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Lignosus rhinocerus (LR) or Tiger Milk Mushroom, a fork medicinal mushroom, has been
reported for several pharmacological effects including asthma treatment, anti-inflammatory, anti-proliferative,
immuno-modulating effects, promote neurite outgrowth in PC-12 cells, anti-HIV-1 activity, and antioxidants
properties. However, the antioxidant properties have only focus on in vitro and no or few studies have
reported their protective effects in mouse hippocampal (HT22) cells and Caenorhabditis elegans (C. elegans).
This study aims to investigate the neuroprotective effect of three extracts of LR against oxidative stress in both
HT22 cells and. C. elegans as well as longevity in C. elegans. In HT22 cells, we assessed the toxicity of three
LR extracts (LRE, LRC, and LRH) and their protective activity by MTT assay, Annexin V-FITC/propidium iodide
staining, Mitochondrial Membrane Potential (MMP), and assessment of intracellular ROS accumulation. In
addition, we determined the antioxidant gene expression by gRT-PCR. In C. elegans, wild-type N2 were
determined survival rate under oxidative stress and intracellular ROS. Transgenic strains including TJ356, TJ375,
CF1553, CL2166, and LD1 were used to detect DAF-16, HSP-16.2, SOD-3, GST-4, and SKN-1, respectively.
Lifespan and aging biomarkers including lipofuscin and pharyngeal pumping rated were also assessed.
Furthermore, the neuroprotective effects, such as chemotaxis behavior and PolyQ40 formation were assessed
as well. We found that only LRE significantly reduced both apoptotic cells and intracellular ROS level but
significantly increased antioxidant genes expression after glutamate-induced oxidative stress in HT-22 cells.
However, in C. elegans, all LR extracts decreased intracellular ROS and protected the worms from oxidative
stress through DAF-16/FOXO pathway leading to increase SOD-3 and decrease HSP-16.2. On the other hand,
the SKN-1 and GST-4 were not changed. All the extracts extended lifespan and reduced lipofuscin, whereas
only high concentration improved pharyngeal pumping rate. All the extracts did not alter the body length and
the progeny of the worms excluding dietary restriction. In addition, they exhibited the neuroprotective effects
by enhancing chemotaxis Index (Cl) in AB containing worms and decreasing PolyQ40 aggregation. Interestingly,
only LRE exerted neuroprotection on both in vitro and in vivo. Therefore, this novel study could suggest that

LR extracts, especially LRE, may be an alternative for neuroprotective supplements.
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CHAPTER |

Introduction

1. Background and rationale

Aging is a physiologic state in which a progressive decline of organ functions.
This process is the leading cause of age-related diseases such as diabetes [1], cancer
[2, 3] and neurodegenerative diseases, including Parkinson’s disease (PD),
Huntington’s diseases (HD), and Alzheimer’s diseases (AD) which are one of the major
causes of life suffering in worldwide aging population [4-6]. The causes of aging are
probably related to a multifactorial process, especially the free radical and
mitochondrial dysfunction are the most remarkable theories and show a strong
overlap process on aging [7]. Reactive oxygen species (ROS) play complex role
in aging by causing oxidative stress to injure cellular. It can be produced not only
from extracellular factor including inflammation from pathogen , UV, and radiation
but also from intracellular factor including cellular metabolism [8, 9]. ROS
accumulation can damage cells by reacting with lipids, proteins, and nucleic acids,
particularly in the mitochondrial DNA (mtDNA) [10]. So, the endogenous antioxidants
such as superoxide dismutase (SOD), catalase (CAT) and Glutathione Peroxidase (GPx)

play an important role to detoxify ROS [11].

In recent years, medicinal mushrooms have become extensive attention as

major sources of new therapeutic agents [12, 13].

Lignosus rhinocerus (LR) or Tiger Milk Mushroom is an edible mushroom. It has been
found in Malaysia, China and Thailand. Its sclerotium (tuber) is commonly used as
folk medicinal medicine and first described to treat asthma [14, 15]. Several findings

revealed that the sclerotium extracts of LR contain various biologically active



substances such as polysaccharides, polysaccharides-protein complexes, B-glucan
and phenolic compounds. Recently, LR have been reported for the anti-
inflammatory, antioxidant, anti-proliferative, immuno-modulating effects, promote
neurite outgrowth in PC-12 cells [16, 17], and anti-HIV-1 activity [18]. However,
antioxidant activities of LR were based upon data from in vitro study including 2,2-
diphenyl-1-picryl-hydrazyl-hydrate (DPPH) scavenging assay and 2,2’-azino-bis (3-
ethylbenzthiazoline-6-sulphonic acid) (ABTS) scavenging assay. Furthermore, no or
few studies have reported their effects in mouse hippocampal (HT22) cell and
Caenorhabditis elegans (C. elegans). therefore, in this study, we set out, for the first
time, to investigate the neuroprotective effect of three extractions of Lignosus
rhinocerus (LR); ethanol extract (LRE), cold water extract (LRC), and hot water extract
(LRH) against glutamate-induced oxidative stress in HT22 cells as in vitro model and
investigate antioxidant effects, lifespan extension, and neuroprotective effect in C

elegans as in vivo model.

HT22 cells were used to study elutamate-induced oxidative stress. The
glutamate can induced intracellular ROS and lead to oxidative stress in HT22
because they lack of ionotrophic glutamate receptor, [19]. After that, the oxidative

stress damages the nerve cells and results in cell death.

C. elegans, a free-living soil nematode, is widely used as a model of anti-aging, stress
resistance, neuroscience, and longevity because they shared high homology with
mammalian and human genes and biochemical pathways [20, 21]. The two major
signaling pathways that regulate longevity and stress resistance in this nematode are
DAF-16/FOXO pathway. Another pathway is SKN-1/NRF-2 pathway [22]. Several
findings determined the antioxidant activities of plants that contained phenolic

compounds, the secondary metabolite, [23-28]



Thus, the key research questions of this study were whether LRE, LRC and LRH can
protect the neurotoxicity against glutamate-induced oxidative stress in HT22 cells
and exhibited both the protective effect and lifespan extension in C. elegans. To test
this hypothesis, the antioxidant properties of three extracts of LR were examined
DPPH scavenging assay, ABTS scavenging assay, total flavonoid and total phenolic
contents. In HT22 cells, cytotoxicity was determined by MTT assay. Apoptotic cells
were assessed by annexin V-PI staining using flow cytometry analysis. The
intracellular ROS accumulation level was detected using oxidized DCFDA. In addition,
antioxidant gene expressions (CAT, SOD1, SOD2 and GPx) were determine by real-
time PCR (gPCR). In C. elegans, the expression of stress-response proteins, such as
heat shock protein (HSP-16.2), SOD-3, and GST-4, and transcription factors, such as
DAF-16/FOXO transcription factor, and SKN-1/NRF-2 transcription factor were
investigated. Aging marker, such as lipofuscin (an autofluorescent pigment) and
pharyngeal pumping rate, were analyzed. The toxicity impacts (body length, and the
number progeny) and lifespan were also assessed. In addition, neuroprotective
effects against neurotoxicity were assessed by chemotaxis assay and polyQ40
aggregation. Therefore, our study would be suggested that LR extracts has a potent
neuroprotective effect against toxicity on both HT22 cells and C. elegans as well as

prolongation of lifespan in C. elegans.

2. Research questions

2.1 Whether the Lignosus rhinocerus (LR) extracts had neuroprotective effects
against the oxidative stress in mouse hippocampal (HT22) neuronal cells and
Caenorhabditis elegans (C. elegans) as well as lifespan extension in Caenorhabditis

elegans.



2.2 What is the neuroprotective mechanism of Lignosus rhinocerus (LR)
extracts in mouse hippocampal (HT22) neuronal cells and Caenorhabditis elegans

model?

3. Research hypothesis

3.1 The Lignosus rhinocerus (LR) extracts had neuroprotective effects against
the oxidative stress in mouse hippocampal (HT22) neuronal cells via a decrease in

apoptotic cells and an increase in antioxidant gene expressions.

3.2 The Lignosus rhinocerus (LR) extracts exhibited both neuroprotective
effects against oxidative stress and enhancing lifespan in Caenorhabditis elegans via
DAF-16/FOXO signaling pathway and/or SKN-1/NRF- signaling pathway as well as a

decrease in aging markers.

4. Research objectives

4.1 To investigate the biological activities of Lignosus rhinocerus (LR) extracts
against oxidative stress in. mouse hippocampal (HT22) neuronal cells and
Caenorhabditis elegans (C. elegans) and lifespan extension in Caenorhabditis

elegans.

4.2 To determine the neuroprotective mechanism of Lignosus rhinocerus (LR)
extracts and in mouse hippocampal (HT22) neuronal cells and Caenorhabditis

elegans as well as C. elegans longevity.

5. Research outcomes

Our findings suggest that Lignosus rhinocerus (LR) extracts have a potent
neuroprotective effect against both glutamate-mediated neuronal cell death and
neurotoxicity in C. elegans. In addition, they also extend C. elegans longevity (Figure
1). Therefore, this study implies that the Lignosus rhinocerus (LR) extracts might be a

candidate for the prevention of neurodegeneration.
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6. Conceptual Framework

Lignosus rhinocerus (LR)

}

. ; Extractions
Determination of phytochemicals

contents by GC-MS/ LC-MS

- Ethanol extraction (LRE)
- Cold water extraction (LRC)
- Hot water extraction (LRH)

In vitro model

Antioxidant capacity testing
- DPPH radical scavenging assay
- ABTS radical scavenging assay
- Total phenolic content
- Total flavonoid content

(Mouse hippocampal HT22 cells)

In viveo model
v (C. elegans)

Determination:
- Cell viability by MTT assay
- Apoptotic cells by Annexin V/ PI staining
- Mitochondrial Membrane Potential (MMP)
- Intracellular ROS accumulation by H,DCFDA
- Antioxidant genes expressions (CAT, SODI.
SOD2, GPx) by real-time PCR (qPCR)

Determination:

- Microbial susceptibility assays

- Survival under juglone-induced oxidative stress

- Intracellular ROS accumulation by H2DCFDA

- Transcription factors (DAF-16 and SKN-1)

- Stress response proteins (SOD-3, HSP-16.2. GST-4)

- Aging biomarkers (lipofuscin, pharyngeal pumping rate)
- Lifespan
- Toxicity (body length. brood size)

- Neuroprotective effect (chemotaxis assay and polyQ40

aggregation)
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2.1 Free radicals or reactive oxygen species (ROS) in aging.

Free radical or reactive oxygen species (ROS) are highly reactive molecules that
consist of a number of diverse chemical species including superoxide anion (O, ),
hydroxyl radical (-OH), and hydrogen peroxide (H,O,) [9]. They are produced by either
extracellular stress factors including radiation, drugs, inflammation and trauma, or
intracellular factor such as mitochondria metabolism. Many evidences show that
mitochondrial dysfunction can produce more ROS formation (Figure 2). High ROS
accumulation causes react with lipids, proteins, and nucleic acids causing oxidative

damage or oxidative stress which accelerates aging [7, 29, 30].

Oxidants
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Figure 2 Intracellular ROS production from mitochondria DNA damage which

accelerate aging process [29].



2.2 Reactive oxygen species (ROS) in neurodegenerative diseases.

The intracellular ROS, especially superoxide anion (O, ) mostly is generated in
the mitochondrial respiratory chain [10]. It can induce oxidative stress by inducing
lipid peroxidation because lipid which is mostly contained in the brain is
polyunsaturated fatty acids (PUFAs) and highly susceptible to lipid peroxidation.
Consequently, this process causes oxidative stress and cell damage leading to
neurodegenerative diseases [31, 32] including Alzheimer’s disease (AD) which is the

most common form of dementia among worldwide older people over 65 years [6].

In addition, some studies found that accumulation of Amyloid beta (AB), which is
a main component protein of amyloid plaques and found in AD patient’ brain, can
insert into the neuronal and glial membrane bilayer and generate oxygen-dependent
(and possibly redox metal ion-dependent) free radicals. Their actions result in lipid
peroxidation and protein oxidation and lead to cellular dysfunction such as inhibition
of glial cell Na+—dependent glutamate uptake system with consequences on
neuronal excitatory NMDA receptors, loss of protein transporter function, disruption
of signaling pathways, and activation of nuclear transcription factors and apoptotic

pathways. [33].

Therefore, imbalance between ROS and antioxidants in brain lead to brain

dysfunction and death [11].

2.3 Role of antioxidant against oxidative stress

The antioxidants are the first defend mechanism and play a crucial role in
detoxifying ROS. There are two main antioxidant systems to defense ROS including
enzymatic and nonenzymatic antioxidants. The enzymatic antioxidants consist of
superoxide dismutase (SOD) which is the first antioxidant to detoxify O, into H,0,
and O,, catalase (CAT) which reacts very efficiently with H,0, to form water and
oxygen molecular. In animals, hydrogen peroxide is detoxified by CAT and by
glutathione peroxidase (GPx) [11], slutathione peroxidase (GPx) which is one of the
most essential anti-oxidative defense mechanisms. It can catalyze hydroperoxides

into water and oxygen by working together with oxidization of glutathione. On the



other hand, g¢lutathione reductase (GR) can convert the oxidized glutathione to its
reduced form (Figure 3) [34, 35]. The nonenzymatic antioxidants consist of vitamins C
and E, phenolic, anthocyanin, flavonoids, and carotenoids which naturally present in
foods and act as the secondary defense. In other words, they mostly enhance the

function of endogenous enzymatic antioxidants [36-38].

SOD |

Oy + Oy +2H" ———— 0, + H,0,
CAT

H,0, + HyO; —— 3 2H,0 + O,
GPXJ

Hy0,+2GSH — 5 2H,0 + GSSG

Figure 3 Enzymatic antioxidant defense system [34].

Furthermore, the transcription factor that plays important role in resistance to
oxidant stress is the nuclear factor erythroid 2-related factor 2 (Nrf2) which is
responsible for phase Il detoxification enzyme systems such as Glutathione
peroxidase (GPx) [23]. It is also important for cell survival in role of anti-apoptotic

signals in neuronal cells [39].

2.4 Lignosus rhinoceros (LR) or Tiger Milk Mushroom

The Lignosus rhinocerus (L. rhinocerotis) is also known as Lignosus rhinocerus (L.
rhinoceros) or Tiger Milk Mushroom because it is grown from the spot where the tiger
dropped its milk while feeding the cubs. It belongs to family Polyporaceae in the
division Basidiomycota (Figure 4). Normally, TMM has been found in Malaysia and
other regions in South East Asia including Thailand. This mushroom consists of the
pileus (cap), stipe (stem), and sclerotium (tuber) which is a compacted mass of fungal
mycelium containing food reserves and a popular part that is extracted for medicinal

uses (Figure 5) [15].



Scientific classification

Kingdom: Fungi

Division: Basidiomycota
Class: Agaricomycetes
Order: Polyporales
Family: Polyporaceae
Genus: Lignosus
Species: L. rhinocerus

Figure 4 The scientific classification of Lignosus rhinocerus [15].

Pileus

Stipe

Sclerotium

Figure 5 The morphology of Tiger Milk Mushroom (Lignosus rhinocerus)

The Tiger Milk Mushroom have been used as the medicinal mushrooms and
home remedies since ancient times for fever, inflammation, and respiratory disorders
[15]. Several studies have been found that the cultivated Tiger Milk Mushroom
sclerotia (TM02) is better and higher bioactive compounds than wild type [17, 40].
According to genomics and proteomics studies, the bioactive compounds of
cultivated TMM sclerotia (TM02) consist of 1,3-B - and 1,6-f -glucans which is group
of B-D-gclucose polysaccharides, lectin which is a glycoprotein, laccase which is a
copper-containing oxidase enzymes, and other fungal immune-modulatory proteins
(FIPs), and antioxidant proteins (Figure 6) [41]. Besides carbohydrate and proteins,
there are quinones, flavonoid-like compounds, cerebrosides which is the common
name for a group of glycosphingolipids and important components in animal muscle
and nerve cell membranes, isoflavones, catechols, amines, triacylglycerols,

sesquiterpenes and steroids [42].



10

Composition Lignosus rhinocerotis

Wild strain Commercial

(WT Rhino) strain (TM02)
Energy (kcal’kg dry 21.80 £ 1.20 32.19 £ 0.71
weight)
NUTRITIONAL COMPOSITION (G/KG DRY WEIGHT)
Carbohydrate 8.84 £ 0.35 7.76 £ 0.04
Total sugar 0.07 £ 0.04 0.30 £ 0.10
Protein 0.38 + 0.03 1.38 £ 0.02
Fat 0.03 + 0.01 0.08 + 0.00
MINERAL (MG/KG DRY WEIGHT)
Calcium, Ca 0.37 £ 0.17 1.93 + 0.60
Potassium, K 13.22 + 0.56 20.32 + 2.53
Sodium, Na 0.85 +£ 0.07 0.88 + 0.09
Magnesium, Mg 7.58 + 0.37 14.79 + 0.31
Total glucans (mg/g Lignosus rhinocerotis (KUM61075)
extract)

Hot water Cold water

extract extract

a-glucan 10.37 £ 0.21 2.507 £ 0.30
B-glucans 38.93 + 9.65 34.87 + 8.18

Figure 6 The chemical and nutritional of Lignosus rhinocerus (LR) [15]

In addition, the GC-MS analysis from LR extract showed that the majority groups
of volatile compounds were fatty acids (68.58%), followed by esters (10.18%), sterols
(6.26%), amides (5.76%), etc. The highest percentage constituent detected was
linoleic acid (49.39%), followed by palmitic acid (11.29%), linolelaidic acid methyl
ester (7.4%), oleic acid (6.51%), palmitoylethanolamide (3.69%), acetic acid (2.85%),
etc. (Figure 7)) [43]
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Figure 7 Volatile compounds in Lignosus rhinocerus (LR) [43]

Previous studies have reported the various effects of LR extracts including the
anti-asthmatic activity on rodent model of asthma by decrease levels of IgE and Th2

cytokines which is responsible for eosinophils recruitment [44].

Other activities including anti-coagulant and fibrinolytic activities showed that
the protein fraction of the mushroom water extract consist of fibrinolytic enzyme

with a specific activity of 151.61 U/mg [45].

Anti-inflammatory activity from hot aqueous, cold aqueous, and methanol crude
extracts showed that the cold aqueous extract has the most potent extract and high-
molecular-weight protein fraction was shown to inhibit tumor necrosis factor alpha
(TNF-a) production in lipopolysaccharide (LPS)-induced RAW 264.7 macrophage cells
[46, 47]. Some finding found that the ethanol extract showed significant decrease of

nitric oxide (NO) [48].

Anti-microbial activity, the methanol and aqueous extracts showed significant
inhibition against the tested microbes except for Streptococcus pyogenes and
Serratia marcescens. A qualitative phytochemical analysis showed the presence of

alkaloids, protein, sums and mucilage, and flavonoids [49].
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Anti-obesity and hepatoprotective activities, the result show that the aqueous
extract of L. rhinocerotis mitigated non-alcoholic fatty liver disease in high-fat-diet

induced obese hamsters. [50]

Antioxidant properties from cold water extract (CWE), hot water (HWE), and
methanol extracts (ME) were test by DPPHe assay, ABTSs+ assay, Ferric reducing
antioxidant power (FRAP) assay, and the total phenolic content (TPC). The results
showed that phenolic compounds in HWE was highest, followed by CWE and ME,
whereas FRAP value is higher in the ME compared to both HWE and CWE. It is
possible that ME may present of other less polar components such as tocopherols
and flavonoids, which might also contribute to their reducing/electron-donating
ability [40]. In addition, several evidences show that B-glucans and polyphenol
including flavonoid-like phenolic compounds contributed to the antioxidant activity

[17, 40, 51, 52].

Anti-tumor or anti-cancer activities of hot aqueous and cold aqueous extract
using 11 human cell lines, namely HL-60 (human acute promyelocytic leukemia
cells), MCF7, MDA-MB-231 (human breast adenocarcinoma cells), HCT116 (human
colorectal carcinoma cells), PC-3 (human prostate adenocarcinoma cells), A549
(human lung carcinoma cells), MRC-5 (human lung fibroblast cells), HepG2 (human
hepatocellular carcinoma cells), WRL68 (human embryonic liver cells), HSC2 (human
squamous carcinoma cells), and HK1 (human nasopharyngeal carcinoma cells). The
cold aqueous extract was cytotoxic toward solid tumor cells with IC50 of 37-
120mg/mL, whereas the hot aqueous extract was inactive toward the solid tumor

cells. [63-55].

Anti-viral activities from water extract showed inhibitory effect against dengue
virus type-2 (DENV) by using the plaque reduction assay but the ethanol extract was

inactive [56].

Neuritogenic activities, the results showed that the water extract increased the
percentage of neurite bearing cells by 9.8 to 23.6% in PC12 cells and showed higher

result than ethanol extract. Furthermore, other results showed that the aqueous



13

extract of sclerotium resulted in 38.1% of neurite bearing cells, which was
approximately twice the number of NGF-treated neurite bearing cells in mouse

neuroblastoma (N2a) cells [57, 58].

According to biological activities, B-glucans, that are natural cell wall
polysaccharides of D-glucose monomers linked by B-glycosidic bonds and found high
proportion in the aqueous extracts, are one of the main active components from
mushrooms and play an important role in health promotion effects [59]. Normally,
they are found from various sources including oat, barley, yeasts, mushrooms, some
bacteria and seaweeds [60]. However, different sources of B-glucans show different
branching pattern and biological effects. For example, B-glucans from oat and barley
cause lowering cholesterol and blood sugar. Furthermore, B-glucans from barley
exerted antioxidant activity by reducing of reactive oxygen species (ROS). Similar to
barley, B-clucans from oat exerted an indirect antioxidant effect due to binding to
specific membrane receptor of immune cells, especially antigen-presenting cells in
animals with TNBS-induced colitis resulting in increased antioxidant response [61].
Whereas, B-glucans from mushroom mostly involved in modulating immune system,

anti-inflasmmation, anti-cancer and antiviral activity [62-64].

2.5 Glutamate toxicity

Normally, Glutamate, an excitatory neurotransmitter, has a positive impact on
several brain functions such as cognition, memory, and learning [65]. However, excess
glutamate leads to glutamate toxicity, and the cause of neuronal apoptosis. There
are two pathways for glutamate toxicity including receptor-initiated excitotoxicity [19,

66] and nonreceptor-mediated oxidative glutamate toxicity [67].

2.5.1 Receptor-initiated excitotoxicity

Exceed glutamate, resulting in excitotoxicity, is released into the synaptic
space of brain and stimulates postsynaptic N-methyl-D-aspartate (NMDA) ionotropic

glutamate receptors, leading to high influx of Ca”" ion follow by increase in
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depolarization of post synaptic membrane. These events activate caspase pathway

and lead to neuronal apoptosis (Fiqure 8) [68].

2.5.2 Nonreceptor-mediated oxidative glutamate toxicity

This pathway is linked to glutamate-induced toxicity in HT22 cells. HT22 cells are
often used to study the neuroprotective effect against oxidative stress caused by
glutamate toxicity because this immortalized cell line lacks of ionotrophic glutamate
receptor. High concentrations of extracellular glutamate (> 200uM) have been shown
to cause glutamate-mediated oxidative stress by preventing cysteine uptake into
cells through a glutamate/cystine antiporter followed by depletion of intracellular
cysteine resulting in glutathione decrease [69] which lead to ROS accumulation.
Excessive ROS could damage cells and intracellular organelles such as Mitochondria
and endoplasmic reticulum (ER) by several ways. For example, ROS interacts with
mitochondrial membrane which lead to lipid peroxidation and membrane
destabilization [70]. These processes alter mitochondrial membrane potential (MMP)
which is a hallmark of mitochondrial dysfunction resulting in releasing mitochondrial
cytochrome ¢ and mitochondrial AlF. In addition, it also binds to mitochondrial DNA
to induce fragmentation (Figure 8) [71, 72]. Interestingly, HT22 cells only activate of
calpain and upregulation and translocation of AlF but they do not activate caspase-3
[73]. Thus, AIF translocation from mitochondria to the nucleus has been identified as

the final step of caspase independent mitochondrial death signaling in neurons [74].
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Figure 8 Glutamate-induced toxicity pathways [75]

2.6 Caenorhabditis elegans (C. elegans) models

2.6.1 Anatomy and life cycle

The Caenorhabditis elegans (C. elegans), which is a free-living transparent
roundworm (not parasitic) (Figure 9), is widely used as a model organism for studying
neuroscience and ageing because of a rapid reproduction rate, a short lifespan and
easy to study the mechanism of drug or component [76]. There are two C. elegans
sexes: a self-fertilizing hermaphrodite (XX) and a male (XO). Males arise infrequently
(0.1%) by spontaneous non-disjunction in the hermaphrodite germ line and at higher
frequency (up to 50%) through mating. Self-fertilization of the hermaphrodite allows
for homozygous worms to generate genetically identical progeny, and male mating
facilitates the isolation and maintenance of mutant strains as well as moving

mutations between strains [77]. It reproduces with a life cycle of about 3 days under
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optimal conditions. The animal can be maintained in the laboratory where it is grown
on agar plates or liquid cultures with E. coli OP50 as the food source. The average
lifespan ranges from 12 to 18 days at 20 °C. Normally, there are two C. elegans sexes:
a self-fertilizing hermaphrodite (XX) and a male (XO). The postembryonic life cycle of
C. elegans consists of four larval stages, L1-L4, and a reproductive stage. Under
unfavorable conditions, the L2 stage can enter the dauer larval stage instead of
developing into the regular L3 stage. The dauer larvae are stress-resistant they are
thin, smaller body size and their mouths are sealed and cannot take in food, and

they can remain in this stage for a few months. (Figure 10) [22].
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Figure 9 Anatomy of C. elegans [77].
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Figure 10 life cycle of C. elegans [77]

2.6.2 Stress resistance pathway

The major signalling pathways that regulate longevity and stress resistance in
mammals (including human) are well conserved in this nematode (59). One of the
best-studied pathways in C. elegans is the insulin/IGF-1 signaling (IIS) pathway, which
regulates nutrient metabolism, growth, development, longevity, and behavior [78].
Under calorie restriction (CR) and oxidative stress, this pathway is inhibited and
increase the function of DAF-16 and SKN-1 transcription factors. Thus, the two major
signaling pathways that regulate longevity and stress resistance in this nematode are
DAF-16/FOXO pathway. Another pathway is SKN-1/NRF-2 pathway [22]. In addition,
there are several stressors to induced oxidative stress in C. elegans including juglone,

H,O, [79], hypoxia[80],heat shock[81],UV irradiation[82], and heavy metal stress[83].
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2.6.2.1 DAF-16/FOXO signalling pathway

The DAF-16 transcription factor is orthologue of mammalian Fork head box O
family (FOXO) transcription factors. Normally, insulin/IGF-1 signaling (IIS) pathway, a
central regulator of DAF-16 activity involves in growth, metabolism, reproduction in
response to nutrient, and regulating aging. Activation IS depends on the
phosphorylation of DAF-2 receptor (Insulin/IGF-1 receptor homologue) in turn
activates the phosphatidylinositol-3 OH kinase AGE-1 that catalyzes the conversion of
phosphatidylinositol = bisphosphate (PIP,) into phosphatidylinositol trisphosphate
(PIP3).  Then, PIP; phosphorylates the  complex AKT-1/AKT-2 that leads to
phosphorylates the transcription factor DAF-16. Therefore, DAF-16 is inhibited to
translocate to nucleus. On the other hand, inhibition IIS by calorie restriction (CR) or
oxidative stress promotes DAF-16 translocation to nucleus leading to stress response
and lifespan extension in nematode (Figure 11) [84-86]. Activation of DAF-16
transcription factor can regulate many antioxidant genes including superoxide
dismutase-3 (sod-3), catalase-1 (ctl-1), and small heat shock protein-16.2 (hsp-16.2)
(Figure 12). In addition, several lines of evidence suggest that DAF-16 is also activated
by other molecules for its activity including c-Jun N-terminal kinase (UNK), CST-lor
Ste20-like kinase and MST1 homolog, Sir2, The 14-3-3 proteins, Heat-shock factor
(HSF), B-catenin, SMK-1, HCF-1 and SKN-1 [87].
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Figure 11 IS and DAF-16 pathway. Activation lIS pathway inhibits DAF-16
translocation to nucleus (A). Whereas, inhibition IIS signaling promotes DAF-16

translocation to nucleus [86]
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Figure 5 Schematic presentation of DAF-16 target gene classes.

Figure 12 Schematic of DAF-16 on target gene classes [88]

2.6.2.2 SKN-1/Nrf2 signalling pathway

Similar to DAF-16 activation, reducing of IIS pathway and under oxidative
stress can also increase SKN-1 activities. The SKN-1 which is homologue of
mammalian Nrf2 transcription factor responds to oxidative stress. The SKN-1/Nrf2
defends against oxidative stress by activating the conserved phase Il detoxification

enzymes including glutathione (GST-4) (Figure 13) [89].
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Figure 13 Schematic of SKN-1 on target gene classes [90].

2.6.3 Biomarkers of aging in C. elegans

Besides antioxidant genes  expression, another marker is lipofuscin,
autofluorescent pigments or age pigments, is non-degradable and consists of
oxidized, cross-linked proteins, lipids and saccharides. It is naturally produced and
increased accumulation in intestinal lysosomes during aging due to cellular
proteolytic mechanisms inability to degrade. [91, 92]. In addition, pharyngeal
pumping rate is also related to aging. The aged worms also decline of both
pharyngeal pumping rate and body movement. Moreover, measurements of these

processes can be used to predict lifespan [93].

2.6.4 Neurotoxic-induced behaviour assessment

C. elegans became a more widely-used model in the neurotoxicology
community. This was partly due to the simplicity of their nervous system, which is a
relatively small neuronal network that is highly conserve with higher eukaryotes [94].
So, regulation of neurotoxicity and antioxidant stress responses in the worm provides
critical insight into mechanisms of mammalian neurotoxicity. C. elegans has 302
neurons that signal through 890 electrical junctions, 1410 neuromuscular junctions
and 6393 chemical synapses, using the same neurotransmitter systems including
cholinergic, gamma amino butyric acid [GABAergic], slutamatergic, dopaminergic

[DAergic] and serotonergic that are expressed in vertebrates [95]. Several studies
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examining neurotoxicants from various toxicants, including pesticides [96], manganese
(Mn) [97], cadmium (Cd), methylmercury (MeHg) and iron (Fe) by assess behavior-
induced alterations including motility or locomotion behavior, chemotaxis behavior,
feeding rate, feeding behavior, structural, reproduction, larval growth, gene

expression and biochemical assay (Figure 14) [20, 94, 98, 99].

Larval
Growth Feeding
Rate
Adult
Mortality
Test Gene
Article Expression
Biochemical

Assays

Figure 14 The test for toxicity assessment [20]

2.6.5 C. elegans-microbiomes interactions

Microbiomes are a community of microbiota including bacteria, fungi, and
viruses present in a define environment, particularly in the gut. Gut microbiota
played important roles in human health and diseases [100]. However, the underlying
mechanisms of human-microbiota interaction are difficult and complex. Therefore,
simple whole organism model such as C. elegans is useful to study how bacterial
effects on host physiology. C. elegans in nature that live in soil and microorganism-
rich rotting fruit and plant found diverse microbial community including
Gammaproteobacteria (Enterobacteriaceae, Pseudomonadaceae and
Xanthomonodaceae) and Bacteroidetes (Sphingobacteriaceae, Weeksellaceae and
Flavobacteriaceae) [101, 102]. Similar to human gut microbiota, C. elegans gut
microbiota involved in development, metabolism, immunity and lifespan [103, 104].
In addition, previous studies found that different strains of bacteria affect different C.

elegans’ biological activities. For examples, B. megaterium and P. mendocina
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involved in immune-protective effect of C. elegans [105], Pseudomonas MYb11 had
anti-fungal to protect nematodes from fungal [106], Escherichia coli mutations that
increase ROS production found to activate host mitochondrial stress response, which
delayed development in C. elegans [107], and Bacillus subtilis produced metabolites,
nitric oxide, that extended the lifespan of nematodes through DAF-16 transcription

[108-110].
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CHAPTER Il

Materials and Methods

Chemicals and Reagents

- 2,2’-Azino-bis (3- ethylbenzothiazoline-6-sulfonic acid) cation (ABTS) [Sigma-
Aldrich, USA]

- Aluminum chloride Sigma-Aldrich, USA

- 5-(and-6)-carboxy-2',7-dihydrofluorescein  diacetate (H2DFFDA) [Thermo
Scientific, USA]

- 2,2-Diphenyl-1-picrylhydrazyl (DPPH) [Merck, Germany]

- 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) [Bio-

basic, Canada]

- 2,7-dichlorofluorescein diacetate or H2DCF-DA [Fluka GmbH, Switzerland]
- Diethyl pyrocarbonate (DEPC) [Sigma-Aldrich, USA]

- Cholesterol [Sigma-Aldrich, Germany]

- Tryptone [Sigma-Aldrich, Germany]

- Yeast extract [Sigma—Aldrich, Germany]

- Potassium citrate [Sigma—-Aldrich, Germany]

- Dimethy!l Sulfoxide (DMSO) [Sigma-Aldrich, USA]

- DNA Ladder 100 bps [Fermentas, Lithuanial

- Dulbecco’s modified Eagle medium (DMEM) [Sigma-Aldrich, USA]
- Ethanol RCI [Labscan, Thailand]

- Folin-Ciocalteu’s phenol reagent [Sigma-Aldrich, USA]

- Gallic acid [Merck, Germany]



- Hydrochloric acid, 37% [Merck, Germany]

- Isopropanol [Sigma-Aldrich, USA]

- L-ascorbic acid [Calbiochem, USA]

- L-elutamic acid [Sigma-Aldrich, USA]

- Paraformaldehyde [Sigma-Aldrich, USA]

- Penicillin-Streptomycin solution [Corning Inc., USA]

- Phosphate Buffered Saline (PBS) [Hyclone, USA]

- Potassium persulfate [Sigma-Aldrich, USA]

- Primers [Bioneer, South Koreal]

- Quercetin [Sigma-Aldrich, USA]

- RT Premix [Bioneer, South Korea]

- Sodium azide (AppliChem GmbH, Germany)

- Sodium acetate [Sigma-Aldrich, USA]

- Sodium carbonate [Merck, Germany]

- Sodium chloride [Merck, Germany]

- Dipotassium phosphate [Sigma-Aldrich, Germany]

- Potassium phosphate monobasic [Sigma-Aldrich, Germany]
- Magnesium Magnesium sulfate [Sigma-Aldrich, Germany]
- Juglone [Sigma-Aldrich GmbH, Germany]

- EGCG [Sigma-Aldrich, Germany]

- Sodium dodecyl sulfate (SDS) [Biobasics Inc., Canada]
- Sodium hydroxide [Merck, Germany]

- Trypsin-EDTA [Hyclone, USA]

- Trypan Blue Stain [Invitrogen, USA]
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- Trizol Reagent [Invitrogen, USA]

Equipments and Instruments
- Adhesive optical sealing film [Bioneer, South Korea]
- UV-Vis spectrophotometer (NanoDrop ND-1000) [Thermo Scientific, USA]
- Vortex [Scientific Industries, USA]
- Water bath [Memmert, Germany]
- Analytical balances [MettlerToledo, Switzerland]
- Autoclave [Hirayama, Japan]
- Auto pipettes [Gilson, France]
- Exicycler real-time quantitative thermal block [Bioneer, South Korea]
- Filter tips [Thermo Scientific, USA]
- Flat bottom culture plate (6, 12, 96 well-plate) [Corning Inc., USA]
- Flow cytometer (BD FACSCalibur) [BD Biosciences, USA]
- Freezer (-20 °C) [Sanyo Electric, Japan]
- Freezer (-80 °C) [Lyofreeze, USA]
- Gel documentation (Geldoc) system [Syngene, UK]
- Gel electrophoresis apparatus [Bio-Rad, USA]
- Glasswares [Pyrex, USA]
- Hemocytometor [Hausser Scientific, USA]
- Incubator [Memmert, Germany]
- Inverted microscope [Olympus, Japan]
- Laminar flow cabinet [Haier, China]
- Lamina flow clean bench [Esco, Singapore]

- Light microscope [Olympus , Japan]

25
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- Liquid nitrogen tank [Taylor Wharton, USA]

- Magnetic stirrer [Daihan, South Korea]

- Microcentrifuge refrigerated machine [Vision, South Korea]

- Microplate reader (Enspire) [Perkin-Elmer, USA]

- Multichannel pipette [Gilson, France]

- pH meter [MettlerToledo, Switzerland]

- Pipette tips 10 pL [Sorenson, USA]

- Pipette tips 20 pL [Sorenson, USA]

- Pipette tips 200 pL [Corning Inc., USA]

- Pipette tips 1000 pL [Corning Inc., USA]

- PCR tube (0.2 mL) [Bioneer, South Korea]

- PVDF membrane [GE Healthcare, UK]

- Refrigerator (4 °C) [Sharp, Japan]

- Rotary evaporator [Heidolph, Germany/]

- Soxhlet extraction apparatus [Lenz Laborglas, Germany]

- Benchtop centrifuge model Hettich Universal 320R [Sigma-Aldrich, USA]
- Centrifugal evaporator model miVac Quattro [Genevac, UK]

- Centrifuge tube (15, 50 mL.) [Corning Inc., USA]

- Cell culture flask (25, 75 CM2) [Corning Inc., USA]

- CO2 incubator model Forma Series Il 3110 [Thermo Scientific, USA]
- Cryovial tube (2 mL.) [Corning Inc., USA]

- Confocal laser scanning microscope (LSM 700) [Carl Zeiss, Germany]

- Fluorescence microscope BIOREVO BZ-9000 with a mercury lamp [Keyence,

Germany]
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- Disposal serological pipette (5, 10, 25 mL.) [SPL, South Korea]
- Electrophoresis power supply [Bio-Rad, USA]

- Extraction Thimble cellulose (Whatman) [GE Healthcare, UK]

1. Preparation of crude herbal extracts

A powder of cultivated strain TM02 of Lignosus rhinocerus (LR) or Tiger Milk
Mushroom was obtained from LIGNO Biotech Sdn Bhd,Selangor, Malasia. This powder
was extracted into 3 fractions by ethanol, cold water and hot water using maceration
technique. Briefly, the 100 ¢ of LR powder was macerated with 1 L of ethanol and
placed the extract on the shaker at 4 °C for 24 h. after that, filtered the extract by
using Whatman® No.2 filter paper and ethanol was removed by rotary evaporation
(Heidolph, Laborota 4011) to vyield the crude ethanol extract (LRE). Cold water
extraction, 100 ¢ of LR powder was suspended in sterile water and placed it on the
shaker at 4 °C for 24 h. For hot water extraction, the sclerotial powder was extracted
with water at 95-100 °C for 2 h. After that, the mixture was filtered and freeze dried
by lyophilizer (Modulyod freeze dryer, Thermo) to give the crude cold water extract
(LRC) and the crude hot water extract (LRH), respectively. Finally, about 0.73 g, 11.07
g and 10.13 g were obtained from LRE, LRC and LRH, respectively.

2. Gas Chromatograph-Mass Spectrometer (GC-MS) Analysis

The LRE was analyzed from the Scientific and Technological Research
Equipment Center (STREC) (Chulalongkorn University, Thailand). In brief, the GC-MS
Triple Quad system was an Agilent 7890 series GC system coupled with an Agilent
7000C MS and a capillary column (HP-5MS 5% Phenyl Methyl Siloxane, length 30 m,
i.d. 0.25 mm, phase thickness 0.25 pm). the carrier gas was helium (1 mL/min). The
temperature of inlet was 250 °C and pressure set to 8.2317 psi. The volume of
injection was 1.5 pL injection. The GC oven was kept at 60 °C and raised to 325 °C
using linear gradient of 5 °C/min. Total running time was 14 min. The extracts (~10
mg) were dissolved in 1 mL of absolute ethanol and their obtained spectra were

compared with NIST Mass Spectrometry Data Center to identify phytochemical
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constituents. The others extracts were sent to analyze by colleague in our laboratory

because we used the same powder and technique as colleague in our lab [18].
3. Assessment of antioxidant properties of LR in vitro

3.1 Radical Scavenging Activity Assays: DPPH and ABTS

Principle of DPPH: The free radical scavenging assays are commonly used to

evaluate the antioxidant potential of compounds or plant extracts, which can be
easily determined by using an electron transfer/hydrogen donating-based assay. The
stable 1,1-diphenyl-2-picrylhydrazyl (DPPHs) is one of the common used in determine
antioxidant ability of plants. The compounds or plant extracts with electron
transfer/hydrogen donating ability will change a dark purple color of DPPH radical

into yellow color, which can be measured an absorbance at 517 nm (Figure 15).

@@ @@

DPPH (ox) DPPH (red)
purple yellow

Figure 15 Principle of DPPH radical scavenging capacity assay.

(http://dx.doi.org/10.1155/2013/25175)

Principle of ABTS: the ABTS radical scavenging assay is also commonly used.
The principle is that p2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonate) radical cation
(ABTSs+), the green-blue stable radical cationic chromophore, is produced by
oxidation with potassium persulfate. During antioxidant reaction, the blue ABTS
radical cation is converted back to its colorless. The absorption maximum at 734 nm

[111]. The method is as same as DPPH radical scavenging assay (Figure 16).
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Figure 16 Principle of ABTS radical scavenging capacity assay [112].

Method: the three extracts were prepared to a concentration 1 mg/mL Added

them into a microplate and then added DPPHe or ABTSe + solution. The reactions
were incubated at the dark place for 15 and 30 min, respectively. After that, the
absorbance was measured by using microplate Reader (Perkin-Elmer) at 537 nm and
734 nm, respectively. Ascorbic acid (Vitamin C) was used as control for both assays.
The antioxidant ability was showed in mg of vitamin C per ¢ of dry weight extract.

The equation for Radical scavenging activity is that:

%Inhibition = 100 - [(Abs of sample- Abs of blank) x 100/ Abs of control].

3.2 Folin-Ciocalteu Phenol Assay (FCP)

Principle: This technique was used to determine the total phenolic content in
the extract. The Folin-Ciocalteu reagent is converted to reduced reagent by electron
transfer from phenolic compounds to form a blue chromophore. The absorbance is

measured at 760 nm. Garlic acid was used as standard (Figure 17).

HO OH

Folin-Ciocalteu Reagent
(W*, Mo®)
CH

M Reduced Folin-Ciocalteu Reagent

HO.Q/OH (W, Ma)

0

Figure 17 Principle of Folin-Ciocalteu Phenol Assay

(https://onlinelibrary.wiley.com/doi/full/10.1002/pca.2851)
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Method: 10% Folin—Ciocalteu Phenol reagent (50 pL) was used to react with
the LRE, LRC and LRH extracts (50 pL). After 20 min incubation, added 50 pL sodium
carbonate and incubated 20 min more. The absorbance was determined at 760 nm
using EnSpire® Multimode Plate Reader (Perkin-Elmer). Garlic acid was used as
standard and total phenolic content was expressed as mg of gallic acid equivalent

(GAE) per g of dry weight extract.

3.3 Total Flavonoid content

Principle: The reaction between flavonoid and aluminum chloride (AlCl;) form
a stable flavonoid-AU" complex. The absorbance is measured at 415 nm. Quercetin

was used as standard (Figure 18).

OH
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Figure 18 Principle of total flavonoid content [113]

Method: 50 uL of the LRE, LRC and LRH extracts were mixed with 10 L of
10% Aluminum chloride (AlCls), 10 uL Sodium acetate (NaOAc) and 150 uL of 95%
ethanol. Then incubated at RT in dark place for 40 min. After that, the absorbance
was measured at 415 nm using microplate reader. The standard for this test was a
quercetin and results are expressed as mg of quercetin equivalent (QE) per g of dry

weight plant extract.
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4. In vitro experiments

4.1 Cell culture and treatments

Mouse hippocampal HT22 cells (a generous gift from Professor David
Schubert at the Salk Institute, San Diego, CA, USA) were cultured in DMEM medium

(Hyclone, Logan, UT), supplied with 10% fetal bovine serum, in a humidified

atmosphere containing 5% CO2 at 37 °C.

Treatment: The HT22 cells were divided into 10 groups including:

1. control group

2. DMSO-treated group

3. control herb groups
3.1 LRE-treated groups (25, 50, 100, and 200 pg/mL)
3.2 LRC-treated groups (25, 50, 100, and 200 pg/mL)
3.3 LRH-treated groups (25, 50, 100, and 200 pg/mL)

4. 0.25 mM N-Acetylcysteine (NAC) as positive control

5. cotreatment groups
5.1 LRE-treated groups (25, 50, 100, and 200 pg/mL) B
5.2 LRC-treated groups (25, 50, 100, and 200 pyg/mL)  — + 5mM Glutamate

5.3 LRH-treated groups (25, 50, 100, and 200 pg/mL) (GLU)

5.4 0.25 mM Nac —

4.2 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
tetrazolium (MTT) Assay

Principle: The yellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) is reduced by metabolically active cells, in part by the

action of dehydrogenase enzymes, to generate reducing equivalents such as NADH
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and NADPH. The intracellular purple formazan can be solubilized and quantified by
spectrophotometry. MTT assay, a colorimetric assay, is used to assess metabolic

activity in the cells (Figure 19).

NADH

e
@ chm u U "~ %¥ca,

MTT Formazan

Figure 19 MTT assay
(https://www.aatbio.com/resources/fag-frequently-asked-questions/What-are-the-differences-

between-MTT-and-WST-assays)

Method: HT22 cells were seeded into 96-well plates and incubated overnight
at 5% CO, at 37 °C. Next, the cells were treated with the group of treatments as

mentioned above and incubate at 5% CO, at 37 °C for 14 h. After incubation, MTT
solution was added to the each well and incubated 3 h more at the incubator. After
that, the insoluble formazan was dissolved by 10% SDS and incubated in the
incubator overnight. The MTT product was measured at 570 nm using a microplate

reader. The percent of cell viability was calculated by the following formular.

% Cell growth = [(Abs 570 nm of treated group - blank)/ (Abs 5700 nm of control -
blank)] *100

4.3 Assessment of apoptosis by Annexin V-FITC/propidium iodide (PI)

staining using flow-cytometry

Principle: Annexin V is used for detect both early and late apoptotic cells
because it interacts strongly and specifically with exposed phosphatidylserine (PS)
which is the marker of early apoptosis. Pl is used to evaluate necrosis (Figure 17). The
level of oxidative stress-induced apoptotic cell death is quantified by the

fluorescence intensity & monitored using flow cytometer (Figure 20).
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Figure 20 Annexin V-FITC/propidium iodide (PI) staining at various stage of apoptosis.

(https://www.biocat.com/cell-biology/apoptosis/apoptosis-detection-phosphatidylserin-annexin-

based)

Method: HT22 cells (1 x 105 cells) were seeded in 12-well plate and

incubated overnight at 5% CO, at 37 °C. Next, the cells were treated with the group
of treatments as mentioned before and incubate in the incubator for 14 h more.
After incubation, cells were harvested, washed and stained with annexin V/PI
solution for 15 min in the dark. Live and dead cells were determined by using a BD
FACSCalibur™ flow cytometer (BD Bioscience, Heidelberg, Germany). Data were
collected at least 10,000 cells per group and results are shown as the percentage of

apoptotic cells.

4.4 Mitochondrial Membrane Potential (MMP) assay

Principle: The MMP is determined by using commercial kit (Cell Signaling)
including the cationic dye TMRE (tetramethylrhodamine ethyl ester perchlorate) and
a mitochondrial membrane potential disruptor CCCP  (carbonylcyanide — 3-
chlorophenylhydrazone) as positive control for this test. TMRE, a cell membrane
permeable fluorescent dye, is accumulated in the intact mitochondria. Depolarized
or inactive mitochondria exhibits decreased membrane potential, resulting in

reduced TMRE accumulation (Figure 21).
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Figure 21 Mitochondrial Membrane Potential (MMP) assay

(https://www.webscientific.co.uk/product/tmre-mitochondrial-membrane-potential-assay)

Method: Cells were seeded in 96-well plate and incubated overnight at 5%

CO, at 37 °c. Next, the cells were treated with the group of treatments as
mentioned before, except cells for CCCP group the get final volume 100 pl/well and
incubated cells in the incubator for 14 h. After incubation, add CCCP in the positive
control group to get final concentration of 50 uM, and then incubate cells at 37 °C
for 15 min. After that, TMRE solution was added to each well to get a final
concentration of 200 nM and place plate in an incubator (37°C and 5% CO,) for 20
min. Next, the solution was removed and washed cells with 1X PBS and then added
100 pl/well 1X PBS to the plate. The samples were measured by microplate reader

at the excitation about 550 nm and emission about 580 nm.
4.5 Assessment of intracellular ROS accumulation

Principle: Intracellular ROS is determined using the CM-H,DCFDA (general
oxidative stress indicator). CM-H,DCFDA passively diffuses into cells, where its acetate
groups are cleaved by intracellular esterases and its thiol-reactive chloromethyl
group reacts with intracellular glutathione and other thiols. Subsequent oxidation
yields a fluorescent that is monitored using flow cytometer. The ROS generation is

quantified by the fluorescence intensity (Figure 22).
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Figure 22 Reactive oxygen species assay

(https://www.cellbiolabs.com/reactive-oxygen-species-ros-assay)

Method: Cells were seeded in 96-well plate and incubated overnight at 5%

CO, at 37 °C. Then cells were treated with herbs according to mention before. After
14 h treatment, HT22 cells were added with 10 uM of H,DCFDA for 30 min at 37 °C,
followed by washing three times with Phosphate Buffer Saline (PBS). The
fluorescence intensity (excitation = 485 nm; emission = 535 nm) was measured using
an EnSpire® Multimode Plate Reader (Perkin-Elmer) and the photographs were
obtained using an Axio Observer Al fluorescence microscope (Carl Zeiss, Jena,

Germany).

4.6 RNA isolation and assessment of antioxidant genes expression by

real-time PCR (gPCR)

In brief, total RNA was isolated from specific treatment cells using Trizol

reagent. 1 pg of total RNA was converted to cDNA by using Accupower RT Premix.



36

Quantitative real-time PCR reaction was performed by using Green Star PCR Master
Mix that SYBR Green was included. Then, the specific genes including CAT, SOD1,
SOD2, and Gpx were determined by the Exicycler Real Time Quantitative Thermal
Block (Bioneer). The specific primers were previously reported by our research groups
[114]. The relative expression of each gene was normalized to the internal control

gene (B-actin).

5. In vivo experiments

5.1 C. elegans strains and maintenance

The C. elegans strains used in this study were wild type N2, CF1038 (daf-
16(mu86)l), TJ375 (gplsllhsp-16.2:GFP]), TJ356 (zIs356[daf-16p::daf-16a/b::GFP + rol-
6]), LD1 (ldIs7 [skn-1b/c::GFP + rol-6(su1006)]), CF1553 (mu1s84[pAD76(sod-3::GFP)]) ,
CL2166 (dvIs19[pAF15(gst-4::GFP::NLS)]), BAL17 (fem-1(hc17)IV), Strains CL2355 (smg-
1(cc546) dvis50 [pCL45 (snb-1:Abeta 1-42:3" UTR(long) + mtl-2:GFP] 1); CL2122
(dvis15 [(pPD30.38)unc-54(vecton+(pCL26)mtl-2::GFP]); and AM141 (rmls133 [unc-
54::54p::Q40::YFP]). Al worms were obtained from Caenorhabditis Genetics Center
(University of Minnesota, Minneapolis, MN, USA) and were maintained on Nematode
Growth Medium (NGM) agar containing E. coli OP50 as a food source and placed
them in a 20 °C incubator. All strains and E. coli OP50 were obtained from

Caenorhabditis Genetics Center (CGC), University of Minnesota, USA.

5.2 Synchronization and treatments

Synchronization was a technique to maintain worm in the same age-stage
before beginning all experiments. In Brief, the worm’s eggs on NGM agar were
prepared by adding lysis solution containing 5M NaOH and 5% NaOCl as bleaching
reagent. Then, vortexing for 10 min and centrifuging for 40 sec at 1300 rpm.
Discarded the supernatant and wash the eggs with sterile water 2 times. Then,
removed the water as much as possible. Added 8 mL M9 buffer in 60x15 mm petri

dish and transferred the eggs into the dish. Placed them in a 20 °C incubator for 16 h.
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the eggs in M9 buffer were hatched into L1 larvae stage because of no food. Before
starting experiment, L1 larvae were transferred to S-medium containing £. coli OP50

(Figure 23).

Vortex and
centrifuge
< - e
= — &
L1larvaein L1 larvaein
NGM agar Bleaching reagent M9 buffer M9 buffer S-medium +
- SMNaOH E.coli OPS0
- 5% NaOQcCl

Figure 23 Synchronization technique

Treatment: the worms were divided into 7 groups including:
1. control group
2. less than 1% DMSO group (solvent control)
3. LRE group (50, 100, and 200 pg/mL)
4. LRC group (50,100, and 200 pg/mL)
5. LRH group (100, 200, and 300 pg/mL)
6. 50 pg/mL EGCG in DMSO (positive control for LRE group)
7. 50 pg/mL EGCG in S-medium (positive control for LRC and LRH

group).

5.3 Microbial susceptibility assays

Principle: To measure of an antibiotic or other substance to inhibit bacterial

growth in vitro.

Method: A bacteria inoculum was prepared, dispensing E. coli OP50 in 0.9%

NaCl solution, and adjusted the density to 0.5 McFarland, using the McFarland

densitometer. The bacteria suspension was spread on LB plates. After letting them
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dry for five minutes, prepared holes for LRE, LRC and LRH extracts at high dose (500,
1000 pg/mL), S-medium for control, DMSO for solvent control and the positive
control, 200 pg/mL ampicillin. Results were expressed as mean inhibition zone + SEM
of three independent experiments. Each time fresh E. coli OP50 inoculum was

prepared.

5.4 Survival assay under Juglone-induced oxidative stress

Principle: To determine protective effect of the interested substances by

observation of C. elegans survival under Juglone-induced oxidative stress.

Method: Age synchronized L1 larvae stage of wildtype N2 and transgenic
CF1038 (DAF-16 loss-of-function mutant) worms were transferred to S-medium
containing £. coli OP50 (OD600 = 1.0). they were divided into 7 groups. Each group
contained around 80 worms and treated them with the extracts as mentioned before
for 48 h. at 20 °C. After incubation time, added pro-oxidant juglone (a
naphthoquinone from Juglans regia) to final concentration 80 pM and incubated at
20 °C for 24 h. more. The surviving and dead worms were counted. The experiments

were replicated three times.

5.5 Measurement of intracellular ROS accumulation

Principle: Similar to in vitro ROS, intracellular ROS was determined using the
CM-H,DCFDA (general oxidative stress indicator). CM-H,DCFDA passively diffuses into
cells, where its acetate groups are cleaved by intracellular esterases and its thiol-
reactive chloromethyl group reacts with intracellular glutathione and other thiols.
Subsequent oxidation yields a fluorescent that is monitored using flow cytometer.

The ROS generation is quantified by the fluorescence intensity.

Method: Age synchronized L1 larvae stage of wildtype N2 and transgenic
CF1038 worms were transferred to S-medium containing £. coli OP50. Then, divided
into 7 groups and transferred 100-200 worms to each group. Following by treated
worms with all extracts for 48 h. at 20 °C incubator. After incubation time, H2DCF-DA

was added (final concentration = 50 uM). Wrapped foil to avoid light and placed
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them in 20 °C incubator for 1 h. Then, the worms were mounted on a glass slide
and paralyzed by the addition of 10mM sodium azide, and at least 30 worms were
randomly photographed using a fluorescence microscope BIOREVO BZ-9000 with a
mercury lamp (Keyence Deutschland GmbH, Neu-Isenburg, Germany) with Aex 480/20
nm, Aem 510/38 nm, 10X objective lens and constant exposure time. ImageJ
software version 1.50i (National Institutes of Health, Bethesda, MD, USA). The relative

fluorescence intensity of the full body was measured.
5.6 Transgenic reporter assays

5.6.1 Expression of HSP-16.2

Principle: To  determine an expression of heat shock protein (HSP-16.2) that

becomes active under oxidative stress.

Method: TJ375 transgenic worms were used in this experiment. This strain

contained Hsp-16.2p:GFP reporter gene. The synchronized L1 worms were treated
with all the extracts as mentioned above in S-medium for 48 h. at 20 °C incubator.

After that, treated worms with 20 uM Juglone in all groups for 24 h. at 20 °C. Then,
mounted the worms on a glass slide with a drop of 10 mM sodium azide for paralysis
and images of at least thirty worms per group. Fluorescent expression was detected
by BIOREVO BZ-9000 fluorescence microscope (Keyence Deutschland GmbH, Neu-
Isenburg, Germany) using 20X objective lens at constant exposure time. The mean
relative fluorescence intensity of pharynx was analyzed using Imagel software. The

experiments were replicated three times.

5.6.2 Expression of GST-4

Principle: To  determine an expression of glutathione S-transferase (GST-4)

protein.

Method: Transgenic strain CL2166 was used in this experiment. This strain

expressed GST-4::GFP fusion protein. The synchronized L1 worms were treated with
all the extracts in S-medium for 48 h. at 20 °C. Then, 20 uM was added to all groups

for 24 h. at 20 °C. After that, the worms were mounted on the glass slide with 10
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mM sodium azide and images of at least thirty worms per group. Fluorescent
expression was detected by fluorescence microscope using 10X objective lens at
constant exposure time. The mean relative fluorescence intensity was determined

for three independent replications.

5.6.3 Expression of SOD-3

Principle: To  determine an expression of superoxide dismutase (SOD-

3) protein.

Method: Transgenic strain CF 1553, expressing SOD-3::GFP fusion
protein were used. The synchronized L1 worms were treated with all the extracts in
S-medium for 48 h. at 20 °C. After that, the worms were mounted on the glass slide
with 10 mM sodium azide and images of at least thirty worms per group by
fluorescence microscope using 10X objective lens at constant exposure time. The

fluorescence intensity was analyzed for three repeats.

5.7 Subcellular DAF-16 localization

Principle: In TJ356 worms, the gene for the transcription factor DAF-16 is fused
to GFP. Thus, the localization of DAF-16 can be studied by fluorescence microscopy.
Only, when the transcription factors are translocated to the nucleus, genes for stress

resistance and longevity become active.

Method: Synchronized TJ356 transgenic worms (L1 larvae), DAF-16::GFP fusion
protein expression, were treated with all the extracts for 24 h. at 20 °C. Then, worms
for all groups were analyzed by fluorescence microscope using 10X objective lens at
constant exposure time. For analysis DAF-16 expression, there were three patterns:
localization to nucleus, cytoplasm, or the intermediate region between the nucleus
and cytoplasm. Worms were counted and sorted to each pattern. Three replicates

were performed for each experiment.

5.8 Subcellular SKN-1 localization

Principle: In LD-1 worms, the gene for the transcription factor SKN-1 is fused

to GFP. Thus, the localization of SKN-1 can be studied by fluorescence microscopy.
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Only, when the transcription factors are translocated to the nucleus, genes for stress

resistance and longevity become active.

Method: Synchronized L1 stage of LD-1 transgenic worms, SKN-1::GFP fusion
protein expression, were treated with all the extracts for 48 h. at 20 °C. Then, worms
for all groups were analyzed by fluorescence microscope using 10X objective lens at
constant exposure time. For analysis SKN-1 expression, there were three patterns
also: localization to nucleus, cytoplasm, or the intermediate region between the
nucleus and cytoplasm. Worms were counted and classified into each pattern. Three

replicates were performed for each experiment.

5.9 Lifespan assay

Principle: Lifespan assay is used to investigate the consequence of aging and

death.

Method: This experiment used liquid culture system. Synchronized L1 larval
wild-type (N2) worms were transferred to S-medium containing £. coli OP50 around
300 worms for each group of treatment and kept them at 20 °C. At day 1 of
adulthood, the 40 adult worms from each group were transferred to individual new
S-medium containing E. coli OP50 and treatments for 7 groups (three repeat for each
group, n=120) as mentioned above. The worms were counted and recorded every
day. They were transferred to new culture media every day for 5 days, after that, the
worms were transferred every second day. The data was analyzed as a percentage of

surviving worms.

5.10 Measurement of autofluorescent pigment (Lipofuscin)

Principle: Lipofuscin, a autofluorescent pigment, is a aging biomarker and

accumulated in intestine during overage.

Method: The BAL17 transgenic worms, temperature sensitive and recessive
feminization strains (no laying eggs at 25 °C) were used to detect lipofuscin in this
experiment. The Synchronized L1 worms were treated with all extracts in S-medium

and kept they at 25 °C for 16 days. The media and treatments were change every
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second day. At day 16, worms for all groups were analyzed by fluorescence
microscope using 10X objective lens at constant exposure time. Three repeat
experiments were performed by measuring the relative fluorescence intensity using

Image) software.

5.11 Measurement of pharyngeal pumping rate

Principle: Pharyngeal pumping rate is the other aging biomarker that gets

weaker overage.

Method: Wild type worms (N2 strain) were used for to determine the age-

related decline in muscle function by pharyngeal pumping rate measurement.
Synchronized adulthood N2 worms were transferred to NGM agar containing E. coli
OP50 for control, and transferred to NGM agar containing E. coli OP50 with
treatments for treatment groups. The adult worms were transferred to new NGM
cultured agar every day during reproductive period. The pumping activities were
analyzed on days 5, 10, 12, and 15 of adulthood. Each worm was recorded the

pumping frequency for 60 s. The result is showed as pumps min” (mean = SEM)

5.12 Measurement of brood size and body length

Principle: Brood size and body length are used to investigate the toxicity of
the interested substances. Under stress or toxic condition can reduce the number of

progeny and the body size of C. elegans.

Method for brood size assay: L4 larvae worm was individually transferred to

the new NGM agar plate containing E. coli OP50 with each treatment. The eggs were
counted using a dissecting microscope every day until they stopped laying eggs to

obtain a mean brood size.

Method for body length: wild type worms (N2 strain) were allowed to lay eggs

into NGM agar plate with £. coli OP50 as a food source for 2-4 h before being picked
worm out. And then, the remaining eggs were incubated at 20 °C for 48 h. Around 30
wild-type L4 larvae were randomly selected for each group, transferred to the solid

NGM plates containing the corresponding concentration of all extracts and kept at 20
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°C for 24 h. Adult day 1 worms were mounted on the glass slide with 10 mM sodium
azide and images by bright-field microscope. the body length was determined using
the software BZ-Il Analyzer (Keyence Corp.). The results are presented as body length

in micrometers (mean + SEM).
5.13 Assessment of neuroprotective effects in C. elegans model

5.13.1 Chemotaxis assay

Principle: Chemotaxis assay is used to evaluate the neuroprotective effect of
the interested substances on odorant response in C. elegans. Normal worms will
move to the attractant position whereas the transgenic CL2355 worms express AB in
nerve cells (Alzheimer model). As a physiological response, these nematodes show a

reduced ability for chemotaxis.

Method: The transgenic worms including CL2355, pan-neuronal expression of
Human Abeta peptide, and CL2122, a control worm, were used. This assay slightly
modified from Wu Y., et al [115]. The synchronized L1 worms both CL2355 and 2122
were transferred to S-medium containing E. coli OP 50 as a food source. Each strain
of worms was divided into 7 groups. All worms were kept at 16 °C for 36 h, and then
shift to 23 °C and incubated for 36 h more. The increased temperature is required for
the pan-neuronal AB1-42 expression in the strain CL2355. After the incubation, the
worms were washed three times with M9 buffer to completely remove E. coli OP50.
Finally, around 40 worms were placed in the center of a chemotaxis agar plate (94
mm). Before placing the worms, 1 pl of the attractant odorant (0.1% benzaldehyde
in 99.8% ethanol) together with 1 pl of 1 M sodium azide, used as worms paralysing,
were added to one side of the plate. On the other hand, 1 ul of the control odorant
(99.8% ethanol) along with 1 pl of 1 M sodium azide were added (Figure 19). Then,
all plates were kept at 23 °C for 1 h. After that, the worms were counted from both

sides and calculated the chemotaxis index (Cl) by the following formular:
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Cl = (Na — No)/ Nt
Na: number of worms at the attractant position
Nc: number of worms at the control position

Nt: total number of worms on the plate

1 ul of the control odorant (99.8% ethanol)
+1 plof 1 M sodium azide

1 pl of the attractant odorant (0.1% benzaldehyde
in 99.8% ethanol) + 1 pl of 1 M sodium azide

Chemotaxis agar

Figure 24 Chemotaxis assay

5.13.2 Assessment of PolyQ40 aggregation

Principle: The accumulation of PolyQ40 proteins in transgenic AM141 worms
has been used as a model for Huntington’s diseases. A soluble Q40::YFP distribution
in body wall muscle cells immediately after hatching. As these worms age the rapid
formation of foci is observed. When they reach adulthood, an entirely Q40:YFP
aggregated phenotype is observed.

Method: The synchronized transgenic AM141, expressing polyQ40:YFP as a

reporter gene, were treated as same as chemotaxis assay, Then, the worms were
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incubated at 20 °C for 72 h. After incubation period, the worms were mounted on a
glass slide with a drop of 10 mM sodium azide for paralysis and images of at least
thirty worms per group. Fluorescent expression was detected by BIOREVO BZ-9000
fluorescence microscope (Keyence Deutschland GmbH, Neu-Isenburg, Germany) using
10X objective lens at constant exposure time. The numbers of PolyQ40 aggregation,
located in the muscle cells of the worms, were counted manually. The mean + SEM

was analyzed for three independent replications.

5.14 Statistical Analysis

Data are presented as the mean of three independent experiments (the mean
+ SEM) and analyzed with GraphPad Prism 6. Statistical comparison between the
control and treatments were performed using one-way ANOVA following Bonferroni's
method (post-hoc). Lifespan data were determined by log-rank (Mantel-Cox) tests
followed by the Gehan-Breslow-Wilcoxon test. All the experiments were performed

at least three times. Differences with p < 0.05 were considered statistically significant.
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CHAPTER IV

Results

1. Antioxidant Properties and Total Phenolic and Flavonoid Contents

In this study, the antioxidant properties of three extractions of Lignosus
rhinocerus (LR) were investigated by 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH)
scavenging assay, 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS)
scavenging assay. The results showed that % Radical scavenging activity in DPPH
assay of Lignosus rhinocerus ethanol extract (LRE) was the highest. Next is Lignosus
rhinocerus cold water extract (LRC) and Lignosus rhinocerus hot water extract (LRH)
was the lowest at 12.08 + 0.77%, 5.88 + 1.13% and 4.78 + 1.21%, respectively
(Tablel). Similar to DPPH assay, % Radical scavenging activity of LRE was the highest
follow by LRC and the LRH was the lowest at 38.83 + 0.37, 31.66 + 0.35 and 23.56 +
4.71, respectively (Table 2). In addition, LRE found high phenolic content (19.78 +
0.18). Next is LRC (7.38 + 0.03) and LRH is the lowest (4.75 + 0.06) (Table 3). On the
other hand, LRH had the most flavonoid content (63.61+ 0.57) follow by LRC (14.22
+ 0.35) and LRE is the lowest (9.39 + 0.50) (Table 3)

Table 1 Free radical scavenging capacity of three extractions of Lignosus rhinocerus

(LR) using DPPH scavenging assay.

% Radical Scavenging mg VCEAC/g Dry Weight

Sample Activity (of 1 mg/mL Sample
Extract)
LRE 12.08 £ 0.77 33.67 + 1.45
LRC 5.88 £ 1.13 2201 +2.13
LRH 4.78 + 1.21 19.93 + 2.28

VCEAC: Vitamin C equivalent antioxidant capacity.



a7

Table 2 Free radical scavenging capacity of three extractions of Lignosus rhinocerus

(LR) using ABTS scavenging assay.

% Radical Scavenging mg VCEAC/g Dry Weight
Sample Activity Sample
(of 1 mg/mL Extract)

LRE 38.83 + 0.37 31.32 £ 0.39
LRC 31.66 = 0.35 31.32 £ 0.39
LRH 2356 +4.71 15.26 + 4.95

VCEAC: Vitamin C equivalent antioxidant capacity.

Table 3 Total phenolic and flavonoid contents of three extractions of Lignosus

rhinocerus (LR)

Total Phenolic Total Flavonoid
Sample
(mg(GA)/g of Dry Weight) (mg(QE)/g of Dry Weight)
LRE 19.78 £ 0.18 9.39 + 0.50
LRC 7.38 £ 0.03 14.22 + 0.35
LRH 4.75 + 0.06 63.61 + 0.57

GA: Gallic acid; QE: Quercetin.

2. Phytochemical Constituents of LRE

Gas chromatograph—-mass spectrometer (GC-MS) analysis showed the
presence phytochemical compounds of LRE by detection and comparison the MS
data with databases to identify chromatographic peaks as shown in chromatograms
(Figure 25). In the percentage of compounds, we identified proposed phytochemical
constituents of LRE that involved in antioxidant properties (Table 4) . For the others
water extracts, the possible phytochemical constituents consist of high triglycerol,

olenolic acid and betulinic acid [18].
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Figure 25 Gas chromatograph-mass spectrometer (GC-MS) chromatogram of ethanol

extraction of Lignosus rhinocerus (LRE). * Peaks of proposed phytochemical

constituents in LR were suggested by GC-MS.

Table 4 Proposed phytochemical constituents in Lignosus rhinocerus (LRE)

Peak Area Pharmacological
RT MF MW Name of Compound Ref
No. (%) activity
1 7.143  0.17 C5HgO;5 92.09 Glycerin n/a
6 11.069  0.06 CyHog 156.31 Undecane anti-allergic, [116]
anti-inflammatory
7 13.358  0.05 CyoH150 154.25 Terpinen-4-ol antioxidant [117]
11 15540  0.08 CigHy 190.32 Benzene, 1,3-bis(1,1- n/a
dimethylethyl)-
19 22.2 0.42 CeHsO 94.11 Phenol antioxidant [118]
20 24790  1.04 CoH1004 182.17 3,5-Dimethoxybenzoic antibacterial [119]
acid
22 28845 0.05 CH;NO;  181.19  3,5-Dimethoxybenzamide anticancer [120]
23 29.819 0.16 Cy5H300, 242.4 Pentadecanoic acid antioxidant, [121,
antibacterial 122]
24 31.437  0.19  CygHiO, 28247 Oleic acid antioxidant [123]
26 31946 254  CiHs O,  254.41 Hexadecenoic acid antifungal, [124]

antioxidant
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Peak Area Pharmacological
RT MF MW Name of Compound Ref
No. (%) activity
27 32.495 092 Cy7H500, 266.4 7,10-Hexadecadienoic antioxidant, anti- [125]
acid, methyl ester inflammatory,
28 33,709 0.22 Cy7H3,0, 270.5 Heptadecanoic acid antioxidant [126]
29 34.368 0.12  CiHiO, 296.48 11-Octadecenoic acid, Antioxidant, [127]
methyl ester antimicrobial
31 35.410 4253  CigH,0, 282.5 9-octadecenoic acid antioxidant [127]
32 35.6 9.58 CyoH360, 308.5 Linoleic acid ethyl ester antioxidant [126]
34 38.870 1.01 Cy1H3504 354.5 = 9,12-Octadecadienoic acid n/a
(Z,2)-, 2,3-dihydroxypropyl
ester
40 47873 177 CusHeO, 4987 9(11)-Dehydroergosteryl antimicrobial [128]
benzoate
46 50.939  1.72 CygHagO 396.6 Ergosterol regulation of [129,
membrane fluidity 130]

and structure,
developmental

growth

Rt: retention time; MF: molecular formula; MW: molecular weight

3. The biological activities of LR extract in mouse hippocampal HT22 cells (in

vitro)

3.1 Effect of LR extracts against glutamate-induced cytotoxicity

To evaluate cell cytotoxicity of three extractions of LR including LRE, LRC and

LRH, the MTT assay was used. The results showed that HT-22 cells, induced with 5

mM glutamate, significantly reduced cell viability at 44.71 + 3.15 %; p < 0.001

compared to control. However, LRE-treated cells at concentration 25, 50, 100 and

200 pg/mL were not difference in cells viability compared to control. Similarly, 0.25

mM Nac-treated cells, as positive control, was not toxic to the cells compared to

control. In addition, co-treatment cells with 25, 50, 100, and 200 pg/mL of LRE and 5
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mM glutamate showed significant protective effects against cell death in a dose-
dependent manner at 74.00 + 1.53%, 77.33 + 0.67%, 85.67 + 0.67%, and 92.33 +
0.889%, respectively; p < 0.001 compared to glutamate-treated cells. Likewise, co-
treatment between 0.25 Nac and 5 mM ¢lutamate significantly increased cell viability

at 94.67 + 1.76%, p < 0.001 compared to glutamate-treated cells (Figure 26a).

Cell viability test of LRC-treated cells at concentration 25, 50, 100 and 200
pe/mL, the results showed that they were not toxic to the cells compared to
control. However, co-treatment cells with 25, 50, 100, and 200 pg/mL of LRC and 5
mM glutamate decreased cell viability and they had no different in cell death
compared to glutamate-treated cells (Figure 26b). Similarly, the results of cell
viability of LRH-treated cells at concentration 25, 50, 100 and 200 pg/mL were not
toxic to the cells compared to control, whereas co-treatment cells between the
same concentration of LRH with 5 mM glutamate failed to protect cell death

compared to glutamate-induced cells (Figure 26¢).
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Figure 26 Protective effect of different concentrations of LR extracts against
glutamate-induced toxicity in HT22 cells. The percentage of cell viability of LRE
cotreatment significantly increase and in a dose-dependent manner (a), The
percentage of cell viability of LRC cotreatment (b), and LRH cotreatment (c) were not
difference compared to glutamate-treated group. Values are mean + SEM of at least
3 independent runs. ### p < 0.001 vs. control; * p < 0.05, ** p < 0.01, and *** p <

0.001 vs. glutamate alone.

3.2 Anti-apoptotic activity of LR extracts

According to MTT results, we chose 100 and 200 pg/mL to test for other

experiments because the cell viability after inducing with 5 mM glutamate had more
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than 80%. To investigate the role of three extracts of LR in g¢lutamate-induced
apoptosis in HT22 cells, the cells were treated as mentioned in the method. We
found that 5 mM glutamate-treated cells sharply increase the percentage of
apoptotic cells at 62.64 + 8.64%, p <0.001 compared to control (10.71 + 2.91%). On
the other hand, LRE-treated cells at concentration 100 and 200 pg/mL were not
difference in the percentage of apoptotic cells compared to control as well as 0.25
mM Nac-treated cells. Moreover, co-treatment cells between 100 and 200 pg/mL of
LRE and 5 mM glutamate showed significantly decreased the percentage of apoptotic
cells at 10.18 + 4.266%, and 9.796 + 4.416%, respectively; p < 0.001 compared to
glutamate-treated cells and also decrease in the percentage of apoptotic cells in
0.25 mM Nac-treated cells at 10.73 + 4.175%, p < 0.001 compared to control (Figure
27a). However, both LRC and LRH co-treated cells showed high percentage of
apoptotic cells and they were not difference compared to 5 mM glutamate-treated

cells alone (Figure 27b).
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Figure 27 Quantitative flow cytometric analysis of apoptotic cells using annexin V-
FITC/PI staining in HT22 cells. Percentages of apoptotic cells were early stage
(annexin V+/Pl-, lower right quadrant) plus late stage (annexin V+/Pl+, upper right
quadrant). The percentages of apoptotic cells of LRE cotreatment (a) significantly
decrease. Whereas, the percentages of apoptotic cells of LRC and LRH cotreatment
(b) were not difference compared to glutamate alone. Representative scatter plots

show the distribution of annexin V and PI staining for control (c). 0.25 mM Nac was
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positive control. Values are mean + SEM of at least 3 independent runs. ### p <

0.001 vs. control; and *** p < 0.001 vs. glutamate alone.

3.3 Effect of LR extracts on Mitochondrial Membrane Potential (MMP)

The HT-22 cells, treated with only 5 mM glutamate, importantly reduced
fluorescence intensity of TMRE at 8.00 + 9.23, p < 0.001 compared to control (56.81
+ 11.28). Similarly, the cells, treated with CCCP as positive control for this test,
showed significant decrease in fluorescence intensity compared to control at 15.29 +
7.947; p < 0.01. However, the cells LRE-treated cells at concentration 100 and 200
pe/mL were not difference in the fluorescence intensity like 0.25 mM Nac-treated
cells compared to control. Furthermore, the cells were co-treated between 100, and
200 pg/mL of LRE and 5 mM glutamate significantly improved the TMRE fluorescence
intensity in a dose-dependent manner compared to glutamate-treated cells at 47.19
+ 9.774, and 58.62 + 14.36; p < 0.01, respectively as well as co-treated 0.25 mM Nac
and 5 mM glutamate (39.95 + 11.89, p < 0.05) (Figure 28a). The cotreatment of LRC
or LRH (100, and 200 pg/mL) with 5 mM glutamate showed low fluorescence
intensity of TMRE and were not difference from 5 mM glutamate-treated cells (Figure

28b)
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Figure 28 Protective effect of different concentrations of LR extracts on MMP in HT22
cells. The cells in LRE cotreatment group significantly increase MMP in a dose-
dependent manner compared to glutamate alone (a). Whereas, the cells in LRC and
LRH cotreatment group were no difference compared to glutamate-treated group (b).
Representative fluorescence micrographs with TMRE staining under a fluorescence
microscope of the cells control group (c); DMSO group (d); 5 mM glutamate group (e);
100 pg/mL (f) and 200 pg/mL (g) of LRE cotreatment groups; and 0.25 Nac group (h).
Values are mean + SEM of at least 3 independent runs. ## p < 0.01 vs. control; * p <

0.05, and ** p < 0.01vs. glutamate alone.
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3.4 Effect of LR extracts on intracellular ROS level

From the results, HT-22 cells, treated with 5mM of glutamate alone,
significantly increased ROS generation at 243.9 + 9.22%; p < 0.001 compared to
control. Whereas, the cells treated between 100, and 200 pg/mL of LRE and 5 mM
glutamate cotreatment significantly decreased intracellular ROS accumulation in a
dose-dependent manner compared to control at 126.6 + 8.39%, and 116.1 + 7.99%;
p < 0.001, respectively as well as co-treated 0.25 mM Nac and 5 mM glutamate
(106.9 + 10.33%; p < 0.001) (Figure 29a). On the contrary, co-treated cells with LRC or
LRH (100, and 200 pg/mL) together with 5 mM glutamate showed high level of
intracellular ROS expression and the results were not difference from 5 mM

glutamate-treated cells alone (Figure 29b).
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Figure 29 The effect of different concentration of LR extracts on intracellular ROS
accumulation in HT22 cells. The cells in LRE cotreatment group significantly decrease
in ROS level in a dose-dependent manner compared to glutamate alone (a).
Whereas, the cells in LRC and LRH cotreatment group were not difference in ROS
level compared to glutamate-treated group (b). Representative fluorescence
micrographs with DCFH-DA staining under a fluorescence microscope of the cells
control group (c); DMSO group (d); 5 mM glutamate group (e); 100 pg/mL (f) and 200
ug/mL (g) of LRE cotreatment groups; and 0.25 Nac group (h). Values are mean + SEM
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of at least 3 independent experiments. ### p < 0.001 vs. control; * p < 0.05, and ***

p < 0.001vs. glutamate alone.

3.5 Effect of LR extracts on antioxidant gene expressions

According to the protective effect of LRE in previous experiments, so we
focus on LRE extract to test in further experiments. For the expression of CAT genes,
the results showed that 5 mM glutamate-treated cells caused reduction of CAT gene
expression, whereas the expression of CAT of the cells were co-treated between 100,
and 200 pg/mL of LRE and 5 mM glutamate significantly enhanced 3-fold and 3.2-
fold, respectively like 0.25 mM Nac-cotreated cells 2.6-fold enhancing, in comparison

to glutamate-treated cells (Figure 30a).

Similarly, the cells, with 100, and 200 pg/mL of LRE- glutamate cotreatment,
the 100, and 200 pg/mL of LRE-treated cells importantly increased the SOD1
expression 2.25-fold, and 2.38-fold, respectively when compared to glutamate-
treated cells. The cotreatment of 0.25 mM Nac also increased 1.88-fold compared to
glutamate-treated cells (Figure 30b). In addition, cotreatment of 100 pg/mL of LRE,
200 pg/mL of LRE and 0.25 mM Nac also significantly increased SOD2 expression by
1.75-fold, 2-fold, and 1.75-fold, respectively compared to glutamate-treated cells
(Figure 300).

However, 5 mM ¢lutamate-treated cells showed significant decrease in GPx
expression but cotreatment of 100 pg/mL of LRE, 200 pg/mL of LRE and 0.25 mM
Nac showed significant increase by 3.7-fold, 4-fold, and 3.7-fold, respectively, in a

comparison to glutamate-treated cells (Figure 30d).
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Figure 30 The effect of different concentrations of LRE extracts on antioxidant gene

expressions in HT22 cells. The cells of LRE cotreatment significantly increase in CAT

gene expression (a); SOD1 gene expression (b); SOD2 gene expression (c); and GPx

gene expression (d) compared to glutamate alone. Values are mean + SEM of at least

3 independent runs. ## p < 0.01 vs. control; * p < 0.05, ** p < 0.01, and *** p < 0.001

vs. glutamate alone.

4. The biological activities of LR extract in C. elegans (in vivo)

4.1 Microbial susceptibility assays

From the result, all the extracts even in high dose (1000 pg/mL) did

not impact on E. coli OP50 compared with Ampicilin (Table 5, Figure 31).

Table 5 Microbial susceptibility test

Test Mean inhibition zone + SEM

S-medium 06+0

DMSO 0.73+0.23

LRE 500 pg/mL 0.73 £ 0.23

LRE 1000 pg/mL 0.73 £ 0.23
LRC 500 pg/mL 06+0
LRC 1000 pg/mL 060
LRH 500 pg/mL 06+0
LRH 1000 pg/mL 060

Ampicilin 200 pg/mL 352 +0.13
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Figure 31 Microbial susceptibility test for LRE (a), LRC (b), and LRH (c)

4.2 Effect of LR extracts against juglone-induced oxidative stress in wild

type

From the results, the age synchronized N2 worms were exposed to 80 uM
juglone. Only 19.37 + 4.41 % of untreated control could survive. Whereas, The
survival rate of N2 worms that treated with LRE (50, 100 and 200 pg/mL) significantly
increased and were dose-dependent at 79.78 + 9.42 % (p < 0.05), 85.32 + 8.72 % (p
< 0.01), 87.46 + 9.09 %(p < 0.001), respectively compared to DMSO (20.54 + 7.8 % ).
Similarly, the worms treated with 50 pg/mL EGCG in DMSO significantly increased
compared to DMSO (60.91 + 1.28 %, p < 0.05) (Figure 32a).

The worms were treated with different dose of LRC (50,100 and 200 pg/mL)
significantly increased the survial rates by dose dependent at 54.86 + 5.87 (p < 0.05),
66.13 + 581 (p < 0.01) and 79.07 + 6.54 (p < 0.001) compared to control,
respectively (Figure 32b). Similarly, LRH (100, 200 and 300 pg/mL) significantly
enhanced the survival rate at 52.66 + 0.76 (p < 0.05), 60.45 + 4.57 (p < 0.01), and
69.5 + 11.8 (p < 0.001) compared to control, respectively (Figure 32b). For EGCG in S-
medium (50 pg/mlL) treatment, the survival worms were significant increase

compared to control (53.33 + 1.93, p < 0.05).
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Figure 32 Effect of different concentrations of LR extracts on survival rate against
juglone-induced oxidative stress in N2 worms. The survival rate was significantly
increase and dose dependent after LRE treatments (a) and LRC or LRH treatment (b).
Values are mean + SEM of at least 3 independent runs. * p < 0.05, ** p < 0.01, and

***p < 0.001.

4.3 Effect of LR extracts on intracellular ROS accumulation in wild type

After wild type worms (N2) were treated with LR extracts. The results showed

that LRE (50, 100 and 200 pg/mL) significantly reduced intracellular ROS by reducing
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fluorescence intensity and the reduce effects were dose-dependent at 45.07 + 1.38
% (p < 0.001), 27.96 + 0.89 % (p < 0.001), 11.47 + 1.12% (p < 0.001) compared to
DMSO, respectively. Likewise, the worms were treated with 50 pg/mL EGCG in DMSO
significantly declined ROS accumulation compared to DMSO (31.92 + 2.03, p < 0.001)
(Figure 33).
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Figure 33 Effect of different concentrations of LRE extracts and positive control
(EGCG) on intracellular ROS accumulation in N2 worms. Intracellular ROS was
significantly decreased after LRE and EGCG treatments (a). The fluorescent of ROS of
control worms (b); DMSO treated worns (c); LRE at 50,100 and 200 pg/mL treated
worms (d-f, respectively); EGCG treated worms (g). Values are mean + SEM of at least

3 independent runs. *** p < 0.001 compared to DMSO.

The age synchronized N2 worms were treated with 50, 100, and 200 pg/mL of
LRC showed low level of intracellular ROS dosed dependent at 59.21 + 1.33 %, 40.12
+ 1.58 %, and 25.58 + 1.50 %; p < 0.001 compared to control, respectively (Figure 4).
Similar to LRC groups, the worms were treated with 50, 100, and 200 pg/mL of LRC
showed significant decrease in intracellular ROS expression at 50.65 + 1.44 %, 38.7 +
1.55 %, and 20.35 + 1.14 %; p < 0.001 compared to control, respectively. For 50
ug/mL EGCG in S-medium, the worms significantly decreased (25.3 +1.92, p < 0.001)
compared to control (100 + 2.09) (Figure 34).
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Figure 34 Effect of different concentrations of LRC, LRH extracts and positive control
(EGCG) on intracellular ROS accumulation in N2 worms. Intracellular ROS was
significantly decrease after LRC, LRH extracts and EGCG treatments (a). The
fluorescent of ROS of control N2 worms (b); LRC at 50,100 and 200 ug/mL treated
worms (c-e, respectively); LRH at 100,200 and 300 pg/mL treated worms (f-h,
respectively); and EGCG treated worms (i). Values are mean + SEM of at least 3

independent runs. *** p < 0.001 compared to control.

4.4 Effect of LR extracts on HSP-16.2 expression

The synchronized TJ375 transgenic worms, treated with LRE with various
concentrations (50, 100, and 200 pg/mL), significantly decreased the level of heat
shock protein (HSP-16.2) after induced with 20 pM juglone and were dose
dependence compared to DMSO at 33.03 + 1.18 %, 17.86 + 0.90 %, and 10.33 + 1.15
% (p < 0.001). For 50 pg/mL EGCG in DMSO treated group, the worms also
significantly reduced the HSP-16.2 expression levels compare to DMSO (9.18 + 0.49, p
< 0.001) (Figure 35).
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Figure 35 Effect of different concentrations of LRE extracts and positive control
(EGCQ) on HSP-16.2 expression in TJ375 transgenic worms. The HSP-16.2 expression in
TJ375 transgenic worms was significantly decrease after treated withvLRE and EGCG
treatments (a). The fluorescent of HSP-16.2 expression of control TJ375 worms (b);
treatedwith DMSO (c); LRE at 50,100 and 200 pg/mL (d-f, respectively); and treated
with EGCG (g). Values are mean + SEM of at least 3 independent runs. *** p < 0.001
vs. DMSO.

The mutant worms, treated with LRC (50, 100, and 200 pg/mL) significantly
reduced HSP-16.2 expression at 30.73 + 1.54%, 17.77 + 0.72%, and 7.61 + 0.36%, p
<0.001), respectively. The mutant worms, treated with LRH (50, 100, and 200 pg/mL)
showed significant decrease at 21.64 + 1.21 %, 11.88 + 1.25 %, and 6.74 + 0.82 % ( p
< 0.001) compared to control (10.27 + 0.39 %) (Figure 36).
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Figure 36 Effect of different concentrations of LRC, LRH extracts and positive control
(EGCQG) on HSP-16.2 expression in TJ375 transgenic worms. The HSP-16.2 expression in
TJ375 transgenic worms was significantly decreased after LRC, LRH and EGCG
treatments (a). The fluorescent of HSP-16.2 expression of control TJ375 worms (b);
treated with LRC at 50,100 and 200 pg/mL (c-e, respectively); treated with LRH at
100, 200 and 300 pg/mL (f-h, respectively); and treated with EGCG (i). Values are

mean + SEM of at least 3 independent runs. *** p < 0.001 vs. control.

4.5 Effect of LR extracts on GST-4 expression

The results show that the CL2166 transgenic worms, treated with LRE and
EGCG had no effect on the expression of GST-4 in CL2166 worms when compared to
DMSO (Figure 37a). Similarly, the worms treated with LRC, LRH and EGCG in S-
medium had no effect on the expression of GST-4 worms when compared to control

(Figure 37b).
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Figure 37 Effect of different concentrations of LR extracts on GST-4 expression in
CL2166 transgenic worms. The survival rate was significantly increase and dose

dependent after LRE treatments (a) and LRC or LRH treatment (b). Values are mean +

SEM of at least 3 independent experiments.

4.6 Effect of LR extracts on SOD-3 expression

The synchronized CF1553 transgenic worms, treated with 50, 100, and 200
pe/mL of LRE, significantly enhanced SOD-3 expression at 169.1 + 1.72 %, 202.3 +
2.67 %, and 238.9 + 2.83 %, p < 0.0001, respectively compared to DMSO. Similar to
LRE, 50 uM EGCG in DMSO significantly reduced at 21.6 + 0.58 % (Figure 38).
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Figure 38 Effect of different concentrations of LRE extracts and positive control
(EGCG) on SOD-3 expression in CF1553 transgenic worms. SOD-3 expression was
significantly increase after LRE and EGCG treatments (a). The fluorescent of SOD-3
expression of control CF1553 transgenic worms (b); DMSO treated worms (c); LRE at
50,100 and 200 pg/mL treated worms (d-f, respectively) ; and EGCG treated worms
(9). Values are mean + SEM of at least 3 independent runs. *** p < 0.001 vs. DMSO.

Similar to LRE, the worms, treated with 50, 100, and 200 pg/mL of LRC
showed significant increase at 156.6 + 1.53 %, 194.9 + 1.94 %, and 223.8 +4.34 %; p
< 0.001, respectively, compared to control. The worms, treated with 100, 200 ,and
300 of LRH, significantly increased at 169.8 + 1.94 %, 208.6 + 2.248, 247.4 + 4.49 %; p
<0.001 respectively, compared to control. In addition, the worms, treated with 50 uM
EGCG in S-medium, significantly increased SOD-3 expression by 166.3 + 2.35 %, p <
0.001 (Figure 39).
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Figure 39 Effect of different concentrations of LRC, LRH extracts and positive control
(EGCG) on SOD-3 expression in CF1553 transgenic worms. SOD-3 expression was
significantly increased after LRC, LRH and EGCG treatments (a). The fluorescent of
SOD-3 expression of control CF1553 transgenic worms (b); LRC at 50,100, and 200
ug/mL treated worms (c-e, respectively); LRH at 100, 200, and 300 pg/mL treated
worms (f-h, respectively); and EGCG treated worms (i). Values are mean + SEM of at

least 3 independent runs. *** p < 0.001 vs. control.

4.7 Effect of LR extracts on DAF-16/FOXO pathway

The age synchronized TJ356 transgenic worms, treated with 50, 100, and 200
pwe/mL of LRE, significantly enhanced DAF-16 translocation to nucleus. The
percentage of nuclear subcellular localization were 48.7 + 7.51 % (p < 0.01), 63.09 +
9.07 % (p < 0.001), and 72.77 + 11.20 % (p < 0.001) compared to DMSO (3.74 + 0.41).
For 50 uM EGCG in DMSO treatment, the result showed significantly enhanced DAF-
16 translocation to nucleus compared to DMSO (40.24 + 4.89, p < 0.05) (Figure 40a).

Similar to LRE, the synchronized worms, treated with LRC (50, 100, and 200
ug/mL) showed significant increase in DAF-16 nuclear localization compared to
control at 39.05 + 0.68% (p < 0.05), 40.85 + 0.72% (p < 0.05), and 54.0 + 3.51%, (p <
0.001), respectively. The result of LRH treatment showed significant increase in DAF-

16 nuclear localization compared to control at 39.83 + 7.29%, (p < 0.05), 54.48 +
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8.79%, (p < 0.001), and 59.76 + 10.00% (p < 0.001), respectively. The worms of 50 uM
EGCG in S-medium treatment showed significantly enhanced DAF-16 translocation to

nucleus compared to control (41.29 + 12.04, p < 0.05) (Figure 40b).
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Figure 40 Effect of different concentrations of the extracts on DAF-16 nuclear
localization in TJ356 transgenic worms. DAF-16 nuclear localization was significant
increase after LRE treatment (a), LRC, and LRH treatments (b). DAF-16 locations in
TJ356 worms: nucleus (c), intermediate (d) and cytosol (e). Values are mean + SEM of

at least 3 independent runs. * p < 0.05; ** p < 0.01; and *** p < 0.001 vs. control.

4.7.1 Effect of LR extracts against juglone-induced oxidative stress in

CF1038

To confirm whether all extracts activated the antioxidant activities via
DAF-16/FoxO pathway. The CF1038 transgenic worms were treated with all
concentrations of LRE, LRC, LRH and EGCG. From the results, there were no

difference of the % survival worms both all concentration of LRE extracts compared
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to DMSO (Figure 41a) and all concentration of LRC, LRH extracts compared to control

(Figure 41b).
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Figure 41 Effect of different concentrations of LR extracts on survival rate against
juglone-induced oxidative stress in CE1038 worms. The survival rate no difference
after treated LRE extracts (a) and LRC or LRH extract (b). Values are mean + SEM of at

least 3 independent runs.
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4.7.2 Effect of LR extracts on intracellular ROS accumulation in CF1038

Similar to oxidative stress results, there were no difference of
intracellular ROS accumulation in CF1038 worms both all concentration of LRE
extracts compared to DMSO (Figure 42a) and all concentration of LRC, LRH extracts

compared to control (Figure 42b).
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Figure 42 Effect of different concentrations of LR extracts on intracellular ROS
accumulation in CF1038 worms. The results showed no difference after treated LRE
extracts (a) and LRC or LRH extract (b). Values are mean + SEM of at least 3

independent runs.
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4.8 Effect of LR extracts on SKN-1/NRF-2 pathway

The LD-1 transgenic worms were treated with all the extracts. Form the
result, the SKN-1 nucear translocation of LD-1 had no differences between all
concentration of LRE and EGCG compared to DMSO group (Figure 43a). in addition,
the worms had no differences between all concentration of LRC, LRH and EGCG

compared to control (Figure 43b).
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Figure 43 Effect of different concentrations of the extracts on SKN-1 nuclear
localization in LD1 transgenic worms. The LD1 worms showed no difference after LRE
treatment (a), LRC, LRH and EGCG treatments (b) compare to control. SKN-1 locations
in LD1 worms: cytosol (c), intermediate (d) and nucleus (e). Values are mean + SEM

of at least 3 independent runs.
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4.9 Effect of LR extracts on lifespan extension

The age synchronized N2 worms, treated with different concentration of LRE
significantly enhanced the survival of N2 worms compared to DMSO control. The
mean lifespan of the 50, 100 and 200 pg/ml extract-treated worms were 20.98 +
0.61, 21.06 + 0.64, and 21.09 + 0.69; p < 0.01, compared to control, respectively. For
50 pM EGCG in DMSO-treated worms, the mean lifespan was significant increase

compared to DMSO (21.42 + 0.73; p < 0.01) (Figure 44a and Table 6).

Similarly, the age synchronized N2 worms, treated with 50, 100 and 200
us/mL LRC significantly enhanced the survival of N2 worms compared to control
group at 20.34 + 0.66 (p < 0.05), 20.95 + 0.76 (p < 0.05), and 20.95 + 0.76 (p < 0.001),
respectively (Figure 4d4b and Table 6).

In addition, the age synchronized N2 worms, treated with 100, 200 and 300
ps/mL LRH significantly enhanced the survival of N2 worms compared to control
group at 20.28 + 0.72 (p < 0.05), 20.66 + 0.71 (p < 0.05), and 20.93 + 0.76 (p < 0.001),
respectively. The worms, treated with 50 pM EGCG in S-medium, showed that the

mean lifespan was significant increase compared to control (21.42 + 0.73; p < 0.01)

(Figure 44c and Table 6)
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Figure 44 Effect of different concentrations of LR extracts on Longevity. The N2
worm-treated with 50, 100, and 200 pg/mL LRE (a); 50, 100, and 200 wug/mlL LRC (b);
and 100, 200, and 300 pg/mL LRH (c). Lifespan extension after LRE, LRC and LRH

extract treatment showed in cumulative survival plots.



Table 6 Results and statistical analyses of C. elegans lifespan assay
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Treatment: N2 Mean lifespan % increased p-value (vs. p-value Number
(day) + SEM lifespan (vs. control) summary ©Of worms
control)

Control 18.23 + 0.64 99
DMSO 19.65 + 0.62 7.79 0.1137 ns 106
LRE 50 pg/ml 20.98 + 0.61 15.09 0.002 ** 100
LRE 100 pg/ml 21.06 + 0.64 15.52 0.002 *x 102
LRE 200 pg/ml 21.09 + 0.69 15.69 0.0028 x* 100
EGCG in DMSO50 pg/ml 21.42 + 0.73 17.50 0.0012 ** 100
LRC 50 pg/ml 20.34 + 0.66 11.57 0.0225 * 100
LRC 100 pg/ml 20.71 £ 0.75 13.60 0.0125 * 100
LRC 200 pg/ml 20.95 £ 0.76 14.92 0.0067 ** 100
LRH 100 pe/ml 20.28 + 0.72 11.25 0.0362 * 104
LRH 200 pg/ml 20.66 + 0.71 13.33 0.0124 * 102
LRH 300 pg/ml 20.93 £ 0.76 14.81 0.0072 ** 98
EGCG in S-medium 50 pg/ml 21.17 +0.82 16.13 0.0052 ** 101

The lifespan assay was carried out with wild type (N2) worms at 20 °C. Mean lifespan in days is the average

number of days the worms survived in each group. The treatment group was compared to the control by log-rank

(Mantel - Cox) tests followed by the Gehan - Breslow - Wilcoxon test

4.10 Effect of LR extracts on Lipofuscin level

The synchronized BA17 transgenic worms that were temperature sensitive

and recessive feminization strains (no laying eggs at 25 °C, treated with 50, 100, and

200 pg/mL of LRE, significantly attenuated lipofuscin accumulation at 62.00 + 1.34
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%, 53.06 + 1.50 %, and 60.44 + 1.00 %; p < 0.0001, respectively compared to DMSO.
Similarly, 50 pM EGCG in DMSO-treated worms significantly reduced lipofuscin level
at 60.10 + 1.42 %; p < 0.001 compared to DMSO (Figure 45a).

Like LRE, the worms, treated with 50, 100, and 200 pg/mL of LRC showed
significant decrease lipofuscin level at 59.38 + 11.20 %, 52.72 + 0.96 %, and 49.85 +
1.20 %; p < 0.001, respectively, compared to control. The worms, treated with 100,
200 ,and 300 of LRH, significantly decreased in autofluorescent at 54.12 + 0.85 9%,
47.83 + 1.68, and 45.17 + 0.87 %; p <0.001 respectively, compared to control. In
addition, the worms, treated with 50 uM EGCG in S-medium, significantly decreased
lipofuscin expression at 50.55 + 1.59 %, p < 0.001 (Figure 45b).
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Figure 45 Effect of different concentrations of LR extracts on lipofuscin level in BA17
worms. The worms, treated with LRE extracts 50, 100 and 200 pg/ml significantly
attenuated lipofuscin level (a). The worms, treated with 50, 100 and 200 pg/ml LRC,
and 100, 200 and 300 pg/ml LRH extracts significantly decreased lipofuscin level (b).

Values are mean + SEM of at least 3 independent runs. *** p < 0.001 vs. control.

4.11 Effect of LR extracts on pharyngeal pumping rate

The age synchronized N2 worms, treated with 100 of LRE, significantly
improved pharyngeal pumping rate of adult worms on days 5 and 10 compared to
DMSO. Whereas, the worms treated with 200 ug/mL were significant increase in

pharyngeal pumping rate on day 5, 10, 12 and 15. Similarly, the worms, treated with
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50 pM EGCG in DMSO significantly improved pharyngeal pumping rate on day 5, 10,
12 and 15 compared to DMSO (Figure 46a).

The worms, treated with LRC (200 pg/mL) LRH (200 and 300 pg/mL) showed
significant increase pharyngeal pumping rate on days 5 and 10 compared to control.
Whereas, the worms, treated with 50 uM EGCG in S-medium, significantly increased

pharyngeal pumping rate on day 5, 10, 12 and 15 compare to control (Figure 46b).
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Figure 46 Effect of different concentrations of LR extracts on pharyngeal pumping
rate in N2 worms. The worms, treated with 100 pe/mL LRE significantly improved
pumping rate on day 5 and 10, whereas, 200 pg/mL LRE and EGCG treaated groups
increase pharyngeal pumping rate on day 5, 10, 12 and 15 (a). LRC or LRH treatment
significantly improved pumping rate on day 5 and 10, except EGCG improved rate
until day 15 (b). Values are mean + SEM of at least 3 independent runs. *** p < 0.001

vs. control.

4.12 Effect of LR extracts on body length and Brood size

The N2 worms were treated with all concentrations of LRE, LRC, LRH and
EGCG. From the results, there were no difference of body length both all
concentration of LRE extracts compared to DMSO (Figure 47a) and all concentration

of LRC, LRH extracts compared to control (Figure 47b).
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Figure 47 Effect of different concentrations of LR extracts on body length in N2
worms. The worms, treated with LRE extracts (a); and treated LRC, LRH and EGCG (b)
were not different in body length compared to control. Values are mean + SEM of at

least 3 independent runs.

Furthermore, There were no difference of the amount of progeny both all
concentration of LRE extracts compared to DMSO (Figure 48a) and all concentration

of LRC, LRH extracts compared to control (Figure 48b).



82

0
&

400+
£
=
[

% E 3004
N 72
2§

T 2004
&
o3

'g 1004
=
<

0

N
<,O
zb
X
P
&
00

(b)A 400-
E I T
s A R T T =
2 3004 L EZH B N
3% Al \
b .,:_’ 200- s ﬁ \
5§ o i \
2 1004 ] B \
5 c 1 1 |E:E ....l-.- L) ) 1 \\\I
AN A N Y A NS Y N
& i @\@ @@ QQ’\& Q&o @\& \?&@ \*9}&
3 S & S S S @
F L O & R & & S
& EEEE TS
o
¢

Q’O

Figure 48 Effect of different concentrations of LR extracts on brood size in N2 worms.
The worms, treated with LRE extracts (a); and treated LRC, LRH and EGCG (b) were
not different in amount of progeny compared to control. Values are mean + SEM of

at least three independent runs.

4.13 Neuroprotective effect of LR extracts against AB-induced deficit in

chemotaxis behavior in C. elegans

The result showed that the transgenic CL2355 worms, AB-induced deficit in

chemotaxis behavior, significant increase in Chemotaxis Index (Cl) when treated with
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(50, 100, and 200 pg/mL) LRE in a dose-dependent manner at 0.37 + 0.04 (p < 0.01),
0.45 + 0.03 (p < 0.001), and 0.49 + 0.03 (p < 0.001), respectively as well as 50 ug/mL
EGCG group (0.48 + 0.06; p < 0.001) compared to DMSO (0.1506 + 0.03) (Figure 49a).
However, there were no difference in Cl in transgenic CL2122 worms (no AB) when

treated with LRE and 50 pg/mL EGCG compared to DMSO control (Figure 49b).

Moreover, transgenic CL2355 worms, treated with 50, 100, and 200 pg/mL of
LRC, significant increase in Chemotaxis Index (Cl) at 0.63 + 0.03 (p < 0.05), 0.75 + 0.04
(p < 0.001), and 0.72 = 0.04 (p < 0.01), respectively. Similarly, the transgenic worms,
treated with 100, 200, and 300 pg/mL of LRH significantly enhanced Cl at 0.63 + 0.03
(p < 0.05), 0.74 + 0.02 (p < 0.001), and 0.74 + 0.04 (p < 0.001), respectively as well as
50 pg/mL EGCG group (0.79 + 0.05; p <0.001) compared to control (0.47 + 0.04)
(Figure 49¢). However, they were also no difference in Cl in transgenic CL2122 worms

(no AB) when treated with LRC, LRH, and 50 pg/mL EGCG compared to control
(Figure 49d).
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Figure 49 The effect of different concentrations of LRE extracts against AB-induced

deficit in chemotaxis behavior in C. elegans. The transgenic CL2355 worms (AB+) after
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treat with 50, 100, and 200 pg/mL of LRE significantly increase in CI compared to
DMSO (a). The transgenic CL2122 worms (AB-) after treat with 50, 100, and 200 ug/mL
of LRE were not difference in Cl compared to DMSO (b). In addition, the transgenic
CL2355 worms, treated with (50, 100, and 200 pg/mL) LRC and (100, 200, and 300
ug/mL) LRH significantly increase in Cl compared to control (c). However, the
transgenic CL2122 worms, treated with both LRC and LRH were not difference in Cl
compared to control (d). Values are mean + SEM of at least 3 independent tests. *p

< 0.05, " p < 0.01, and ** p < 0.001 vs. DMSO.

4.14 Neuroprotective effect of LR extracts on PolyQ40 aggregation

The result showed that the transgenic AM141 worms, treated with 50, 100,
and 200 pg/mL LRE significantly reduced the number of polyQ40 aggregation in a
dose-dependent manner at 30.18 + 0.41, 26.38 + 0.28, and 14.21 + 0.36; p < 0.001,
respectively compared to DMSO (49.40+ 0.65). Similarly, the worms treated with 50
pe/mL EGCG significantly reduced polyQ40 aggregation at 14.87 + 0.37; p < 0.001
compared to DMSO (Figure 50).
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Figure 50 The effect of different concentrations of LRE extracts against PolyQ40
aggregation in C. elegans. The transgenic AM141 worms after treat with of different
concentration of LRE significantly decrease in PolyQ40 formation (a). PolyQ40
formation under a fluorescence microscope of control worms (b); DMSO treated
worms (c); after treated with 50, 100, and 200 pg/mL of LRE (d-f); and 50 pg/mL of
EGCG treated worms (g). Values are mean + SEM of at least 3 independent runs. ***

p < 0.001 vs. DMSO.

In addition, the result showed that the transgenic AM141 worms, treated with
50, 100, and 200 pg/mL LRC, significantly reduced the number of polyQ40
aggregation in a dose-dependent manner at 28.29 + 0.44, 22.20 + 0.39, and 16.40 +
0.41; p < 0.001, respectively compared to control (48.08 + 0.63). Similarly, the
worms, treated with 100, 200, and 300 ug/mL LRH, significantly reduced the number
of polyQ40 aggregation at 24.5 + 0.40, 16.23 + 0.33, and 14.52 + 0.41; p < 0.001,
respectively as well as the worms treated with 50 pg/mlL EGCG (17.74 + 0.44)

compared to control (Figure 51).
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Figure 51 The effect of different concentrations of LRC and LRH against PolyQ40
ageregation in C. elegans. The transgenic AM141 worms after treat with of different
concentration of LRC and LRH significantly decrease in PolyQ40 formation (a).
PolyQ40 formation under a fluorescence microscope of control worms (b); LRC at 50,
100, and 200 pg/mL treated worms (c-e); LRH at 100, 200, and 300 pg/mL treated
worms (f-h);, and 50 pg/mL of EGCG treated worms (i). Values are mean + SEM of at
least 3 independent runs. *** p < 0.001 vs. DMSO.
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CHAPTER V

Discussion and Conclusion

Age-associated diseases such as neurodegenerative disorders including
Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s Disease (HD) are
related to increase in the intracellular reactive oxygen species (ROS) accumulation
[131, 132]. Excessive ROS cause oxidative stress that leads to cellular or neuronal
injury and neuronal apoptosis. Glutamate-induced oxidative stress is also one of the
factors that play complex role in neurodegenerative diseases. Normally, slutamate,
an excitatory neurotransmitter, has a positive impact on several brain and functions
such as cognition, memory and learning [65]. However, excess glutamate leads to
glutamate toxicity, and cause of neuronal apoptosis [19]. There are two pathways for
glutamate toxicity including glutamate-receptor dependent pathway that involves in
over activation of ionotropic (NMDA) receptor resulting in massive influx of calcium
ions (Ca”") and subsequent excessive ROS production leading to oxidative stress [66,
68]. The other pathway is glutamate receptor-independent pathway, often called
oxidative g¢lutamate toxicity or oxytosis. The ROS accumulation results from
intracellular GSH depletion that contributes to oxidative stress, mitochondrial
damage, and ultimately cell death [67]. However, different neuronal cell lines
response differently to glutamate. Most of them express ionotropic glutamate
receptor that is the greatest majority of neurodegenerative disorders but they also
co-existing to CySS/glutamate antiporters and metabotropic glutamate receptors,
supporting the assumption that excitotoxicity effect in these cells is accumulative
[72]. Therefore, to study glutamate-induced oxidative stress resulting in neural injury,
HT22 cells serves as appropriate model system in this study. Since, this immortalized
cell line lacks of ionotrophic glutamate receptor, toxicity in this model occurs mainly
through oxytosis. Therefore, the endogenous enzymes including SOD, CAT and GPx
play an important role in ROS detoxification. Recently, plants or natural products

were widely studied because most of them contained phytochemical constituents
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that involved in antioxidant activities which were safe and had low side effects [133-
136]. Lignosus rhinocerus (LR) or Tiger Milk Mushroom, folk medicinal mushroom has
been reported about several pharmacological effects. In this present study, we
report, for the first time to our knowledge, the neuroprotective of LR extracts against
glutamate-induced oxidative stress in HT22 cells. In this cell line we induced the
oxidative stress by using 5 mM glutamate which has been reported to reduce
approximately 50% of the cells [114, 137]. Interestingly, our finding found that only
LRE prevented cells from undergoing apoptosis after cotreatment by using Annexin
V/PI straining that interacts strongly and specifically with exposed phosphatidylserine
(PS), the marker of apoptosis [138]. The protective effect of LRE correlated with
increasing MMP, antioxidant gene expressions (CAT, SOD1, SOD2, and GPx) and
decreasing intracellular ROS accumulation. Studied on the chemical constituents of
LR have been shown that bioactive compounds from ethanol extracts performed
better activities than aqueous extractions because ethanol extract contained high
phenolic compounds and other lipids such as linoleic, oleic and palmitic acid which
were volatile organics and acted as the antioxidants. Whereas, aqueous extracts
contained high proportion of polysaccharides, B-slucan and water-soluble
components [12, 43, 50, 139]. Some findings reported that aqueous extracts of LR
showed the antioxidant properties in vitro including DPPH and ABTS scavenging assay
and contained and total phenolic compounds [15, 40, 41]. However, several findings
found that mushroom pB-glucan from aqueous extract involved in modulating
immune system, anti-inflammation, anti-cancer and antiviral activity [62-64]. Unlike B-
glucan in mushroom, B-glucan in barley showed free radical scavenging property
higher than in oats and yeast [140]. In addition, B-clucan in oats exert indirect
antioxidant effect on immune cells [61]. Therefore, it could be possible that glucan
in LRC and LRH unlikely to be the major component that was responsible for
protection HT22 cells from glutamate-induced oxidative stress. Furthermore,
according to our finding, the antioxidant system is important for the rescue of
neuronal cells from oxidative stress not only through g¢lutamate receptor-

independent pathway but also glutamate receptor-dependent pathway [141, 142].
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Therefore, LRE may exert neuroprotective effect on increasing endogenous

antioxidant system through glutamate receptor pathway.

To further investigate a potential antioxidant activity of LRE, LRC and LRH in
vivo, C. elegans was obtained as organism model and E.coli OP50 was supplied as a
food source [22]. C. elegans was widely used as a model of anti-aging, antioxidant,
and longevity Because they shared high homology with mammalian and human
genes and biochemical pathways [21, 134, 143]. A juglone, a yellow pigmented from
Juglans regia, was one of the stressors and commonly used to generate ROS for
inducing oxidative stress leading to increase intracellular ROS and [79, 144]. From the
results, all the extracts exhibited the protective effect against juglone-induced
oxidative stress resulting in enhancing the survival rate, reducing both intracellular
ROS accumulation and HSP-16.2 expression that is widely used as a marker of
oxidative stress because it was expressed under pernicious condition e.g. high

temperature, presence of oxidant (juglone) [145, 146]

To investigate the underlying mechanism that involved in stress resistance and
longevity, two major signaling pathways including DAF-16/FOXO signaling pathway
and SKN-1/NRF-2 signaling pathway were observed in this study. Normally,
insulin/IGF-1 signaling (IIS) pathway is a central regulator of DAF-16 activity. DAF-16
transcription factor in C. elegans homologue to mammalian Fork head box O (FOXO)
transcription factor. Activation IS causes phosphorylation of DAF-16 transcription
factor that turns into inactive form and locates in cytosol. On the contrary,
inactivation IS by starvation or oxidative stress can activate DAF-16 transcription
factor to translocate into nucleus by dephosphorylation [84, 85, 147]. The active
form of DAF-16 regulates transcriptions of several antioxidant genes including
superoxide dismutase-3 (SOD-3) and catalasr-1 (CTL-1) [88, 148, 149]. The other
pathway is SKN-1/Nrf2. The SKN-1 transcription factor is homologue to mammalian
NRF-2 transcription factor. This transcription factor defends against oxidative stress by
activating the conserved phase Il detoxification enzymes including glutathione [89].
So, GST-4, an isoform of the glutathione S-transferases, is the key protein in this

pathway.
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In this current study, we monitored the increase in translocation of DAF-16
transcription factors into nucleus after treatment with all LR extracts. Furthermore,
transcription factor paralleled with their target gene expression, SOD-3. On the other
hand, the localization of SKN-1 was not affected. Similarly, all LR extracts were not
affected the GST-4 expression. Therefore, the antioxidant effects of LRE, LRC and LRH
exert their effect via activation of DAF-16/FOXO signaling pathway. In addition, there
were several findings found that the phenolic compounds involved in antioxidant
systems via DAF-16/FOXO pathway [8, 25, 27, 150-152], similar to oleic, a-linolenic
acid, palmitic acid, and benzoic acid [123, 153].

Increasing ROS accumulation and oxidative stress also correlated to lifespan
and aging. We observed that LRE, LRC and LRH treatments extended the life span C.
elegans. Therefore, these results suggest that lifespan prolongation resulted from
activation of DAF-16/FOXO pathway and subsequent decrease ROS accumulation and
increase SOD-3 expression. This longevity could exclude from dietary restriction (DR)
due to no impact on body length and the number of progenies, similar to

polyphenol effect from other findings [27, 150, 154].

Similarly, aging process also correlated to ROS and oxidative stress, we
observed the two biomarkers of aging including lipofuscin  which is an
autofluorescent pigment, located in intestinal cells during overage. Lipofuscin
accumulation is related to aging [92, 155]. The other is pharyngeal pumping rate.
Normally, aging causes pharyngeal muscle decline through time resulting in slow in
pharyngeal pumping rate [155-157]. We found that LRE, LRC and LRH treatment
exhibited anti-aging effect by reducing lipofuscin accumulation. Whereas, high dose
of LRE, LRC and LRH improve the pharyngeal pumping rate. The results are similar to
antioxidant (polyphenolic) compound reduce aging [158, 159]. However, this
technique used manual counting that caused an error counting easily. The precision

count prefers to counting machine.

Furthermore, LRE exerted the neuroprotective effect against AP-induced
deficit in chemotaxis behavior in C. elegans leading to increasing in Cl of CL 2355

transgenic strains, contained human AP peptide that is also known as a hallmark of
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AD [160]. Olfactory dysfunction is early biomarker or preclinical symptoms observed
in AD [161]. Similarly, LRE also showed decrease in polyQ40 aggregation that is
related to the neurodegenerative diseases including Huntington’s disease and other
polyslutamine diseases [162]. The aggregation of these protein is induced by
oxidative stress resulting in oxidation of proteins and related to pathogenesis of this
disease [163]. Our finding correlated to several studies previously about phenolic
compounds that have been found in plants or natural products and reported their
effectives to prevent many diseases including neurodegenerative diseases [25, 52,

114, 137, 150, 151, 164-171].

Although LRC and LRH had no effect on HT22 cells, they exhibited the protective
effect on C. elegans. As mentioned before, the aqueous components of LR extracts
were reported that they rich in high molecular weight polysaccharides including
glucans. Especially, B-glucan was found the effect of improved lifespan in C.elegans
via DAF-16 as well as phenolic compounds [172]. However, C. elegans was a whole
organism, it is possible to hypothesize that LRC and LRH may indirectly involve in C.
elegans’ microbiome (bacteria, fungi, and viruses) that plays a complex roles in
C.elegans development, metabolism, immunity and lifespan [103, 104]. However, the
limitation of C. elegans model is that the biological effects in C. elegans are still far
from mammals or human. Some molecular pathways do not exist in the worms.

Therefore, the other animal models such as murine model are required to study.

In conclusion, Lignosus rhinocerus (LR) extracts exhibited antioxidant and anti-
aging properties via DAF-16/FoxO signaling pathway leading to increase in stress
resistance; decrease in intracellular ROS accumulation; and lifespan extension in C.
elegans. In addition, they also had the neuroprotective effect against neurotoxicity in
C. elegans. However, only LRE showed the neuroprotective effect in hippocampal
neuronal cells which is mediated via inhibition of intracellular ROS accumulation and
increase in both MMP and expression of antioxidant genes. Therefore, our finding
suggested that LRE may be a new candidate for prevention of neurodegeneration.

However, further studies of identify the bioactive components and exact mechanism
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of LR extracts are required to support their ability in order to development of

neuroprotective supplement in the future.
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