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Bisphenol A (BPA) is widely used in the production of polycarbonate
plastics, it has been reported that BPA can activate
neuroinflammation. Neuroinflammation is a brain pathology that involves the high
levels of pro-inflammatory mediators, including tumor necrosis factor-alpha (TNF-
a). An excessive TNF-o expression could result in neuronal cell death and
subsequently lead to neurodegeneration. Auricularia polytricha (AP) is an edible
mushroom with several medicinal properties. Herein, the anti-neuroinflammatory
effects of AP extracts against BPA-induced BV2 microglial inflammation were
investigated. Hexane (APH) and ethanol (APE) extracts of AP inhibited BPA-
induced neuroinflammation in BV2 cells by reducing the expression of pro-
inflammatory cytokines. These anti-inflammatory effects were regulated by the NF-
kB signaling pathway. In addition, APH and APE exhibited antioxidative effects by
increasing a superoxide dismutase-1 (SOD-1), an antioxidant enzyme, and restoring
an accumulation of reactive oxygen species (ROS) in BPA-induced BV2 cells.
Further, ergosterol was isolated from APE and also showed anti-inflammatory and
antioxidative activities in BPA-induced BV2 cells. Besides, the neuroprotective
effects of ergosterol against the TNF-a-induced HT-22 hippocampal cell injury
were investigated. Ergosterol attenuated the toxicity of TNF-a on HT-22 cells, by
increasing the expression of SOD-1and by facilitating the scavenging
of ROS through antioxidant signaling. Based on the antibody array, the phospho-
Akt was activated in the presence of ergosterol, and this finding was also supported
by Western blotting analysis. Furthermore, ergosterol inhibited the transcriptional
expressions of the glutamate ionotropic receptor N-methyl-D-aspartate type subunit
2B gene (Grin2b) through an early growth response-1 (EGR-1) signaling in TNF-a-
treated HT-22 cells. These findings demonstrate novel therapeutic activities of AP
extracts and ergosterol in anti-neuroinflammation and neuroprotection that might be
of benefit for patients with neurodegenerative diseases.
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CHAPTER |
INTRODUCTION

1. Background and significant

Bisphenol A (BPA) is an endocrine-disrupting compound used to synthesize
phenol resins, polyacrylates, polyesters, epoxy resins, and polycarbonate plastics.
These polymers are widely used in food and beverage packaging, as well as in dental
sealing materials (1). However, BPA is found to contaminate food and the
environment; moreover, it is detected in urine, feces, and serum. Toxicological studies
indicate that BPA exposure has adverse effects, such as carcinogenesis, reproductive
toxicity, inflammation, and neuronal toxicity (2). Several studies suggest that BPA is
a neurotoxin that causes neurodegenerative diseases, including Alzheimer’s disease
(AD), by inducing amyloid f (AB) formation (3) and neuroinflammation (4). In
addition, prenatal exposure to BPA activated AD-associated gene and protein

expression in offspring (5).

Neuroinflammation is characterized by elevating the levels of inflammatory
mediators in the CNS. TNF-a is one of the inflammatory mediators that is found to
increase brain inflammation. The excess levels of TNF-a lead to synaptic dysfunction
and neuronal death, which can cause the development of neurodegenerative disorders
(6). TNF-o induces neuronal death through several molecular signaling pathways,
namely, the activation of the nuclear factor kappa B (NF-xB) (7), the p38 mitogen-

activated protein kinase (MAPK) (8), the c-Jun N-terminal kinase (JNK) (7), the



ceramide/sphingomyelinase (9), and the receptor-interacting protein kinase 1
(RIP1)/RIP3/ mixed lineage kinase domain-like (MLKL) (10, 11) pathways, as well
as the suppression of the antioxidant pathway (11). Moreover, TNF-o potentiates the
localization of ionotropic glutamate receptors, such as the a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) and the N-methyl-D-aspartate (NMDA)
receptors, thereby leading to excessive calcium entry into the cells that trigger
neuronal excitotoxicity (12). The discovery of a potential therapeutic target associated
with TNF-a signaling has been focused on relieving the progression of

neurodegenerative disorders.

Natural products have been used in traditional and complementary alternative
medicine to protect and treat several diseases. Auricularia polytricha (AP), known as
cloud ear fungus, is an edible mushroom with an antioxidant (13), anti-tumor (14, 15),
anti-hypercholesterolemic (16), anti-human immunodeficiency virus type-1 (17), and
anti-inflammatory (18, 19) activities. Moreover, AP extract exhibited in vitro
inhibitory activity on beta-site amyloid precursor protein cleaving enzyme 1 (B-
secretase), an essential enzyme for AP synthesis (20). Our previous study reported
that AP hexane extract (APH) is a rich source of ergosterol and unsaturated fatty acids
(17).  Interestingly, ergosterol showed an anti-inflammatory effect on
lipopolysaccharide (LPS)-induced microglial cells (21), one of the critical

mechanisms in AD pathogenesis.

Therefore, in this context, AP seems to be a promising natural product with
beneficial health effects against inflammatory responses and neurodegeneration.

Although the anti-inflammatory effects of AP extracts have been studied, the effect



and molecular mechanism of AP extracts on BPA-induced neuroinflammation have
not been investigated. Thus, we aimed to determine the anti-neuroinflammatory
activity of the AP extracts. We hypothesized that AP extracts might be a good
candidate as a food supplement that can attenuate neurodegenerative disorders by
suppressing neuroinflammation caused by BPA exposure. This study investigated the
in vitro anti-neuroinflammation effects and related molecular mechanisms of AP
extracts in BPA-induced BV2 microglial cells. Besides, we aimed to evaluate the
potential effects of ergosterol on the neuronal damage induced by exposure to TNF-a.
The neuroprotective effect of the ergosterol was determined through cell viability
MTS assays. The antioxidant effect of ergosterol was assessed by measuring the
expression of superoxide dismutase-1 (SOD-1; a major antioxidant enzyme) and the
accumulation of reactive oxygen species (ROS) in TNF-o-treated HT-22 cells.
Moreover, the ability of ergosterol to suppress the expression of the NMDA receptor
was determined through a reverse transcription polymerase chain reaction (RT-PCR),
and it was found to be probably mediated by overexpression of the early growth
response-1 (EGR-1) transcription factor. The results from this study provided
valuable data of AP extracts and their isolated compounds, ergosterol, on anti-

neuroinflammatory and neuroprotective activities.
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Figure 1 Graphical abstract

. Research questions

. Do Auricularia polytricha crude extracts attenuate neuroinflammation of BPA-
induced BV2 microglial cells?

. Do Auricularia polytricha crude extracts protect HT-22 hippocampal cell toxicity
against pro-inflammatory cytokine produced by BPA-induced BV2 microglial
cells?

. Do bioactive compounds isolated from Auricularia polytricha crude extracts

provide anti-neuroinflammatory and neuroprotective effects?



. Research hypothesis

. Auricularia polytricha crude extracts suppress neuroinflammation of BPA-induced
BV2 microglial cells.

. Auricularia polytricha crude extracts protect HT-22 hippocampal cell toxicity
against pro-inflammatory cytokine produced by BPA-induced BV2 microglial
cells.

. Bioactive compounds isolated from Auricularia polytricha crude extracts provided

anti-neuroinflammatory and neuroprotective effects.

. Research objectives

. To examine the anti-neuroinflammatory effect of Auricularia polytricha crude
extracts in BPA-induced BV2 microglial cells

. To determine the molecular mechanism of Auricularia polytricha crude extracts on
anti-neuroinflammatory effect in BPA-induced BV2 microglial cells

. To study the protective effect of Auricularia polytricha crude extracts on HT-22
hippocampal cells against pro-inflammatory cytokines produced by BPA-induced
BV2 microglial cells

. To isolate small molecules from Auricularia polytricha crude extracts and
elucidate structures of the isolated compounds

. To evaluate the anti-neuroinflammatory and neuroprotective effects of the isolated

compound



5. Conceptual framework

Bisphenol A (BPA) is an endocrine disruptor that
used as a material for can and plastic
productions. Moreover, contamination of BPA is

Auricularia polytricha (AP) extracts have been
reported in several medicinal properties,
particularly BACEI inhibitory and anti-

detected in food and environment. inflammatory activities.

A4

BPA can activate neuroinflammation in
microglial cells by induction of pro-
inflammatory cytokine releases such as TNF-a,
IL-1pB and IL-6.

Pro-inflammatory cytokines can act as neurotoxic
agents, leading to neurodegenerative disease
including Alzheimer’s disease.

A

However, the effect and molecular mechanism of Auricularia polytricha (AP) extracts on BPA-induce
neuroinflammation have never been investigated

A

Study of anti-neuroinflammatory effects of Auricularia polytricha extracts on bisphenol A (BPA)-
induced microglial cell activation and reduction of hippocampal cell damage

v

These finding will provide beneficial data of Auricularia polytricha extracts on anti-neuroinflammatory
and neuroprotective activities in BPA-induced microglial cell activation

Figure 2 Conceptual framework



CHAPTER Il

LITERATURE REVIEW

1. Alzheimer’s disease

Alzheimer’s disease (AD), a progressive brain disorder that slowly destroys
memory is the most common cause of dementia in the elderly (22). Two major
histopathological hallmarks of AD are characterized by intracellular neurofibrillary
tangles and extracellular senile plaques, which are synthesized from the aggregation
of phosphorylated tau protein and precipitation of amyloid-B (Ap) protein,

respectively (23, 24).
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Figure 3 Pathological hallmarks of Alzheimer’s disease (25)

Amyloid-f plaque is an aggregation of AP, which is a short peptide generated
by sequential proteolytic cleavage of amyloid precursor protein (APP) using beta-site

amyloid precursor protein cleaving enzyme 1 (BACEI, B-secretase) and y-secretase,



leading to form AB monomers, oligomers, and fibrils (26). AB has several forms,
including soluble monomer, soluble oligomer, insoluble fibril, and amyloid plaque
(27). Many studies indicate that soluble AP oligomer appeared to be the most
neurotoxic form leading to AD by directly causing synaptic dysfunction, neuronal

injury, and neuroinflammation (28).
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2. Neuroinflammation in Alzheimer’s disease
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Brain inflammation is a pathological hallmark of AD; it is characterized by an
increased amount of activated microglial cells, the resident macrophages in the central
nervous system (CNS). The activated cells markedly produce inflammatory
substances such as pro-inflammatory cytokines (tumor necrosis factor-alpha (TNF-a,
interleukin  1-B (IL-1p), IL-6, and interferon-gamma (IFN-y)), chemokines,
prostaglandins, reactive oxygen species, nitric oxide, complement factors, and C-
reactive protein (30). Accumulating data suggest that the inflammatory mediators
could increase AP production of neuronal cells; also, AP could activate glial cell
inflammation in a vicious circle (31). The previous study showed that the pro-
inflammatory cytokines released from microglia act as a neurotoxin that causes
neuronal injury and leads to AD (32). Accumulating evidence demonstrated that the
pro-inflammatory cytokines might contribute to neurodegeneration by inducing
apoptosis, excitotoxicity, immune activation, and cytotoxicity of the neuron (33).
Therefore, inhibiting microglial cytokine production may be a potential target for

treating neurodegenerative diseases, including AD.
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3. Bisphenol A

Bisphenol A (BPA) or 4-[2-(4-hydroxyphenyl)propan-2-yl]phenol is an
endocrine-disrupting compound commonly used to synthesize phenol resins,
polyacrylates, polyesters, epoxy resins, and polycarbonate plastics. These polymers
are utilized to produce food and beverage packaging and dental sealing material (1).
Unfortunately, contamination of BPA is detected in food and the environment.
Previous studies have reported that free BPA is observed in the urine (< 0.1 - 822
ng/ml; ca. 0. 4 nM — 3.6 uM), the serum of pregnant woman (< 0.1 — 154 ng/ml; ca. 0.
4 — 674.6 nM), umbilical cord serum (< 0.05 - 52 ng/ml; ca. 0.2 — 227.8 nM), and
breast milk (< 0.04 - 11 ng/ml; ca. 0.2 — 48.2 nM) (2). The US Food and Drug
Administration and the European Food Safety Authority have determined that the
safety levels of BPA exposure are lower than 50-4 pg/kg body weight/day in animals
and lower than 10 uM in cell lines (34). Toxicological studies found that the doses of
BPA that cause adverse health effects in animal models were lower than 1 pg/kg body
weight/day; however, the estimated daily intake of BPA by humans is lower than 1 to
5 pg/kg body weight/day (2). Moreover, the accumulation of BPA in the body can
cause adverse effects in several systems, such as the immune and nervous systems (2).

BPA can stimulate these effects via estrogen receptor p (ERpB) (4) and insulin receptor

(IR) (3).
||0(}| |

Figure 7 Structure of bisphenol A
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3.1. Effect of bisphenol A on amyloidosis

BPA is known as a neurotoxic agent; therefore, the study of the association
between BPA and AD has been investigated. Wang T and colleagues found that BPA
can induce AD-like neurotoxicity by increasing AD-associated pathological proteins,
including BACE1, APP, C-terminal fragment-beta (B-CTF), C-terminal fragment-
alpha (0-CTF), AB1-42, and phosphorylated tau proteins in SH-SY5Y and PC-12 cells
(3). In addition, Thongkorn S et al indicated that the Bacel gene was upregulated in
the hippocampal cells of prenatal BPA-exposed rats (5). Since we know that AP
oligomers can induce the neuroinflammatory response of microglial cells, thus BPA

might be an indirect inducer that causes neuroinflammation.

3.2. Effect of bisphenol A on neuroinflammation

Endocrine-disrupting compounds, including BPA, are the activator that can
stimulate inflammation via estrogen receptors (ERs) in both ERa and ERp (35).
Interaction of BPA with ERa shows both agonist and antagonist effects, while the
binding of BPA to ERp exhibits agonist activity (36). Zhu J et al found that BPA at
nanomole scale (10 — 1,000 nM) activated microglial inflammation by inducing
morphologic changes and increased TNF-o and IL-1f inflammatory cytokine
productions; moreover, the activation of c-Jun N-terminal protein kinase (JNK),
extracellular signal-regulated kinases (ERK) mitogen-activated protein Kkinase
(MAPK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
via ERB were observed in BPA-induced microglial cells (4). Sukjamnong S and
colleagues reported that BPA-exposed maternal rats significantly increased the risk of
AD pathological development in offspring by dysregulating genes associated with AD

neuropathology and inflammation; moreover, they found that the expression of NF-
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kB protein was significantly increased in the offspring hippocampus of BPA-exposed

maternal rats (37).
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Figure 8 Bisphenol A involves inflammation via the NF-kB pathway

4. Roles of TNF-a in neurodegenerative disorders

Tumor necrosis factor-alpha (TNF-a) plays a crucial role in both the
homeostatic and the degenerative processes within the central nervous system (CNS).
In a healthy brain, TNF-a regulates synaptic plasticity, cognition, sleep, and food-
water intake. In the pathological brain, excessive TNF-a is observed in
neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease, and
multiple sclerosis (6). TNF-a induces neuronal death through several molecular

signaling pathways, namely, the activation of the NF-xB (7), the p38 MAPK (8), the
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JNK (7), the ceramide/sphingomyelinase (9), and the RIP1/RIP3/MLKL (10, 11)

pathways, as well as the suppression of the antioxidant pathway (11).
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5. The effects of TNF-a on ionotropic glutamate receptors in neurodegenerative
disorders

N-methyl-D-aspartate (NMDA) receptors are ionotropic glutamate receptors.
Seven different subunits of NMDA receptors have been identified, including NR1,
NR2A, NR2B, NR2C, NR2D, NR3A, and NR3B . Functional NMDA receptors are
heterotetrameric proteins composed of two NR1 subunits and two NR2 or NR3 (39,
40). These four NMDA receptors form an ion channel pore selective for cations,
including sodium (Na*), potassium (K*), and calcium (Ca®*") (41). NMDA receptors
play a crucial role in neurotransmission that promotes synaptic plasticity and the
survival of neuronal cells. However, high activation of NMDA receptor signaling

leads to excitotoxicity and neuronal death (42, 43).
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Figure 10 Structure of N-methyl-D-aspartate (NMDA) receptors (40)

TNF-o potentiates the localization of the NMDA receptors (12). The
overactivation of the ionotropic glutamate receptors dramatically increases the

excitatory synaptic strength by inducing the Ca?* influx, leading to ROS accumulation
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and neuronal death (6). Transcriptional expression of NMDA receptors is regulated by
several transcription factors, including the NF-kB family, Jun and Fos families, and
early growth response (EGR) family (44). Zhang W et al demonstrated that
downregulation of EGR-1 expression via inhibiting NMDA receptor subunit 2B

(NR2B) in the hippocampus of a mouse model exhibited an antidepressant effect (45).
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Figure 11 The effects of TNF-a on glutamate receptors in neuronal cells (6)
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6. Medicinal properties of Auricularia polytricha (AP)

Auricularia polytricha (AP), an edible mushroom in the Auriculariaceae family,
has been used as a medicinal food (46). Accumulating evidence demonstrated that AP
has several medicinal properties such as antioxidant (13), anti-tumor (14, 15), anti-
hypercholesterolemic (16), anti-human immunodeficiency virus type-1 (17), and anti-
inflammatory (18) activities. Chiu WC et al reported that an aqueous extract of AP
could protect against nonalcoholic fatty liver disease by attenuating inflammatory
response in the rat (18). Our previous study showed that ethanol crude extract of AP
ameliorated inflammation of mouse macrophage cell line (RAW264.7 cell line) by
reducing nitric oxide production (19). Moreover, AP exhibited in vitro inhibition of -

secretase activity against AD (20).
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Figure 12 Medicinal properties of Auricularia polytricha extract
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Chemical analysis exhibited that several active components were found in AP,
such as the phenolics (47, 48), flavonoids (47), terpenoids (17), and polysaccharides
(13), depending on the solvent of extraction. Ethanol crude extract is mainly
composed of phenolic compounds such as gallic acid and vanillic acid (48). Koyama
K and colleagues found cerebroside in methanol crude extract; moreover, they found
ceramide, cerevisterol, and 9-hydroxycerevisterol in dichloromethane crude extract of
AP (49). Our previous study found that hexane crude extract comprised ergosterol,
linoleic acid, and two triacylglycerols (17). Interestingly, ergosterol showed an anti-
inflammatory effect on lipopolysaccharide (LPS)-induced microglial cells (21).
Therefore, AP might be a candidate source of active components that benefit

neurodegenerative disorders.
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7. Ergosterol
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Ergosterol or ergosta-5,7,22-trien-3p-ol is a steroidal triterpene, commonly

found in natural sources, especially fungi (50). Ergosterol is the most sterol that

existed in the cell membrane of the fungal family, including mushrooms (51, 52).

Accumulating data reported that several mushrooms presented high content of

ergosterol and provided pharmaceutical properties, as listed in Table 1.

Table 1 List of mushrooms containing ergosterol and their pharmaceutical properties

Mushroom species Pharmaceutical property Reference
Agaricus bisporus Antioxidant and anti-platelet aggregation (53)
Agaricus blazei Antioxidant and anti-microbial (54)
Auricularia auricularia- Antioxidant and anti-platelet aggregation (53)
judae
Auricularia polytricha Anti-HIV-1 a7
Coprinus comatus Antioxidant and anti-platelet aggregation (53)
Ganoderma lucidum Antioxidant anti-platelet aggregation, (53, 55)
and anti-cancer
Grifola frondosa Anti-allergy (56, 57)
Hericium erinaceus Antioxidant and anti-platelet aggregation (53)
Inonotus obliquus Anti-inflammation (58)
Lactarius deliciosus Antioxidant (59)
Lactarius sanguifluus Antioxidant (59)
Lactarius semisanguifluus Antioxidant (59)
Russula delica Antioxidant (59)
Lentinula edodes Antioxidant and anti-platelet (53, 60)

aggregation, and anti-

hypercholesterolemia

Monascus anga

Antioxidant

(61)
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Neolentinus lepideus Antioxidant (62)
Pleurotus citrinopileatus Antioxidant and anti-hyperlipidemia (63)
Pleurotus eryngii Antioxidant and anti-platelet aggregation (53)
Pleurotus ostreatus Antioxidant and anti-platelet aggregation (53)
Pleurotus pulmonarius Antioxidant (64, 65)
Poria cocos Wolf Hepatoprotection (66)
Rhizopogon luteolus Antioxidant and anticholinesterase (67)
Sparassis crispa Antioxidant (68)
Suillus bellinii Antioxidant (59)

7.1. Anti-inflammatory effect of ergosterol

Ergosterol has been reported as an inhibitor of inflammation. Nallathamby et al
demonstrated that ergosterol could attenuate LPS-induced BV2 microglial cell
inflammation by reducing the production of NO, which was generated by iINOS (21).
Previous studies reported that ergosterol showed anti-inflammatory activity through
NF-«xB signaling in several cells, such as human bronchial epidermal cells (16HBE)
(69), macrophages (58, 70), lung cells (69, 71), and renal cells (72). Sun et al reported
that ergosterol exhibited an anti-inflammatory effect by inhibiting the production of
inflammatory markers: NO, TNF-a, and IL-6 in cigarette smoke extract-induced
16HBE cells; moreover, ergosterol could reduce the number of inflammatory cells in
bronchoalveolar lavage fluid of cigarette smoke extract-induced chronic obstructive
pulmonary disease mice models (69). Besides, ergosterol inhibited NO production in
LPS-induced macrophages by suppressing NF-«kB activity (58). Kobori et al. showed
that ergosterol could restore the level of TNF-a concentration by inhibiting NF-«B
and CCAAT/enhancer binding protein p (C/EBP B) transcriptional activities and

MAPKSs activation in LPS-induced macrophages (70). Ergosterol isolated from
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Scleroderma Polyrhizum Pers., an edible fungus exhibited anti-inflammation in LPS-
induced acute lung injury of mice via inhibiting of NF-kB/COX-2/iNOS pathway
(71). Furthermore, Liu et al demonstrated that the treatment of ergosterol in mice
model of diabetic nephropathy could attenuate renal inflammatory responses by
reducing pro-inflammatory cytokine expressions in serum and renal tissues via
regulation of NF-«B signaling pathway (72).
7.2. Antioxidative effect of ergosterol
The mushroom’s membrane is composed of ergosterol, which could be involved
in fungi resistance to oxidative stress (73). Ergosterol isolated from Monascus anga,
an edible mushroom showed anti-lipid peroxidation in hydrogen peroxide (H20.)-
induced human primary dermal fibroblast (PCS-201-012 cell line) injury (61).
Moreover, ergosterol provided a cardioprotective effect in both in vitro and in vivo
models by involving in antioxidative and anti-apoptotic activities through the Nrf2
signaling pathway (74, 75). Sun et al have evaluated the antioxidant activity of
ergosterol against cigarette smoke extract-induced chronic obstructive pulmonary
disease, and have found that ergosterol could increase the levels of certain antioxidant
enzymes (such as SOD and catalase), and suppress the levels of malondialdehyde (a
highly reactive compound) not only in human bronchial epithelial cells (16HBE
cells), but also in BALB/c mice (69). Thus, ergosterol might be a good candidate to
consider as a basis for the development of an antioxidant compound.
7.3. Drug-likeness and pharmacokinetic properties of ergosterol
Drug-likeness and pharmacokinetic (ADMET: Absorption, Distribution,
Metabolism, Excretion, and Toxicity) properties of ergosterol were computed using

the pkCSM pharmacokinetics online server (https://biosig.lab.ug.edu.au/pkcsm/) (76).
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The predicted values were tabulated in Table 2 and 3. According to Lipinski’s rule
(77), ergosterol was considered as drug-like compound (Table 2). Moreover,
ergosterol probably crosses the blood-brain barrier (BBB) with predicted BBB
permeability (logBB) at 0.767 (Table 3); compounds with logBB > 0.3 cross the BBB
readily (78). Based on these in silico analyses, ergosterol could be used to protect/
treat brain disease.

Table 2 Physicochemical properties of ergosterol

Parameters Value
Molecular Weight (g/mol) 396.659
LogP 7.3308
Number of rotatable Bonds 4
Number of H-bond acceptors 1
Number of H-bond donors 1
Surface Area 179.295

Table 3 Pharmacokinetic properties of ergosterol

Property Model Name Predicted Value Unit

Absorption Water solubility -6.947 Numeric (log mol/L)
Caco2 permeability 1.236 Numeric (log Papp in

10-6 cm/s)

Intestinal absorption 95.197 Numeric (%
(human) Absorbed)
Skin Permeability -2.864 Numeric (log Kp)
P-glycoprotein No Categorical (Yes/No)
substrate
P-glycoprotein | Yes Categorical (Yes/No)
inhibitor
P-glycoprotein Il Yes Categorical (Yes/No)

inhibitor
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Property Model Name Predicted Value Unit

Distribution VDss (human) 0.406 Numeric (log L/kg)
Fraction unbound 0 Numeric (Fu)
(human)
BBB permeability 0.767 Numeric (log BB)
CNS permeability -1.705 Numeric (log PS)

Metabolism CYP2D6 substrate No Categorical (Yes/No)
CYP3A4 substrate Yes Categorical (Yes/No)
CYP1AZ2 inhibitior No Categorical (Yes/No)
CYP2C19 inhibitior No Categorical (Yes/No)
CYP2C9 inhibitior No Categorical (Yes/No)
CYP2D6 inhibitior No Categorical (Yes/No)
CYP3A4 inhibitior No Categorical (Yes/No)

Excretion Total Clearance 0.564 Numeric (log

ml/min/kg)

Renal OCT2 substrate  No Categorical (Yes/No)

Toxicity AMES toxicity No Categorical (Yes/No)
Max. tolerated dose -0.511 Numeric (log
(human) mg/kg/day)
hERG I inhibitor No Categorical (Yes/No)
hERG I inhibitor Yes Categorical (Yes/No)
Oral Rat Acute 2.05 Numeric (mol/kg)
Toxicity (LD50)
Oral Rat Chronic 0.909 Numeric (log
Toxicity (LOAEL) mg/kg_bwi/day)
Hepatotoxicity No Categorical (Yes/No)
Skin Sensitisation No Categorical (Yes/No)
T.Pyriformis toxicity 0.639 Numeric (log ug/L)
Minnow toxicity -1.77 Numeric (log mM)
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8. Cell models
8.1. Mouse microglial cell line (BV2 cell line)

BV2 is an immortalized microglial cell line derived from murine neonatal
microglia and is generally used as a substitute for primary microglia to reduce animal
experiments (79). This cell line is widely used as an in vitro model for
neuroinflammatory research; many inflammatory inducers can activate inflammation
of BV2 cells, such as LPS (80), AB (32), and BPA (4). This cell line expresses ERp,
which can be activated by BPA induction (4). Activated microglia were observed in

elongated morphology, while inactivated microglia were shown in short-round

morphology (81).
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Figure 14 Morphology of BV2 mouse microglial cells under normal (left) and

inflammatory (right) conditions

8.2. Mouse hippocampal cell line (HT-22 cell line)
HT-22 cell line is a mouse hippocampal neuronal cell line derived from HT-4
primary mouse hippocampal neuronal tissue, which is immortalized by using a
temperature-sensitive small virus-40 T antigen (82). It has been widely used as an in

vitro model to study cellular processes of neurodegenerative diseases, including
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Alzheimer’s disease (83). This cell line is susceptible to glutamate; therefore, it is
generally used to study glutamate-induced neuronal toxicity (83, 84). Moreover, HT-
22 cells have been utilized to examine the toxicity of other neurotoxins such as BPA
(85), AP (86), and pro-inflammatory cytokines (32). Besides, the AP synthesis of
neuronal cells has been determined using this in vitro cell model (87). Generally, HT-
22 cells lack NMDA receptors; however, the expression of NMDA receptors can be

induced by using growth factors (88, 89).

Figure 15 Typical morphology of HT-22 mouse hippocampal cells
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CHAPTER Il
MATERIALS AND METHODS

1. Laboratory instrument and equipment

-20°C freezer Panasonic, Osaka, Japan

-80 °C freezer Eppendorf, Hamburg, Germany
24-well cell culture plate Corning, Corning, NY, USA

4 °C refrigerator Sanyo, Osaka, Japan

48-well cell culture plate Corning, Corning, NY, USA

500 MHz Agilent NMR spectrometer Agilent Technologies, Santa Clara, CA,

USA

6-well cell culture plate Corning, Corning, NY, USA
96-well cell culture black plate Corning, Corning, NY, USA
96-well cell culture plate Corning, Corning, NY, USA
96-well white plate Corning, Corning, NY, USA
Alliance Q9 mini Uvitec, Cambridge, UK
Analytical balance Mettler Toledo, Columbus, OH, USA
Autoclave Hirayama, Tokyo, Japan
Autopipette 0.2-2 pL Gilson, Middleton, WI, USA
Autopipette 1-10 pL Gilson, Middleton, WI, USA
Autopipette 100-1,000 pL Gilson, Middleton, WI, USA

Autopipette 2-20 pL Gilson, Middleton, WI, USA



Autopipette 20-200 pL

Beaker (50, 100, 250, 500, and 1,000
mL)

Biosafety cabinet class Il

Cell culture dish (35, 60, and 100 mm)
Cell culture flask (25 and 75 cm?)

Cell culture transwell inserts (0.4 pm
pore size, polyester (PET) membrane
for the 24-well plate)

Celllnsight CX7 HCS instrument

Centrifuge

Centrifuge tube (15 and 50 mL)

Chromatography glass column

CO: incubator

Confocal microscope (Axio
Observer.Z1)

Cryovial, 2 mL

Disposable pasture pipette (1 and 3 mL)
Disposable serological pipette (5, 10,

25, and 50 mL)
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Gilson, Middleton, W1, USA

Pyrex, Corning, NY, USA

Labconco, Kansas City, MO, USA
Corning, Corning, NY, USA
Corning, Corning, NY, USA

Corning, Corning, NY, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Hettich, Tuttlingen, Germany

SPL Life Sciences, Gyeonggi, South
Korea

Pyrex, Corning, NY, USA

Thermo Scientific, Waltham, MA,
USA

Zeiss, Oberkochen, Germany

Corning, Corning, NY, USA
Nest Biotechnology, Wuxi, China
SPL Life Sciences, Gyeonggi, South

Korea



Ductless fume cabinet

EnSpire Plate Reader

Erlenmeyer flask (250, 500, and 1,000
mL)

Exicycler™ 96 real-time PCR
Filtered pipette tip (10, 200, and 1,000
ML)

Fluorescence microscope (Axio
Observer.Al)

Freeze dryer

Fume hood

Gas chromatography-Mass spectrometry

Glass bottle (100, 250, 500, and 1,000

mL)

Glass cover slip

Hemocytometer

Hot air oven
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Esco Technologies, St. Louis, MO,
USA
Perkin-Elmer, Waltham, MA, USA

Pyrex, Corning, NY, USA

Bioneer, Daejeon, South Korea

Corning, Corning, NY, USA

Zeiss, Oberkochen, Germany

Thermo Fisher Scientific, Waltham,
MA, USA

S.K.Powerable, Samut Sakhon,
Thailand

Agilent Technologies, Santa Clara, CA,
USA

Pyrex, Corning, NY, USA

Paul Marienfeld, Lauda-Konigshofen,
Germany
HBG, Nordrhein-Westfalen, Germany

Memmert, Schwabach, Germany



Inverted light microscope (Eclipse
TS100)

Light microscope (CH30)
Microcentrifuge tube, 1.7 mL

Microscope glass slide

Mini shaker

Mini Trans-Blot® Cell

MiniAmp™ Plus Thermal Cycler

Multichannel pipette (20-200 pL)

Multiskan™ FC Microplate Photometer

Nanodrop 1000 spectrophotometer

Optical sealing film

PCR cabinet

PCR tube
Pipette tip (10, 200, and 1,000 pL)

PowerPac™ HC Power Supply
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Nikon, Tokyo, Japan

Olympus, Tokyo, Japan

Axygen, Corning, NY, USA

Paul Marienfeld, Lauda-Koénigshofen,
Germany

Biosan, Riga, Latvia

Bio-Rad Laboratories, Hercules, CA,
USA

Thermo Fisher Scientific, Waltham,
MA, USA

Gilson, Middleton, WI, USA
Thermo Scientific, Waltham, MA,
USA

Thermo Fisher Scientific, Waltham,
MA, USA

Bioneer, Daejeon, South Korea

Esco Technologies, St. Louis, MO,
USA

Bioneer, Daejeon, South Korea

Nest Biotechnology, Wuxi, China
Bio-Rad Laboratories, Hercules, CA,

USA



Rotary evaporator

Shaking incubator

Spectroline CM UV-viewing cabinet
Sterile syringe filter (0.2 and 0.45 pum)
Synergy HTX Multi-Mode Microplate
Reader

Syringe (1, 5, 10, and 20 mL)

TLC plate silica gel

Ultrapure water system

\ortex mixer

Water bath

2. Chemicals and reagents

1 M Tris-HCI, pH 6.8

1.5 M Tris-HCI, pH 8.8

10% SDS Solution
2,2-Diphenyl-1-picrylhydrazyl (DPPH)
2,2'-Azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt

(ABTS)
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Heidolph Instruments, Schwabach,
Germany

Labwit Scientific, Victoria, Australia
Fisher Scientific, Hampton, NH, USA
Corning, Corning, NY, USA

BioTek, Winooski, VT, USA

Nipro, Mechelen, Belgium
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
FinePCR, Gyeonggi, South Korea

Memmert, Schwabach, Germany

Biosesang, Gyeonggi, South Korea
Biosesang, Gyeonggi, South Korea
Biosesang, Gyeonggi, South Korea
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA



2', 7'-dichlorodihydrofluorescein
diacetate (H.DCFDA)
3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS)
solution
3-(4,5-dimetylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT)

30% Polyacryla,ide

4% Paraformaldehyde

Acetonitrile

Aluminum choride

Ammonium persulfate

Anti-actin antibody (C-2) (Cat. #SC-
8432)

Anti-Akt antibody (Cat. #9272S)

Anti-COX-2 antibody (D-12) (Cat. #SC-
166475)
Anti-CU/ZN SOD rabbit antibody (Cat.

#RDI-SODabRXx)
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Molecular Probes, Eugene, OR, USA

Promega, Madison, WI, USA

Bio Basic, Markham, ON, Canada

Bio-Rad Laboratories, Hercules, CA,
USA

Biosesang, Gyeonggi, South Korea
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Santa Cruz Biotechnology, Dallas,
TX, USA

Cell Signaling Technology, Danvers,
MA, USA

Santa Cruz Biotechnology, Dallas,
TX, USA

Fitzgerald Industries International,

Acton, MA, USA



Anti-EGR-1 antibody (588) (Cat. #SC-

110)
Anti-iNOS (D6B6S) rabbit mAb (Cat.

#13120S)

Anti-IkBa (L35A5) mouse mAb (amino-

terminal antigen) (Cat. #4814P)

Anti-NAG-1 polyclonal antibody

Anti-NFkB p65 antibody (F-6) (Cat.
#SC-8008)

Anti-NR2B antibody (Cat. #06-600)
Anti-phospho-Akt (Ser473) antibody
(Cat. #92715)

Anti-phospho-IkBa (Ser32) (14D4)
rabbit mAb (Cat. #2859P)
Anti-phosphor-GSK-30/p (Ser21/9)
antibody (Cat. #9331S)

Anti-Rictor (53A2) antibody (Cat.
#2114T)

Ascorbic acid

Bisphenol A (BPA)

Bovine Serum Albumin
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Santa Cruz Biotechnology, Dallas,
TX, USA

Cell Signaling Technology, Danvers,
MA, USA

Cell Signaling Technology, Danvers,
MA, USA

Laboratory of signal transduction,
College of Veterinary Medicine, Seoul
National University, Korea

Santa Cruz Biotechnology, Dallas,
TX, USA

Sigma-Aldrich, St. Louis, MO, USA
Cell Signaling Technology, Danvers,
MA, USA

Cell Signaling Technology, Danvers,
MA, USA

Cell Signaling Technology, Danvers,
MA, USA

Cell Signaling Technology, Danvers,
MA, USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA



Chloroform

Dako Fluorescence Mounting Medium

DAPI

Dimethyl sulfoxide (DMSO)

Dual luciferase® reporter assay system
kit

Dulbecco’s Modified Eagle’s Medium
(DMEM)

Ergosterol

Ethanol

Ethyl acetate

Fetal bovine serum (FBS)

FITC-conjugated goat anti-mouse 1gG
secondary antibody

Follin-Ciocalteu phenol reagent

Gallic acid

Glycine

Goat anti-mouse IgG (H+L) secondary
antibody, HRP

Goat anti-rabbit IgG (H+L) secondary

antibody, HRP
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Merck, Darmstadt, Germany

Dako North America, Carpinteria, CA,
USA

Sigma-Aldrich, St. Louis, MO, USA
RCI Labscan, Bangkok, Thailand

Promega, Madison, W1, USA

Thermo Scientific HyClone, Logan,
UT, USA

Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany

Merck, Darmstadt, Germany
Thermo Scientific HyClone, Logan,
UT, USA

Invitrogen, Eugene, OR USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
LPS Solution, Daejeon, South Korea

Invitrogen, Rockford, IL, USA

Invitrogen, Rockford, IL, USA



GoTag® Green Master Mix reagent

Hanks’ Balanced Salt solution (HBSS)

Hexane

HiQ Blueye protein ladder

Hoechst 33342

HRP-conjugated anti-GAPDH antibody
(G-9) (Cat. #SC-365062 HRP)
HRP-conjugated anti-p-actin antibody
(C4) (Cat. #SC-47778 HRP)
Isopropanol

L-glutamic acid

Linoleic acid

Lipopolysaccharide (LPS) from
Escherichia coli O55:B5

Maxime RT PreMix Oligo (dT)1s Primer
kit

Mouse Apoptosis Signaling Pathway
Array C1

Mouse IL-1 beta uncoated ELISA kit
Mouse IL-6 uncoated ELISA kit
Mouse TNF-a uncoated ELISA kit

N-Acetyl cysteine
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Promega, Madison, WI, USA
Thermo Scientific HyClone, Logan,
UT, USA

Merck, Darmstadt, Germany

Bio D, Gyeonggi, South Korea
Sigma-Aldrich, St. Louis, MO, USA
Santa Cruz Biotechnology, Dallas,
TX, USA

Santa Cruz Biotechnology, Dallas,
TX, USA

Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA

iINtRON Biotechnology, Gyeonggi,
South Korea

RayBiotech, Peachtree Corners, GA,
USA

Invitrogen, Waltham, MA, USA
Invitrogen, Waltham, MA, USA
Invitrogen, Waltham, MA, USA

Sigma-Aldrich, St. Louis, MO, USA



Penicillin-Streptomycin solution

Phosphate buffered saline (PBS)

Pierce™ BCA protein assay kit

Pierce™ ECL Western blotting substrate

PolyJet™ in vitro DNA transfection
reagent
Quercetin

RealMOD™ Green W2 2x qPCR mix

Recombinant murine TNF-a
RIPA cell lysis buffer
Sodium acetate

Sodium carbonate

Sodium dodecyl sulfate

SuperSignal ™ West Femto maximum
sensitivity substrate
Tetramethylethylenediamine (TEMED)

Tumor necrosis factor alpha (TNF-a)
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Gibco, Waltham, MA, USA
Thermo Scientific HyClone, Logan,
UT, USA

Thermo Sciencetific, Rockford, IL,
USA

Thermo Sciencetific, Rockford, IL,
USA

SignaGen Laboratories, Frederick,
MD, USA

Sigma-Aldrich, St. Louis, MO, USA
iNtRON Biotechnology, Gyeonggi,
South Korea

PeproTech, Cranbury, NJ, USA
GenDEPOT, Katy, TX, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Thermo Sciencetific, Rockford, IL,
USA

Thermo Sciencetific, Rockford, IL,
USA

Biosesang, Gyeonggi, South Korea

PeproTech, Rocky Hill, NJ, USA



Tris (hydroxymethyl) aminomethane
(TRIS)

Trizol reagent

Trypsin-EDTA (0.25%)

Universal protease inhibitor

Verso cDNA Synthesis kit
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Biopure Reagents, Seoul, South Korea

Invitrogen, Carlsbad, CA, USA
Gibco, Waltham, MA, USA
Biomax, Seoul, South Korea
Thermo Fisher Scientific, Waltham,

MA, USA



. Experimental workflow

Anti-neuroinflammatory effects of Auricularia polytricha extracts on bisphenol A (BPA)-induced microglial cell
activation and reduction of hippocampal cell damage

2

¥

Aim 1: To examine anti-neuroinflammatory effect of
AP extracts in BPA-induced BV2 microglial cells

Aim 4: To isolate small molecule from AP extracts and
elucidate structures of the isolated compounds

To generate inflammatory microglial cell model by
using BPA

| To determine cytotoxicity of BPA on BV2 cells

»  MTT assay: BPA against BV2 cells

| To induce inflammation of BV2 cell by using BPA

»  Cell morphology
»  RT-qPCR: TNF-q, IL-1B and IL-6 mRNA
»  ELISA: TNF-q, IL-1B, and IL-6 concentrations

| To isolate small molecule from AP extracts

»  Thin layer chromatography (TLC)
»  Column chromatography (CC)

| To elucidate structures of the isolated compounds

»  Nuclear Magnetic Resonance (NMR)

¥

To determine anti-inflammatory effect of AP
extracts on BPA-induced BV2 microglial cells

Aim 5: To evaluate anti-neuroinflammatory and
neuroprotective effects of the isolated compound

To determine cytotoxicity of AP extracts on BV2
cells

»  MTT assay: AP extracts against BV2 cells

To evaluate anti-inflammatory effect of AP
extracts on BPA-induced BV2 cells

»  Cell morphology
»  RT-qPCR: TNF-q, IL-1P and IL-6 mRNA
»  ELISA: TNF-q, IL-1B, and IL-6 concentrations

¥

Aim 2: To determine molecular mechanism of AP
extracts on anti-neuroinflammatory effect in BPA-
induced BV2 microglial cells

»  Western blot analysis: NFkB and antioxidant
signaling pathways

Dual luciferase reporter assay: NFkB
Immunofluorescence staining: NFxB p65
Intracellular ROS assay in BV2 cells

¥

\ A A4

Aim 3: To study protective effect of AP extracts on
HT-22 hippocampal cells against pro-inflammatory
cytokines produced by BPA-induced BV2 cells

To determine cytotoxicity of BV2 conditioned
medium on HT-22 cells

»  MTT assay: BV2 conditioned medium
against HT-22 cells
»  Transwell assay: BV2/HT-22 co-culture

To determine effect of BV2 conditioned medium
on intracellular ROS production of HT-22 cells

»  Intracellular ROS assay in HT-22 cells

To determine cytotoxicity of the isolated
compound against BV2 microglial and HT-22
hippocampal cells

»  MTT assay: ergosterol against BV2 and HT-
22 cells

To determine anti-neuroinflammatory effect of the
isolated compound in BPA-induced BV2 cells

»  Western blot analysis: NFxB and antioxidant
signaling pathways

To determine neuroprotective effect of the isolated
compound in TNF-a-induced HT-22 cells

» MTS assay: ergosterol against TNF-o-induced
HT-22 cells

Dual luciferase reporter assay: ARE and EBS
Intracellular ROS assay in HT-22 cells
Apoptosis antibody array

RT-PCR: Grin2a and Grin2b

Western blot analysis: Akt/GSK-38 and EGR-
1/ NMDA receptor signaling pathways
Immunofluorescent staining: NR2B

VVVVY

v

Figure 16 Experimental workflow
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4. Mushroom extract preparation

Auricularia polytricha (AP) crude extracts: hexane (APH), ethanol (APE), and
water (APW) crude extracts were obtained from our previous study (17). Briefly, the
AP mushrooms were grown in the Chang Daeng mushroom farm, Samutprakarn,
Thailand (latitude, longitude: 13.68459, 100.58189). The mushroom was identified
species by comparing the nucleotide sequence at the internal transcribed spacer (ITS)
region to GenBank online database. The fresh AP fruiting bodies were dried and
ground into powder. As illustrated in Figure 17, the AP powder was extracted by
sequential maceration using hexane, ethanol, and water, respectively. The hexane and
ethanol extractions were performed at room temperature for 72 h, while the water
extraction was conducted at 4 °C for 72 h. APH and APE were concentrated using a
rotary evaporator; APW was dried using a freeze dryer. The concentrated AP extracts
were aliquoted and stored at -80 °C to avoid the degradation of the extract

components.

The extracts were prepared as stock solutions at a concentration of 100
mg/mL, APH and APE were dissolved in absolute dimethyl sulfoxide (DMSQO), while
APW was prepared in PBS. The dissolved extracts were filtered pass through 0.22 um

of a sterile filter. All prepared extracts were kept at -20 °C until use.
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Water crude extract
(APW)

Figure 17 Schematic diagram showing the sequential maceration of A. polytricha

5. In vitro non-cell-based antioxidant assays

5.1. Total phenolic content analysis

The total phenolic content of AP extracts was determined by the Folin-Ciocalteu

method (83). Briefly, the extract at 1 mg/mL (50 pL) was mixed with the Folin-

Ciocalteu’s phenol reagent (10%, v/v; 50 uL) in a 96-well plate, and then the mixture

was incubated in the dark at room temperature for 20 min. Next, 7.5% (w/v) of

sodium carbonate (Na.COs, 50 uL) was added and further incubated for 20 min. The

absorbance at 760 nm was measured by using a microplate reader. Gallic acid was

used as a standard compound, and the various concentrations of gallic acid were

tested to generate a standard calibration curve. The extract’s total phenolic content

was calculated using the calibration curve and reported in mg of gallic acid equivalent

(GAE)/g dry weight.
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5.2. Total flavonoid content analysis

Total flavonoid content was examined by the colorimetric aluminium chloride
method (83). The extract at 1 mg/mL (50 pL) was mixed with 10% (v/v) aluminium
chloride (AICIs, 10 pL), 1 M sodium acetate (NaOAc, 10 pL), and 95% (v/v) ethanol
(150 pL). The mixture was incubated in the dark at room temperature for 40 min.
Then, the absorbance at 415 nm was measured by using a microplate reader. The total
flavonoid content of the extracts was calculated by comparing to the quercetin
standard calibration curve. The result was reported in mg of quercetin equivalent

(QE)/g dry weight.

5.3. Free radical scavenging assays
5.3.1. ABTS assay
ABTS solution was prepared by mixing 7 mM of ABTS and 2.45 mM
potassium persulfate (K2S20sg) and incubated overnight to generate the stable free
radical cation (ABTSe+). Then, the 20 uL of AP crude extracts (0, 0.5, 1, 2, 4, and 8
mg/mL) was added to 180 uL of ABTS solution and placed in the dark for 20 min.
The ABTS<+ was decolorized from green to colorless as the reaction continued, and a

microplate reader measured the absorbance at wavelength 734 nm.

5.3.1. DPPH assay
DPPH, the stable free radical (DPPH®), was prepared at a 0.2 mM solution in
ethanol. After adding the 20 uL of sample to 180 puL of DPPH solution for 20 min in
the dark, the purple DPPH solution was neutralized to yellow. The color reaction was

read the absorbance at 517 nm.
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The antioxidant capacity of AP crude extracts was calculated by comparing it
to the vitamin C calibration curve. The results were expressed in mg of vitamin C
equivalent antioxidant capacity (VCEAC)/g dry weight. Various concentrations of AP
crude extracts were tested to determine the half-maximal effective concentration

(ECso) value.

6. Cytotoxicity of BPA against BV2 microglial cells

BV2 cells (1x10* cells/well) were cultured on a 96-well plate overnight and
then treated with BPA at 0.01, 0.1, 1, 10, and 100 uM; the final volume of culture
media was 200 pL. After 24 and 48 h of incubation, MTT (20 pL) was added to each
well of the 96-well plate and further incubated for 3 h. Next, all culture media was
removed, and absolute DMSO (200 pL) was added to dissolve formazan crystal as a
final product of the MTT assay. The absorbance at 570 nm was measured by using a
microplate reader. The percentage of cell viability was calculated compared to cell
control (untreated cell). Ethanol (0.1%, v/v), a solvent used to prepare the BPA stock
solution, was tested as vehicle control. The concentrations that do not harm BV2 cell

viability (% cell viability > 80%) were used in the following experiments.

% Cell viability = Absorbance of treatment < 100
o Lel Viablity = The absorbance of untreated cell control
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7. Neuroinflammatory effects of BPA on BV2 microglial cells

7.1. BV2 microglial cell morphological changes against BPA induction

BV2 cells (3x10° cells/well) were cultured on a 6-well plate overnight. After
that, the cells were treated with BPA at concentrations of 2.5, 5, and 10 puM for 24 h.
Cell culture media, ethanol (0.1 %, v/v), and LPS (1 pg/mL) were used as untreated,
vehicle, and positive controls, respectively. Cell morphological changes were
detected under a phase-contrast microscope. Activated microglial cells were observed
in ameboid shape, while inactivated microglial cells were shown in round
morphology. Numbers of activated and inactivated microglia were counted and

reported in the percentage of microglial activation.

Number of activated microglia

% Microglial activation =

Number of activated microglia + Number of inactivated microglia

7.2. Pro-inflammatory cytokine mRNA expression of BPA-induced BV2

microglial cells

BV2 cells (3% 10° cells/well) were grown in a 6-well plate overnight and then
treated with BPA (2.5, 5, and 10 uM) for 24 h. Culture media, ethanol (0.1 %, v/v),
and LPS (1 pg/mL) were utilized as the untreated, vehicle, and positive controls,
respectively. The treated cells were harvested, and total RNA was extracted using
Trizol reagent (Invitrogen) following the manufacturer's instruction. The amount of
total RNA was measured by using a NanoDrop spectrophotometer (Thermo

Scientific™ NanoDrop1000, Waltham, MA, USA). Next, the extracted RNA was
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converted to complementary DNA (cDNA) by reverse transcription using the Maxime
RT PreMix Oligo (dT)1s Primer kit (iNtRON Biotechnology). Quantitative real-time
PCR (gPCR) was performed using RealMOD™ Green W? 2x gPCR mix (iNtRON
Biotechnology) by an Exicycler™ 96 (Bioneer). The temperature profile was set as
follows: initial denaturation at 95 °C for 10 min, 40 cycles of PCR step at 95 °C for
20 s, and then 58 °C for 40 s. Relative quantification of pro-inflammatory cytokine
genes: TNF-a, IL-1B, and IL-6 were calculated using the delta-delta Ct method
compared to B-actin, an internal control. All primer sequences used in this study are

tabulated in the following table.

Table 4 List of primers for pro-inflammatory cytokine gene expression

Gene Nucleotide sequence Product size (bp)

TNF-o forward 5’-GATCGGTCCCCAAAGGGATG-3’ 275

TNF-a reverse 5’-TAGCAAATCGGCTGACGGTG-3°

IL-1P forward 5’-GAAATGCCACCTTTTGACAGTG-3’ 117

IL-1B reverse 5’-CTGGATGCTCTCATCAGGACA-3’

IL-6 forward 5’-TCTTGGGACTGATGCTGGTG-3° 93
IL-6 reverse 5’-CAGGTCTGTTGGGAGTGGTA-3’

B-actin forward 5’-GGCTGTATTCCCCTCCATCG-3’ 154

B-actin reverse 5’-CCAGTTGGTAACAATGCCATGT-3’

7.3. Pro-inflammatory cytokine secretion of BPA-induced BV2 microglial

cells

To determine the soluble marker of microglia cell activation, the production of
pro-inflammatory cytokine was measured using enzyme-linked immunosorbent assay
(ELISA). BV2 cells were seeded at a cell density of 6 10° cells/well in a 6-well plate

for 24 h and then treated with the same conditions as the RT-gPCR assay. After 48 h
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of treatment, the cell culture media was collected and centrifuged at 10,000xg for 10
min. Then the culture media was filtered through a 0.45 pum syringe filter to eliminate
the cell debris. The filtered media was used to determine the concentrations of TNF-a,
IL-1B, and IL-6 using mouse TNF-a, IL-1B, and IL-6 uncoated ELISA Kits
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), respectively. These

assays were performed according to the manufacturer’s instructions.

8. Cytotoxicity of AP extracts against BVV2 microglial cells

BV2 cells (1x10* cells/well) were plated on a 96-well plate overnight and
treated with APH, APE, and APW crude extracts at various concentrations: 2.5, 5, 10,
and 20 pg/ml for 24 and 48 h. To evaluate the BV2 cell viability, an MTT assay was
performed following the above procedure. DMSO (0.1%, v/v) was used as vehicle
control for APH and APE extracts. While PBS (0.1%, v/v) was utilized as vehicle
control for APW extract. The non-toxic concentrations (cell viability greater than

80%) of AP extracts were selected to test in further experiments.

9. Anti-neuroinflammatory effects of AP extracts on BPA-induced BV2
microglial cells

9.1. The effect of AP extracts on BPA-induced BV2 microglial cell

morphological changes

BV2 cells (3x10° cells/well) were cultured on a 6-well plate overnight.
Afterward, the cells were co-treated with BPA and AP extracts (Table 5) for 24 h.

Cell culture media, BPA (5 uM), DMSO (0.1%, v/v), and quercetin (0.4 and 0.8 uM)
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were tested as untreated, BPA, vehicle, and natural product positive (anti-
inflammation) controls, respectively. Cell morphological changes were observed
under a phase-contrast microscope.

Table 5 Treatment conditions for investigation of the anti-neuroinflammatory effect
of AP extracts on BPA-induced microglial cells

Condition Treatment

Untreated cell control Cell culture media

BPA and vehicle control BPA (5 uM) + DMSO (0.1 %, v/v)

Positive control BPA (5 uM) + Quercetin (0.4 and 0.8 uM)

Test BPA (5 uM) + APH (5 and 10 ug/mL)
BPA (5 uM) + APE (2.5 and 5 pg/mL)
BPA (5 uM) + APW (2.5 and 5 pg/mL)

9.2. The effect of AP extracts on pro-inflammatory cytokine mRNA

expression in BPA-induced BV2 microglial cells

BV2 cells (3x10° cells/well) were cultured in a 6-well plate, then treated with
AP extracts and BPA (Table 5) for 24 h. After that, TNF-a, IL-1p, and 1L-6 mMRNA
expressions were determined by RT-gPCR according to the method previously

mentioned.

9.3. The effect of AP extracts on pro-inflammatory cytokine secretion in

BPA-induced BV2 microglial cells

BV2 cells (6x10° cells/well) were treated following the conditions presented in
Table 5. After 48 h, the levels of TNF-a, IL-1B, and IL-6 secretion in cell culture

supernatant were examined by commercial ELISA Kits.
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Taken together, the extracts that significantly decrease BPA-induced BV2

microglial cell activation were chosen to study molecular mechanisms furthermore.

10. Molecular mechanisms of AP extracts on BPA-induced BV2 microglial
activation

10.1. The expression of NF-kB signaling-associated proteins

The levels of p-1kBa, IkBa, INOS, COX-2, and B-actin expressions were
determined by Western blot analysis. BV2 cells (8 x 10° cells in a 60-mm cell culture
dish) were treated with the AP extracts and BPA (Table 6) for the optimal time of
each protein expression (6 h for p-lkBa and IxBa; 24 h for INOS and COX-2). After
that, the treated cells were harvested then the total protein was isolated by using a
RIPA lysis buffer. The isolated protein concentration was measured by BCA assay.
An equal amount of each protein condition was electrophoresed and transferred to the
polyvinylidene fluoride (PVDF, 0.22 um of pore size) membrane. The immunoblot
was incubated overnight with specific primary antibodies at 4 °C. After that, the HRP-
conjugated secondary antibody was probed for an hour at room temperature. The
Signal was detected using a chemiluminescence substrate and visualized by Alliance
Q9 mini (Cambridge, UK). The intensity of target proteins was normalized to 3-actin

as a loading control.
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Table 6 Treatment conditions for investigation of the molecular mechanism of AP

extracts on BPA-induced BV2 microglial activation

Condition Treatment

Untreated cell control Cell culture media

BPA and vehicle control BPA (5 uM) + DMSO (0.1 %, v/v)

Positive control BPA (5 uM) + Quercetin (0.4 uM)

Test BPA (5 uM) + APH (5 and 10 ug/mL)
BPA (5 uM) + APE (2.5 and 5 pg/mL)

10.2. Dual luciferase assay of NF-kB activity

BV2 cells (5 x 10* cells/well) were cultured in completed media on a 24-well
plate for 24 h. The cultured media was replaced with fresh completed media for an
hour prior to the cell transfection process. The cells were transfected with pNF-kB-
Luc (500 ng) and pRL-null (50 ng) plasmids using PolyJet™ in vitro DNA
transfection reagent for 18 hours. All solution was replaced with fresh completed
media and the transfected cells were continuously incubated for 24 h. The transfected
cells were co-treated with BPA and AP extracts (Table 6) for 6 h. Total protein was
harvested, and luciferase assay was performed using a dual luciferase® reporter assay

system kit (Promega, WI, USA), according to the manufacturer’s protocol.

10.3. Nuclear translocation of NF-kB p65

BV2 cells were cultured on 18 x 18 mm cover glass and placed on a 6-well
plate at a cell confluence of 6 x 10° cells/well for overnight. The cells were exposed
to the designed treatments (Table 7) for 6 h and then fixed with 4% paraformaldehyde
at room temperature for 20 min. The cells were permeabilized by treating with 0.3%

Triton X-100 at room temperature for 10 min, followed by a blocking step using 1%
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bovine serum albumin (BSA) for an hour. The prepared cells were incubated with
anti-NF-«xB p65 antibody (1:500), overnight at 4 °C. After that, the slides were
incubated with FITC-conjugated goat anti-mouse IgG secondary antibody (1:1,000)
prior to DAPI counterstaining. The stained coverslip was mounted with a mounting
medium on a glass slide and observed under a confocal microscope. The quantitative
ratio of nuclear /cytoplasmic fluorescence intensity was analyzed according to the
previous recommendation method using ImageJ software (90).

Table 7 Treatment conditions for investigation of the NF-xB p65 nuclear
translocation of APE extract on BPA-induced BV2 microglial activation

Condition Treatment

Untreated cell control Cell culture media

BPA and vehicle control BPA (5 uM) + DMSO (0.1 %, v/v)
Test BPA (5 uM) + APE (5 pg/mL)

11. Antioxidative effects of AP crude extracts on BV2 microglial cells

11.1. Protein expression of SOD-1, antioxidant enzyme

BV2 cells were plated on a 60-mm cell culture dish at a cell density of 8 x 10°
cells. After growing the cells overnight, the cells were exposed to AP extracts (APH,
5 and 10 pg/ mL; APE 2.5 and 5 pg/ mL) for 18 h. The total protein was harvested
and determined the levels of SOD-1 and B-actin by the Western blotting procedure as

described above.

11.2. Intracellular reactive oxygen species (ROS) in BV2 cells
BV2 cells (1 x 10* cells/well) were seeded on a 96-well black-plate with clear

bottom and cultured overnight then treated with AP extracts in the presence of BPA
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(Table 8) for 14 h. The treated cells were incubated with H.-DCFDA (10 uM) for 30
min, followed by washing with HBSS. The fluorescence intensity
(excitation/emission = 485/535 nm) was measured by using an EnSpire Plate Reader
(Perkin-Elmer). Besides, the images of DCF fluorescence were captured by a
fluorescence microscope.

Table 8 Treatment conditions for intracellular ROS assay in BV2 cells and BV2-

conditioned medium preparation

Condition Treatment

Untreated cell control Cell culture media

BPA/ vehicle control BPA (5 uM) + DMSO (0.1 %, v/v)
Test BPA (5 uM) + APH (5 and 10 pg/mL)

BPA (5 uM) + APE (2.5 and 5 pg/mL)

12. Neuroprotective effects of AP extracts on HT-22 hippocampal cell damage
Previous studies showed that pro-inflammatory cytokines released from
microglial cells may contribute to neurodegeneration by inducing apoptosis and
cytotoxicity of the neuron (33). Therefore, in this study, we examined the protective
effect of AP extracts on HT-22 hippocampal cells against pro-inflammatory cytokine

produced by BPA-induced BV2 microglial cells.

12.1. Conditioned medium preparation

To prepare BV2 conditioned medium, BV2 cells (6x10° cells/well in 6-well
plate) were treated with AP extracts and BPA (Table 8) for 48 h. The BV2 cell
culture supernatant (BV2-conditioned medium) was collected and centrifuged at

10,000 xg, 4°C for 10 min, and filtered through a 0.45 um syringe filter to remove
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cells and cell debris. The BV2-conditioned medium was further used to treat HT-22

hippocampal cells.

12.2. HT-22 hippocampal cell viability

HT-22 cells (5x10° cells/well) were plated on a 96-well plate overnight then the
cells were treated with BV2-conditioned medium for 24 h. After that, HT-22 cell
viability was determined by MTT assay.

Table 9 Treatment conditions for investigation of neuroprotective effects of BV2-

conditioned medium against HT-22 hippocampal cell damage

Condition Treatment

HT-22 direct Untreated cell control  Cell culture media

treatment BPA/ vehicle control = BPA (5 uM) + DMSO (0.1 %, v/v)
Test BPA (5 uM) + APH (5 and 10 pg/mL)

BPA (5 uM) + APE (2.5 and 5 pg/mL)

BV2 Untreated cell control ~ Cell culture media

conditioned BPA/ vehicle control ~ BPA (5 uM) + DMSO (0.1 %, v/v)

medium Test BPA (5 uM) + APH (5 and 10 ug/mL)

BPA (5 uM) + APE (2.5 and 5 pg/mL)

12.3. Co-culture of BV2 microglial and HT-22 hippocampal cells

To confirm the results of the BV-conditioned medium treatment, we used a
transwell co-culture system that allows diffusion of soluble molecules between BV2
cells and HT-22 cells without direct cell-cell contact. HT-22 cells were plated on a
24-well plate at a cell density of 2x10* cells/well. Next, BV2 cells (1x10° cells/well)
were seeded in the cell culture transwell inserts (0.4 um pore size, polyester (PET)

membrane for the 24-well plate) that were placed on the HT-22 culture plate. The
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cells were treated with the conditions shown in Table 7. After 24 of treatment, the

HT-22 cell viability was determined by MTT assay.

» Transwell insert

» BV2 cells
» HT-22 cells

Figure 18 Schematic of transwell co-culture system between BV2 and HT-22 cells

Table 10 Treatment conditions for investigation of neuroprotective effects of BV2-
conditioned medium against HT-22 hippocampal cell damage using the transwell co-

culture system

Condition Treatment

HT-22 cells Untreated cell control Cell culture media
BPA/ vehicle control BPA (5 uM) + DMSO (0.1 %, v/v)
Test BPA (5 uM) + APH (10 pg/mL)

BPA (5 uM) + APE (5 pg/mL)

BV2/ HT-22 Untreated cell control Cell culture media

cell co-culture  BPA/ vehicle control BPA (5 uM) + DMSO (0.1 %, v/v)
Test BPA (5 uM) + APH (10 pg/mL)

BPA (5 uM) + APE (5 ug/mL)

12.4. Intracellular ROS in HT-22 hippocampal cells
Accumulating data demonstrated that pro-inflammatory cytokines produced

from microglial activation may upregulate a production of intracellular reactive
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oxygen species (ROS) that can induce neuronal death (33). Herein, we studied an
inhibitory effect of AP extracts on the ROS production in HT-22 cells activated by
pro-inflammatory cytokines released from BPA-induced BV2 cells. HT-22 cells
(1x10* cells/well) were seeded on a 96-well black plate with clear bottom and
cultured overnight. The cultured cells were treated with a BV2-conditioned medium
(Table 8) for 14 h. After treatments, the level of intracellular ROS in HT-22 cells was

examined by using H.DCFDA, according to the protocol mentioned above.

13. Chemical compound isolation

13.1. Thin-layer chromatography (TLC)

APE crude extract was dissolved in DMSO, then applied on a TLC plate (silica
gel 60 F2s4 aluminum sheet). The TLC plate was run in hexane: ethanol (100: 0 to 50:
50) to develop an optimal mobile phase system. The isolated spots were visualized

under UV light (254 and 365 nm) and iodine vapor staining.

13.2. Column chromatography (CC)

Chemical constituents in APE crude extracts were separated by column
chromatography using silica gel 60 (0.063 — 0.200 mm). The sample was eluted with
gradient mobile system of hexane/ethyl acetate (80/20) to ethanol/DMSO (20/80).
The eluents were collected in the test tube, then the collected eluents were screened
the purity by TLC. The fractions that contained the same eluted compound were

pooled and concentrated by the rotary evaporator.
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13.3. Crystallization
The fraction E was crystalized by absolute hexane at room temperature to get

fraction E1 (APE-E1) as a white needle crystal.

14. Chemical compound identification

14.1. Thin-layer chromatography (TLC) of APH and APE-1

According to our previous study, chemical constituents in APH were fully
identified (17). Therefore, the TLC profile of APE-E1 was performed using silica gel
60 F254 aluminum sheet and developed in hexane/ethyl acetate (80/20) comparing to

the TLC profile of APH.

14.2. Nuclear magnetic resonance (NMR)
The *H NMR spectroscopy of the isolated compound was performed using a
500 MHz Agilent NMR spectrometer. The compound was dissolved in deuterated

chloroform (CDCls), and tetramethylsilane (TMS) was used as an internal reference.

15. Anti-neuroinflammatory effects of ergosterol against BPA-induced BV?2 cells
15.1. Cytotoxicity of ergosterol against BV2 microglial cells
BV2 cells (1x10* cells/well) were plated on a 96-well plate overnight and
treated with ergosterol at concentrations of 25, 50, 100, and 200 nM for 24. After

incubation, an MTT assay was performed following the procedure described above.
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15.2. The expression of NF-kB signaling-associated proteins

BV2 cells were plated on a 60 mm cell culture dish at a cell density of 8 X 10°
cells. The cells were exposed to BPA in the presence or absence of ergosterol (25 and
50 nM) for 6 and 24 h to determine the protein levels of p-IkBa/IkBa and iNOS,
respectively. Western blot analysis was performed according to previously mentioned

protocol.

16. Neuroprotective effects of AP crude extracts against TNF-a-induced HT-22
hippocampal cells

16.1. Cytotoxicity of TNF-a and ergosterol against HT-22 cells

HT-22 cells (5 x 10° cells/well) were plated on 96-well plates overnight before
them being treated with TNF-a (1, 10, and 100 ng/mL) or ergosterol (0.01, 0.1, 1, and
10 uM) for 24 h. After treatment, the cells were incubated with the MTS reagent for 1
h, and then the absorbance was measured at 490 nm by using a microplate reader

(Multiskan™ FC Microplate Photometer, Thermo Scientific, Waltham, MA, USA).

16.2. Neuroprotective effect of ergosterol on TNF-a-induced HT-22 cells

HT-22 cell were cultured on 96-well plates at cell density of 5 x 10° cells/well
overnight. The cells were exposed to TNF-a (1 ng/mL) in the presence or absence of
ergosterol (0.01, 0.1, and 1 uM) for 24 h. After treatments, the HT-22 cell viability

was determined by MTS assay.
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17. Antioxidative effects of AP crude extracts on HT-22 hippocampal cells

17.1. Protein expression of SOD-1, antioxidant enzyme

HT-22 cells (5 x 10° cells) were seeded on 60-mm cell culture dishes overnight.
The cells were treated with TNF-a (1 ng/mL) in the presence or absence of ergosterol
(100 nM). After 18 h of incubation, total protein was harvested, and the level of SOD-

1 expression was measured by Western blot analysis.

17.2. The antioxidant response element (ARE) activity

HT-22 cells were cultured overnight in a complete medium, in 24-well plates, at
a cell density of 1 x 10* cells/well. Before transfection, the culture medium was
replaced with fresh medium for 1 h. HT-22 cells were co-transfected with pARE-Luc
and pRL Renilla Luciferase control reporter (pRL-null) plasmids by using the
PolyJet™ in vitro DNA transfection reagent (SignaGen Laboratories, Frederick, MD,
USA). After 18 h of transfection, the transfected solution was replaced with fresh
medium, and then the cells were further incubated for 6 h. The transfected HT-22
cells were treated with TNF-a (1 ng/mL) in the presence or absence of ergosterol (100
nM) for 24 h. The total protein was extracted, and the luminescence intensity was
detected by using a Dual-Luciferase® Reporter Assay System kit (Promega, Madison,
WI, USA). The luminescence intensity of the target (firefly luciferase) was
normalized with the luminescence intensity of the control reporter (Renilla
luciferase), and the luminescence was measured by using a luminometer (Synergy

HTX Multi-Mode Microplate Reader, BioTek, Winooski, VT, USA).

17.3. Intracellular ROS assay in HT-22 cells

HT-22 cells were plated on 96-well black plates at a cell density of 1x10*
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cells/well, and were allowed to grow overnight. The cells were then treated with TNF-
a (1 ng/mL) in the presence or absence of ergosterol (100 nM) for 14 h. The treated
cells were washed with HBSS, and were subsequently incubated with H.DCFDA (10
pUM) in serum-free medium, for 30 min. The cells were washed with HBSS twice and
their fluorescence intensity was measured at 485/535 nm (excitation/emission) by

using a Synergy HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA).

A high-content screening (HCS) platform was used to visualize and analyze the
HT-22 cells’ intracellular ROS. The cells were cultured on a 48-well plate and were
then treated with TNF-a (1 ng/mL) in the presence or absence of ergosterol (100 nM)
for 14 h. Subsequently, the cells were stained with H.DCFDA (10 puM) and Hoechst
33342 (10 pg/mL) for 30 min. The stained cells were captured and analyzed by using
the Celllnsight CX7 HCS instrument (Thermo Fisher Scientific, Waltham, MA,

USA).

18. Molecular mechanism of AP extracts against TNF-a-induced HT-22
hippocampal cells

18.1. Apoptosis antibody array

HT-22 cells were seeded on 60-mm dishes at a cell density of 5 x 10° cells.
After allowing the cells to grow overnight, the cells were treated with TNF-a (1
ng/mL) in the presence or absence of ergosterol (100 nM) for 24 h. The treated cells
were lysed with a lysis buffer containing a protease inhibitor cocktail and a
phosphatase inhibitor cocktail, and the total protein was collected. The assay was

performed by using the Mouse Apoptosis Signaling Pathway Array C1 (RayBiotech,
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Peachtree Corners, GA, USA) according to the manufacturer’s protocol. The
chemiluminescence signal was detected by using the Alliance Q9 mini imager

(Cambridge, UK).

18.2. The expression of Akt/ GSK-3p signaling-associated proteins

HT-22 cells (5 x 10° cells) were seeded on 60-mm cell culture dishes overnight.
The cells were treated with TNF-a (1 ng/mL) in the presence or absence of ergosterol
(100 nM). After 24 h of incubation, total protein was harvested, and the levels of pAkt
(S473), Akt, RICTOR, GSK-3p (S9), NAG-1, and B-actin expressions was measured

by Western blot analysis.

18.3. The mRNA expression of NMDA receptors

HT-22 cells (1 x 10° cells/well) were plated on 6-well plates overnight. The
cells were treated with TNF-a (1 ng/mL) in the presence or absence of ergosterol (100
nM) for 24 h. The total mMRNA was extracted by using the TRIzol reagent according
to the manufacturer’s instructions. After that, the mRNA was converted to cDNA by
using a Verso cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The glutamate ionotropic receptor NMDA type subunit 2A (Grin2a) and 2B (Grin2b)
genes were amplified using the primer pairs listed in Table 11. Moreover, the
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) gene was used as a reference
gene. The RT-PCR was performed by using the GoTaq® Green Master Mix reagent
(Promega, Madison, WI, USA) and the MiniAmp™ Plus Thermal Cycler (Thermo

Fisher Scientific, Waltham, MA, USA).
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Table 11 List of primers for glutamate ionotropic receptor NMDA type gene

expression

Gene Nucleotide sequence Product size (bp)
Grin2a forward  5’-TTGAACTACAAGGCCGGGAG-3’ 546

Grin2a reverse 5’-GTCCATTCGCGAGGAGTTCA-3’

Grin2b forward  5-GGGTCACGCAAAACCCTTTC-3’ 591

Grin2b reverse 5’- ACTGAGGCCCGTTCTATCCT-3’

Gapdh forward 5’-GACCACAGTCCATGCCATCACT-3 453

Gapdh reverse 5’-TCCACCACCCTGTTGCTGTAG-3’

18.4. The EGR-1 activity

To determine the EGR-1 activity, dual luciferase reporter assay was performed
by using a luciferase construct containing an EGR-1 binding site (EBS). Briefly, HT-
22 cells were cultured overnight in a complete medium, in 24-well plates, at a cell
density of 1 x 10* cells/well. Before transfection, the culture medium was replaced
with fresh medium for 1 h. HT-22 cells were co-transfected with pEBS-Luc and pRL
Renilla Luciferase control reporter (pRL-null) plasmids by using the PolyJet™ in
vitro DNA transfection reagent (SignaGen Laboratories, Frederick, MD, USA). After
18 h of transfection, the transfected solution was replaced with fresh medium, and
then the cells were further incubated for 6 h. The transfected HT-22 cells were treated
with TNF-a (1 ng/mL) in the presence or absence of ergosterol (100 nM) for 24 h.
Then, the dual luciferase reporter assay was performed following the procedure

mentioned above.

18.5. EGR-1 overexpression in HT-22 hippocampal cells
HT-22 cells were seeded on 6-well plates at a cell density of 1x10° cells/well,

and were allowed to grow overnight. The cells were transfected with a
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pPCDNA3.1/V5-His EGRI1 plasmid by using a PolyJet™ in vitro DNA transfection
reagent (SignaGen Laboratories, Frederick, MD, USA). The pLacZ plasmid was used
as a negative plasmid control. After 18 h of transfection, the transfected mixture was
replaced with fresh complete medium, and the cells were further incubated for 30 h.
The expression of EGR-1 was determined by Western blotting with the help of an
anti-EGR-1 antibody. The following primers were used for the determination of the
EGR-1 gene expression with the use of RT-PCR: 5’-
ACCCCTTGCTCCCTTCAATG-3’ (forward) and 5-

GGTGAGCATGTCCCTCACAA-3’ (reverse).

18.6. Protein expression of NMDA receptor

HT-22 cells (5 x 10° cells) were seeded on 60-mm cell culture dishes
overnight. The cells were treated with TNF-a (1 ng/mL) in the presence or absence of
ergosterol (100 nM). After 24 h of incubation, total protein was harvested, and the

levels of NR2B and B-actin expressions was measured by Western blot analysis.

18.7. Immunofluorescence staining of NR2B

HT-22 cells were cultured on 18 X 18 mm cover glass and placed on a 6-well
plate at a cell density of 1x10° cells/well overnight. The cells were exposed to the
TNF-a (1 ng/mL) in the presence or absence of ergosterol (100 nM) for 24 h and then
fixed with 4% paraformaldehyde at room temperature for 20 min. The cells were
permeabilized by treatment with 0.3% Triton X-100 at room temperature for 10 min,
followed by blocking with 1% bovine serum albumin for an hour. The prepared cells
were incubated with anti-NR2B antibody (1:500) overnight at 4 °C. The slides were

then incubated with FITC-conjugated goat anti-mouse IgG secondary antibody
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(1:1,000) prior to DAPI counterstaining. The stained coverslips were mounted on a

glass slide with a mounting medium and observed under a confocal microscope.

19. Statistical analysis

The results are presented as the mean + standard error mean (SEM) of three
independent experiments. Statistical significance was analyzed by one-way ANOVA,
followed by a post hoc Dunnett’s test; all analyses were performed by using
GraphPad Prism 9.2.0. The P values that were lower than 0.05 were considered

indicative of statistically significant difference.
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CHAPTER IV
RESULTS

1. Total phenolic and flavonoid contents present in AP crude extracts

AP was extracted by sequential maceration using solvents in increasing
polarity; three crude extracts were obtained, including hexane (APH), ethanol (APE),
and water (APW) crude extracts (17). The total phenolic and flavonoid contents in
these three crude extracts were analyzed using Folin-Ciocalteu and aluminium
chloride methods, respectively. The phenolic content analysis indicated that APW
(33.66 = 0.14 mg GAE/g dry weight) contained the highest level of phenolic
compounds, followed by APE (12.95 + 0.12 mg GAE/g dry weight) and APH (1.90 +
0.03 mg GAE/g dry weight), respectively (Figure 19A). APE (4.01 £ 0.75 mg QE/g
dry weight) exhibited the highest quantity of flavonoid content. In contrast, the

flavonoid content was almost undetectable in APH and APW (Figure 19B).
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Figure 19 Total (A) phenolic and (B) flavonoid contents exist in AP crude extracts.

All data are shown as the mean = SEM of triplicate values.
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2. Free radical scavenging activity of AP crude extracts

The antioxidant properties of AP crude extracts were studied by using ABTS
and DPPH assays. Both assays relied on the capacity of the extracts to scavenge the
free radicals and neutralize the reaction. As shown in Table 12, APH, APE, and APW
had antioxidant capacity values of 0.92 + 0.12, 1.57 £ 0.04, and 2.47 + 0.06 mg
VCEAC/g dry weight in ABTS assay, respectively. Statistical analysis indicated that
APW had significantly higher ABTS scavenging activity compared to APH. Besides,
APW showed the highest DPPH scavenging activity (1.88 = 0.25 mg VCEAC/g dry
weight), followed by APE (1.27 + 0.04 mg VCEAC/g dry weight) and APH (0.99 *
0.08 mg VCEAC/g dry weight). All extracts exhibited significant differences in
DPPH scavenging activity compared to each extract.

The half-maximal effective concentration (ECso) values of APE and APW in
the ABTS assay were 3.11 + 0.05 and 1.06 = 0.04 mg/mL, respectively. For the
DPPH assay, ECso values of APE and APW were 12.61 + 3.47 and 3.62 + 0.35
mg/mL, respectively. However, at up to 8 mg/ml, APH showed no activity in both
assays. Its accurate ECso was not obtainable. In comparison, APW is the most potent

extract among the three AP extracts.
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Table 12 Antioxidant capacity and half-maximal effective concentration (ECso) of

free radical scavenging activity of AP crude extracts.

crud ABTS scavenging activity DPPH scavenging activity
rude
mg VCEAC/g dry ECso mg VCEAC/g dry ECso
extract ) )
weight (mg/mL) weight (mg/mL)

APH 092+0.122 >8 0.99 +0.08 2P >8

APE 1.57 £ 0.04 3.11+£0.05 1.27+£0.042°¢ 12.61 +3.47
APW 247 +£0.06° 1.06 + 0.04 1.88+0.25>¢  3.62+0.35

The data are expressed as mean + SEM (n = 3). The same superscript letters in
the same column indicate a significant difference between the means by one-way
ANOVA (P < 0.05).

3. Effects of BPA on BV2 microglial cells

3.1. Cytotoxicity of BPA against BV2 microglial cells

An optimal dose of BPA on the cell model was determined by testing the
cytotoxicity of BPA against mouse microglia BV2 cells at a range of concentrations
(0.1-100 pM) of BPA using MTT assay. The results showed that 100 uM BPA
significantly decreased BV2 cell viability after treatment for 24 and 48 h. However,
BPA concentrations ranging from 0.1 uM to 10 uM did not have any significant
effect on BV2 cells, and they exhibited cell viability of greater than 80% (Figure 20).
Therefore, BPA concentrations lower than or equal to 10 uM were used in the

subsequence experiments.
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Figure 20 Cytotoxicity of BPA in BV2 microglial cells at 24 and 48 h.
All data are shown as the mean £ SEM of triplicate values. Statistical significance
was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the media

control.

3.2. Neuroinflammatory effects of BPA on BV2 microglial cells

BV2 cells were treated with BPA (2.5, 5, and 10 uM) for 24 h, and then changes
in cell morphology were observed under a phase-contrast microscope. Short-round
morphology and elongated morphology indicate inactivated and activated BV2 cells,
respectively (81). Cells in the media control exhibited mostly round cell morphology,
while LPS (1 pg/mL) control showed an increase in the number of elongated cells. In
addition, 5 and 10 uM BPA significantly increased the number of elongated cells
compared to the media control (Figure 21A and 21B). These results suggest that

BPA at 5 and 10 puM concentrations could induce microglial cell activation.
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Figure 21 Neuroinflammatory effects of BPA on BV2 microglial cells.

(A) Percentage of BV-2 long and round cells when exposed to various concentrations
of BPA. (B) BV2 cell morphological changes after treated with media, LPS (1
pg/mL), 0.1 %, v/v ethanol, and BPA (2.5, 5, and 10 pM) observed under DIC
microscope (10x). All data are shown as the mean = SEM of triplicate values.
Statistical significance was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05
versus the media control.
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Moreover, the expression of pro-inflammatory cytokines was evaluated at both
MRNA and protein levels by RT-gPCR and ELISA, respectively. As shown in Figure
22A-22C, BPA-exposed BV2 cells exhibited increased levels of TNF-a, IL-1p, and
IL-6 mRNA expression after 24 h of treatment, particularly at 5 uM BPA showed the

highest mMRNA expression levels.
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Figure 22 The mRNA expressions of pro-inflammatory cytokines: (A) TNF-a, (B)
IL-1B, and (C) IL-6 in BPA-induced BV?2 cells after 24 h of treatment.

All data are shown as the mean + SEM of triplicate values. Statistical significance
was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the media

control.



68

In addition, the levels of TNF-a, IL-1B, and IL-6 in the cell culture medium
were measured. The results showed that BPA (2.5-10 uM) significantly increased the
secreted TNF-a levels compared to the media control (Figure 23A). Similarly, 2.5
and 5 uM BPA exhibited significantly higher levels of IL-1p. However, at a high
concentration of BPA (10 pM), the increase in the production of IL-13 was not
significant (Figure 23B). Moreover, BPA elevated IL-6 secretion in a dose-dependent
manner (Figure 232C). Therefore, these results suggest that BPA increased the
secretion of pro-inflammatory cytokines in microglial cells. This indicates that BPA

could induce neuroinflammation.
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Figure 23 The levels of pro-inflammatory cytokines: (A) TNF-a, (B) IL-1B, and (C)
IL-6 in BV2 cell culture media after the induction of BPA for 48 h.

All data are shown as the mean £ SEM of triplicate values. Statistical significance
was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the media

control.

4. Cytotoxicity of AP extracts against BV2 microglial cells

To evaluate the cytotoxicity of AP extracts on BV2 cells, an MTT assay was
performed. BV2 cells were treated with various concentrations of APH, APE, and
APW for 24 and 48 h. As shown in Figure 24A-24C, all extracts showed toxicity to
the cells when the concentration was increased. APH (20 pg/mL) significantly
decreased the viability of BV2 cells. In addition, 10 and 20 pg/mL of APE and APW
exhibited significant cytotoxicity against BV2 cells. Therefore, concentrations (APH,
5 and 10 pg/mL; APE, 2.5 and 5 pg/mL; APW, 2.5 and 5 pg/mL) that did not
significantly suppress BV2 cell viability were selected to determine the anti-

neuroinflammatory effects in further experiments.
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Figure 24 Cytotoxicity of (A) APH, (B) APE, and (C) APW against BV2 microglial
cells at 24 and 48 h.

All data are shown as the mean £ SEM of triplicate values. Statistical significance
was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the media

control.

5. Anti-neuroinflammatory effects of AP extracts on BPA-induced BV2
microglial cell activation

BV2 cells were co-treated with AP extracts and BPA for 24 h. Cell
morphological observation showed that APH (10 pg/mL) and APE (2.5 and 5 pg/mL)
significantly reduced the number of activated microglia (elongated cells) compared to
BPA control. Similarly, 0.8 uM of quercetin, a known natural anti-inflammatory
control, significantly reduced BPA-induced BV2 cell activation. In contrast, APW
(2.5 and 5 pg/mL) did not show any protective effect against BPA-induced BV2 cell

activation (Figure 25A and 25B).
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Figure 25 Anti-neuroinflammatory effects of AP extracts on BPA-induced BV2
microglial cell activation.

(A) Percentage of BV-2 long and round cells after co-treated with BPA and AP
extracts for 24 h. (B) BV2 cell morphological changes of media, BPA control and
treatments: quercetin (0.8 pM), APH (10 pg/mL), and APE (2.5 and 5 pg/mL)
observed under DIC microscope (10x). All data are shown as the mean + SEM of
triplicate values. Statistical significance was analyzed by one-way ANOVA,

Dunnett’s test. * P < 0.05 versus the media control.
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Furthermore, mRNA expression of the pro-inflammatory cytokines TNF-a,
IL-1B8, and IL-6 in BPA-induced BV2 cells was determined by RT-gPCR. Co-
treatment with BPA and AP extracts for 24 h did not significantly affect the mRNA
expression of TNF-o compared to the BPA control, as shown in Figure 26A.
Additionally, APH (10 pg/mL), APE (2.5 and 5 pg/mL), and APW (2.5 pg/mL)
significantly reduced mRNA expression of IL-1f in BPA-induced BV2 cells
compared to the BPA control (Figure 26B). The mRNA expression of IL-6, APH (5
and 10 pg/mL), and APE (2.5 pg/mL) significantly downregulated this expression
(Figure 26C). Therefore, co-treatment with BPA and APW increased the mRNA

levels of these pro-inflammatory cytokines.
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Figure 26 The mRNA expressions of pro-inflammatory cytokines: (A) TNF-a, (B)
IL-1P, and (C) IL-6 in co-treatment of BPA and AP extracts on BV-2 cells for 24 h.

All data are shown as the mean + SEM of triplicate values. Statistical significance
was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the media

control.

Besides, the determination of secreted pro-inflammatory cytokines levels

showed that APH and APE significantly suppressed the production of IL-6 in BPA-
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induced BV2 microglial cells, compared to BPA treatment alone. The secretion of
TNF-a and IL-1p cytokines slightly decreased when BPA was co-treated with APH
or APE. However, their levels were not statistically significant compared to the BPA
control (Figure 27A-27C). These data indicate that APH and APE could suppress

neuroinflammation stimulated by BPA induction.
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Figure 27 The levels of pro-inflammatory cytokines: (A) TNF-a, (B) IL-1B, and (C)
IL-6 in BV2 cell culture media after co-treatment of BPA and AP extracts for 48 h.

All data are shown as the mean £ SEM of triplicate values. Statistical significance
was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the BPA

control.

6. The effects of AP extracts on NF-xB signaling pathway against BPA-induced
BV2 microglial cell activation

To understand the molecular mechanism regulating the neuroinflammation
induced by BPA activation, we further examined NF-«xB signaling. As shown in Figure
28A, BPA activated NF-«B signaling by increasing the expression of p-IkBa/IxBa ratio.
In the presence of APE (2.5 and 5 pg/mL), the level of p-IkBo/IkBa was significantly
decreased when compared to the vehicle (DMSO) control. Similar results were

observed in the NF-kB-dependent luciferase activity assay (Figure 28B).
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Figure 28 The effects of AP extracts on NF-kB signaling pathway against BPA-
induced BV2 microglial cell activation.

(A) The protein level of p-IkBa/IkBa. ratio and (B) the expression of NF-kB-dependent
luciferase activity in BV2 cells treated with BPA in the presence or absence of AP
extracts for 6 h. All data are shown as the mean + SEM of triplicate values. Statistical
significance was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the
BPA control.
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Moreover, nuclear translocation of NF-xB p65 was determined by
immunofluorescence staining. BV2 microglial cells treated with BPA showed an increase
in NF-xB p65 accumulation in the nucleus compared to that in the cell control. In
contrast, 5 pg/mL of APE blocked the NF-kB p65 nuclear translocation induced by BPA
stimulation, shown in Figure 29A. Quantitative analysis demonstrated that co-treatment
with APE and BPA significantly decreased the nuclear/cytoplasmic fluorescence intensity
compared to BPA treatment alone (Figure 29B). These data suggest that APE could
attenuate neuroinflammation activated by BPA induction through the suppression of the

NF-«B signaling pathway.
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Figure 29 Effects of AP extracts on NF-kB p65 nuclear translocation in BPA-induced
BV2 microglial cell activation.

(A) Representative images of NF-kB p65 immunofluorescence staining and (B)
quantitative analysis of nuclear/ cytoplasmic NF-kB p65 fluorescence intensity of cell
control, BPA (5 uM) control, and co-treatment of BPA (5 pM) and APE (5 pg/mL) on
BV2 microglial cells after 6 hours of exposure. The cells were observed under a
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confocal microscope with 40x magnification. scale bar indicates 20 um. All data are
shown as the mean + SEM of triplicate values. Statistical significance was analyzed

by one-way ANOVA, Dunnett’s test. ¥ P < 0.05 versus the BPA control.

Inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) play
an important role in the inflammatory response (91), as well as downstream proteins
of the NF-kB signaling (92). The inhibition of NF-kB signaling by AP extracts was
confirmed by the expression of INOS and COX-2 levels. Figure 30A and 30B show
that 5 uM BPA dramatically increased iNOS expression. Treatment with APH (5 and
10 pg/mL) and APE (2.5 and 5 pg/mL) significantly restored the expression of INOS
induced by BPA stimulation. Unfortunately, BPA did not show significant changes in
COX-2 levels when treated with BPA or AP extracts (Figure 30A and 30C).
However, these results suggest that APH and APE may attenuate BPA-induced

neuroinflammation.
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Figure 30 The protein expressions of iINOS and COX-2 in BV2 cells treated with

BPA in the presence or absence of AP extracts for 24 h.

(A) Representative immunoblots and relative fold-change expressions of (B) iNOS

and (C) COX-2. All data are shown as the mean + SEM of triplicate values. Statistical

significance was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the

BPA control.

7. Antioxidative and neuroprotective effects of AP extracts on BV2 cells

Activated microglial cells produce pro-inflammatory cytokines and cytotoxic

factors, including ROS (33, 93). We, therefore, determined the effect of AP extracts

on oxidative stress response by measuring the level of superoxide dismutase type 1
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(SOD-1), an antioxidant enzyme, and the ability of the extracts to inhibit intracellular
ROS clearance. Interestingly, AP extracts increased the expression of SOD-1 (Figure
31A). Moreover, these extracts potentially reduced ROS accumulation in BPA-
induced BV?2 cells to the baseline level (Figure 31B). The images representing the
ROS level in BV2 cells are shown in Figure 31C, where BPA-treated BV2 cells
exhibited high fluorescence intensity. Co-treatment with BPA and APH (10 pg/mL)
or APE (5 pg/mL) reduced intracellular ROS signaling.
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Figure 31 Antioxidative and neuroprotective effects of AP extracts on BV2 cells.

(A) The SOD-1 expression of BV2 cells after treated with APH (5 and 10 pg/mL) or
APE (2.5 and 5 pg/mL) for 18 h. (B) The effect of APH and APE on ROS production
and (C) representative micrographs (40x of magnification) of ROS accumulation in
BPA-induced BV?2 cells. All data are shown as the mean + SEM of triplicate values.
Statistical significance was analyzed by one-way ANOVA, Dunnett’s test. # P < 0.05

versus the cell control. * P < 0.05 versus the BPA control.

8. Neuroprotective effects of AP extracts against BV2-conditioned medium-
exposed HT-22 hippocampal cell damage

Pro-inflammatory cytokines act as neurotoxic substances that lead to neuronal
death (32) (33). In this study, we collected the conditioned medium from BV?2 cell
culture (BV2-CM), which contained inflammatory and cytotoxic molecules. Then,
HT-22 cells were treated with the BV2-CM and the neuronal damage was observed.
The results showed that BV2-CM treated with BPA increased the level of intracellular
ROS accumulation in HT-22 cells compared to the media control. In contrast, the
BV2-CM collected from the AP extract treatments significantly reduced ROS
accumulation in HT-22 cells compared to BPA control (Figure 32A). Unfortunately,
the treatments of APH or APE on BPA-induced BV2 microglia cells did not
significantly protect HT-22 hippocampal death in both BV2-CM treatment (Figure

32B) and transwell co-culture system (Figure 32C).
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Figure 32 Neuroprotective effects of AP extracts against BV2 conditioned media-
exposed HT-22 hippocampal cell damage.

(A) Intracellular ROS accumulation in HT-22 cells after treated with BV2-
conditioned medium. (B) HT-22 cell viability after treated with BV2-conditioned
medium for 24 h. (C) HT-22 cell viability after treated with BPA and AP extracts for
24 h in the transwell co-culture system with BV2 cells. All data are shown as the
mean + SEM of triplicate values. Statistical significance was analyzed by one-way
ANOVA, Dunnett’s test. * P < 0.05 versus the BPA control.

9. Chemical compound isolation and identification

9.1. Column chromatography and crystalization

APE exhibited the most potential in suppressing NF-kB signaling among all AP
extracts. Thus, we further fractionated the chemical constituents of APE by column
chromatography, as illustrated in Figure 33A. Then, fraction E was crystalized by
absolute hexane at room temperature to get fraction E1 (APE-E1) as a white needle

(Figure 33B).
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Figure 33 The isolation of chemical constituents from APE crude extracts.
(A) Schematic of APE chemical isolation by column chromatography. (B) Characteristic
of APE-EI (ergosterol) crystal.

9.2. Thin layer chromatography (TLC)

The TLC was performed using silica gel 60 F254 aluminum sheet and developed in
hexane/ethyl acetate (80/20). The isolated spots were visualized under UV light (254 and
365 nm) and iodine vapor staining. The results exhibited that the Rr value of the band
obtained from APE-E1 was compared to that of the APH extract, whose complete
chemical composition was previously determined (17). The Rr value of APE-E1 was 0.42,

while reference ergosterol showed an R¢ value of 0.46 (Figure 34).
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Figure 34 Thin layer chromatography analysis of APH and APE-El developed in

hexane/ ethyl acetate (80/ 20), visualizing under UV light at 254 and 365 nm, and iodine

vapor staining.

9.3. Nuclear magnetic resonance (NMR)

From the 'H NMR data, the spectrum of APE-E1 matched the published spectrum

of ergosterol (94) (Figure 35). These results suggest that the compound present in APE

was ergosterol.
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Figure 35 The '"H NMR spectrum of APE-E1 and ergosterol structure.
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10. The effects of ergosterol against BPA-induced BV2 microglial cell activation
To determine the effects of ergosterol on BPA-induced microglial cell
activation, the cytotoxicity of ergosterol on BV2 microglial cells was initially studied.
More than 100 nM of ergosterol concentration significantly reduced the viability of
BV2 cells (Figure 36). Thus, ergosterol concentrations lower than 100 nM were

selected to test the anti-inflammatory effects in the current study.
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Figure 36 Cytotoxicity of ergosterol against BV2 cells after exposure for 24 h,
All data are shown as the mean + SEM of triplicate values. Statistical significance

was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05 versus the cell control.

Next, different concentrations of ergosterol (25 and 50 nM) were co-treated
with BPA and NF-kB signaling-associated molecules were determined. The results
showed that ergosterol reduced the expression of p-IkBo/IxkBa. ratio, as well as iNOS

levels (Figure 37A and 37B).
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Figure 37 The effects of ergosterol against BPA-induced BV2 cell activation.

Anti-neuroinflammatory effect of ergosterol on BPA-induced BV2 cells via
suppressing of (A) p-IkBa/IkBa and (B) INOS expressions after 6 and 24 h of
treatments, respectively. All data are shown as the mean = SEM of triplicate values.
Statistical significance was analyzed by one-way ANOVA, Dunnett’s test. * P < 0.05

versus the BPA control.

11. Neuroprotective effect of ergosterol against the TNF-a-induced HT-22 cell

death

The cytotoxicity of TNF-o on HT-22 cells was determined by MTS assays.
TNF-a, at concentrations of 1, 10, and 100 ng/mL, significantly suppressed the HT-22
cell viability by approximately 60% after the cells were treated with TNF-a. for 24 h

(Figure 38A). Thus, 1 ng/mL of TNF-a was used for the induction of neuronal death
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in subsequent experiments. Then, the ergosterol toxicity in HT-22 cells was assessed
by an MTS assay, leading to the conclusion that ergosterol does not affect the

viability of these cells in concentrations of up to 1 uM (Figure 38B).
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Figure 38 Cytotoxicity of (A) TNF-a and (B) ergosterol on HT-22 cells at 24 h.

All data are shown as the mean £ SEM of experiments conducted in triplicate.
Statistical significance was analyzed by a one-way ANOVA and a Dunnett’s test. **
P <0.01 and *** P < 0.001.

Furthermore, we found that 100 nM of ergosterol was able to significantly
protect against TNF-o-induced neuronal death (Figure 39A). Finally, the cell
morphology of the HT-22 cells after exposure to TNF-a and ergosterol is presented in

Figure 39B.



89

TNF-a (1 ng/mL)
150 P

-l

HT-22 cell viability
(% cell control)
L
1

Ctrl. 0 001 01 1
Ergosterol (uM)

TNFa (1 ng/mL)
+ Ergosterol (100 nM)

Ctrl. TNFa (1 ng/mL)

Figure 39 Neuroprotective effect of ergosterol against TNF-a-induced HT-22
hippocampal cell death.

(A) Cell viability of the HT-22 cells when treated with ergosterol in the presence of
TNF-a, for 24 h. All data are shown as the mean = SEM of experiments conducted in
triplicate. Statistical significance was analyzed by a one-way ANOVA and a
Dunnett’s test. * P < 0.05 and ** P < 0.01. (B) Representative images of the HT-22
cells under the light microscope (10x magnification) when treated with media (Ctrl.),
TNF-a, or TNF-a + ergosterol, for 24 h.



12. Antioxidant activity of ergosterol on TNF-a-induced HT-22 cell injury

Ergosterol was administered to TNF-a-HT-22 cells, and the SOD-1 expression
in these cells was examined. As shown in Figure 40A, 100 nM of ergosterol was able
to increase the SOD-1 expression. Moreover, ergosterol (at concentrations of 10 and
100 nM) was able to significantly restore the ARE-dependent luciferase activity in
TNF-o-treated HT-22 cells (Figure 40B). Besides, 100 nM of ergosterol resulted in

significant inhibition of the ROS accumulation in HT-22 cells that have been

stimulated with TNF-a, as demonstrated in Figures 40C-40E.
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Figure 40 Antioxidant activity of ergosterol in the TNF-o-induced HT-22

hippocampal cell damage.

(A) Western blotting analysis of the SOD-1 expression in the TNF-a-induced HT-22
cells treated with ergosterol. (B) ARE-dependent luciferase activity of ergosterol in
the TNF-a-induced HT-22 cell damage. (C) Intracellular ROS accumulation in TNF-
a-induced HT-22 cells, in the presence or absence of ergosterol, as determined by a
microplate assay. (D) The relative intensity of DCF/Hoechst 33342, and (E) the
representative images of ROS accumulation in TNF-o-induced HT-22 cells, in the
presence or absence of ergosterol, were observed by a Celllnsight CX7 high-content

screening (20x magnification). All data are shown as the mean = SEM of experiments
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conducted in triplicate. Statistical significance was analyzed by a one-way ANOVA
and a Dunnett’s test. * P < 0.05, ** P < 0.01, and *** P < 0.001.

13. The molecular mechanism of ergosterol against TNF-a-induced HT-22 cell

death

Signaling pathways involved in the ergosterol effect on TNF-a-induced HT-22
cell death were screened by using a mouse apoptosis signaling pathway antibody
array. As demonstrated in Figure 41, several molecules were affected when the TNF-
a-induced HT-22 cells were treated with 100 nM of ergosterol, for 24 h. Among those
molecules, one could identify elements of the Akt signaling pathway; a pathway that

has been linked to neurodegenerative disorders (95, 96).
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Figure 41 Apoptosis-associated protein antibody array results after a 24-h treatment

with TNF-a, in the presence or absence of ergosterol, in HT-22 cells.

We further confirmed the antibody array results by determining the pAkt
(S473)/Akt protein expression. The Western blotting results demonstrated that
ergosterol can significantly increase the expression of pAkt (S473)/Akt in the TNF-a-
exposed HT-22 cells, as shown in Figure 42A. We further determined the expression
of pAkt (S473)/Akt on HT-22 cells after the latter were treated with TNF-a in the
presence or absence of ergosterol for 1, 6, and 12 h. The results exhibited that TNF-a
can significantly decrease the expression of pAkt (S473)/Akt after 6 h of treatment, as
compared to the media control. In contrast, ergosterol was able to significantly
upregulate the pAkt (S473)/Akt levels in the TNF-a-treated HT-22 cells after a 6-h

treatment (Figure 42B).
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Figure 42 The effect of ergosterol on the phosphorylation of Akt at Ser473 in TNF-
a-treated HT-22 hippocampal cells.

(A)Western blotting analysis of the pAkt (S473) expression in TNF-o-treated HT-22
cells in the presence or absence of ergosterol, after 24 h. (B) The effect of ergosterol
on the pAkt (S473) expression in TNF-a-treated HT-22 cells at different time points:
1, 6, and 12 h. All data are shown as the mean £ SEM of experiments conducted in
triplicate. Statistical significance was analyzed by a one-way ANOVA and a
Dunnett’s test. * P <0.05 and ** P < 0.01.

In addition, rapamycin-insensitive companion of mammalian target of
rapamycin (RICTOR), an upstream target that controls the Akt Ser473
phosphorylation (97, 98) was investigated. At 1 ng/mL of TNF-a significantly down-
regulated the expression of RICTOR in HT-22 cells, while in the presence of TNF-a
and 100 nM ergosterol showed inverted RICTOR expression, as shown in Figures

43A and 43B. Furthermore, the downstream molecules of the Akt signaling pathway
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were evaluated by GSK-3B modulation. TNF-a (at 1 ng/mL) was able to significantly
decrease the pGSK-3p (S9) levels, as compared to those of the untreated HT-22 cells.
Ergosterol (at a concentration of 100 nM) was able to significantly upregulate the
levels of pGSK-3p (S9) in the presence of TNF-a, as compared to those of the TNF-a
treatment alone (Figure 43A and 43C). We also measured the expression of NAG-1;
a neuroprotective protein (99). Unfortunately, the expression of NAG-1 showed
unnoticeable changes in the media, the TNF-a, and the TNF-a + ergosterol treatments

(Figure 43A and 43D).
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Figure 43 The molecular mechanism of ergosterol associated with programmed cell
death in TNF-a-treated HT-22 hippocampal cells.

(A) Representative immunoblots and relative fold-change expressions of (B)
RICTOR, (C) GSK-3B (S9), and (D) NAG-1 in TNF-a-treated HT-22 cells in the
presence or absence of ergosterol, after 24 h. All data are shown as the mean £ SEM
of experiments conducted in triplicate. Statistical significance was analyzed by a one-
way ANOVA and a Dunnett’s test. * P <0.05, ** P < 0.01 and *** P <0.001.

14. The effect of ergosterol on NMDA receptors in TNF-a-induced HT-22 cell

death

TNF-a can stimulate the surface expression of glutamate receptors, including
AMPA and NMDA receptors (6, 100). Based on the characterization of the cell
model, the HT-22 cells do not express the AMPA receptors. In this study, we,
therefore, investigated the expression of NMDA receptors associated with the
treatment of TNF-a and ergosterol. The transcriptional expressions of the glutamate
ionotropic receptor NMDA type subunit 2A (Grin2a) and 2B (Grin2b) were
determined by RT-PCR. As shown in Figure 44, TNF-o was able to dramatically
elevate the mRNA expression of both Grin2a and Grin2b. On the other hand, the co-
exposure of the HT-22 cells to ergosterol and TNF-a led to a significant

downregulation of the expression of both Grin2a and Grin2b.
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Figure 44 The mRNA expressions of the glutamate ionotropic receptor NMDA type
subunit 2A (Grin2a) and 2B (Grin2b) in TNF-o-treated HT-22 cells, in the presence
or absence of ergosterol, after 24 h.

All data are shown as the mean £ SEM of experiments conducted in triplicate.
Statistical significance was analyzed by a one-way ANOVA and a Dunnett’s test. * P
<0.05and ** P <0.01

It has been reported that the transcriptional expression of NMDA receptors is
regulated by several transcription factors, including EGR proteins (44). Thus, we
further determined the expression of EGR-1 through Western blotting. The results
showed that TNF-a was able to significantly upregulate the expression of EGR-1, as
compared to the vehicle-treated cells. In contrast, ergosterol potentially inverted the
expression of EGR-1 in the TNF-a-treated HT-22 cells (Figure 45A). Moreover, we
examined the EGR-1 activity by using a luciferase construct containing an EGR-1
binding site (EBS). As expected, TNF-a significantly induced the EBS-luciferase
activity in HT-22 cells (as compared to the media control); however, the EBS-
luciferase activity was significantly decreased (as compared to the TNF-a control) in

the presence of ergosterol (Figure 45B).
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Figure 45 The effects of ergosterol on EGR-1 signaling in TNF-a-induced HT-22
hippocampal cells.

(A) The protein expression of EGR-1 in TNF-a-treated HT-22 cells, in the presence
or absence of ergosterol, after 24 h. (B) Luciferase activity of EGR-1 binding site
(EBS) of TNF-a-induced HT-22 cells, in the presence or absence of ergosterol, after
24 h. All data are shown as the mean + SEM of experiments conducted in triplicate.
Statistical significance was analyzed by a one-way ANOVA and a Dunnett’s test. * P
<0.05, ** P <0.01, and *** P < 0.001.

To examine whether the EGR-1 can regulate the Grin2a and Grin2b gene
expressions in HT-22 cells, EGR-1-overexpressing HT-22 cells were constructed, and
the expressions of Grin2a and Grin2b were determined. As shown in Figure 46A, the

EGR-1-overexpressing HT-22 cells exhibited an increase in both the protein and the
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MRNA EGR-1 expression levels, as compared to those of the negative control (LacZ).
Interestingly, the EGR-1-overexpressing HT-22 cells upregulated the transcriptional
levels of Grin2b (as compared to those of the LacZ control), whereas the mRNA
expression of Grin2a was not affected (Figure 46B). These results suggest that the

EGR-1 is involved in the regulation of Grin2b transcription in the HT-22 cells.
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Figure 46 The effects of EGR-1 on NMDA receptors in HT-22 hippocampal cells.

(A) The EGR-1 protein expression of EGR-1-overexpressing HT-22 cells, as
compared to the negative control (LacZ-transfected HT-22 cells). (B) The
transcriptional expressions of Grin2a and Grin2b in the EGR-1-transfected HT-22

cells.

Next, the protein expression of NMDA receptor subunit 2B (NR2B) was
further examined by Western blot and immunofluorescence imaging assays. As
shown in Figure 47A, TNF-a significantly increased NR2B protein expression
compared to the media control. Ergosterol exhibited significant down-regulation of
NR2B in TNF-a-exposed HT-22 cells. Moreover, the immunofluorescence staining

resulted in the same trend as the Western blot analysis (Figure 47B).
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Figure 47 The effect of ergosterol on NMDA receptor expression in TNF-a-induced

HT-22 hippocampal cells.
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(A) The protein expression of NMDA receptor subunit 2B (NR2B) in TNF-a-treated
HT-22 cells, in the presence or absence of ergosterol, after 24 h. All data are shown as
the mean £+ SEM of experiments conducted in triplicate. Statistical significance was
analyzed by a one-way ANOVA and a Dunnett’s test. ¥ P < 0.05 and *** P < 0.001.
(B) Representative images of NR2B immunofluorescence staining in TNF-o-treated
HT-22 cells, in the presence or absence of ergosterol, after 24 h. The cells were

observed under a confocal microscope with 40x magnification.



102

CHAPTER V
DISCUSSION

Brain inflammation is a pathological hallmark of AD and is characterized by
an increased number of activated microglial cells, which are the resident macrophages
in the central nervous system. Activated cells produce inflammatory substances such
as pro-inflammatory cytokines (TNF-a, IL-1B, IL-6, and IFN-y), chemokines,
prostaglandins, ROS, nitric oxide (NO), complement factors, and C-reactive protein
(30). Accumulating data suggest that inflammatory mediators could increase Af
production in neuronal cells, and that Ap could activate glial cell inflammation in a
vicious circle (31). A previous study showed that pro-inflammatory cytokines
released from microglia act as neurotoxins that cause neuronal injury and lead to AD
(32). Furthermore, pro-inflammatory cytokines contribute to neurodegeneration by
inducing apoptosis, excitotoxicity, immune activation, and cytotoxicity in neurons
(33). Therefore, inhibition of microglial cytokine production may be a potential target

for treating neurodegenerative diseases, including AD.

BPA-derived plastics have applications in day-to-day activities (1). Previous
studies have reported that free BPA was detected in the urine and serum of pregnant
women, umbilical cord serum, and breast milk (2). The U.S. Food and Drug
Administration and the European Food Safety Authority have determined that the
safety levels of BPA exposure are lower than 50—4 pg/kg body weight/day in animals

and lower than 10 uM in cell lines (34). Our current study found that exposure of
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BV2 microglial cells to BPA exhibited acute toxicity at a concentration of 10 uM. In
contrast, doses lower than or equal to 10 pM BPA were safe for BV2 cells when
treated for up to 48 h (Figure 20). Moreover, micromolar BPA concentrations (< 10
1M) could induce microglial cell activation by changing both cell morphology and
gene expression. MRNA expression of pro-inflammatory cytokines (TNF-a, IL-1B,
and IL-6) in BV2 cells was upregulated after exposure to BPA (2.5-10 pM) for 24 h
(Figure 22 and 23). Cell imaging showed that BPA could induce microglial cell
activation by increasing the population of cells with elongated morphology, indicating
active BV2 microglial cells (81) (Figure 21). These findings are consistent with a
previous report by Zhu et al. (2015), who reported that BPA could activate microglial
inflammation by inducing morphological changes and increased TNF-a and IL-1p

inflammatory cytokines production (4).

AP, an edible mushroom, has been used as a medicinal food (46). Previous
studies have demonstrated that AP has several medicinal properties, including
antioxidant (13), anti-tumor (14, 15), anti-hypercholesterolemic (16), anti-human
immunodeficiency virus type-1 (17), and anti-inflammatory (18) activities. Chiu et al.
reported that aqueous extracts of AP could protect nonalcoholic fatty liver disease by
attenuating the inflammatory response in rats (18). Herein, we studied the anti-
neuroinflammatory activity of AP extracts derived from three extraction solvents,
including hexane, ethanol, and water, in BPA-induced BV2 microglial cells. We
found that APH (10 pg/mL) and APE (2.5, 5 pg/mL) could ameliorate BPA-induced
BV2 inflammation by suppressing mRNA expression and production of TNF-a, IL-
1B, and IL-6, as well as the number of activated microglial cells (Figure 25-27).

Previous study reported that APE displayed the highest anti-inflammatory activity
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among all the AP extracts by suppressing NO production and increasing lipid

accumulation in RAW264.7 macrophages (19).

However, in this study, we observed that APW could not attenuate BPA-
induced BV2 inflammation; moreover, it increased pro-inflammatory cytokines at
both the MRNA and protein levels (Figure 26 and 27). Previous studies have reported
that the aqueous extract of mushrooms is rich in polysaccharides, including B-glucans,
which have immunomodulatory activity (101, 102). Yan J et al. found that
polysaccharides isolated from Amillariella mellea could promote macrophage
phagocytosis and production of inflammatory substances including NO, ROS, TNF-a,
IL-6, and IL-1B via NF-kB/ MAPK signaling pathways in RAW264.7 mouse
macrophages cell line (103). Thus, the increase in inflammatory markers in
BPA/APW-treated BV2 cells could be due to the presence of bioactive

polysaccharides in APW.

The activation of c-Jun N-terminal protein kinase (JNK), extracellular signal-
regulated kinase (ERK), mitogen-activated protein kinase (MAPK), and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) has been observed in BPA-
induced microglial cells (4). Sukjamnong et al. reported that BPA-exposed maternal
rats significantly increased the risk of AD pathological development in offspring by
downregulation of genes associated with AD neuropathology and inflammation;
moreover, they observed that the expression of NF-xB protein significantly increased
in the offspring hippocampus of BPA-exposed maternal rats (37). The current study
also demonstrated that BVV2 microglial cells exposed to 5 uM BPA upregulated NF-

kB signaling by increasing p-IkBo/lkBa expression and NF-kB p65 nuclear
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translocation and transcription via the NF-kB-response element (Figure 28 and 29).
Furthermore, BPA elevated the expression of iINOS, an inflammatory marker, in the
NF-kB signaling pathway (104). Interestingly, co-treatment with BPA and APE
attenuated these inflammatory responses in BV2 cells via the NF-kB pathway.
However, COX-2, an inflammatory mediator regulated by NF-kB signaling, slightly
increased when BV?2 cells were exposed to BPA at 5 uM (Figure 30A and 30C). The
previous report of Huang FM et al. demonstrated that a high concentration of BPA
(10 pM) significantly upregulated the expression of COX-2 in RAWZ264.7
macrophages (104). To the best of our knowledge, this is the first study to report
COX-2 expression induced by BPA in BV2 cells. These results suggest that APE may
be a valuable source of natural compounds which exhibit neuroinflammatory activity

and protect against neurodegenerative diseases caused by BPA toxicity.

According to a previous report, BPA induces neurodegeneration via ROS
induction (93). Moreover, excess ROS causes inflammation through the activation of
NF-xB signaling (105-107). Thus, we have determined the ability of AP extracts to
suppress oxidative stress. APH and APE increased the production of the antioxidant
enzyme SOD-1 in BV2 cells; moreover, these extracts restored ROS levels in BPA-

induced BV2 cells (Figure 31).

The chemical composition of APE was further analyzed based on the potential
anti-inflammatory effects of APE. In this study, ergosterol was isolated from APE and
its biological activity against BPA induction of inflammation was examined. Recent
findings demonstrated that ergosterol significantly suppressed NF-kB signaling in

BPA-induced BV?2 cells by inhibiting the phosphorylation of IkBa and expression of



106

INOS (Figure 37). Based on the GC/MS analysis, APH and APE were composed of
ergosterol approximately 25.75 (17) and 19.14% (Appendix, Figure A6-A7 and
Table A1-A2), respectively. In comparison, APH is a rich source of ergosterol than
APE. Based on the anti-neuroinflammatory effects, APE (5 pg/mL, calculated
ergosterol content = 0.96 pg/mL) suppressed the NF-kB signaling stronger than that
of APH (10 pg/mL, calculated ergosterol content = 2.58 pg/mL). However, the
overall activity of APE may also be contributed by other polar compounds in APE. A
previous study reported AP ethanol crude extract composed of phenolic compounds
such as gallic acid and vanillic acid (48). We also found that APE contained higher
phenolic and flavonoid content than that found in APH. Sangphech N et al.
demonstrated that the ethanolic extract of AP was composed of 15-deoxy-A12,14-
prostaglandin J2-2-glycerol ester, which suppressed inflammation in RAW264.7
macrophages through inhibition of the peroxisome proliferator-activated receptor

gamma (PPARY) and induction of lipid accumulation (19).

Moreover, APH showed better activity on iNOS inhibition than APE (Figure
30A and 30B). This effect is correlated to the amount of ergosterol contained in the
extracts. Nallathamby et al. observed that ergosterol could attenuate LPS-induced
BV2 cell inflammation by reducing the production of NO, which was generated by
INOS (21). Ergosterol is classified as a phytosterol or plant-derived sterol (108).
Furthermore, phytosterols have been suggested to have potential therapeutic
applications for neurodegenerative diseases, primarily targeting neuroinflammation
and neurodegeneration (109). Previous studies reported that ergosterol showed anti-
inflammatory activity through NF-«B signaling in several cells, such as human

bronchial epidermal cells (L6HBE) (69), mouse macrophages (RAW264.7) (70), and
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mouse lungs (69, 71). These findings suggest that ergosterol might be an active
component of APE and responsible for its anti-inflammatory effects in BPA-induced

BV2 cells.

The cytotoxicity of AP extract-treated BV2-conditioned medium against HT-
22 cells showed that the conditioned medium collected from BPA-induced BV2 cells
significantly reduced HT-22 cell viability. However, the conditioned medium
collected from the co-treatment of BPA and AP extracts on BV2 cells did not
significantly exhibit a neuroprotective effect (Figure 32B). These results were
supported by using the co-culture system between BV2 microglial and HT-22
hippocampal cells (Figure 32C). This effect may be caused by other cytotoxic factors
presented in the conditioned medium such as interferon-gramma, glutamic acid, and
histamine (33). Moreover, APH and APE did not suppress the level of TNF-a
production in the BPA-induced BV?2 cells (Figure 26A and 27A), this TNF-a might
still cause neurotoxic in the HT-22 cells. Therefore, we further investigated the direct
neuroprotective effect of AP isolated compound, ergosterol against TNF-a-induced

neuronal death.

Neuroinflammation is characterized by an elevation of the levels of
inflammatory mediators in the CNS. TNF-a is one of the inflammatory mediators that
is found to increase brain inflammation. The excess levels of TNF-a lead to synaptic
dysfunction and neuronal death, which can be a cause of the development of
neurodegenerative disorders. Herein, we focused on the neuroprotective effects of
ergosterol against TNF-a-induced hippocampal cell injury. We found that 100 nM of

ergosterol was able to significantly increase the number of viable cells in the TNF-a-
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treated HT-22 cells (Figure 39). Ergosterol is a natural sterol commonly found in
mushroom species such as Agaricus blazei (54), Ganoderma lucidum (55), and
Hericium novae-zealandiae (110). Several medicinal properties of ergosterol have
been reported: antioxidant (73), anti-inflammatory (21), antiviral (17), and anti-cancer
(111). However, the neuroprotective effects of ergosterol have not been elucidated in
detail. In this study, we found that ergosterol can increase the expression of SOD-1,
and protect against TNF-a-induced neuronal death by increasing the ARE and the
ROS scavenging activities (Figure 40). Sun et al. have evaluated the antioxidant
activity of ergosterol against cigarette smoke extract-induced chronic obstructive
pulmonary disease, and have found that ergosterol could increase the levels of certain
antioxidant enzymes (such as SOD and catalase), and suppress the levels of
malondialdehyde (a highly reactive compound) not only in human bronchial epithelial
cells (16HBE cells), but also in BALB/c mice (69) . Thus, ergosterol might be a good

candidate to consider as a basis for the development of an antioxidant compound.

Furthermore, molecules that regulate programmed cell death were screened by
using an apoptosis antibody array, after a 24-h treatment with TNF-a in the presence
and absence of ergosterol. Among seventeen molecules, the top five proteins that
showed different expressions between TNF-a and TNF-a + ergosterol treatments were
considered. Ergosterol tended to upregulate these candidate molecules: ATM (S1981),
Casp3 (D175), TAKL (S412), IkBa (S32), and Akt (S473), compared to TNF-a
control (Figure 41). According to the literature, three out of five molecules have been
reported to promote neuronal survival, such as pATM (S1981), IkxBa (S32), and pAkt
(S473). We have, herein, focused on the activation of the Akt signaling, which is a

well-known signaling pathway that is capable of potentiating neuroprotection.
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Western blotting results confirmed the antibody array screening findings in that
ergosterol was able to induce the phosphorylation of Akt (S473), as shown in Figure
42A. According to the previous study, Akt Ser473 phosphorylation is induced by
growth factors through mammalian target of rapamycin complex 2 (mMTORC2), a
serine/threonine protein kinase (97, 98). The mTORC2 is composed of four core
subunits, including mTOR, rapamycin-insensitive companion of mTOR (RICTOR),
mammalian stress-activated Map kinase-interacting 1 (mSIN1), and mammalian lethal
with SEC13 protein 8 (mLST8) (112). A previous study demonstrated that silencing
of RICTOR expression in 3T3-L1 adipocytes inhibited Ser473 phosphorylation of Akt
(113). Herein, we found that ergosterol increased the expression of RICTOR in the
TNF-a-induced HT-22 cells (Figure 43A and 43B). An active Akt can in turn
activate the phosphorylation of GSK-3p3 and promote neural development (114). The
current study has demonstrated that TNF-a can suppress pGSK-3p (S9) expression,
while the presence of ergosterol could invert the expression of pGSK-3p (S9) (Figure
43A and 43C). These results suggest that ergosterol could protect against neuronal
death, through the activation of the Akt/GSK-3p signaling pathway. The upregulating
of the Akt/GSK-3pB signaling could inhibit the accumulation of amyloid-f and tau
phosphorylation, which are the hallmarks of Alzheimer’s disease (95, 96). Thus,
ergosterol could affect the Akt/GSK-3B signaling pathway, thereby exerting a
neuroprotective effect against amyloid-p-induced primary hippocampal cell apoptosis

(115).

The ataxia-telangiectasia mutated (ATM) signaling is another interesting
target of ergosterol for the promotion of its neuroprotective effects. ATM plays a

crucial role in the DNA repair process (116); therefore, an upregulation of the ATM
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expression may attenuate the cellular damage caused by TNF-a toxicity. According to
a previous report, ATM phosphorylation was able to potentiate the myocyte enhancer
factor 2D activation, thereby resulting in an enhancement of neuronal survival after an
exposure to a DNA-damaging agent (117). Moreover, ATM plays a fundamental role
in neuronal homeostasis, by participating in chromatin remodeling, in the DNA repair
response, and in the differentiation of immortalized human neural stem cells (118-
120). Besides, IkBa is an inhibitory subunit of the NF-kB protein complex, which is
an inactive form residing in the cytoplasm. Phosphorylation of IxBa by the IkB kinase
complex (IKK) subsequently induces IkBa degradation and releases the active NF-
kB. This active NF-«kB translocates into the nuclease and regulates several gene
expressions (121). Gene targets of NF-«xB that have been shown to promote neuronal
survival such as brain-derived neurotrophic factor (BDNF), B-cell lymphoma 2 (Bcl-
2), B-cell lymphoma-extra-large (Bcl-xL), superoxide dismutase 2 (SOD-2), and
inhibitor of apoptosis proteins (IAP) (122, 123). Moreover, NF-xB plays role in
synaptic plasticity and long-term memory (124). Thus, these proteins: pATM (51981)
and IkBa (S32) might elucidate the underlying mechanism for the neuroprotective

effect of ergosterol against TNF-a-induced hippocampal cell injury.

NAG-1, or growth/differentiation factor-15 (GDF-15) is widely distributed in
the CNS and plays a role in neuronal homeostasis (125, 126). According to a report
by Liu et al., GDF-15 overexpression was able to protect against neuronal death
through the promotion of the mitochondrial function in oligomycin-treated HT-22
cells (99). Moreover, based on a transcriptional analysis, they proposed that GDF-15
might regulate these effects via the PI3K/Akt signaling pathway (99). However, we

have found that the translational level of NAG-1 did not significantly change in either
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the TNF-a-treated or the TNF-a- and ergosterol-treated HT-22 cells (Figure 43A and
43D). This finding suggests that TNF-a does not affect neuronal proliferation via the

NAG-1 signaling pathway.

The dysregulation of neuroplasticity is a common cause of brain disorders
(127, 128). The activation of the NMDA receptor can cause synaptic dysfunction,
leading to the development of Alzheimer’s disease (39). An excessive level of
inflammatory mediators (including TNF-a) in the CNS can activate the translocation
of NMDA receptors to the membrane; this event causes a calcium influx into the
neuronal cells, thereby causing neuronal death (6, 100). A recent study has
demonstrated that TNF-a can stimulate the transcriptional expression of Grin2a and
Grin2b; the glutamate ionotropic NMDA receptor encoding genes. Interestingly, the
presence of ergosterol was able to downregulate the expressions of these genes
(Figure 44). The transcriptional expression of the NMDA receptors is regulated by
several transcription factors, including those belonging to the NF-kB family, the Jun
and Fos families, and the EGR family (44). We, herein, demonstrate that an
upregulation of the Grin2b levels was at least regulated by an increase in the levels of
the EGR-1 transcription factor, occurring through the binding of the EGR-1 response
element (Figure 45-47). However, EGR-1 was not involved in the transcriptional

regulation of Grin2a, as shown in Figure 45B.

Ergosterol could protect the TNF-a-induced HT-22 hippocampal cell injury
through antioxidant, cell survival, and NMDA receptor signaling pathways. In the
normal condition, an absence of the TNF-a activation, ergosterol trend to increase the

expression on SOD-1, an antioxidant enzyme in HT-22 cells in a dose-dependent
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manner (Appendix, Figure A8A). Besides, ergosterol (10 and 100 nM)-treated HT-
22 cells did not show significant alterations on RICTOR, Akt, GSK3p, EGR-1, and
NR2B levels (Appendix, Figure A8B-A8G). These results indicate that ergosterol
protects TNF-o-induced HT-22 cells without altering molecular signalings of

inactivated HT-22 cells.
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CHAPTER VI
CONCLUSION

1. Conclusion

The current study revealed that BPA could induce inflammation in BV2
microglial cells by upregulating the secretion of pro-inflammatory mediators via NF-
kB signaling. This subsequently caused HT-22 hippocampal cell damage by
increasing ROS accumulation in the neurons. AP extracts prepared from an edible
mushroom exhibited anti-inflammatory and neuroprotective effects in BPA-induced
BV2 cells. APE displayed the most significant potential against BPA-induced
inflammation in BV2 cells by suppressing ROS production and NF-xB signaling,
leading to the reduction of the expression of pro-inflammatory mediators.
Accordingly, it could protect against BPA-induced neuronal damage, which is a cause
of neurodegeneration. Furthermore, ergosterol was isolated from APE, and its
biological activities against BPA-induced BV2 cells were evaluated. Ergosterol
increased SOD-1 expression and suppressed NF-kB signaling, suggesting that
ergosterol might be an active component of APE that plays a role in the anti-
inflammatory effect via the NF-xB pathway in BPA-induced BV2 cell activation

(Figure 48).
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Figure 48 Schematic diagram showing the proposed mechanisms underlying anti-
neuroinflammatory effects of A. polytricha extracts and ergosterol against BPA-

induced microglial cell activation.

Moreover, this study has demonstrated that ergosterol can attenuate the TNF-
a-induced neuronal toxicity in HT-22 cells. This neuroprotective activity is regulated
by the antioxidant, cell survival, and NMDA receptor pathways. Ergosterol was able
to increase the expression of SOD-1, RICTOR, pAkt, and pGSK3p and to suppress
the Grin2b transcription via an EGR-1 regulation (Figure 49). These findings
demonstrate novel therapeutic activities of AP extracts and ergosterol in anti-
neuroinflammation and neuroprotection that might be of benefit for patients with

neurodegenerative diseases.
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Figure 49 Schematic diagram showing the proposed mechanisms underlying
neuroprotective effects of ergosterol against TNF-a-induced hippocampal cell

damage.

2. Limitation of the study

The present study determined the in vitro anti-neuroinflammatory and
neuroprotective effects of AP extracts and chemical constituent, ergosterol using BV2
microglial and HT-22 hippocampal cell lines. However, this work is an initial step in
the development of drugs or supplementary substances. The in vivo models and

clinical trials should be further investigated to prove these findings.
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Figure A 1 The association graph between cell density and absorbance at 570 nm.
BV2 cells were incubated in cell culture media for 24 and 48 h, then an MTT assay
was performed. All data are shown as the mean + SEM of experiments conducted in

triplicate.
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Figure A 2 Cytotoxicity of quercetin against BV2 microglial cells after 24 and 48 h
of exposures. All data are shown as the mean + SEM of experiments conducted in
triplicate. Statistical significance was analyzed by a one-way ANOVA and a

Dunnett’s test. * P < 0.05 versus cell control.
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Figure A 3 The mRNA expressions of pro-inflammatory cytokines: (A) TNF-a, (B)
IL-1B, and (C) IL-6 in BPA-induced BV?2 cells after 12 h of treatment. All data are
shown as the mean + SEM of triplicate values. Statistical significance was analyzed
by one-way ANOVA, Dunnett’s test. *** P <0.001 and **** P < 0.0001.
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Figure A 4 The association graph between cell density and absorbance at 490 nm.
HT-22 cells were incubated in cell culture media for 24 h, then an MTS assay was

performed. All data are shown as the mean £ SEM of experiments conducted in

triplicate.
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Figure A 5 The results of TLC analysis in the gradient of hexane/ ethyl acetate

system
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Figure A 6 Gas chromatogram of APH crude extracts analyzed by GC/MS (17)

Table A 1 Chemical profile of APH crude extract analyzed by GC/MS (17)

RT (min) Identified compound % Area of total
22.434 Palmitic acid 12.02

24.795 Linoleic acid 23.75

24.873 Oleic acid 23.23

25.185 Stearic acid 12.20

36.355 Anthraergostapentene 3.05

40.771 Ergosterol 25.75
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Figure A 7 Gas chromatogram of APE crude extracts analyzed by GC/MS

Table A 2 Chemical profile of APE crude extract analyzed by GC/MS

RT (min) Identified compound % Area of total
21.206 Pentadecanoic acid 1.47
22.693 Palmitic acid 10.55
22.958 Palmitic acid, ethyl ester 2.87
25.111 Linoleic acid 26.23
25.187 cis-Vaccenic acid 11.67
25.271 Linoleic acid, ethyl ester 6.93
25.375 Oleic acid, ethyl ester 4.63
25.527 Stearic acid 9.84
25.817 Stearic acid, ethyl ester 3.24
40.936 Ergosterol 19.14
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Figure A 8 The effects of ergosterol on antioxidant and anti-cell death signaling
pathway. (A) The expression of SOD-1 in ergosterol-treated HT-22 cells for 18 h. (B)
Western blot analysis of the cell death-associated proteins in ergosterol-treated HT-22
cells for 24 h. The quantitative analysis of (C) RICTOR, (D) pAkt (S473)/Akt, (E)
pGSK3p (S9), (F) EGR-1, and (G) NR2B levels in HT-22 cells exposed to ergosterol
(10 and 100 nM) for 24 h. All data are shown as the mean + SEM of experiments
conducted in triplicate. Statistical significance was analyzed by a one-way ANOVA

and a Dunnett’s test. * P < 0.05, ns = non-significance.
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Figure A 9 The original immunoblots of p-lIkBa, 1kBa, and actin in BPA-induced
BV?2 cells treated with APH or APE for 6 h.
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treated with APH or APE for 24 h.
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Figure A 11 The original immunoblots of COX-2 and actin in BPA-induced BV2
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145

Repeat 1 Repeat 2 Repeat 3
TNF-a (ng/mL) - 1 1 1 TNF-a (ng/mL) - 1 1 1 TNF-a (ng/mL) - 1 1 1

1 - - 10100 Ergosterol @M) - - 10 100 Ergosterol M) - - 10 100

~17kDa

~11kDa

Figure A 15 The original immunoblots of SOD-1 and B-actin in TNF-a-induced HT-

22 cells treated with ergosterol for 18 h.
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Figure A 16 The original immunoblots of pAkt (S473) and Akt in TNF-a-induced
HT-22 cells treated with ergosterol for 24 h.
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Figure A 17 The original immunoblots of pAkt (S473) and Akt in TNF-a-induced
HT-22 cells treated with ergosterol for 1, 6, and 12 h.
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Figure A 18 The original immunoblots of RICTOR and B-actin in TNF-a-induced
HT-22 cells treated with ergosterol for 24 h.
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Figure A 19 The original immunoblots of pGSK3p (S9) and B-actin in TNF-a-
induced HT-22 cells treated with ergosterol for 24 h.
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Figure A 20 The original immunoblots of NAG-1 and B-actin in TNF-a-induced HT-

22 cells treated with ergosterol for 24 h.
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Figure A 21 The original immunoblots of EGR-1 and p-actin in TNF-a-induced HT-
22 cells treated with ergosterol for 24 h.
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Figure A 22 The original immunoblots of EGR-1 and GAPDH in EGR-1-
overexpressed HT-22 cells.
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Figure A 23 The original gel electrophoresis of Grin2a, Gran2b, and Gapdh mRNA

expressions in TNF-a-induced HT-22 cells treated with ergosterol for 24 h.
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Figure A 24 The original immunoblots of NR2B and B-actin in TNF-a-induced HT-

22 cells treated with ergosterol for 24 h.
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Figure A 25 The original immunoblots of SOD-1 and GAPDH in HT-22 cells treated
with ergosterol for 18 h.
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Figure A 26 The original immunoblots of RICTOR and B-actin in HT-22 cells
treated with ergosterol for 24 h.
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Figure A 27 The original immunoblots of pAkt (S473) and Akt in HT-22 cells treated

with ergosterol for 24 h.
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Figure A 28 The original immunoblots of pGSK3p (S9) and B-actin in HT-22 cells

treated with ergosterol for 24 h.
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Figure A 29 The original immunoblots of EGR-1 and B-actin in HT-22 cells treated

with ergosterol for 24 h.
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Figure A 30 The original immunoblots of NR2B and B-actin in HT-22 cells treated

with ergosterol for 24 h.
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