stress. Moreover,
previously it has been reported that fine dust has a potential to induce oxidative stress in
macrophages (Lei et al. 2005; Meng and Zhang 2006; Nel 2005). Meng and Zhang, (2006)
reported that the exposure of fine dust cause to induce oxidative damage to lung heart
and liver cells via reducing SOD, GSH levels in fine dust-exposed rat tissues. In addition,
Cheng et al, (2005) reported the exposure of fine dust to streptozotocin-diabetic rats
cause to elevate expression levels of pro-inflammatory cytokines (IL-6 and TNF-a) and
plasma nitric oxide levels (Lei et al. 2005). Thus, in the present section author attempted

to evaluate antioxidant properties of HEBI against fine dust induced oxidative stress.

2.3.2.1 HEBI inhibits fine dust induced ROS levels in MH-S cells

Previously, number of studies confirmed the exposure of cells to the fine dust ends up
with up regulated production of ROS. Recently, Pardo et al, (2018) reported that the pro-
long exposure of fine dust, induced the oxidative stress and inflammation in mouse lung
and liver cells. Similarly, author also noted that the exposure of MH-S to fine dust cause
to increase ROS levels MH-S cells (fig. 2-12a). According to the DCF-DA assay results,
pre-incubation of HEBI, dose-dependently decreased ROS levels in fine dust-stimulated
MH-S cells. In addition, pre-incubation of HEBI dose-dependent reduced the fine dust-

induced cell death rates observed in MH-S macrophages (fig. 2-12b).

2.3.2.2. Effect of HEBI in fine dust induced SOD and catalase levels in MH-S cells
Superoxide dismutase; SOD is an important endogenous antioxidant, and the first line of

defence against free radicals. SOD comprises a family of metalloproteins. Generally,
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SOD categorised into four major groups as, manganese-containing SOD (Mn-SOD),
copper/zinc-containing SOD (Cu/Zn-SOD), iron-containing SOD (Fe-SOD), and nickel-
containing SOD (Ni-SOD). It converts superoxide radicals to H>O>. However, the
production H,O,, which mainly produced HO-" radicals and lead to lipid peroxidation.
However, H,O» produced with the SOD, subsequently converted in to H>O through the
Fenton reaction by cytosolic antioxidant protein; catalase (CAT) (Yenkoyan et al. 2018).
Thus, the compound capable to induce production of these antioxidant enzymes might
have the potential to protect the host cells against ROS induced damages. As an initial
step author attempted to evaluate SOD levels using ELISA assay (fig. 2-12c¢). Similar to
the previous studies, fine dust decreased the SOD levels in MH-S cells compared to the
control. The decreased SOD levels might be the possible reason for high level of ROS
and cell death rates in fine dust-exposed MH-S (fig 2-12 a/b). However, the co-treatment

of HEBI caused to increase SOD levels in fine dust-exposed macrophages.
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Figure 2-12. Effect of HEBI against fine dust (FD)-induced ROS production (a), cell
viability (b), and SOD levels (c) in MH-S cells. The experiments were performed as
described in the materials and methods sections. The values shown are the means + SEs
of three independent experiments; *p < 0.05, *xp < 0.01 vs. the fine dust treated group

or #p < 0.01 vs control.
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2.3.2.3. HEBI increased the cytosolic antioxidant protein levels in fine dust exposed
MH-S cells

In most cases, oxidative stress is mainly caused due to the deficiency of antioxidants
and/or an excess of reactive oxygen; ROS and nitrogen species; RNS (Gil et al. 2017).
In addition to the oxidative damage, intracellular ROS/RNS are triggers the pro-
inflammatory cytokine production mechanisms in the cells and act as pro-inflammatory
markers; which resulting to worsening the pathological conditions (Stentz et al. 2004).
Thus, the compounds with antioxidant and anti-inflammatory properties can be consider
as ideal materials to develop functional products. Therefore, in the present study, author
evaluated the expression levels of catalase and Cu/Zn-SOD in fine dust stimulated MH-
S cells after pre-incubation with HEBI. Catalase and Cu/Zn-SOD are two important
antioxidant proteins act against oxidative stress in the cellular environment. The up-
regulated expression of those proteins helped to reduce oxidative stress via scavenging
ROS produced during the pathological and metabolic events (Liu et al. 2017). Following
the fine dust stimulation, evaluation of antioxidant proteins expression levels in MH-S
cells using western blots showed that the treatment of HEBI (15.6 - 62.5 pg/ml)
significantly up-reregulated the Catalase and Cu/Zn-SOD levels in cytosol compared to
the only fine dust group (fig. 2-13). The up-regulated expression of this antioxidant
proteins effectively reduce the oxidative stress in fine dust induced MH-S cells and

ultimately protects cells from apoptosis and chronic inflammation.
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Figure 2-13. HEBI involved in the regulation of antioxidant enzymes function. The
relative protein levels of catalase Cu/Zn-SOD in fine dust (FD)-exposed MH-S cells
prior to HEBI treatment. Western blot analysis showing the expression of catalase and
Cu/Zn-SOD in cells treated as in the figure. Western blotting signal of individual enzyme
was normalized by B-actin and FD induced group was defined as 1 of relative expression.

*p < 0.05, *xp < 0.01 vs. the FD treated group or *p < 0.01 vs control.
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2.2.2.4 HEBI induced antioxidant mechanism in fine dust exposed MH-S cells
through Nrf2/Keapl mediated antioxidant pathway.

Nuclear Factor-Like 2 (Nrf2) has been identified as a main transcription factor;
translocate into nucleus and mediate antioxidant and anti-apoptotic gene expression
under oxidative stress conditions (Niture et al. 2014). Recently, several studies have
reported, the activation of Nrf2 and its downstream antioxidants enzymes help to reduce
oxidative stress via encoding anti-oxidant related genes and following antioxidant
mechanisms (Li and Leung 2017). In normal (non-oxidative stress) conditions, levels of
Nrf2 in cytosol are low, and Nrf2 is retained in the cytoplasm together with its cytosolic
inhibitor Keapl. The main role of Keapl is act as an adaptor protein in the cullin 3
(Cul3)-based E3 ligase complex that ubiquitinates Nrf2 resulting in proteasomal
degradation. Thus, the level of Nrf2 less when the cells contains large amount of Keap1
in cytosol. In response to oxidative stress, Nrf2 is stabilized and translocated to the
nucleus and binds to the antioxidant response element (ARE) (Kobayashi et al. 2004;
Russell and Cotter 2015). Author therefore hypothesized that HEBI regulates fine dust
induced oxidative stress in MH-S cells by targeting Nrf2 function. Macrophages were
exposed to the fine dust prior to the treatment of HEBI for 1 h and then Nrf2, Keap-1,
and HO-1 protein levels in nuclear or cytosolic fraction was measured by Western
blotting analysis. Upon treatment of HEBI, the cytosolic Keap-1 dose-dependently
decreased (fig. 2-14) and the translocation of Nrf2 to the nucleus notable increased (fig.
2-15). Moreover, at the same time the levels of HO-1 in nucleus and cytosol increased
dose-dependently with the treatment of HEBI. Thus, our results strongly suggest that
HEBI facilitates Nrf2 nuclear translocation and triggers the antioxidant mechanisms in
fine dust exposed cells. Specifically, up-regulated expression of HO-1, Cu/Zn-SOD, and

Catalase important to reduced oxidative damage caused by the fine dust.
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Figure 2-14. Effect of HEBI against fine dust (FD)-induced cytosolic HO-1, Nrf-2, and
Keap-1 expresions. - actin was used as internal control. Quantitative data was analyzed
using ImageJ software (1.43V). Results are expressed as the mean + SD of three separate

experiments. *p < 0.05 and **p < 0.01.
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Figure 2-15. Protective effect of HEBI against fine dust (FD)-induced HO-1 and Nrf2
suppression. The expression levels of proteins were measured by western blot (a) and
relevant quantitative data (d). Nucleolin was used as internal control. Quantitative data
was analyzed using ImageJ software (1.43V). Results are expressed as the mean + SD of

three separate experiments. *p < 0.05 and **p < 0.01.
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2.2.2.5. Fine dust induced NO production and Effect of MAPK inhibitors

p38, ERK, and JNK are well-characterized sub families of MAPK, which only prevail
in multicellular organisms. The up-regulated phosphorylation of MAPKs triggers the
breakdown of Nrf2/Keapl complex and induce the translocation of Nrf2 to the nucleus
(Johnson and Lapadat 2002). Therefore, author attempted to evaluate antioxidant effect
of HEBI using specific MAPK inhibitors. Three MAPK inhibitors namely SB 202190
(p38 inhibitor) SP 600125 (JNK inhibitor), and PD98059 (ERK inhibitor) used to
evaluate the effect of HEBI against oxidative stress induced fine dust exposed MH-S on
MAPK signal transduction pathway. Number of studies, used these inhibitors to
demonstrate the role of MAPKs in antioxidant mechanisms (Peluso et al. 2017; Schwartz
et al. 2018). Figure 2-16 shows the stimulation of MH-S cells by fine dust and co-
treatment of HEBI 31.3 pg/ml.

According to the results, fine dust-exposed macrophages showed elevated levels
of NO in the culture supernatants. In addition to the SB 202190, the p38 inhibitor, up-
regulated the NO production significantly with a minimal effect on cell viability. Even
though slight up-regulation of NO observed with the SP600125; JNK inhibitor and
PD98059; ERK1/2 treatments, they did not exhibit a strong effect compared to fine dust
and HEBI co-treatment. In addition to the NO inhibition effect author compared the
Phosphorylation levels of p38 using western blot analysis to confirm the results. Taken
together, our results suggesting that, HEBI has the potential to induce antioxidant
mechanisms through the p38 MAPK mediated down-stream signal transduction in fine

dust exposed MH-S cells.
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Figure 2-16. The antioxidant effect of HEBI against the fine dust (FD)-induced oxidative
damage in MH-S cells. (a) Cell viability and (b) NO inhibitory effect in the presence of
specific MAPKs inhibitors. The cells were treated with indicated concentrations of HEBI
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HEBI on FD-induced NFR2/Keap-1 pathway related p38 expression in MH-S cells. P38
and p-P38 levels were determined using western blotting. Quantitative data was analyzed
using Imagel software. Results are expressed as the mean = SD of three separate

experiments. *p <0.05 and **p <0.01.
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2.4. Conclusions

In the present study, author attempted to evaluate anti-inflammatory and antioxidant
properties of a pure compound isolated from S. horneri using fine dust exposed MH-S
macrophages. According to the results, exposure of fine dust to MH-S cells cause to
induce oxidative stress and inflammation in macrophages. The real time qPCR data
confirmed that the exposure of fine dust cause to activation of TLR 2,3, 4, and 7 in MH-
S cells. The activation of those TLR is a one main reason to activate inducible genes
such as iINOS and COX2 through NF- kB and MAPKs. According to the mRNA
expression data, TNF-a levels were up-regulated in the fine dust exposed cells. TNF-a
is a known stimulator of NF- kB pathway and end product of MAPKs. This phenomenon
should be a one reason for activation of NF- kB pathway in fine dust exposed MH-S
cells.

In addition, fine dust also reduced the expression levels of antioxidant proteins
and genes in macrophages in exposed cells. However, the treatment of HEBI, inhibited
the fine dust induced inflammation and oxidative stress via blocking TLR/MyD88
mediated inflammatory pathways and up-regulated the brake down of Keapl/Nrf2 to
accelerate the production of antioxidant genes. Therefore, HEBI has the potential to
develop as a functional martials to avoid oxidative stress and chronic inflammation in
human body. Therefore, the development of functional material from HEBI will be a

useful approach to reduce fine dust induced complications in humans.
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Part-3

Anti-inflammatory and antioxidant mechanisms of 3-Hydroxy-5,6-
epoxy-p-ionone isolated from Sargassum horneri on fine dust-exposed

CMT-93 mouse epithelial cells (digestive tract)

119



Abstract

Background

The health complication of fine dust exposed lungs have been well established. However,
effect of fine dust in digestive system not yet study in details. Fine dust in the air
(particulate matter; PM 2.5) can also move to digestive tract through the swelling and
directly by air and through the foods. Therefore, fine dust might cause inflammation and
oxidative stress in epithelial cells located in digestive system and could be link to the
pathogenesis of chronic inflammatory diseases and cancer. Therefore, in the present study
author attempted to evaluate effect of fine dust after exposed to CMT-93; epithelial cells

in digestive tract using inflammatory and oxidative stress related bio-markers.

Methodology

CMT-93 cells exposed to fine dust for 24 h after treatment of 3-Hydroxy-5,6-epoxy-f3-
ionone; (HEBI) a pure compound isolated from Sargassum horneri for 1 h. Then the
inflammatory and oxidative stress related proteins and genes were evaluated using

western blots, RT-qPCR, and ELISA assays.

Results

The exposure of fine dust caused to up-regulate the expression of toll like receptors and
MyDS88 protein expression in CMT-93 cells. Which cause to induce inflammatory
responses in CMT-93 cells via activation of NF-kB and MAPKs. Moreover, fine dust
also suppressed the antioxidant related gene and protein expression in CMT-93 cells.
However, HEBI treatment inhibited inflammatory responses in fine dust exposed CMT-
93 cells via blocking the TLR/MyD88 mediated NF-kB and MAPKs expression. In

addition, HEBI also up-regulated the Keapl/Nrf2 mediated antioxidant pathway
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activities. In addition, anti-inflammatory cytokines such as IL-4 expression were dose-

dependently increased with the HEBI treatment.

Conclusions

In the present study, author demonstrated protective effect of HEBI against fine dust
induced inflammation and oxidative stress in digestive tract epithelial cells. Therefore,
incorporation of HEBI as active ingredient in functional food might be a useful approach

to reduce fine dust induced inflammation and oxidative stress in digestive tract.
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3.1. Introduction

The mucosal surface of the gastrointestinal tract is one ideal place for pathogen invasions.
However, the immune cells associated with the digestive tract hypo-responsive to food
antigens and bacterial strains. Due to this strong protection given by immune cells, the
pathogen invasions are limited through the digestive track (Karin et al. 2006). Intestinal
epithelial cells (CMT-93) is a protective cell type acting as a primary physical barrier
against immune-stimulators including commensal and pathogenic micro-organisms in the
gastrointestinal tract (Zaph et al. 2007). Nevertheless, studies have reported, immune
protective mechanisms of CMT-93 cause to triggers the chronic inflammatory responses
(Kim et al. 2010). Specifically, Kim et al. (2010) demonstrated how parasites regulate
and suppress their host immune responses to maintain their parasitism for a prolonged
period using CMT-93 cells. Moreover, Kim et al. (2010) reported the stimulation of
CMT-93 cells through immune stimulant cause the activation of NF-kB and MAPK

proteins and lead to development of inflammatory responses.

It is a well-established fact that the continuous exposure of internal organs to air
pollutions such as fine dust cause to induce oxidative stress, inflammation, and poses a
serious risk to human health (Lee et al. 2015). Fine dust identified as a major health threat
to human society, because of the high exposure risk even at the low concentrations (Perini
etal. 2017). According to the recent statistics, 2 million deaths are occurring globally in
each year as a direct consequence of air pollution through damage to the respiratory
system and lungs (Shah et al. 2013). Other than the respiratory system related
complications, functions of digestive system also altered from the fine dust particles
(Lomer et al. 2002). Specially, Lomer et al. (2002) reported the ultrafine particles of the
diet case to change mucosal immune response and association between Crohn’s disease.

Crohn’s disease is a condition characterised by transmural inflammation of the
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gastrointestinal tract. In corporation of functional foods to regular diet might be a faceable
approach to avoid inflammation induced by fine dust in the digestive tract. However,
there are limited research attention to elucidate connections between fine dust and

inflammation in the digestive system.

Sargassum horneri (Sargassaceae, Fucales, Phaecophyta) is an edible brown
seaweed, abundant worldwide in shallow sea-water eco-systems. S. horneri play an
important role in coastal waters and provides habitats for other marine organisms such as
fish and shellfish (Kubo et al. 2017). Other than the ecological importance of this seaweed,
which also popular as a nutrient rich edible seaweed specifically in the East-Asian
countries. Usually Korean people consume this seaweed as a soup after boiled with meat
and other land vegetables (Sanjeewa and Jeon 2018). In Japan, S. horneri is known as
“akamoku” and is harvested at the maturation stage as a sea vegetable in regions along
the Sea of Japan (Terasaki et al. 2017). Taken together, in the present study, author
attempted to evaluate anti-inflammatory effects of a 3-Hydroxy-5,6-epoxy-p-ionone (fig
3.1) an active compound isolated from brown seaweed S. horneri against fine dust

induced inflammation and oxidative stress in CMT-93.
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Figure 3-1. 3-Hydroxy-5,6-epoxy-f-ionone isolated from Sargassum horneri. PubChem

CID: 5371267, Abbreviation : HEBI
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3.2. Materials and methods

3.2.1. Chemicals and regents

CRM certified fine dust reference material (CRM No. 28 Urban Aerosols) was purchased
from the Center for Environmental Measurement and Analysis, National Institute for
Environmental studies, Ibaraki, Japan. Dulbecco’s modified Eagle’s medium (DMEM),
penicillin-streptomycin, and fetal bovine serum (FBS) were purchased from Gibco BRL
(Burlington, ON, Canada). 3-(4, 5- dimethyl sulfoxide (DMSO), Tri-Reagent™, and
Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). NE-PER® nuclear and cytoplasmic extraction kit
was purchased from Thermo scientific, Rockford, USA. Enzyme-linked immunosorbent
assay (ELISA) kits for TNF-a, IL-1B, IL-6, and PGE> were purchased from R&D
Systems Inc. (Minneapolis, MN, USA). All other chemicals and reagents used in these

experiments were of analytical grade.

3.2.2. Estimation of fine dust particle size by scanning electron microscopy

The fine dust sample was mounted on double-sided carbon tape and sputter-coated with
platinum in a Q150R rotary-pumped sputter coater (Quorum Technologies, Lewes, UK).
The surface morphology of fine dust particles was observed by a JSM-6700F field-

emission scanning electron microscope (JEOL, Tokyo, Japan) operated at 10.00 kV.

3.2.3. Culture conditions of CMT-93 cell line

CMT-93 mouse intestinal epithelial cells were purchased from the American Type
Culture Collection (ATCC) (Manassas, VA, USA). The cells were maintained in DMEM
supplemented with 10% heat-inactivated FBS, and 1% penicillin-streptomycin (100

units/ml of penicillin, and 100 pg/ml of streptomycin). The cells were cultured at 37 °C
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in a humidified atmosphere containing 5% COz. For the all the studies cells were plated

in at 1 x 10° cells/well and incubated for the given time periods.

3.2.4. Cell viability assay (MTT) and measurement of nitrite by Griess reaction

CMT-93 (1 x 10° cells/ml) cells were seeded in a 24-well plate and incubated for 24 h.
Then, the cells were treated with HEBI and stimulated using fine dust for 24 h. Then the
cells incubated with 50 pul of MTT (250 pg/ml). After 4 h of incubation, purple color
formason crystals were dissolved in DMSO, and cell viability was assessed using plate

reader (BioTek Instruments, Inc., Winooski, USA) at 540 nm.

(ODcontrol - ODsample)

Cell viability (%) = oD
control

x 100

To determine the NO inhibitory effect of HEBI in fine dust-stimulated CMT-93
cells, author performed Griess assay with the previously described method (Leiro et al.
2002). Briefly, CMT-93 cells were seeded in 24-well plates and incubated for 24 h. Then,
the cells were treated with HEBI for 1 h and stimulated with fine dust (500 png/ml) for 24
h. Finally, 50 pl of culture medium mixed with 50 pl of Griess reagent and incubated in
room temperature for 10 min. The absorbance was measured at 540 nm using an ELISA
plate reader. The results expressed as mean percentages of the NO production versus the

NO production of only fine dust-exposed cells.

(ODcontrol - ODsample)

NO inhibition (%) =
(ODcontrol— ODfine dust group)

x 100
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3.2.5. Determination of PGE? and pro-inflammatory cytokine secretion levels

CMT-93 cells (1 x 10° cells/ml) were treated with the indicated concentrations of HEBI,
and 1 h later cells stimulated with fine dust (250 pg/ml). After 24 h of incubation, the
PGE,, TNF-a, IFN-y, IL-6, and IL-1P concentration in the supernatant was quantified by

using a competitive enzyme immunoassay kit, according to the vender’s instruction.

3.2.6. Total RNA extraction and cDNA synthesis

Total celliular RNA from CMT-93 cells extracted using Tri-Reagent™ (Sigma-Aldrich,
St. Louis, MO, USA). Absorbance was measured at 260 nm and 280 nm using a pDrop
Plate (Thermo Scientific) to determine the concentration and purity of the extracted RNA.
Then, RNA samples were diluted (1 pg/pl) and first strand cDNA was synthesized using
prime Script™ first-strand cDNA synthesis kit (TaKaRa BIO INC, Japan) according to

the manufactures instructions. Finale products were stored at -80 °C until use.

3.2.7. Quantitative real-time PCR (qPCR) analysis

Expression levels of inflammation related genes were analyzed using SYBR Green
quantitative real-time PCR (qPCR) technique. GAPDH was used as an internal reference
gene in amplification. The primers used in this study purchased from Bioneer, Seoul,
Korea. The RT-qPCR was carried out in 10 pl volume containing 3 pl of the synthesized
cDNA sample, 0.4 uM primer pairs, 1.2 ul PCR grade H>O, and 5 ul SYBR green PCR
master mix in thermal cycler dice-real time system (TaKaRa, Japan). The following
protocol was used 95 °C for 10 s followed by 40 cycles at 95 °C for 5 s, 55 °C for 10 s,
and 72 °C for 20 s, and a final single cycle at 95 °C for 15 s, 55 °C for 30 s, and 95 °C
for 15 s. Relative expression levels of the target genes were calculated based on 2—AACt

describe by Livak and Schmittgen (2001) (Livak and Schmittgen 2001). The base line
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was automatically set by Dice™ Real Time System software (version 2.00) to keep
reliability. The sequence of primers used in this study were shown in table 3-1 and 3-2.
The data are presented as the mean + standard error (SE) of the relative mRNA expression
from three consecutive experiments. The two-tailed unpaired Students t-test was used to

determine statistical significance (* = p <0.05 and ** = p <0.01).

3.2.8. Western blot analysis

CMT-93 cells (1 x 10° cells/well) were pre-treated with HEBI for 1 h and stimulated with
fine dust (250 pg/ml) for 24 h. Cells were then harvested and cytosolic and nucleus
proteins were extracted from CMT-93 cells using commercial protein extraction kit.
Protein level of cell lysates were quantified using Bradford's method with BSA standard.
Western blot studies were performed using previously optimised protocol (Sanjeewa et
al. 2017). Briefly, equal amounts of cell lysates were separated by 12% sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and electro-transferred to a
nitrocellulose membrane. Then the membranes were blocked by 5% non-fat dry milk for
1 h. Then the nitrocellulose membranes were incubated with the specific primary
antibodies, at 4 °C for 12 h. Then the unbind primary antibodies were removed from
membranes using TBST and then incubated with peroxidase-conjugated secondary
antibody at room temperature for 1 h. Protein expression levels were visualized with the
super signal west pico chemiluminescent substrate (Thermo, MA, USA). Densitometry
analysis of specific bands were done using ImageJ software version 1.49 (national
institute of health, USA). The basal levels of each protein were normalized by analysing

the level of B-actin or nucleolin.
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Table 3-1. Sequence of the primers used to evaluate RNA expression levels

Gene Primer Sequence 5°— 3’
Sense AAGGGTCATCATCTCTGCCC
OAPDH Antisense GTGATGGCATGGACTGTGGT
. Sense ATGTCCGAAGCAAACATCAC
INOS Antisense TAATGTCCAGGAAGTAGGTG
Sense CAGCAAATCCTTGCTGTTCC
COx2 Antisense TGGGCAAAGAATGCAAACATC
Sense TTGACCTCAGCGCTGAGTTG
TNF-o Antisense CCTGTAGCCCACGTCGTAGC
Sense CAATGAACGCTACACACTG
Ry Antisense CTTGCTGTTGCTGAAGAAGG
Sense CAGGATGAGGACATGAGCACC
AP Antisense CTCTGCAGACTCAAACTCCAC
Sense GTACTCCAGAAGACCAGAGG
-0 Antisense TGCTGGTGACAACCACGGCC
Sense ATCCTGCTCTTCTTTCTCGAATGT
e Antisense GCCGATGATCTCTCTCAAGTGATT
Sense GTACTCCAGAAGACCAGAGG
o Antisense TGCTGGTGACAACCACGGCC
Sense TGAAGGAGGCCACCAAGGAGG
Ho-L Antisense AGAGGTCACCAGGTAGCGGG
Sense TGGACGGGACTATTGAAGGC
Nrf2 Antisense GCCGCCTTTTCAGTAGTAGG
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Table 3-2. Primer sequences of mouse TLRs for Real-time RT-PCR

Gene Primer Sequence (5" — 3')
TLR1 Sense TCAAGTGTGCAGCTGATTGC
Antisense TAGTGCTGACGGACACATCC
Sense CAGCTGGAGAACTCTGACCC
LR Antisense CAAAGAGCCTGAAGTGGGAG
Sense CCTCCAACTGTCTACCAGTTCC
LR Antisense GCCTGGCTAAGTTATTGTGC
Sense CAACATCATCCAGGAAGGC
TLR Antisense GAAGGCGATACAATTCCACC
Sense AGCATTCTCATCGTGGTGG
TERS Antisense AATGGTTGCTATGGTTCGC
Sense TGGATGTCTCACACAATCGG
TLRO Antisense GCAGCTTAGATGCAAGTGAGC
Sense TTCCTTCCGTAGGCTGAACC
TERT Antisense GTAAGCTGGATGGCAGATCC
Sense TCTACTTGGCCTTGCAGAGG
TLRS Antisense ATGGCAGAGTCGTGACTTCC
Sense CAAGAACCTGGTGTCACTGC
TERY Antisense TGCGATTGTCTGACAAGTCC
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3.2.9. Statistical analysis

All the data were expressed as the mean =+ standard of three determinations. The collected
data were analyzed by analysis of variance using the SPSS V.20 statistical analysis
package. The mean values of each experiment were compared using one-way analysis of
variance. Duncan’s multiple range test (DMRT) was used to determine mean separation.

A p-value < 0.05 and 0.01 were considered to be statistically significant.
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3.3. Results and discussion

3.3.1. Composition of fine dust and size distribution

A number of studies confirmed the airborne particulate matter (PM) adversely affecting
to normal functions of cardiovascular and respiratory systems (Khaniabadi et al. 2017).
Specifically, with the increased industrial activities and natural phenomenon, the level of
fine dust in the Korean peninsula increase dramatically during the last few decades (Kim
2018). According to the previous studies, PM in the fine dust lower than the 2.5 pm cause
to induce the activation of macrophages (He et al. 2016). In the present study, author
visualized fine dust particles using electron microscope (fig. 3-2a). According to the
image analysis results, dust particle sizes are not distributed equally and observed range
of particle sizes (fig. 3-2b). Specifically, small amount of fine dust contained PM higher
than 10 um diameter and the large number of particles had less than 2.0 pm diameter
(40%). Additionally, fine dust particles had irregular shapes and distributed randomly in
electron microscope image. The compositions of elements and mass fraction of
polycyclic aromatic hydrocarbons in NIES CRM No. 28 Urban Aerosols are shown in
table 3-3 and 3-4, respectively. This information’s were obtained from the seller’s web
site. (https://www.nies.go.jp/labo/crm-e/aerosol.html - Date visit; 2018-September 18).
According to the heavy metal analysis fine dust contained considerable amounts of metal
types including Sr, Cd, Ba, Pb, and U. In addition, tested fine dust sample contained

considerable amount of Ba (874 = 65 mg/kg) and Pb (403 + 32 mg/kg) residues.
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Figure 3-2. Scanning electron microscope image (a) and particle size distribution of fine
dust particles (b) purchased from the national institute for environmental studies, Ibaraki,

Japan (certified reference material no. 28). Scale bar represent 10 um lengthy. Source -

https://www.nies.go.jp/labo/crm-e/aerosol.html
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Table 3-3. Certified values of NIES CRM No. 28 Urban Aerosols

Element Unit Mass fraction Analytical method
Na % 0.796 =+ 0.065 AAS, ICP-AES, INAA, XRF
Mg % 1.4 + 0.06 ICP-AES, ICP-MS, XRF
Al % 5.04 + 0.1 ICP-AES, ICP-MS, INAA, XRF
K % 1.37 + 0.06 AAS, ICP-AES, XRF
Ca % 6.69 + 0.24 ICP-AES, ICP-MS, INAA, XRF
Ti % 0.292 + 0.033 ICP-AES, ICP-MS, INAA, PIXE, XRF
Fe % 2.92 + 0.17 ICP-AES, ICP-MS, INAA, XRF
Zn % 0.114 = 0.01 ICP-AES, ICP-MS, INAA, PIXE, XRF
\Y mgkg  73.2 + 7 ICP-AES, ICP-MS, INAA
Mn mg/kg 686 + 42 ICP-AES, ICP-MS, INAA, PIXE, XRF
Ni mg/kg  63.8 + 3.4 AAS, ICP-AES, ICP-MS
Cu mg/kg 104 + 12 ICP-AES, ICP-MS, PIXE, XRF
As mg/kg  90.2 + 10.7 HG-AAS, HG-ICP-AES, ICP-AES, ICP-
MS, INAA, XRF
Sr mg/kg 469 + 16 ICP-AES, ICP-MS, XRF
Cd mg/kg 5.6 + 043 ICP-AES, ICP-MS
Ba mg/kg 874 + 65 ICP-AES, ICP-MS, INAA
Pb mg/kg 403 + 32 ICP-AES, ICP-MS, XRF
U mgkg  4.33 + 0.26 ICP-MS, INAA

AAS: atomic absorption spectroscopy; HG-AAS: hydride generation - atomic absorption
spectroscopy; HG-ICP-AES: hydride generation-inductively coupled plasma-atomic
emission spectrometry; ICP-AES:
spectrometry; ICP-MS:
instrumental neutron activation analysis; PIXE: proton induced X-ray emission

XREF:

spectrometry;

X-ray

inductively coupled plasma-mass spectrometry;

inductively coupled plasma-atomic emission

INAA:

fluorescence spectroscopy. Source

https://www.nies.go.jp/labo/crm-e/aerosol.html
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Table 3-4. Mass fraction of PAHs in NIES CRM No. 28 Urban Aerosols

Component name Unit Mass fraction Analytical Method

Fluoranthene mg/kg 7 GC-MS, HPLC-FLU

Pyrene mg/kg 4 GC-MS, HPLC-FLU

Benz (a) anthracene mg/kg 2 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (b) fluoranthene mg/kg 11 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (k) fluoranthene mg/kg 2 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (a) pyrene mg/kg 0.9 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (ghi) perylene mg/kg 2 GC-MS, HPLC-FLU, HR-GC-MS
Indeno (1,2,3-cd) pyrene mg/kg 3 GC-MS, HPLC-FLU, HR-GC-MS

GC-MS: gas chromatography-mass spectrometry

HPLC-FLU: high performance liquid chromatography-fluorescence detection

HR-GC-MS: high resolution gas chromatography-mass spectrometry

Source - https://www.nies.go.jp/labo/crm-e/aerosol.html
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3.3.2. cell viability and NO production in fine dust exposed MH-S cells

In this study, author mainly focused on inflammatory effects caused by outdoor air
particles and also suggested a green chemical extract (HEBI) as a treatment. After 24 h
of fine dust exposure, cell viability and level of NO production from CMT-93 cells were
measured using MTT assay and Griess assy. According to the results, viability of CMT-
93 cells was decreased with the increasing concentrations of fine dust (fig 3.3a). In
addition, fine dust exposure also increased NO production levels in CMT-93 cells (fig
3.3b). According to the cytotoxicity and NO production, 250 pg/ml concentration of fine
dust used to stimulate CMT-93 cells in the consequence studies.

After selecting optimal fine dust concentrations for CMT-93 cell stimulation; the
cyto-protective effect (fig. 3¢c) and NO inhibitory effect (fig. 3d) of HEBI in fine dust
exposed CMT-93 cells were evaluated. The results revealed that the pre-incubation of
HEBI has an inhibitory effect on fine dust induced NO production and cytotoxicity.
Therefore, author decided to use 250 pg/ml fine dust to stimulate CMT-93 cells and 31.3
-125 pg/ml HEBI treatments to evaluate protective mechanisms of HEBI against fine dust

caused damages.

3.3.3 HEBI inhibits fine dust-induced PGE: and pro-inflammatory cytokine
production from CMT-93 cells (ELISA)

PGE, is a product of the cyclooxygenase (COX) pathway, is synthesized by many cells,
such as endothelial cells, epithelial cells, macrophages, monocytes, osteoblasts, and
fibroblasts (Bou-Gharios and de Crombrugghe 2008; Stenson 2007). Recently, a number
of studies reported the up-regulated production of PGE: link to the pathogenesis of

cancers and apoptosis (Parker et al. 2015). Therefore, in the present study, author
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attempted to evaluate PGE> production levels in the fine dust exposed CMT-93 cells.
ELISA results confirmed the exposure of CMT-93 cells to fine dust cause to produce
PGE; from exposed cells. However, HEBI treatment significantly, reduced the levels of
PGE; produced in fine dust exposed CMT-93 cells. In addition to PGE», the levels of pro-
inflammatory cytokines (positive mediators of inflammation) in the culture mediums
were quantified using ELISA. Pro-inflammatory cytokines (IL-1, IL-6, [FN-y, IL-18, and
TNF-a) play central role in inflammatory diseases of infectious origins as well as non-
infectious origins (Srinivasan et al. 2017). Furthermore, a number of studies reported, the
up-regulated pro-inflammatory cytokines linked to pathogenesis of chronic inflammatory
disease conditions such as Alzheimer's disease, fibrosis, ductopenia, cholestasis, and
malignant transformation (Pinto et al. 2018). Therefore, regulation of pro-inflammatory
cytokines considering as important factor to keep healthy cellular environment. Thus,
author evaluated the pro-inflammatory cytokine levels in the culture supernatants using
ELISA. In response to fine dust, the levels of pro-inflammatory cytokines in the culture
mediums were increased compared to the control group. However, the treatment of HEBI
reduced the pro-inflammatory cytokine levels in the culture supernatants induced by fine
dust. This results suggesting the, treatment of HEBI has a potential to reduce

inflammation induced by fine dust accumulated in digestive tract.
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Figure 3-3. Cytotoxicity (a) and NO production levels (b) in fine dust(FD)-exposed CMT-
93 cells. CMT-93 cells exposed to the FD (62.5 -500 pg/ml) for 24. Then MTT and Griess
assays were used to evaluate cell viability and NO production, respectively. Protective
effect of HEBI against FD exposed MH-S cells. Cells were exposed to HEBI with or
without FD (250 pg/ml) at the doses of 31.3 - 125 pg/ml. After 24 h cell viability was
measured by the MTT (c) and NO secreted in the culture media was quantified using
Griess assay (d). Statistical significance was tested using a Student’s t-test. HEBI group

vs FD group *p < 0.05, **p < 0.01
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Figure 3-4. Effects of HEBI isolated from Sargassum horneri against fine dust (FD)-
induced PGE: and pro-inflammatory cytokines secretion in CMT-93 cells. Percentage of
PGE: (a), IL-6 (b), IL-1P (c), and TNF-a (d) in cell cultures. Results represent the pooled
mean + SE of three independent experiments, performed in triplicate. *p < 0.05, **p <

0.01, face to the respective control (ANOVA, Duncan’s multiple range test).
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3.3.4 HEBI inhibits fine dust-induced inflammatory cytokine related gene production
from CMT-93 cells (ELISA)

mRNA expression levels of pro-inflammatory and anti-inflammatory cytokines were
evaluated using the RT-qPCR to determine the inflammation related gene expression
levels in fine dust exposed CMT-93 cells. Similar to the ELISA results, gene expression
levels of pro-inflammatory cytokines including IL-1p (fig. 3.5a), IL-6 (fig. 3.5b), TNF-a
(fig. 3.5¢), and IFN-y (fig. 3.5d) were decreased with the HEBI treatment (fig. 3.5). In
contrast to the pro-inflammatory cytokines, the activation of anti-inflammatory cytokines
also important to suppress the activation of macrophages. According to the previous
studies, activation of anti-inflammatory cytokines such as IL-4, IL-10, and IL-13 are
reduced the production levels of pro-inflammatory cytokine from macrophages
(Szczepanik et al. 2001). Specifically, Szczepanik et al. (2001) demonstrated the link
between up-regulated IL-4 production and the IL-6 expression. In that study, the authors,
reported the up-regulated expression of IL-4 capable to reduce IL-6 expression in
macrophages. Similarly, the down-regulated IL-4 gene (fig. 3.5¢) expression in fine dust

exposed cells were up-regulated by HEBI in activated CMT-93 cells.

This results suggesting that, HEBI has a potential to up-regulate the production
of anti-inflammatory cytokines from fin dust exposed CMT-93 cells. This phenomenon
could be one reason for reduction of pro-inflammatory cytokine production from fine

dust exposed CMT-93 cells.
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Figure 3-5. Effect of HEBI against fine dust (FD)-induced IL-1f (a), IL-6 (b), and TNF-
a (c), IFN-y (d), and IL-4 (¢) mRNA expression in CMT-93 cells. Cells exposed to FD
for 6 h and total RNA was extracted from CMT-93 cells. RT-qPCR was performed using
TagMan reagents. The results were analyzed by the Delta-Ct method and expression of
target genes was normalized to GAPDH expression. Control was obtained in the absence
of FD and HEBI. The values shown are the means = SEs of three independent

experiments; *p < 0.05, **p < 0.01 vs. the FD treated group.
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3.3.5 Inhibitory effect of HEBI against iNOS and COX2 production from fine dust
stimulated CMT-93 cells

INOS and COX2 are well known inflammatory mediators involved in many
inflammatory diseases. COX2 is a mediator in pain, inflammatory conditions, and some
catabolic reactions in inflamed tissues (Liou et al. 2014; Onodera et al. 2015). Previously,
a number of studies reported, fine dust can induce inflammatory responses in exposed
cells through the up-regulated production of iNOS and COX2 proteins. Gawda et al.
(2018) recently found that the exposure of fine dust particles primes macrophages to
hyper-inflammatory responses (Gawda et al. 2018). Therefore, in the present study,
author attempted to evaluate levels of iNOS and COX2 expression in the fine dust
exposed CMT-93 cells. The protein expression levels and gene expression levels were
evaluated using the western blots and RT-qPCR.

Inhibition of iNOS and COX2 is an important target of anti-inflammation related
therapeutics. Specifically, research studies focused with anti-inflammatory effects of
seaweeds bioactivities strongly suggest the active compounds in seaweeds are strong
inhibitors of iINOS and COX2 (Fernando et al. 2016). Similar to the previous studies,
both western blots and RT-qPCR data (fig 3.6) confirmed that HEBI has an inhibitory

effect on fine dust induced iNOS and COX2 production from CMT-93 cells.
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Figure 3-6. Effect of HEBI against fine dust (FD)-induced iNOS and COX2 expression
in CMT-93 cells. The protein expression levels (a, b) and mRNA expression levels (c, d)
of iNOS and COX2. Western blots and RT-qPCR used evaluate proteins and gene
expression levels, respectively. Control was obtained in the absence of FD and HEBI.
The values shown are the means + SEs of three independent experiments; *p < 0.05, **p

< 0.01 vs. the FD treated group; #p < 0.05, #p < 0.01 vs. the un-stimulated group.
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3.3.6 inhibitory effect of HEBI against fine dust induced TLR activations in CMT-93
cells (RT-qPCR).

Organisms rely on the innate immune system to recognize pathogen-associated molecular
patterns. Pathogen-associated molecular patterns are conserved molecular constructs on
pathogens. This recognition of pathogens is accomplished by pattern recognition
receptors on cells. Different types of pattern recognition receptors lead to the activation
of different intracellular molecular pathways such as TLRs. TLRs are highly conserved
among animals, from D. melanogaster (common fruit fly) to humans. TLRs are group of
glycoproteins with extracellular or luminal ligand binding domains with leucine-rich
repeat motifs and a cytoplasmic signaling Toll/interleukin-1 receptor homology domain.
Upon pathogen-associated molecular patterns recognition, TLRs undergo receptor
oligomerization to initiate intracellular signal transduction. Cells such as macrophages,
dendritic cells, B lymphocytes, and glia express TLRs on their cell surface or
intracellularly within endosomal compartments. Up to now, 11 TLRs are described in
humans and 12 in mice (Lin et al. 2012; Zielinski and Krueger 2012). TLRs are classified
by what they recognize and are summarized in table 3-6. In the present study, author
evaluated activation levels of 9 TLRs in fine dust stimulated CMT-93 cells and
suppressive properties of HEBI against fine dust induced TLRs activation. According to
the results, fine dust up-regulated the expression of TLR-2, TLR-3, TLR-4, TLR-7, TLR-
8, and TLR-9 (fig 3.7). This results suggesting, fine dust contains not only heavy metals,
but also microbial contaminates. However, the activation of TLRs activates their down-
stream signal proteins associated with the inflammation including NF-kxB and MAPKSs
(fig. 3-8) through myeloid differentiation factor (MyD88) activation. Therefore, as next
study author evaluated the down-stream protein expression levels related to the NF-«xB

and MAPKs using western blots.
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Table 3-5. Toll like receptors and their stimulators

Receptor Stimulator Source
TLR-1 Triacyl lipopeptides Bacteria
Lipoproteins Multiple pathogens
Peptidoglycan (PGN), porins Bacteria
TLR-2 Zymosan, beta-Glycan Fungi
GPI-mucin Protozoa
Envelope glycoproteins Viruses
Double-stranded RNA Viruses
TLR-3 Synthetic analog of ds-
Poly (I:C)
RNA
LPS Bacteria
TLR-4 Glycoinositolphospholipids Protozoa
Envelope glycoproteins Viruses
TLR-5 Flagellin Bacteria
Diacyl lipopeptides and lipoteichoic acid
TLR-6 Y2 HPOPEp P Bacteria
(LTA)
TLR-7 Single-stranded RNA Viruses
TLR-8 Single-stranded RNA Viruses
Bacteria, protozoa, and
TLR-9 Unmethylated CpG DNA _
viruses
TLR-10  Unknown Unknown

Sources: (R&DSystems 2018) and (Zielinski and Krueger 2012)
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Figure 3-7. Effect of HEBI against mRNA expression of fine dust (FD)-induced toll like
receptors (TLR) (1-9; a-h) in CMT-93 cells. After FD exposure for 6 h, total RNA was
extracted from CMT-93 cells and RT-qPCR was performed for the TLR genes using
TagMan reagents. The results were analyzed by the Delta-Ct method and expression of
target genes was normalized to GAPDH expression. Control was obtained in the absence
of FD and HEBI. The values shown are the means = SEs of three independent
experiments; *p < 0.05, **p < 0.01 vs. the FD treated group; #p < 0.05, ##p < 0.01 vs. the

un-stimulated group.
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3.3.7. Effect of HEBI against MyD88 protein expression in fine dust exposed CMT-93
cells

MyDS88 is involved in transmitting a variety of activation signals through different
receptors. Activation of TLRs through the pattern recognition receptors induces down-
stream signaling via two individual signal transduction pathways; MyD88 dependent and
toll-interleukin 1 receptor (TIR) domain-containing adapter inducing interferon-§
(TRIF)-dependent pathway for the induction of pro-inflammatory cytokines and IFN-
stimulated genes. Generally, MyD88 is used by number of TLRs (TLR-2, TLR-5, TLR-
7, TLR-8, and TLR-9) to activate their down-stream signal cascades. TRIF is used by
TLR-3. In addition, MyD88 and TRIF-dependent pathways associate with the TLR-4
(Ahmed et al. 2013; Takeda and Akira 2005). Accumulating scientific evidence suggests
the consequence of TLRs and their ligands in pathological conditions specifically in auto-
immune complications and inflammation (Kim et al. 2018). Thus, inhibition of MyD88
provides strong support to inhibit signal transduction from TLRs to NF-xB and MAPKs.
Therefore, author attempted to evaluate the activation levels of MyD88 in fine dust
induced CMT-93 cells with or without HEBI treatment (fig. 3.9). With the exposure of
fine dust, levels of MyD88 proteins increased compared to the control. However, the
treatment of HEBI significantly down-regulated the fine dust induced MyD88 production
from CMT-93 cells. Specifically, 62.5 and 125 pg/ml concentrations of HEBI reduced

the levels MyD88 expressions than the un-treated control.

149



a
FD (250 pg/ml) - + + + +

HEBT{iip/) 0 0 313 62.5 125

MyDss ammesn D TR e
pacin —_— D e T

b MyD88
1.25 #
g8
££
58
s 8 0.75 *k
e
o6 ©
2w g
S2 050
[+~
3
T 025
0.00 | j b 2 1
HEBI 0 0 313 62.5 125 (ng/mb
FD (250 pg/ml)

Figure 3-9. Effects of HEBI on the fine dust (FD)-induced expression of MyD88 in CMT-
93 cells (a). Density ratios of MyD88 versus B-actin (b) were measured using
densitometry. The values shown are the means + SEs of three independent experiments.

*p < 0.05, **p < 0.01 vs. the fine dust treated group and #p < 0.05 vs. the un-stimulated

group.
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3.3.8. Effect of HEBI against fine dust induced NF-kB protein expression in CMT-93
cells

NF-kB is an evolutionarily conserved transcription factor which provides a means to
achieve inducible, regulated, and specific immune responses to host. The NF-xB
transcription factor was identified three decades ago by David Baltimore and Ranjan Sen;
and has since emerged as the master regulator of inflammation and immune homeostasis
(Hayden and Ghosh 2008; Zhang et al. 2017). A number of anti-inflammatory and pro-
inflammatory factors are depending on the phosphorylation levels of NF-kB transcription
factor. Specifically, studies have evidenced the NF-kB play critical role in inflammatory
diseases like rheumatoid arthritis, inflammatory bowel disease, cancer, and
atherosclerosis (Mitchell and Carmody 2018; Zhang et al. 2017).

The inhibitor of NF-kB (IxB) family proteins basically controls the activation and
translocation of NF-kB. Under the normal conditions, NF-kB dimers are sequestered in
the cytoplasm in an inactive state by members of the IkB family of proteins (IxBa, IxBp,
and IkBe). In general, IkBa binds to NF-kB dimers in the cytoplasm, and block the
nuclear localization signals of NF-kB transcription factors. However, transmittance of
inflammatory signals through TLRs to cytoplasm, the kB phosphorylated by the IxB
kinase (IKK) complex which triggers lysine48 (K48)- linked polyubiquitination of IkBa
leading to proteasomal degradation of IkB. Breakdown of IxBa, P50, and P65 freeing the
NF-kB dimers which facilitate the translocation of P50, and P65 into the nucleus where
they can bind to specific sites in DNA to regulate gene transcription (Mitchell and
Carmody 2018; Tam et al. 2000). Taken together, as next study author evaluated the IkBa,
P50, and P65 phosphorylation levels of CMT-93 cells following fine dust stimulation
using western blot analysis. Upon the exposure of fine dust CMT-93 cells had significant

amounts of plkBa, pP50, and pP65 in the cytosol (fig 3.10). However, the treatment of
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HEBI inhibited the IKB-a phosphorylation as well as the phosphorylation of p5S0 and p65.
This results, confirms the fine dust can induce the activation of NF-kB via IkBa
degradation as well as HEBI act against fine dust induced NF-«B activation through

blocking IxBa degradation.

In addition to the cytosolic NF-kB phosphorylation it is also important to
translocate them in to the nucleus. The translocation of NF-kB proteins required to
activate transcription of target genes related to inflammatory responses (Capece et al.
2018). Therefore, as next study authors evaluated the p50 and p65 levels in the fine dust
exposed CMT-93 nucleus protein extracts (fig. 3.11). Similar to the cytosolic NF-kB
expressions, the levels of p50 and p65 levels in the nucleus extracts were decreased upon

the HEBI treatment.
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Figure 3-10. Effects of HEBI on the fine dust (FD)-induced expression of cytosolic NF-
kB activation in CMT-93 cells (a). Density ratios of each protein was measured using
densitometry (b). The values shown are the means + SD of three independent experiments.

*p <0.05, **p <0.01.
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3.3.9. Effect of HEBI against fine dust induced MAPK expression in CMT-93 cells

Cell signaling is a well-balanced communication to interact with the neighboring cells
and extracellular environment. Cells usually contains glycoproteins or glycolipid
receptors on the plasma membrane through which cells react to changes in their celliular
environment. When a complementary ligand (signaling molecule) binds to the receptor,
it initiates a chain of events within the cell. This process can define as signal transduction,
ultimately resulting into a response (Kumar et al. 2018). Down-stream activation of TLRs
also transmit signals through the kinase cascades. A number of kinases involved into
inflammation related signal transduction and are well documented, among them mitogen
activated protein kinases (MAPKs) play important role during inflammatory responses
(Chistyakov et al. 2018). The MAPKS such as c-jun n-terminal kinases (JNK), p38, and
extracellular signal-regulated kinases 1/2 (ERK 1/2) are triggers the activation of
transcription factors including protein families of NF-kB, AP-1, IRF. Activation of
aforementioned transcription factors allows them to bind to specific DNA sequences and
start the expression of inflammatory genes (Akanda and Park 2017; Chistyakov et al.
2018; Sheng et al. 2011). Taken together, inhibition of MAPKs has important role during
the chronic inflammatory responses. Thus, as a next study author evaluated the MAPKs
phosphorylation levels in fine dust exposed CMT-93 cells using western blot analysis
(fig. 3-12). Fine dust induced phosphorylation of MAPKSs family protein ERK 1/2, INK,
and p38 level which was notably attenuated by HEBI pretreatment as related with fine

dust. Specifically, the inhibition of JNK comparatively stronger than the ERK1/2 and p38.
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Figure 3-12. Effects of HEBI on the phosphorylation of MAPKs (pERK1/2, pJNK, and
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3.3.10 HEBI up-regulates anti-oxidant proteins expression in fine dust exposed CMT-
93 cells

Oxidative stress is induced by many factors such as ionizing radiation, xenobiotics, drugs,
and heavy metals. Development of oxidative stress in cellular environments leads to the
generation of electrophiles and reactive oxygen species inside the cells. The uncontrolled
production of ROS and electrophiles can cause negative effects on cell survival, cell
growth and the development (Breimer 1990). Specifically, uncontrolled ROS production
in cellular environments can cause diseases such as cardiovascular complications, cancer
cell development, chronic inflammatory conditions, and neurodegenerative diseases.
Thus, it is clear that cells should constantly labor to control the levels of ROS, to avoid

oxidative stress related complications (Kaspar et al. 2009).

Previously, a number of studies reported the exposure of fine dust cause to induce
oxidative stress in the fine dust exposed cells. Specifically, the metal groups in fine dust
cause to induce ROS production from metal particles exposed cells (Singh et al. 2007;
Valko et al. 2005). Other than the metal groups, micro-organisms and other in-organic
matters less than 2.5 uM diameter can easily move to the inside organs and can damage
to them through oxidative stress (Meng and Zhang 2006). Meng and Zhang 2006 reported,
fine dust (collected from china and dust storms) inhaled mouse had significant levels of
oxidative damage in lungs, hearts, and livers. Similarly, during this study author also
noted the exposure of fine dust to CMT-93 cells cause significant levels of cell viability
reduction (fig. 3-3). This cell death might associate with the fine dust induced oxidative
stress in the CMT-93 cells. Therefore, author evaluated the ROS and SOD production
levels of fine dust exposed CMT-93 cells upon HEBI treatment. Similar to the previously
reported studies, fine dust exposed CMT-93 cells had considerable amounts of ROS and

low level of SOD compared to the control group (fig. 3-13). However, the treatment of
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HEBI decreased the ROS levels observed in the only fine dust treated group (fig. 3-13a).
Other than that HEBI also up-regulated the SOD levels in culture supernatants compared
to the control and fine dust exposed groups (fig. 3-13b). Specifically, the fine dust
exposed group had low levels of SOD in the culture supernatants even low than the
control group. This might be associated with the cytotoxicity of fine dust in CMT-93 cells.
However, as mentioned before, the treatment of HEBI, before fine dust induction
significantly restored the reduced SOD levels in fine dust exposed group.

In addition to the antioxidant enzymes, the levels of antioxidant proteins in fine
dust stimulated CMT-93 cells were evaluated using western blots (fig. 3-13¢). Catalase
and Cu/Zn-SOD expression levels in the cytosol measured as those proteins helped to
reduce oxidative stress in cytosol via scavenging ROS produced during the pathological
and metabolic events (Liu et al. 2017). According to the results, the treatment of HEBI
prior to the fine dust stimulation increased the Catalase and Cu/Zn-SOD levels in cytosol
suppressed by the fine dust (fig. 3-13d). The up-regulated expression of this antioxidant
proteins useful to reduce the oxidative stress in fine dust exposed CMT-93 cells and

ultimately protects cells from apoptosis and chronic inflammation.
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Figure 3-13. Effect of HEBI against fine dust (FD)-induced ROS production (a), and
SOD suppression (b) in CMT-93 cells. The relative protein levels of catalase and Cu/Zn-
SOD in FD induced CMT-93 cells with or without HEBI (¢). The values shown are the
means = SEs of three independent experiments; *p < 0.05, **p < 0.01 vs. the FD treated

group; #p < 0.05, ##p < 0.01 vs. the un-stimulated group.
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3.3.11 HEBI upregulates anti-oxidant gene expressions in fine dust exposed CMT-93
cells
To scavenge ROS from cells, requires activation of inter-celliular anti-oxidant
mechanisms. Inside the cytosol, there are group of cellular sensors, which are activate
under the oxidative stress conditions. Among those Nrf2:INrf2 (Kelch-like ECH-
associating protein 1; Keapl) is a well-characterized cellular sensor which activate upon
chemical-induced and radiation-induced oxidative stress conditions (Gong et al. 2018).

A cytosolic inhibitor Keapl, of Nrf2 existing as a dimer, retains Nrf2 in the
cytoplasm. The Keapl work as an adapter for the cullin 3/ring box 1 (Cul3/Rbx1) E3
ubiquitin ligase complex. Cul3 serves as a scaffold protein that forms the E3 ligase
complex with Rbx1 and recruits a cognate E2 enzyme. Keapl, via its N-terminal
BTB/POZ domain, binds to Cul3 and, via its C-terminal Kelch domain, binds to the
substrate Nrf2 (Kobayashi and Yamamoto 2006). This binding degrades and
ubiquitination of Nrf2 through the 26S proteasome (Nguyen et al. 2003). Under normal
cellular conditions, the cytosolic Keap1/Cul3/Rbx1 complex is regularly degrade Nrf2.
During the oxidative stress conditions Nrf2 dissociates from Keapl, stabilizes, and then
move into the nucleus, leading to activation of antioxidant gene expression from the
nucleus (Copple et al. 2008). Therefore, author attempted to compare the Keapl, Nrf2
levels in cytosol as well as Nrf2 levels in the nucleus to evaluate possible mechanisms
associated with the antioxidant mechanisms of HEBI in fine dust exposed CMT-93 cells.
In addition, using RT-qPCR gene expression levels of Nrf2 and HO-1 evaluated to
confirm the western blot results.

According to the results, treatment of HEBI cause to up-regulate HO-1 levels in
cytosol (fig. 3.14a). Moreover, HEBI also decreased the cytosolic Keapl and Nrf2 levels

compared to the control group. This results suggesting, the treatment of HEBI has a
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potential to trigger breakdown of cytosolic Nrf2/Keapl complex. The reduction of
cytosolic Keapl is a strong evidence for mobilization of Nrf2 to the nucleus. According
to the previous studies, dislocation of Nrf2/Keapl complex induce by several protein
kinases, including p38, JNK, and ERK (Yu et al. 1999). However, the treatment of HEBI,
cause to inhibit the phosphorylation of MAPKSs (fig. 3-12). Therefore, the breakdown of
Nrf2/Keapl complex observed with HEBI treatment might following a different signal
transduction pathway. Other than the MAPKs, the activation of Nrf2 also mediated by
phosphoinositol-3-kinase (PI3K), and protein kinase C (PKC) (Kang et al. 2002).
According to Kang et al. (2002), under oxidative stress Nrf2 translocation mediated by
the PI3K signal transduction pathway facilitate the breakdown of Keap1/Nrf2 complex
through rearrangement of actin microfilaments. According to them, in response to
oxidative stress and de-polymerization of actin causes a complex of Nrf2 bound with
actin to translocate into nucleus. However, further studies require to explore exact
mechanism response to Nrf2 translocation after treatment of HEBI in CMT-93.

Levels of Nrf2 and HO-1 in the nucleus also evaluated using western blots (fig.
3-15a). According the results, the levels of both tested proteins were dose-dependently
increased in response to HEBI treatment in fine dust exposed CMT-93 cells (fig 3-15b).
Other than the protein expression, the gene expression levels of Nrf2 and HO-1 confirmed
using RT-qPCR. According to the results, the gene expression level of both HO-1 (fig.
3-15¢c) and Nrf2 (fig. 3-15d) dose-dependently increased with HEBI treatment. These
results suggesting that HEBI act as a dual agent in fine dust stressed CMT-93 cells as

anti-inflammatory compound as well as anti-oxidant compound.
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3.4. Conclusions

Fine dust is a one of the major risk factor in the airway inflammatory diseases. However,
there is a possibility to move fine dust through the digestive tract and accumulate.
According to the heavy metal analysis results fine dust contains a large amount of Pb and
As. Besides the heavy metals, fine dust composed with micro-organism particles.
Therefore, effect of fine-dust in digestive system cannot easily neglect. Taken together
in the present study, author attempted to evaluate the effect of fine dust in digestive
system using CMT-93 cells as a model cell. According to the results, fine dust-induced
the inflammation in CMT-93 cells via activating TLR/MyD88 dependent and
independent signal cascades. At the 250 pg/ml, fine dust suppresses the production of
antioxidant enzymes (HO-1, SOD, and catalase) and anti-inflammatory cytokines (IL-4).
In addition, fine dust-induced the gene expression levels of TLR 2, 3, 4, 7, 8, and 9. The
activation of aforementioned TLRs are capable to activate NF-kB and MAPKs through
its downstream signal transduction mechanisms.

However, the treatment of HEBI to fine-dust exposed CMT-93 cells reduced the
inflammatory responses and oxidative stress induced by fine dust. Specifically, HEBI
inhibit the MyD88 protein as well as NF-kB and MAPKs. In addition, HEBI also reduced
the pro-inflammatory cytokines up-regulated by fine dust. Taken together, HEBI has the
potential to developed as a functional food that can effectively reduce inflammation and

oxidative stress in digestive tract caused by fine dust.
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Part- 4

3-Hydroxy-5,6-epoxy-f-ionone isolated from Sargassum horneri
inhibits fine dust-induced oxidative stress and inflammation in

Zebrafish embryo (Danio rerio)
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Abstract

Background

The health complications associated with air pollution (pulmonary diseases,
cardiovascular diseases, and cancer), have been reported from indoor as well as outdoor
environments. The dust storms originated in the China and Mongolian desert areas passed
through the Korean peninsula and reduce the air quality in Korea. The particles less than
2.5 um easily go through the respiratory system and deposited in the lungs. Therefore,
exposure to the low concentrations of fine dust, might be ended up with serious health
issue. Therefore, preventive measures require to reduce health impacts associated with
dust to maintain health population. According to the recent studies, inflammation and
oxidative stress in lungs are two major risk factors of fine dust. In addition to the avoiding
direct exposure to fine dust, use of functional foods to avoid inflammation and oxidative
stress might be a possible long term approach to reduce fine dust related health
complications. However, direct use of in vitro results to develop functional materials are
limited due the artificial growth conditions of culture cells. Therefore, in vivo studies are
require to validate in vitro results. Thus in the present study zebrafish used as in vivo
research model to evaluate fine dust induced inflammatory responses and protective
effect of 3-Hydroxy-5,6-epoxy-pB-ionone (HEBI); a pure compound isolated from

Sargassum horneri brown seaweed.

Methodology
Zebrafish embryos were co-treated with different concentrations of HEBI (31.3 -125

pg/ml) for 1 h and then stimulated with 250 pg/ml fine dust. The anti-inflammatory
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properties of HEBI in fine dust exposed zebrafish embryos were evaluated using western

blot analysis and RT-qPCR.

Results

The fine dust exposed zebrafish embryos (250 pg/ml) had low survival rates, high level
of heart beat rates and up-regulated expression levels of iINOS, COX2, and pro-
inflammatory mRNA expression levels. However, the treatment of HEBI (31.3- 125
png/ml) significantly reduced the inflammatory responses in fine dust exposed zebrafish

embryos.

Conclusions

According to the results, HEBI is a potential candidate to develop drugs or functional

materials to reduce fine dust induced inflammation.
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4.1 Introduction

Dust storms, are natural phenomenon in some parts of the earth with dry land areas such
as deserts and semi-deserts. They are characteristic of great wind velocity, large amounts
of dust and sand, and a lead to deteriorate sky visibility (Middleton 2017). In China, the
areas affected by dust storms are geographically widespread and involve around 40,000
km?. The dust moves with storms contains substantial amounts of metal contaminants
such as Si02, Al,O3, and K>O (Feng et al. 2002). Other than China; Korea and Japan also
suffered from fine dust particles moved with heavy wind storms originated in Kazakhstan,
Mongolia, and China (Vellingiri et al. 2015). Interest towards the dust storms has been
gradually increase due to negative impacts on global environment as well as their
negative impact on the human health (Middleton 2017). Park et al. (2003), studied the
levels of crustal species and anthropogenic species in the Korean air during the dust
storms events. According to the authors, levels of crustal species (Al, Ca, Fe, Ti, and Zn),
as well as anthropogenic species (Pb) increased during the tested periods. In addition,
author found the levels of nitrate and non-sea salt (nss)-sulfate) increased when dust
storm occurs (Park 2003). Exposure to respirable air particles, defined to contain particles
with an aerodynamic diameter less than 10 microns, poses a considerable threat to healthy
life. According to the previous epidemiological studies, long term exposure of fine dust
particles have shown statistically significant associations between increased mortality,
malfunctions of lungs and other respiratory symptoms (Pozzi et al. 2003).

In general, particles between 2.5 to 10 pm are usually filtered by the nose or
coughed out of the throat and upper lungs. However, some individuals might effect from
fine dust particle in between 2.5 to 10 um who already suffered from breathing problems
or aggravate pre-existing breathing problems (asthma). Fine dust with 2.5 pm diameter

or less particles passes easily into the deepest regions of the lungs such as alveoli.
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According to the previous studies, fine dust induces pulmonary inflammation, airway
hyper-reactivity, impairment of alveolar macrophage, damages in epithelial cells (Meng
and Zhang 2006). To avoid the consequence of direct effect as well as side effects
associated with fine dust exposure requires immediate attention. Specifically, chronic
inflammation is a one known issue associated with fine dust exposure (Hou et al. 2018).
Therefore, inhibition of up-regulated inflammatory responses through a functional
material might be a good approach to reduce complications associated with long term
chronic inflammatory responses.

Sargassum horneri is a sub-tidal brown seaweed species, which belongs to the
order Fucales (Genus: Sargassum; Family: Sargassaceae; Order: Fucales; and Class:
Phaeophyceae) (Xu et al. 2018). This brown seaweed grows on rocky coasts in the
temperate zones and forming underwater forest during the spring and in the summer
density of this biomass might get reduced. S. horneri is widely distributed along the
coasts of the east Asia regions from China to Russia through the Korean Peninsula and
Japan except shores of Taiwan and Ryukyu Archipelago (Komatsu et al. 2014). S. horneri
is a popular as edible seaweed in East Asian countries. Specifically, S. horneri use as an
ingredient to prepare medicines, side dishes, and soups. Among the popular food recipes
“Akamoku” is a popular dish prepare from S. horneri in Japan (Terasaki et al. 2017).

Other than the traditional applications, recently a number of studies reported the
crude and pure compounds isolated from this brown seaweed has a potential to developed
functional materials (Sanjeewa et al. 2017; Terasaki et al. 2017). According to the
previous studies, compounds isolated from S. horneri found to possess strong antioxidant
and anti-inflammatory properties under in vitro conditions (Cuong et al. 2015; Fernando
et al. 2018; Sanjeewa et al. 2018). However, use of in vitro results for the development

of functional materials have limited possibility as the culture cells were maintained in
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artificial conditions. therefore, to validate in vitro results it is compulsory to use in vivo
research models. Recently, zebrafish (Danio rerio) has been recognized as a promising
in vivo model to use in research areas such as cancer, stem cell research and immunology
and infectious diseases research due to its morphological and physiological similarity to
the mammals, transparency, easy to handle, and less maintenance cost (Lam et al. 2004;
Novoa et al. 2009; Zon and Peterson 2005). Other than that, the optical transparency of
zebrafish embryos allows for non-destructive and live imaging of the inflammatory
responses developed in embryos (Kim et al. 2018). Due to these specific morphological
and physiological features of zebrafish models provide great opportunities to accelerate
the process of drug discovery including target identification, disease modelling, lead
discovery and toxicology (Lam et al. 2004; Novoa et al. 2009; Zon and Peterson 2005).
Taken together, In the present study, author attempted to investigate the effects of fine
dust collected from Beijing city center, China, using zebrafish embryo. The objective of
this study was to evaluate the effect of fine dust induced inflammation and oxidative

stress in zebrafish embryo.
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4.2. Materials and methods

4.2.1. Sample collection and purification

First S. horneri was extracted with 80% methanol in room temperature and then
fractionated into hexane, chloroform, and ethyl acetate. Then the chloroform fraction was
further purified using HPCPC. The identification and confirmation of structure was
similar to the method describes in the part 1. The structure of 3-Hydroxy-5,6-epoxy-f3-
ionone (HEBI) illustrated in figure 2-1. The isolated compound has several names in
national center for biotechnology information support center (NCBI) data base and also
known as 3-Buten-2-one, 4-(4-hydroxy-2,2,6-trimethyl-7-oxabicyclo[4.1.0]hept-1-yl)-.
The, PubChem CID of the HEBI is 5371267. Additional details of the HEBI is available
in the following link.

(https://pubchem.ncbi.nlm.nih.gov/compound/5371267#section=Top)

180



HO

Figure 4-1. The molecular structure of 3-Hydroxy-5,6-epoxy-p-ionone isolated from
Sargassum horneri. (MW: 224.2), PubChem CID: 5371267, Abbreviation: HEBI

https://pubchem.ncbi.nlm.nih.gov/compound/5371267#section=Top
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4.2.2. Chemicals and regents

CRM certified fine dust reference material (CRM No. 28 Urban Aerosols) was purchased
from the center for environmental measurement and analysis, national institute for
environmental studies, Ibaraki, Japan. NE-PER® nuclear and cytoplasmic extraction kit,
and DAF-FM Diacetate (4-Amino-5-Methylamino-2',7'-Difluorofluorescein Diacetate)
were purchased from Thermo scientific, Rockford, USA. Tri-Reagent™ for RNA
extraction, DCFDA (2',7"-Dichlorofluorescin diacetate), chloroform, isopropanol,
ethanol, 2-phenoxy ethanol, and acridine Orange purchased from Sigma-Aldrich Co (St.
Louis, MO, USA). SYBR Green prime and prime Script™ first-strand cDNA synthesis
kit were purchased from TaKaRa, Japan. All primers used in this study for RT-qPCR was
purchased from Bioneer, Seoul, Korea. Polyvinylidene fluoride membranes (PVDF) were
purchased from Millipore, Billerica, MA, USA. Rabbit primary and secondary antibodies
were purchased from Cell Signaling, Danvers, MA. PCR grade organic solvents
including chloroform, isopropanol, and ethanol were purchased from Sigma Aldrich,

USA.

4.2.3. Estimation of fine dust particle size by scanning electron microscopy

A Q150R rotary-pumped sputter coater (Quorum Technologies, Lewes, UK) was used
for the fine dust specimen sputter-coating procedure with platinum. Field-emission
scanning electron microscope (Model: JSM-6700F) (JEOL, Tokyo, Japan), the surface
morphology of Certified reference material (CRM) No. 28 particles was observed. The

instrument was operated at 10.00 kV.
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4.2.4. In vivo zebrafish experiments

4.2.4.1. Origin and maintenance of parental zebrafish

Adult zebrafish were purchased from a commercial dealer (Seoul aquarium, Seoul, Korea)
and were kept in a 3 | acrylic tank with modified environmental conditions as follows;

28.5 °C temperature, 14:10 h light: dark cycle and adult zebrafish were fed twice a day

(Tetra GmgH D-49304 Melle, Germany). Embryos were obtained by interbreeding two

males and one female. In the morning (8. 30 a.m.), embryos were obtained from natural

spawning and collection of the embryos were completed within 30 min (before 9.00 a.m.)

in to petri dishes (containing embryo media).

4.2.4.2. Measurement of the toxicity of fine dust and HEBI on zebrafish embryo

Toxicity of HEBI on zebrafish embryos was determined by means of survival rate and
the heartbeat rate of the zebrafish embryos (Wijesinghe et al. 2014). Briefly, zebrafish
embryos (n = 15) at 3 - 4 h post-fertilization (hpf) were randomly transferred to 12-well
plates containing 1.8 ml embryo media. Then 100 pl of different concentration of HEBI,
fine dust or their combinations were mixed with the embryo medium. The survival rate

of zebrafish embryos of each group determined until 5-day post-fertilization (5dpf).

Viable embryos in the tested group

Survival rate (%) = ( )xlOO

Number of embryo used at the begining

4.2.4.3. Measurement of heart-beating rate of zebrafish
The heartbeat rate of both atrium and ventricle of the sample or fine dust-stimulated
zebrafish embryo was recorded at 2 dpf for 1 min under the microscope. The results were

presented as the percentage of the heart-beating rate per 60 seconds.
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Avg value of each individual in the group

Heart beating rate (%) = ( )xlOO

Avg value of control group

4.2.4.4. The toxicity of HEBI on zebrafish embryo by means of the cell death

Acridine orange staining used to detect cell death rates in HEBI treated zebrafish embryo.
At 3 dpf, a zebrafish embryos were transferred to 24 well plate and incubated 30 min with
acridine orange solution (7 pg/ml) in the dark room at 28.5 + 1 °C. After 30 min acridine
orange removed from 24 well-plate and washed twice with embryo medium. Then
zebrafish larvae were anaesthetized by 2-phenoxy ethanol (1/500 dilution) and observed
under the microscope equipped with CoolSNAP-Pro color digital camera (Olympus,
Japan). Individual zebrafish larvae fluorescence intensity was quantified using an image

J program.

4.2.4.5. Estimation of fine dust induced ROS generation

At the 3 dpf, zebrafish larvae were transferred to 24-well plate, treated with DCF-DA
solution (20 pg/mL) and incubated for 1 h in the dark room at 28.5 + 1 °C. Then the
zebrafish larvae were washed twice with fresh embryo media. Finally, zebrafish larvae
were anaesthetized by 2-phenoxy ethanol (1/500) and observed under the microscope
equipped with CoolSNAP-Pro color digital camera (Olympus, Japan). Individual

zebrafish larvae fluorescence intensity was quantified using an image J program.

4.2.4.6. Measurement of in vivo NO production
NO production of fine dust induced zebrafish model was analyzed using a fluorescent

probe dye, diaminofluorophore 4-amino-5-methylamino-2',7'-difluorofluorescein
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diacetate (DAF-FM DA). At the 3 dpf, zebrafish larvae were transferred to 24-well plates
and incubated with DAF-DM-DA solution (5 uM) for 90 min in the dark room at 28.5 +
1 °C. After, incubation, the zebrafish larvae were rinsed in fresh embryo medium and
anaesthetized by 2-phenoxy ethanol (1/500 dilution sigma) and observed under the
microscope equipped with CoolSNAP-Pro color digital camera (Olympus, Japan).
Individual zebrafish larvae fluorescence intensity was quantified using an image J

program.

4.2.5. Western blot analysis

The embryos, were lysed with commercial protein extraction kit by following vendor’s
instruction. 20 pg of proteins were fractionated on 12% SDS-PAGE gels, and transferred
to PVDF membranes. Non-specific binding was blocked by incubation of the blots for 3
h at room temperature with 5% non-fat dry milk (Bio-Rad, Hercules, CA) in TBST buffer.
Blots were incubated overnight at 4 °C with anti COX2, iNOS, (1:1000). After 3 washes
in TBS-T buffer (10 min in each wash and total 30 min), blots were incubated with anti-
rabbit HRP-conjugated secondary antibody (1: 3000) for 90 min using orbital shaker at
room temperature. Fluorescence images were taken using a FUSION SOLO Vilber
Lourmat system (Paris, France). The expression levels of each protein was normalized
by analysing the level of B-actin protein expression levels by using Image] (V 1.4)

program.

4.2.6 RNA extraction, cDNA synthesis and RT- gPCR analysis
Three days after post fertilization, total RNAs of zebrafish embryo were extracted with
Tri-Reagent™ for mRNA analysis. Embryos were homogenized with 500 pl of Tri-

Reagent™ incubated for 1 h on ice with continuous shaking. After adding 500 pl
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chloroform gently shake to mix two layers and the suspension was centrifuged at 15,000
g for 15 min. Isopropanol precipitation was performed by centrifuging at 4 °C with
12,000 x g for 10 min. Resulting RNA pellet was washed in 70% EtOH and dried the
RNA pellet at room temperature. First strand cDNA was synthesized using commercial
cDNA synthesis kit according to the manufactures instructions. The synthesized cDNA
diluted in PCR grade water (20 x) and stored in -80 °C. Working PCR mixture was
composed of diluted cDNA (3 ul), forward and reverse primers (0.4 ul), 2x SYBR green
master mix (5 pl) and of PCR grade water (1.2 pl) in a total volume of 10 ul. PCR was
performed in a thermal cycler dice-real time system (TaKaRa, Japan) with the default
thermo-cycle condition. The relative expression levels were analyzed according to the
method [(222T) method] describe by Livak and Schmittgen (2001) (Livak and
Schmittgen 2001). The base line was automatically set by Dice™ real time system
software (version 2.00) to keep reliability. The primers used in this study were mentioned
in the table 4.1. The data are presented as the mean =+ standard error (SE) of the relative
mRNA expression from three consecutive experiments. The primers used in this study
were shown in Table 4-1. The two-tailed unpaired Students t-test was used to determine

statistical significance (* = p <0.05 and ** =p <0.01).
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Table 4-1. Sequence of the primers used to evaluate RNA expression levels in zebrafish

embryo
Gene Primer Sequence 5°— 3’
Sense AGAGCTATGAGCTGCCTGACG
B-actin
Antisense CCGCAAGATTCCATACCCA
Sense CGTGTTTACCATGAGGCTGA
iNOS
Antisense CGCTTCAGGTTCCTGATCCAA
Sense CAAGGGTGCGGGTGTAAT
CcOoXx2
Antisense GAACTCGCTTTGTCTCCA
L1 Sense ATGGCAGAAGTACCTAAGCTC
Antisense TTAGGAAGACACAAATTGCATGGTGAACTCAGT
L6 Sense GAGGATACCACTCCCAACAGACC
Antisense AAGTGCATCATCGTTGTTCATACA
Sense TGACTGAGGAACAAGTGCTTATGAG
TNF-a

Antisense

GCAGCGCCGAGGTAAATAGTG
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4.2.7 Statistical analysis

The data are presented as means + standard error (SE). Statistical comparisons of the
mean values were performed by analysis of variance (ANOVA), followed by a Duncan’s
multiple range test using SPSS software. A p-value < 0.05 and 0.01 were considered to

be statistically significant.
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4.3. Results and discussion

4.3.1. Composition of fine dust and size distribution analysis of fine dust

Before begins the studies with fine dust, first author measured the particle size
distribution of fine dust particles (fig. 4-1) using electron microscope. According to the
seller’s information (fig. 4-1a) and image analysis results (fig. 4-1b) majority of particles
were distributed in between the 0 - 3 um diameter (around 50%). In addition to the
particle size distribution, metals and other hazards elements levels (Table 4.2) as well as
mass fractions levels (Table 4.3) in fine dust mixtures were obtained from the sellers web
site (https://www.nies.go.jp/labo/crm-e/aerosol.html). According to the metal analysis
results, fine dust contained heavy metals including Pb (403 + 32 mg/kg) Ba (874 + 65
mg/kg). It has been reported, continuous exposure to heavy metals (Cr, Ni, Pb, Cd, and
Cu) containing fine dust increase the risk of respiratory disease conditions such as chronic
obstructive pulmonary disease, and asthma (Gautam et al. 2005). Therefore, inhalation
of fine dust has a potential to induce inflammation and oxidative stress internal organs.
Thus, preventive health measures require to avoid negative health effects associate with

fine dust exposure.
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Figure 4-2. Particle size distribution (a) and scanning electron microscope image (b) of
fine dust particles. The particle size distribution graph was obtained from the national
institute for environmental studies, Ibaraki, Japan (certified reference material no. 28).
Scale bar represent 10 um lengthy.

Source for bar chart - https://www.nies.go.jp/labo/crm-e/aerosol.html
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Table 4-2. Certified elements values of NIES CRM No. 28 Urban Aerosols

Element Unit Mass fraction Analytical method
Na % 0.796 =+ 0.065 AAS, ICP-AES, INAA, XRF
Mg % 1.4 + 0.06 ICP-AES, ICP-MS, XRF
Al % 5.04 + 0.1 ICP-AES, ICP-MS, INAA, XRF
K % 1.37 + 0.06 AAS, ICP-AES, XRF
Ca % 6.69 + 0.24 ICP-AES, ICP-MS, INAA, XRF
Ti % 0.292  + 0.033 ICP-AES, ICP-MS, INAA, PIXE, XRF
Fe % 2.92 + 0.17 ICP-AES, ICP-MS, INAA, XRF
Zn % 0.114 = 0.01 ICP-AES, ICP-MS, INAA, PIXE, XRF
A% mg/kg  73.2 + 7 ICP-AES, ICP-MS, INAA
Mn mg/kg 686 + 42 ICP-AES, ICP-MS, INAA, PIXE, XRF
Ni mg/kg  63.8 + 3.4 AAS, ICP-AES, ICP-MS
Cu mg/kg 104 + 12 ICP-AES, ICP-MS, PIXE, XRF
As mg/kg  90.2 + 10.7 HG-AAS, HG-ICP-AES, ICP-AES, ICP-
MS, INAA, XRF
Sr mg/kg 469 + 16 ICP-AES, ICP-MS, XRF
Cd mg/kg 5.6 + 043 ICP-AES, ICP-MS
Ba mg/kg 874 + 65 ICP-AES, ICP-MS, INAA
Pb mg/kg 403 + 32 ICP-AES, ICP-MS, XRF
U mg/kg  4.33 + 0.26 ICP-MS, INAA

AAS: atomic absorption spectroscopy; HG-AAS: hydride generation - atomic absorption
spectroscopy; HG-ICP-AES: hydride generation-inductively coupled plasma-atomic
emission spectrometry; ICP-AES:
spectrometry; ICP-MS:
instrumental neutron activation analysis; PIXE: proton induced X-ray emission

XRF:

spectrometry;

X-ray

inductively coupled plasma-mass spectrometry;

inductively coupled plasma-atomic emission

INAA:

fluorescence spectroscopy. Source

https://www.nies.go.jp/labo/crm-e/aerosol.html
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Table 4-3. Mass fraction of PAHs in NIES CRM No. 28 Urban Aerosols

Component name Unit Mass fraction Analytical Method

Fluoranthene mg/kg 7 GC-MS, HPLC-FLU

Pyrene mg/kg 4 GC-MS, HPLC-FLU

Benz (a) anthracene mg/kg 2 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (b) fluoranthene mg/kg 11 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (k) fluoranthene mg/kg 2 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (a) pyrene mg/kg 0.9 GC-MS, HPLC-FLU, HR-GC-MS
Benzo (ghi) perylene mg/kg 2 GC-MS, HPLC-FLU, HR-GC-MS
Indeno (1,2,3-cd) pyrene mg/kg 3 GC-MS, HPLC-FLU, HR-GC-MS

GC-MS: gas chromatography-mass spectrometry

HPLC-FLU: high performance liquid chromatography-fluorescence detection

HR-GC-MS: high resolution gas chromatography-mass spectrometry

Source - https://www.nies.go.jp/labo/crm-e/aerosol.html
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4.3.2. Fine dust induced toxicity rates in zebrafish embryo

Direct use of in vitro results to develop functional materials has number of issues due to
their physiological and economic relevance under the in vivo situations (Choi et al. 2007).
The development of in vivo models using animals (mouse) or humans also have
limitations due to the limited amounts of pure compounds, high cost, laborious routine
work, ethical law enforcements for animal models (Choi et al. 2007). Therefore, cheap
and easy alternates are an urgent requirement for evaluate or validate in vitro results.
Among the candidate in vivo models zebrafish has been recently identified as an ideal in
vivo model due to the similar organ systems and gene sequences of zebrafish to humans
(Love et al. 2004; Zon and Peterson 2005). Taken together, in the present study author
used zebrafish as in vivo animal model to validate in vitro results obtained from HEBI
during the previous studies (part 1, 2, and 3).

First a range of fine dust concentrations were incubated with zebrafish embryos
(125-500 pg/ml) to determine the optimal concentration to stimulate zebrafish embryo
(fig4.3a). Additionally, embryos were separately incubated with different concentrations
of HEBI (15.6 — 500 pg/ml) to determine the non-toxic concentrations of HEBI to
evaluate its protective effect against fine dust-induced inflammation and oxidative stress.
A significant reduction in the survival rate following exposure to 500 pg/ml of fine dust
at 3 dpf was observed during the study. However, concentrations less than 250 pg/ml of
fine dust did not significantly cause zebrafish embryo death. Additionally, HEBI
concentrations between 31.3-125 pg/ml were not expressed any toxic effect on zebrafish
embryo (fig. 4.3b). Taken together, fine dust 250 pg/ml and HEBI 31.3 -125 pg/ml used
for the consequence studies to stimulate and evaluate the protective effect of HEBI

against fine dust stimulation.
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As next part of study, the survival rate of embryos after treatment with 250 pg/ml
fine dust stimulated and 31.3-125 pg/ml HEBI co-treated were measured (3 dpf). The
survival rate of fine dust treated group was significantly decreased (~73%) compared to
the control group. However, HEBI treated embryos reduced fine dust-induced death rates

in a dose-dependent manner (fig. 4.4a).
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Figure 4-3. Evaluation of fine dust (a) and HEBI (b) induced zebrafish embryo death

rates. Experiments were performed in triplicate, and the data are expressed as mean + SD,

*p <0.01 (n=15)
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4.3.3. Effects of HEBI on fine dust-exposed heart-beating rate of zebrafish model
The increased heart beating rates, tail bending, and small head size are used to determine
the toxicity and protective effects of compounds used in zebrafish embryo models (Choi
etal. 2007). Heart beating rates of zebrafish embryos were recorded to evaluate protective
effect of HEBI against fine dust induced toxicity in zebrafish embryo. According to the
results, fine dust treated zebrafish embryos had elevated heart beating rates compared to
the un-stimulated group (fig. 4-4b). However, the elevated heart beating rates observed
in fine dust exposed zebrafish embryos were dose-dependent decreased by HEBI (31.3 -
125 pg/ml).

Previously, a number of studies reported the exposure of zebrafish embryo to
bacterial lipopolysaccharides (LPS) and AAPH (reactive oxygen species) cause to trigger
inflammatory responses from zebrafish embryos such as elevated heat beating rates and
NO production. Specifically, Lee et al, (2013) and Kim at el. (2014) reported that the
LPS-exposed and AAPH-exposed zebrafish embryos had elevated levels of heart beating
rates and cell death rates (Kim et al. 2014; Lee et al. 2013). When consider about
composition of fine dust, which is a combination of micro-organisms, heavy metals, and
organic matters (known activators of oxidative stress and inflammatory responses). This
composition might be the reason to observe high levels of heart beating rates and low
survival rates in fine dust exposed zebrafish embryos. Therefore, it is clear that fine dust
cause to induce inflammation and mortality in zebrafish embryo as well as HEBI has the

potential to protect zebrafish embryo against fine dust induced toxicity.
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Figure 4-4. Protective effect of HEBI against fine dust induced toxicity (death rates) (a)
heart beating rates (b). Experiments were performed in triplicate, and the data are

expressed as mean = SD, *p <0.01 (n=15)
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4.3.4. Protective effect of HEBI against fine dust induced cell deaths in zebrafish
embryos

Acridine Orange is a cell-permeant nucleic acid binding dye which emits green
fluorescence when attached to dsDNA and red fluorescence when coupled with RNA or
ssDNA. This unique features makes acridine orange useful for cell-cycle studies.
Acridine orange has also been used as a lysosomal dye (Mozhenok et al. 1997; Russo et
al. 2009). Thus, acridine orange can used to determine the necrotic or apoptotic cells
(Kim et al. 2014). Therefore, in the present study author attempted to investigate the
protective effect of HEBI against fine dust induce cell death in zebrafish embryos.
According to the results, acridine orange intensity was significantly high in fine dust
exposed embryos (250 pg/ml) (fig. 4-5). However, the pre-incubation of HEBI dose-
dependently decreased the acridine orange intensity observed in the fine dust exposed

embryos.

4.3.5. protective effect of HEBI on fine dust —induced ROS production in zebrafish
embryo

DCF-DA is an oxidant-sensitive fluorescent probe which use to measure levels of ROS
in its surrounding environment. DCF-DA react with intercellular ROS and convert in to
DCF. In the dark DCF emits fluorescent and it can easily visualize (Handa et al. 2006).
Figure 4.6 shows the in vivo ROS production in fine dust exposed zebrafish embryos and
protective effect of HEBI against ROS generation in fine dust exposed zebrafish embryo.
It is a well-establish fact that, the high ROS level induces oxidative stress in biological
systems and, which can result in the development of a variety of cell or tissue injuries

such as degenerative diseases, including inflammation (Finkel and Holbrook 2000).
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The exposure of fine dust to zebrafish embryos cause to up-regulate the
production of ROS from zebrafish embryos. However, pre-incubation of HEBI

significantly reduced the elevated ROS production observed in zebrafish embryo.

4.3.6. Protective effect of HEBI against fine dust induced NO production in zebrafish
embryos

DAF-FM Diacetate is a membrane-permeating reagent that is used to detect and quantify
low concentrations of NO. DAF-FM Diacetate is essentially non-fluorescent until it
reacts with NO to form a fluorescent benzotriazole. Fluorescent benzotriazole emits
fluorescence and the fluorescence can easily detect with any instrument that can detect
fluorescein, such as microscopes, flow cytometers, and fluorescent microplate readers
(Kojima et al. 1999; Vardi et al. 2006; Xu and Krukoff 2007). Therefore, in the present
study DAF-FM DA used to evaluate the protective effect of HEBI against fine dust-
induced NO production in zebrafish embryo (fig. 4-7). According to the image analysis,
fluorescence intensity in fine dust-exposed zebrafish embryos were significantly
increased. However, HEBI dose-dependently decreased the elevated levels of
intercellular NO in zebrafish embryo (31.3 -125 pg/ml). Thus, it is clear that HEBI has a

potential to reduce intercellular ROS and NO induced by fine dust.
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Figure 4-5. HEBI protects zebrafish embryos against fine dust-induced cell death. The
cell death levels were measured after acridine orange staining by image analysis and
fluorescence microscope. The cell death rates in embryos were quantified using an image
J program. Experiments were performed in triplicate, and the data are expressed as mean

+ SD, *p <0.01 (n=15)
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Figure 4-6. Protective effect of HEBI against fine dust-induced ROS generation in
zebrafish embryo. ROS levels were measured after DCF-DA staining by image analysis
and fluorescence microscope. The cell death rates were quantified using image J program.
Experiments were performed in triplicate, and the data are expressed as mean + SD,

*p < 0.01 (n=15)
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Figure 4-7. HEBI reduced fine dust-induced NO production in zebrafish larvae. The NO
levels were measured by image analysis and fluorescence microscope. Individual
zebrafish fluorescence intensity was quantified using image J program. Experiments were

performed in triplicate, and the data are expressed as mean + SD, *p < 0.01 (n=15)

202



4.3.7. HEBI down-regulate fine dust-induced iNOS and COX2 expression in
zebrafish embryos
NO production in organs stimulated by number of factors, such as pathogens, damaged
cells or irritants (Hwang et al. 2016). The over-production of NO in the celliular
environments induces chronic inflammatory responses in the body. Specifically, chronic
NO overproduction is also involved in negative cellular physiologic functions, such as
induction of DNA damage and genome instability (Aliev et al. 2013; Yang et al. 2013).
To evaluate the biological effect of HEBI on the inflammation-end product and its
involvement, the mRNA levels and protein levels of iNOS after fine dust challenged
zebrafish was tested. According the western bolt analysis (fig. 4.8a and 4.8b) and mRNA
data fine dust challenged zebrafish embryos had elevated levels of iNOS protein
expression. However, HEBI (31.3 - 125 pg/ml) treatment down-regulated the elevated
iINOS expression in fine dust challenged zebrafish embryo in a dose-dependent manner.
Prostaglandin-E2 (PGE>) is a bioactive lipid that elicits a wide-range of biological
responses associated with cancer and inflammatory responses. The up-regulated PGE»
cause to worsening the disease conditions like inflammatory bowel disease (Nakanishi
and Rosenberg 2013). Furthermore, the production of PGE, mainly depends on the
activation levels of COX2. The celliular PGE; is mainly depends on the COX2 expression
levels (Kim et al. 2018). Thus, to evaluate the inhibitory effect of HEBI on the COX2
protein and mRNA levels, zebrafish embryos were incubated with the indicated
concentrations of HEBI for 1 h and then challenged with fine dust (250 pg/ml) for 3 dpf.
As shown in figure 4-8d, HEBI down-regulated fine dust-induced COX2 mRNA

expressions.
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Figure 4-8. Effect of HEBI against fine dust (FD)-induced iNOS and COX2 expression
in zebrafish embryos. The mRNA expression levels (a, b) and protein expression levels
(c, d) of INOS and COX2. Western blots and RT-qPCR used evaluate proteins and gene
expression levels, respectively. Control was obtained in the absence of FD and HEBI.
The values shown are the means + SEs of three independent experiments; *p < 0.05, **p

<0.01 vs. the FD treated group.
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4.3.8 HEBI protects zebrafish embryo against fine dust induced pro-inflammatory
cytokine production

Pro-inflammatory cytokines such as interleukin-18 (IL-1pB), IL-6, and tumour necrosis
factor-a (TNF-a) play a vital role in the pathogenesis of inflammatory disease conditions
Specifically, these pro-inflammatory cytokines facilitate the recruitment of leukocytes to
the site of inflammation and maintain chronic inflammation (Kim and Moudgil 2017).
According to the previous studies, up-regulated pro-inflammatory cytokine production is
a one known response to fine dust. Specifically, fine dust is a potent inducer of pro-
inflammatory cytokines in the airway cells including epithelial cells and macrophages
(Schweitzer et al. 2018). Taken together, in the present study, author attempted to
evaluate fine dust induced pro-inflammatory cytokine expression levels in zebrafish
embryos and the protective effect of HEBI against fine dust induced pro-inflammatory
cytokine production. According to the results, HEBI down-regulated the mRNA
expression of fine dust induced pro-inflammatory cytokines IL-1p (fig. 4-9a), IL-6 (fig.
4-9b), and TNF-a (fig. 4-9¢) from zebrafish embryos. Specifically, HEBI at 125 pg/ml
strongly down-regulated all tested pro-inflammatory cytokines observed in fine dust
exposed zebrafish embryos. These data indicate that HEBI suppresses fine dust induced

INOS, COX2, and pro-inflammatory cytokine gene expression.
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Figure 4-9. Inhibitory effect of HEBI on pro-inflammatory mRNA expression in fine dust
exposed zebrafish embryos. Zebrafish embryos were stimulated with fine dust in the
presence of HEBI for 3 dpf. The mRNA expression of IL-1f (a), IL-6 (b), and TNF-a (¢),
were evaluated through RT-qPCR. The values are expressed as the mean + SE.
Significant differences from the untreated group were identified at * p <0.05 and ** p <

0.01.
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4.4. Conclusions

Previously, a number of studies demonstrated the secondary metabolites present in the
seaweeds have a potential to reduce elevated inflammatory responses observed in the
zebrafish embryos after challenged with different inflammatory stimuli. However, most
of the studies were limited to the image analysis results. However, in the present study,
author demonstrated the elevated ROS, NO, and cell death rates induced by fine dust
reduced by the HEBI via down regulating inflammatory proteins and pro-inflammatory
cytokines. According to the western blots and RT-qPCR the expression levels of iNOS,
COX2, and other pro-inflammatory cytokines were decreased by HEBI in a dose-
dependent manner. The inhibitory effect of HEBI on pro-inflammatory mRNA and
protein expression should be the reason for reduction of inflammatory responses and
increase of survival rates in fine dust exposed zebrafish embryos. With this solid data it
is clear that HEBI has a potential to reduce inflammation induced by fine dust in the

human body.
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