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Abstract

Neuroinflammation plays an important role in the onset and progression of neurodegenerative diseases. The
hyperactivation of microglia triggers the release of excessive proinflammatory mediators that lead to the
leaky blood-brain barrier and impaired neuronal survival. The multi-component and multi-target approach
of natural products may provide a practical strategy to address the complex pathological mechanisms of
neuroinflammation. This study aimed to develop a novel herbal compound combination to attenuate

neuroinflammation with a synergistic approach in vitro (Chapter 1).

Eight phytochemicals derived from natural products with anti-neuroinflammatory potential were selected
in the present study, including luteolin (LU), baicalein (BA), andrographolide (AN), 6-shogaol (6-SG),
curcumin (CU), hesperidin (HE), tetrandrine (TE) and glycyrrhizin (GLY). In Chapter 2, network
pharmacology analysis was first conducted to predict the key gene and protein targets of the eight
phytochemicals. The analyses also help to illustrate the possible interactions of the phytochemicals and the
associated hub genes and protein targets. A compound-gene target-signaling pathway network was
constructed to predict the mechanisms of action of each phytochemical and their interactions at the
molecular level. Molecular docking was performed to verify the binding affinity of each phytochemical to
its key protein targets. An experimental study was followed to identify synergistic/antagonistic interactions
among the eight phytochemicals using lipopolysaccharides (LPS) induced-microglia N11 cells model. The
combination index (CI) model, which is commonly used to identify and quantify the
synergistic/antagonistic interaction among agents in a mixture, was applied to determine the plausible
synergistic interaction among tested phytochemicals. The associated molecular mechanisms were examined
by immunoblotting based on the findings from the network pharmacology study. A tri-culture model with
microglial N11 cells, microvascular endothelial MVEC cells, and neuroblastoma N2A cells was established
in a 24-well transwell system. The tri-culture model was stimulated by LPS to induce neuroinflammation,
and the synergistic phytochemical combinations were subjected to the tri-culture model for their anti-

neuroinflammatory and neuroprotective activity. Immunofluorescence staining was applied to investigate
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the nuclear translocation of nuclear factor kappa B p65 (NF-xB p65) on N11 cells, expressions of protein
zonula occludens-1 (Z0O-1) on MVEC cells and phosphorylated tau (p-tau) on N2A cells, respectively. The
endothelial barrier permeability of MVEC cells was assessed by the Evans blue dye, and the resistance from
the endothelial barrier was measured by transepithelial/endothelial electrical resistance (TEER) value.
Neuronal survival of N2A cells was determined by Alamar blue and 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) assays.

Network pharmacology analysis in Chapter 3 suggested that MAPK14, MAPK8, NOS3, EGFR and SRC
were the top five hub genes for the eight phytochemicals against neuroinflammation, and molecular docking
confirmed strong binding affinities of each phytochemical to their coded protein MAPK and NOS3. This

illustration lays the foundation for the synergy mechanism studies described in Chapters 4 and 5.

The results in Chapter 4 demonstrated the synergistic anti-neuroinflammatory activities of two pair-wised
combinations on LPS-induced N11 cells. Among all the individual phytochemicals, andrographolide (AN),
baicalein (BA), 6-shogaol (6-SG) were found to be effective in inhibiting LPS-induced nitric oxide (NO),
tumour necrosis factor-o. (TNF-a)) and interleukin-6 (IL-6) productions in N11 cells. Among all the paired
combinations, only AN-SG and BA-SG resulted in more potent and synergistic interaction (Cl<1
representing synergy) in inhibiting NO, TNF-a and IL-6. Based on the results from Chapter 3, MAPK14
and NOS3 were the key hub molecular targets that maybe responsible for the observed synergistic anti-
neuroinflammatory activities of AN-SG and BA-SG. Immunoblotting analysis suggested that the AN-SG
combination exhibited greater inhibitions of the protein expressions of inducible nitric oxide synthase
(INOS) (p<0.05 vs. individual component). However, no significant difference was observed for iNOS
expression in BA-SG compared with the individual component, as well as the phosphorylated

MAPKp38/MAPK p38 expression compared between the combination and the individual components.

Results in Chapter 5 further tested the anti-neuroinflammatory and neuroprotective effects of AN-SG and

BA-SG on an established neuroinflammatory tri-culture model. AN, BA and 6-SG used alone (25 pM) or
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in pair-wised combinations (12.5 uM +12.5 puM) were subjected to the tri-culture system. AN-SG and BA-
SG continued to show advanced inhibitory effects in general on NO, TNF-o and IL-6 compared with their
individual components. The molecular mechanism of attenuated neuroinflammation was likely to be
mediated by downregulated NF-xB p65 translocation (p<0.0001 vs. LPS stimulation) on N11 cells. In the
MVEC cells, both AN-SG and BA-SG significantly restored TEER values, ZO-1 expression and reduced
permeability. Furthermore, AN-SG and BA-SG significantly improved neuronal survival and reduced
expressions of p-tau on N2A cells. Remarkably, the protective effects on the endothelial tight junction and

neuronal survival by AN-SG and BA-SG were superior to their individual components.

Taken together, two novel herbal compound combinations were identified in vitro that were effective in
reducing microglia-mediated neuroinflammation, as evidenced by synergistically reduced proinflammatory
mediators including NO, TNF-a and IL-6. Subsequently, the combinations protected endothelial tight
junction and neuronal survival in a tri-culture system. The synergistic mechanisms were associated with
further reduced iNOS expression and downregulated NF-kB p65 translocation, which were in line with
findings in the network pharmacology analysis. Our study has provided an integrative approach to explore
synergistic combinations of phytochemicals by network pharmacology, molecular docking and
experimental validation. Furthermore, we have identified two synergistic combinations as potential
therapeutic agents in targeting neuroinflammation and neurodegenerative diseases with a multi-component
and multi-target approach. The study also further validated the application of the tri-culture model as a

practical neuroinflammatory drug screening tool prior to animal studies.
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Chapter 1: Introduction
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1.1 Neuroinflammation and neurodegenerative diseases

1.1.1 Background

Neurodegenerative diseases, including Alzheimer's disease (AD) and Parkinson's disease (PD), are
disorders characterised by the progressive loss of neurons associated with the deposition of proteins
showing altered physicochemical properties in the brain and peripheral organs (Kovacs, 2018). It is a group
of major diseases in older adults, which have significantly affected families, communities, and healthcare
systems around the world. According to the World Health Organization, there are more than 55 million
people suffering from dementia worldwide (World, 2022). In Australia, there is a strong concern about the
growing population of dementia, which is expected to have one new case diagnosed every 6 minutes by

2050 (Elizabeth, 2017).

Neuroinflammation refers to the activation of the brain's innate immune system and abnormal secretion of
proinflammatory cytokines in response to an inflammatory challenge (DiSabato, 2016). Emerging evidence
has shown that neuroinflammation is associated with the onset and development of many neurodegenerative

diseases, such as AD, PD, and amyotrophic lateral sclerosis (Kwon & Koh, 2020).

1.1.2 Pathological role of microglia-mediated neuroinflammation in neurodegenerative diseases

Neuroinflammation involves multiple mediators released from microglia and astrocyte cells and their
interactions within the neurovascular unit (NVU) (De la Fuente, 2008; Fernandez, et al., 2008; Maccioni,
et al., 2009; Maccioni, et al., 2018). The neurovascular unit comprises neurons, neural supporting cells like
microglia, and vascular cells such as cerebral endothelial cells (Adriani, et al., 2017). Microglia are the
resident immune cells in the central nervous system (CNS) that play a crucial role in normal brain function
and neuroinflammation-mediated neuronal pathology (Block and Hong, 2005). Under pathological
conditions, the activated microglia secrete excessive neuroinflammatory mediators such as NO, TNF-a,

reactive oxygen species and IL-6 in CNS (Ha et al., 2012; Milatovic, et al., 2017). It has been implicated
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as a pathological contributor to several neurodegenerative diseases (Schain & Kreisl, 2017). The released
cytokines can directly impair the blood-brain barrier (BBB) and result in higher permeability of toxins that
worsen neuroinflammation and the NVU environment (Q. Li & Barres, 2018). In addition,
neuroinflammation mediated by activated microglia has shown a strong link in neurodegeneration by
inducing phosphorylation of tau, tauopathies and neuronal injury (Guzman-Martinez et al., 2019). Thus,
neuroinflammation has been considered an important therapeutic target for preventing and treating

neurodegenerative diseases (Schain & Kreisl, 2017).

As the first defence, the breakdown of the BBB allows further immune cell recruitment, which then attacks
the myelin around nerves and results in nerve damage leading to escalated neuroinflammation (Kempuraj
et al., 2016). In addition, emerging evidence has shown that the crosstalk among various groups of glial
cells, and between microglia and neuron within the NVU are important in the pathogenesis of
neuroimmunomodulation in CNS (De la Fuente, 2008; Fernandez, et al., 2008; R. B. Maccioni et al., 2018;
R. B. Maccioni, et al., 2009). In an observational clinical study, Zotova et al. (2013) suggested that phospho-
tau correlated directly with all microglial markers. In addition, 1gG, C1qg and the number of T cells and
amyloid-p immunotherapy resulted in the downregulation of microglial activation and may potentially
decrease the inflammation-mediated component in patients with AD (Zotova et al., 2013). Although the
understanding of how microglia-neuron cellular interaction occurs in CNS neuroinflammation remains
limited, a recent study has shown that microglia-mediated neuroinflammation is linked with neuronal injury
and phosphorylation of tau and tauopathies (Guzman-Martinez et al., 2019). The physiological function of
the tau protein can be altered by the chronic stimulation of glial cells, which leads to the activation of
enzymes that phosphorylate tau, then reduced neuronal capacity (Wyss-Coray & Mucke, 2002). All these
interactions and the positive feedback loop between the tau pathology and the activation of glial cells cause

continuous neuroinflammatory cycles eventually leading to neurodegeneration (Morales, et al., 2014).

Robust in vitro and in vivo models that can measure the multifaceted interactions are key to the
understanding of the complex pathophysiology of neuroinflammation and to the development of therapeutic
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interventions. Research has been devoted to establishing co- and tri-culture models as practical in vitro
tools for screening brain-targeted drug candidates before animal testing. For example, Park et al. (2018)
study, a neuron, astrocyte and microglia tri-culture system that can induce microglial recruitment, release
pro-inflammatory cytokines and chemokines, and cause the death of neurons and astrocytes (Park et al.,
2018). Our previous study has established a tri-culture model incorporating microglial, endothelial and
neuronal cells to stimulate the NVU environment under neuroinflammation. It was observed that the
activated microglia directly provoked the damage of the endothelial tight junction and triggered neuronal

loss (Zheng, et al., 2021).

1.1.3 Conventional therapies

The current treatment of neurodegenerative diseases largely focuses on symptomatic relief. Cholinesterase
enzyme inhibitors such as galantamine, donepezil, rivastigmine, and N-methyl d-aspartate antagonists (i.e.
memantine) have been shown to improve memory, thinking, judgment and other thought processes.
However, none of these treatments could prevent or stop the progression of those diseases (Van Bulck, et
al., 2019). Furthermore, most conventional medicines exhibit mono-compound and mono-target behaviour,
which makes their effects limited when combatting complex pathological mechanisms (Liu et al., 2017).
The challenge is the complex pathological progress involved in neurodegenerative diseases. The etiologic
and underlying pathophysiology of neurodegenerative diseases is variable and includes different factors
(Leroi, et al., 2006). Numerous recent studies have demonstrated that neuroinflammation is an emerging
and important therapeutic target for neurodegenerative diseases (Craft et al., 2005; Gordon & Woodruff,
2017; Guzman-Martinez et al., 2019; Liu, et al., 2022). Thus, it is worth to identify effective anti-
neuroinflammatory agents which may help to prevent the onset of the disease and slow down the

progression.
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1.2 Natural products

1.2.1 Phytochemicals derived from natural products

Natural products have been extensively explored regarding their biological activities and potential
therapeutic benefits for neurodegenerative disorders (Mohd Sairazi & Sirajudeen, 2020). Increasing
evidence has shown that natural products in combination can achieve synergistic and multi-target
behaviours (Liebner et al., 2018). For instance, quercetin and sesamin mixture exhibited a higher potential
to block pro-inflammatory cytokines (IL-6, IL-1, and TNF-a) to safeguard neuronal survival than those
used alone on the microglial-neuronal co-culture system (Bournival, 2012). Yang et al. (2021) study
demonstrated that Chinese herb pair, Fuzi (Aconitum carmichaelii Debx.) and Ganjiang (Zingiber
officinale Rosc.) exhibited a multi-target behaviour against neuroinflammation as evidenced by reduced
productions of IL-6, TNF-a, reactive oxygen species, NO, and prostaglandins E2 in microglia BV2 cells

which were likely to be attributed to the interactions of their bioactive components (Yang et al., 2021).

1.2.2 Anti-neuroinflammatory potential of selected phytochemicals

Literature review was conducted to search and identify phytochemicals with promising anti-
neuroinflammatory activities. Eight phytochemicals were selected from a thorough review in literature as
shown below. Luteolin (LU), a flavonoid found in vegetables, medicinal plants and fruits, possesses anti-
inflammatory, antioxidant, neuroprotective, neurotrophic and neurogenesis activities (Zhu L.-H, et al.,
2011). LU alleviates neuroinflammation via downregulating the toll-like receptor 4 (TLR4)/TRAF6/NF-
kB pathway after intracerebral haemorrhage in rats (Yang Y, et al., 2020). Baicalein (BA) is a main
bioactive ingredient from the root of Scutellaria baicalensis Georgi. This phytochemical has been shown
to possess various biological characteristics, including anti-bacterial, anti-hypertensive, and anti-
neuroinflammatory effects (Yang, et al., 2019; Zhang, et al., 2017; Hashimoto et al., 2017). BA can lower
the levels of a broad range of pro-inflammatory cytokines, such as IL-1, TNF-a, and IL-6, which were
associated with inhibited the NF-kB signaling pathway (Zhang, et al., 2017). Andrographolide (AN) is a
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major active constituent of Andrographis paniculate Burm. f., that has been shown to have a wide range of
biological actions, including anti-inflammatory, antioxidant, anti-neuroinflammatory, and neuroprotective
effects (Zhang, et al., 2021). The mechanism of AN against neuroinflammation was found to be associated
with inhibited NF-kB signaling and nucleotide-binding oligomerization domain-like receptor protein three
(NLRP3) inflammasome activation (Li, et al., 2018). 6-shogaol (6-SG), a bioactive ingredient in dried
ginger Zingiber officinale Rosc., possesses strong anti-neuroinflammation properties (Park, et al., 2013;
Moon, et al., 2014; Pan, et al., 2008) and has been shown to improve memory function in animal models
of cognitive disorders (Ha et al., 2012). 6-SG was shown to significantly suppress TNF-o and NO levels,
and the mechanism was associated with downregulated COX-2, p38 mitogen-activated protein kinase
(MAPK), and NF-«B signaling pathways in the LPS-induced microglia BV2 cells and neuroinflammatory
mouse model (Ha et al., 2012). Curcumin (CU) has been shown to exert anti-aging, anti-cancer, anti-
microbial, anti-neuroinflammatory and antioxidant characteristics (Tiwari, V., & Chopra, K. 2012). In
addition, CU is an effective phytochemical against neurodegeneration and neuroinflammation as observed
in AD (Yang, et al., 2014). The anti-neuroinflammatory role of CU is primarily through inhibition of the
p38 MAPK and NF-kB signaling pathways, and induction of HO-1 by the Nrf2/antioxidant response
element (ARE) signaling pathway, thereby decreasing the production of inflammatory mediators in the
Pam3CysSerLys4 (Pam3CSK4)-stimulated BV-2 microglial cells (Jin et al., 2018). Hesperidin (HES) is a
flavanoglycone abundantly present in citrus fruits, which exerts neuroprotective effects against PD
and Huntington's disease by virtue of its antioxidant, anti-inflammatory, neuroprotective and anti-apoptotic
actions (Justin Thenmozhi et al., 2018). HES improves motor disability in rat spinal cord injury through
anti-inflammatory via Nrf-2 and HO-1 signal pathways (Heo et al., 2020). Tetrandrine (TE) is a bis-
benzylisoquinoline alkaloid that is extracted from the roots of Stephania tetrandra S. Moore. TE possesses
a diverse array of biological actions, including anti-neuroinflammatory and antioxidative activities (Bao, et
al., 2016; He, et al., 2011). In an amyloid-p (1-42) induced Alzheimer's disease rat model, TE reduced
spatial memory impairment and hippocampus neuroinflammation via suppressing NF-«B activation (He, et

al., 2011). Glycyrrhizin (GLY), a triterpenoid saponin phytochemical, is the main bioactive constituent of
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Glycyrrhiza glabra L., and has been shown to possess anti-neuroinflammatory and neuroprotective
properties (Song et al., 2013). GLY treatment suppressed over-expressions of pro-inflammatory cytokines
of IL-1P and TNF-a in the LPS-induced Alzheimer’s mouse model by inhibiting TLR4 signaling pathway
activation (Liu, et al., 2019). A summarised information of these selected phytochemicals against
neuroinflammation is shown in Table 1. From the literature, each of the phytochemicals appeared to exhibit
versatile pharmacological actions that are associated with neuroinflammation and neuroprotection. It was
worth noticing that the scientific evidence to support the use of these phytochemicals was mostly from
cellular and animal studies (Li, etal., 2016; Moon et al., 2014; Serrano et al., 2014; Yang S, et al., 2019).
However, clinical trials for their individual use in treating neurodegenerative diseases are lacking, which

maybe partly attributed to their relatively high dose in animal studies (see Table 1.1).
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Table 1.1 Anti-neuroinflammatory potential of the selected phytochemicals*

Phytochemicals Structure Cellular/animal Anti- Effective Reference
models neuroinflammatory dosage on cells
activity and or animal
mechanisms
OxyHb/LPS | TNF-a, IL-1p, IL-6, In vitro: 10, 20 (Kou et al., 2022: Li Z, et
Luteolin (LU) stl_mulat'ed BVv2 NO, iNOS, COX-2; uM al., 2022: Yang Y, et al.,
microglia cells Tmotor and sensory 2020" Yao. et al.. 2018
impairments and In vivo: 10, 20, ' ’ S '

Baicalein (BA)

Sprague-Dawley (SD)
rats with intracerebral
hemorrhage (ICH)

LPS-activated BV-2
microglial cells

Collagenase-induced
ICH rat model

inhibited neuronal cell
degeneration;

|TLR4/TRAF6/NF-xB
pathway;

TNrf2 pathway

LIL-6, IL-18, TNF-q;
INF-
kb/NLRP3/caspase-
1/TLR4 pathway

40, 120 mg/kg

In vitro: 100 uM

In vivo: 50, 140,
200, 280,
560 mg/kg

Zhou W, et al., 2021;
Zhu, et al., 2011)

(Rui, et al., 2020; Xin, et
al., 2021; Yan, et al.,
2020; Zhang, et al., 2017;
Zhao et al., 2021)
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Phytochemicals Structure Cellular/animal Anti- Effective Reference
models neuroinflammatory dosage on cells
activity and or animal
mechanisms
AP (1-42) induced JAmyloid-f3 deposition,  In vitro: 0.5- (Li X, etal., 2018:
Andrographolid BV2 microglia cells IL-6, NO, iNOS, and 10 uM Souza et al.. 2022 Tao et
€ (AN) "o . COX-2, . . al., 2018; Yang R, et al.,
V. Amyloid precursor alleviated cognitive In vivo: 2017)
CHa protein / presenilin 1 impairments; 2.0 mg/kg
HO (APP/PS1) double- INF-xB, NLRP3, JNK
HaC CH, transgenic mouse MAPK pathway
model
OH
6-shogaol (6- LPS induced BIVIZ ' iTII\_IF’ N(g’ INOS; :)novlitro: 01'/(1)401’ (Ha et al., 2012; Moon et
SG) _ o mouse microglial cells :Trl:e g:amtzmmemory .01 umo al., 2014: Park, et al
Amvloid-8 (142 P ! I vivo: 2013; Pan, et al., 2008)
Ho Amyloid-p (1-42) |p38 MAPK, NF-kB ~ Invivo:
induced AD mice 10 mg/kg
pathway
“CH, model
LPS induced BV2 INO, TNF-a, IL-1p, In vitro: 5, Chen et al.. 2015: Kh
Curcumin (CU) mouse microglial cells COX-2, NLRP3 10 mM ((at afn2e0f19l"Liu Z'—J ;n,
. . al., 2016; Sorrenti et al.,
APP/PS1 transgenic ITREM2, TLR4, NF- In vivo: 15-200 2018: Tegenge et al
mouse model «B pathway mg/kg : N

2014, Tiwari & Chopra,
2012; Tiwari & Chopra,
2013; Xiao et al., 2017;
Zhang J, et al., 2019)
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Phytochemicals Structure Cellular/animal Anti- Effective Reference
models neuroinflammatory dosage on cells
activity and or animal
mechanisms
Hesperidin LPS indu_ced B_V2 INO, IL-1p, IL-6, iN_OS; In vitro: 200 (Jav_ed et al., 201?_;;
(HES) mouse microglial protect memory loss in mM Justin-Thenmozhi et al.,
cells the mice; 2018; Li M, et al., 2016;
|Phosphorylation of In vivo: 50- Raza et al., 2011; Yildiz
Middle cerebral ERK1/2, p38 MAPK, 200 mg/kg etal., 2022)
artery occluded rats ~ NF-«xB pathway
model
CHa Amyloid-p ) ) } Invitro: 1, :
Tetrandrine [ (1-42)/LPS-induced é”dxlﬁz TNNgSa L6, 5mM glli)agglelt.aFI{.érz] %%i’l He et
(TE) BV2 mouse ) Invivo: 10,20,  2021)
microglia cells INF-xB pathway 40m
Nt a/kg
harbouring five
mutations associated
with familial
Alzheimer's disease
mouse model
Glyeyrrhizin wan ;zﬁs?miigg?igz |IL-1B, TNF-g, COX-2, >0 hmolL (Kong, etal., 2017; Liu
(GLY) - cells iNOS; 10, 30, 50 mg/kg W, et al., 2019; Ojha, et

Sf AD mice model

OH

IMAPK, NF-kB,
HMGB1/GPX4 pathway,
TLR4 signaling pathway

al., 2016; Song et al.,
2013; Sun X, et al.,
2018; Zhao et al., 2013;
Zhu et al., 2022)

*The information in the table is not exhausted
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1.3 Synergy in natural products

1.3.1 Definition of synergy

The efficacy of natural product combinations is believed to be based on synergy when utilising two or more
ingredients together. Synergy is characterised as two or more agents in the mixture exhibiting higher
efficacy than the sum of the effects from the single agents (Zhou X, et al., 2016). Synergy is also related to
multi-targeted behaviour and reduced toxicity (Blumenfeld, et al., 2012). As neuroinflammation diseases
involve multiple mediators and their crosstalk within the microvascular unit, synergy in natural therapies

may target multiple mediators (i.e. NO, TNF, and IL-6).

Combination therapy has become an emerging therapeutic strategy for complex diseases, such as
neurodegenerative diseases, that is believed to offer improved clinical outcomes through a synergistic
approach (Liu J, et al., 2017; Blumenfeld, et al., 2012). For instance, caduet (amlodipine/atorvastatin) is a
combination medication containing amlodipine and atorvastatin. Itis a prescription medicine used to
relieve symptoms of cardiovascular diseases, hypertension, and angina (chest pain) (Glass, 2004). However,
the combination therapy with multiple pharmaceutical drugs also faced the challenge of magnified side
effects from each component (Ascierto & Marincola, 2011). Amlodipine can exacerbate angina and the
atorvastatin can lead to liver dysfunction or rhabdomyolysis. The side effects of the caduet include headache,

edema, constipation, flatulence, dyspepsia, and abdominal pain (Wimett & Laustsen, 2004).

Herbal formulation has long been used in traditional medicine, in which multiple herbal ingredients are
used. The fundamental treatment principle of combination therapy is synergy, where the overall
effectiveness replies on the positive interaction of the herbal ingredients and achieves enhanced efficacy,
reduced toxicity and a multi-target approach (Zhou X, et al., 2016). Numerous preclinical and clinical
studies have demonstrated synergistic or positive relationships among the herbal ingredients used in well-

designed formulations (Dey, et al., 2017; He et al., 2019; Yang et al., 2021; Yu et al., 2016). For instance,
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Danshen (Salvia Miltiorrhizae Radix et Rhizoma) - Sangi (Notoginseng Radix et Rhizoma) (DS-SQ) herb-
pair is a Fufang Danshen tablet, which has been widely utilised in Chinese herbal medicines in Asian
countries for the prevention and treatment of vascular disorders such as angina pectoris, stroke, and diabetic
retinopathy (Lian et al., 2015; Yang R, et al., 2014). Dantonic (T89) is a botanical drug consists of extracts
of Danshen (Radix Salviae Miltiorrhizae) and Sangi (Radix Notoginseng) with borneol in a capsule
form. Sun et al. study demonstrated that T89 exhibited multi-target behaviours, that prevented cholesterol
plaque, inhibiting platelet aggregation and adhesion and suppressed thrombus development in a randomised,
placebo controlled clinical trial (Sun H, et al., 2018). The preclinical study suggested that their combination
with the ratio of 6:4 (50-300 pg/mL) produced synergistic effects in protecting endothelial cells against
oxidative stress by restoring cell viability, reducing lactate dehydrogenase leakage and caspase-3
expressions in human cardiovascular endothelial cells (Zhou X, et al., 2019). Cai et al. (2016) demonstrated
that esculetin (11.6 uM), curcumin (8.5 uM) and hesperetin (12.5 uM) demonstrated synergistic effects in

decreasing prostaglandin E2 production in LPS-induced RAW 264.7 cells (Cai et al., 2016).

Thus, a well-developed herbal formula with a multi-compound and multi-target approach may offer a more
beneficial approach to addressing neuroinflammation related complex pathological mechanisms. However,
there is a general lack of robust methodologies to identify and determine synergistic interactions among
bioactive phytochemicals in combination therapy. Furthermore, the mechanisms of action that are

associated with synergy are largely unknown.

1.3.2 Development of synergistic combination

Synergy is related to enhanced therapeutic effect, multi-target behaviour and reduced toxicity (Blumenfeld
etal., 2012). It is evident that synergy can not be concluded by comparing the activity of a combination to
that of its individual ingredients (i.e. by p-value determined by one-way ANOVA analysis). Because it can
not differentiate synergy and additive interaction, as both would show combined effects great than

individual (Zhou X, et al., 2016).
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Nowadays, researchers have developed various mathematical models and computer programs to determine
true synergy effect, including the isobole method (Zhou X, et al., 2016), Systems biology (Dainiak, et al.,
2018), dose model (Katzir, et al., 2019) and DiaMOND model (Cokol, et al., 2017). In this study, we used
integrated network pharmacology, molecular docking and combination index (CI) model to understand the

potential synergy mechanism and determine synergistic activity.

1.3.3 Network pharmacology

To date, various methodologies have been developed to identify and quantify the degree of drug interaction
in combination therapies. Network pharmacology is a computational and mathematical model integrating
literature, experimental data, and computational sciences to evaluate synergistic interaction (Sun R, et al.,
2021). Recently, it has been developed to illustrate the multi-target actions of components in combination
therapy (Zhou X, et al., 2016). This method can identify the key bioactive phytochemicals from a complex
formulation, elucidate the gene targets associated with the disease, and build the network of the bioactive
phytochemicals, gene targets and associated signaling pathways. The targeted genes and proteins from the
generated network may be verified in the literature or validated by experimental data. Its increasing
popularity is attributed to low research cost, a short research cycle, and comprehensive information. In drug
discovery investigations, there is an emerging trend of integrating analysed information from network
pharmacology with experimental results to form novel combination therapy with a known mechanism of

action (He D, et al., 2019).

1.3.4 Molecular docking

Molecular docking is the computational technique that gives a prediction of the ligand-receptor complex
structure and then determines the potency of any phytochemical that is used as a drug for prospects (McNutt
et al., 2021). Molecular docking is usually followed by network pharmacology, which can determine the
binding affinity between the key bioactive and associated protein target (An W, et al., 2021), and verifies
the results of the network pharmacology (He D, et al., 2019). There are numerous computer programs to
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conduct the molecular docking process, such as DOCK, AutoDock, AutoDock Vina, MOE-Dock and CB-
DOCK. The parameter to predict the binding affinity of both ligand and target is the binding energy, which

of best docked compounds is binding energy below —5.0 kcal/mol (Shi Y, et al., 2021).
1.3.5 Methods of quantifying synergy
1.3.5.1 Combination index model

Combination index (CI) model is a practical method for evaluating the interactions of multiple agents on
the same biological target. CompuSyn is a computational software developed by Biosoft, US. It is used to
analyse the interaction between two or more than two different compounds on a specific biological target
based on the experimental results (Zhou X, et al., 2016; Chou T.-C., 2018). The principle of the algorithm
developed in the CI model is based on the mass-action law that allows computerised simulation of dose-
effect dynamics based on small size experiments and a set of data in vitro, in animals, and in humans (El
Hassouni B, et al., 2019). The equation of the ClI model to determine the synergistic/antagonistic interaction
in two agents in combination is shown below (Chou T.-C., 2018). Herein, (Dx)1 and (Dx)2 are the doses of
every single compound required to produce x effect level (i.e. NO inhibition), and D1 and D2 are the doses
of the two compounds in combination that produce the same effect. Cl was used to assess whether the
combination at the certain effect level x yield a synergistic, antagonistic or additive effect. It is defined that

the Cl value above 1 is antagonistic, equal to 1 is additive, and below 1 is synergistic (Chou T.-C., 2018).

— D1 N D2
~ (Dx)1  (Dx)2

1.3.5.2 Isobologram

The isobologram is applied to demonstrate the interaction between two agents using a graphical method at

specified effect levels (Shyr, et al., 2022). The isobologram can be generated by CompuSyn software. For
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iso-effective dose graphics, the isobologram is based on the Cl equation. The CI model explains the synergy
effect from the therapeutic effect, but the isobologram explain the synergy effect from dose level. The
isobologram graphics can show synergy at three set concentrations (i.e. Fa = 0.5, Fa =0.75 and Fa = 0.9).
Combination data points that fall on the hypotenuse suggest an additive effect, those that fall on the low-
left indicate a synergistic relationship, and those that fall on the upper-right indicate an antagonistic

relationship.

1.4 Knowledge gap

Chronic neuroinflammation is a critical therapeutic target for neuronal degeneration and neuronal death,
which can trigger and develop neurodegenerative disorders (Chen, Zhang, & Huang, 2016). However, it is
a complex condition involving microvascular interplay and there is currently no viable treatment (Takata,
et al., 2021). Furthermore, only single-target treatments are accessible and existing treatments almost

always have side effects (Zhou VY, et al., 2021; Liu J, et al., 2017).

Many natural products are centred on a single phytochemical. Currently, these phytochemicals are thought
to have modest therapeutic effectiveness or limited bioavailability (Liu J, et al., 2017). There is a lack of
studies that attempt to combine single phytochemicals to form a well-designed formula to target the
complex pathological mechanisms of neuroinflammation and achieve an enhanced therapeutic outcome.
Moreover, a single phytochemical that is developed in a single cellular model (i.e. microglia only) often
results in an unsatisfactory clinical outcome, due to various factors such as neglected drug action on
microglia-neuron crosstalk and poor permeability through the BBB (Pohl F, et al., 2018). Thus, drug
screening and development through a practical co- or tri-culture cellular model that can mimic the neuronal-

vascular unit is needed to enhance the success rate for the novel therapeutic agent screening.
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1.5 Hypothesis and aims

We hypothesise that a well-developed herbal compound-combination(s) that synergistically inhibit
microglia mediated-neuroinflammation can protect neuronal viability and endothelial integrity in vitro. Our
study aims to investigate a novel compound combination from natural products with a synergistic approach

to help treat neurodegenerative diseases by targeting neuroinflammation.

The specific aims of the study are:

1) Identify synergistic anti-neuroinflammatory compound combinations in LPS-induced mono-cultured

microglia.

2) Investigate the underlying mechanisms associated with the synergistic anti-neuroinflammatory activity

of phytochemicals in combination with LPS-induced microglia.

3) Investigate the effect of the synergistic compound combination in inhibiting neuroinflammation,

restoring the BBB, and enhancing neuronal survival in a neuroinflammation tri-culture model.
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Chapter 2: Methodology
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2.1 Network pharmacology

2.1.1 Gene targets associated with neuroinflammation

The two-dimensional structures of the eight phytochemicals were retrieved from the PubChem database

(https://pubchem.ncbi.nlm.nih.gov/). Spatial data file of two-dimensional structures was uploaded to the

PharmMapper database to generate potential gene targets. Human normalisation of Universal Protein

Resource (UniProt) (https://www.uniprot.org/) was searched to filter the obtained gene targets to normalise

their names and organisms subsequently. The characters of the eight phytochemicals were obtained from
the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP,
https:/itcmspw.com/tcmsp.php). According to literature reports and pharmacokinetic parameters, the
phytochemicals with oral bioavailability (OB)>30% reflect good absorption and slow metabolism after oral
administration. The phytochemicals with a drug-likeness (DL)>0.18 were chemically suitable for drug
development. The phytochemicals with the BBB>—0.3 reflect good permeability through the BBB (An et
al., 2021). Neuroinflammation-related gene targets were obtained from the Online Mendelian Inheritance

in Man (OMIM) Database (http://www.omim.org/), GeneCards Database (https://www.GeneCards.org/),

and DisGeNET Database (http://www.disgenet.org/home/). Duplicate targets were removed after collecting
all the gene targets of neuroinflammation in the three databases. The Venn diagram was drawn to show the

number of overlapping gene targets related to the disease and each phytochemical.

2.1.2 Protein-protein interaction network construction

The PPI network describes physical interactions among protein targets that are associated with the
phytochemical candidates and neuroinflammation taking place to mediate the assembly of proteins into
protein complexes (Pippi B, et al., 2015; Doncheva N.T, et al., 2019). The STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins) database (https://string-db.org/) provides the relevant
protein—protein associations which analyses confidence scores for each of the protein connections with
quantified reliability. Overlapping gene targets of each phytochemical were input to STRING to generate
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the PPI network (Doncheva N.T, et al., 2019). The disconnected edges were hidden in the default setting in

the network, and the required interaction score was set at 0.9 as a minimum to obtain the network of PPI.

2.1.3 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis

Based on the constructed PPI network of each phytochemical, the associated Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that represent gene product properties and
signaling pathways were investigated. The Database for Annotation, Visualization and Integrated
Discovery (DAVID) is the online enrichment analysis database (https://david.ncifcrf.gov/home.jsp) applied
to explore the relevant gene function annotation and pathway enrichment. The GO targets were searched
through the DAVID database to elucidate the interaction between related gene targets of each
phytochemical and their associated GO when targeting neuroinflammation (Sun Y, et al., 2021). Following
that, the cross-GO targets were uploaded to DAVID to obtain associated biological pathways (BP), cellular
content (CC), molecular function (MF) and KEGG pathways. In the present study, the top 20 targets in each
function were selected and input to Bioinformatics (http://www.bioinformatics.com.cn/) to conduct the
enrichment analysis of KEGG pathways and GO enrichment used across genes, and the terms with a p-

value less than 0.05 were filtered for the subsequent network construction ( Li X, et al., 2014).

2.1.4 The construction of compound-gene targets-signaling pathway network

The compound-gene targets-signaling pathway network was constructed using Cytoscape (v.3.8.2, Institute
for Systems Biology, US) (Liang, B., et al., 2021). The network was built to examine the relationships
among the phytochemicals, their gene targets and associated pathways in neuroinflammation. The image
of the network and associated statistics were exported from Cytoscape. The relevant parameters were
obtained by the "analysis network" tool in Cytoscape, including "Degree”, "Betweenness-Centrality",
"Closeness Centrality", and "Stress". The most relevant gene targets and KEGG pathways were further

filtered by selecting those "Degree™ larger than 2 x median values (He D, et al., 2019). The importance of
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the gene/protein target will be ranked by the degree, which will be used for the following experimental

verification.

2.2 Molecular Docking Simulation

In order to evaluate the credibility of the connection between the core protein targets with each
phytochemical against neuroinflammation, CB-Dock (v.1.0, Yang Cao Lab, China) was used to perform
molecular docking (http://clab.labshare.cn/cb-dock/php/blinddock.php). CB-Dock is a protein-ligand
docking model designed to identify binding sites, analyse center and size, and conduct molecular docking
(Liu Y, et al., 2020). It facilitates docking procedures and increases the accuracy of molecular docking.

Cavity-focused docking increases the accuracy and hit ratio with blind docking (Liu Y, et al., 2020).

The protein structures of the selected targets obtained from the network pharmacology analysis were
obtained from Protein Data Bank (PDB). The crystal structures of each phytochemical candidate were
sourced from the PubChem database, as shown in Section 2.1. The “spacefill” and “cartoon” parameters
were set for the ligand and receptor, respectively. “Element” and “chain” were used for ligands and coloured

receptors.

2.3 Establishment of mono- and tri-culture models

2.3.1 Cell culture and cell lines

The mouse brain microvascular endothelial cell line MVEC(B3) (MVEC) was obtained from Dr Jia Li,
Macquarie Medical School. Mouse microglia N-11 (N11) and mouse neuroblastoma Neuro2A cell lines
(N2A) were kindly donated from Professor Gerald Muench, School of Medicine, Western Sydney
University. They were cultured in complete Dulbecco's modified Eagle medium (DMEM, Lonza, Australia)
supplemented with 10% foetal bovine serum (FBS, Thermo Fisher Scientific, Australia) and 1% penicillin

(Sigma-Aldrich Australia).
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2.3.2 Cell culture for the single cell line

N11 cells, MVEC cells and N2A cells were incubated at 37°C, 5% CO; in 95% air in a vented flask T75
cm? (Sigma-Aldrich, Sydney, Australia), respectively. Cultured cells up to passage 35 with approximately
90% confluency were digested with 0.25% trypsin (Thermo Fisher Scientific, Australia) to perform

experiments. Cells were passaged every two-three day until passage 35.

2.3.3 LPS-stimulated neuroinflammation in mono-cultured N11 cells

NI11 cells were incubated at 37°C, 5% CO2 in 95% air in a vented flask T75 cm? (Sigma-Aldrich, Sydney,
Australia). The cells were sub-cultured every 3 days to sustain a controllable number. N11 cells (1.0 x 10°
cells/mL) were seeded in 96-well plates with DMEM containing 10% FBS. LPS purified by trichloroacetic
acid extraction (LPS, Sigma, Australia, batch number 070M4018), was used to stimulate inflammatory
mediators, including NO, TNF-a and IL-6. After the cells were incubated with extracts for 1 h, 1 ug/mL of

LPS was added to the cells and then incubated for another 24 hr.

2.3.4 LPS-stimulated neuroinflammation in tri-culture cells

A tri-cultured neuroinflammation model was established using a transwell polycarbonate membrane cell
culture inserts with a 24-well plate (Corning®Costar®Transwell® Cell culture inserts, Sigma) with slight
modification (Zheng Y.-F., et al., 2021). The transwell with insert membrane was placed upside down and
coated with 1% polylysine (Sigma, USA) for 1 hr. Then 200 pL of N11 cells (2.0 x 10° cells/mL) were
seeded on the top of the transwell with DMEM containing 10% FBS and kept upside down in the incubator
to ensure N11 cells adhered to the top of the transwell by the surface tension. In parallel, 500 pL of N2A
cells (1.0 x 108 cells/ mL) were seeded in a fresh 24-well plate with DMEM containing 10% FBS. After 4
hr, the transwell with N11 cells was inverted and placed within a 24-well plate immersed with 375 pL

DMEM containing 10% FBS in each well, and the MVEC cells (1.0 x 10° cells/mL) were seeded with 250
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pL DMEM containing 10% FBS in the same insert of N11 cells. Please see Figure 2.1 for the constructed

tri-culture cells in the transwell system.

After 24 hr, the medium in the lower compartment was replaced with serum-free DMEM for the tri-culture,
and the upper compartment and the mono-culture medium were replaced with either serum-free DMEM
(normal control), 1 pg/ml LPS or samples for another 24 hr before bioassays. The cell supernatants from
the mono-culture system and both the upper and lower compartments in the tri-culture were stored in —20°C

for the following bioassays.

Damaged endothelia integrity

N

)

/

MVEC (Brain
endothelial cells)

N11 (Microglia cells)} \

[ N2A (Neurons)

nflammator
response

TLR4-IKK-NFxB
pathway

Tau phosphorylation
and neuron apoptosis

[ A novel tri-culture model for neuroinflammation }

Figure 2.1 LPS-induced in vitro tri-culture neuroinflammation model (Zheng Y. F, et al., 2021).

2.4 Preparation of phytochemicals

The pure isolated phytochemicals, LU, BA, AN, 6-SG, CU, HES, TE and GLY (purity > 98%), were
purchased from Chengdu Biopurify (China). The identity and purity were confirmed by the high-
performance liquid chromatography (Appendix 1). Each phytochemical was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 100 mM. They were diluted with DMEM serum-free media before

adding to the cells with a DMSO concentration of 0.1%.
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In LPS-stimulated mono-cultured N11 cell, each phytochemical at 100 mM was serially diluted by a factor
of two, and dissolved in serum free DMEM by 1:1000 dilution when adding the cells. The pair-wised
combinations were prepared by mixing each two of the phytochemicals in 1:1 ratio (v/v) in DMSO at 100
mM, and subjected to serial dilution before adding to N11 cells in the 96-well plate. Note that the unit of
uM and its equivalent ug/mL are used for all the tested combinations throughout the text for convenience
and simplicity. In the LPS-stimulated tri-culture system, individual AN, 6-SG, and BA were prepared at 25
mM in DMSO, and diluted with serum free DMEM for 1:1000 before adding to the transwell. The
combinations were prepared as AN-SG 25 mM [AN (12.50 mM) + 6-SG (12.50 mM), total concentration
of 7.83 mg/mL] and BA-SG 25 mM [BA (12.50 mM) + 6-SG (12.50 mM), total concentration of 6.83
mg/mL] in DMSO. Then they were diluted in serum free DMEM in 1:1000 dilution before adding to the
transwell. The cells were also treated with serum free DMEM with vehicle (0.1% DMSO) as the vehicle
control (blank) 1 h prior to the stimulation of LPS (1 pug /mL). The cells and cell supernatant were then
subjected to the bioassays after 24hr. In the tri-culture, we only selected one concentration (25 pM) for the

testing of individual and paired combinations as the working concentration, due to the tight timeframe.

2.5 Neuroinflammatory bioassays

2.5.1 Anti-inflammatory bioassays

2.5.1.1 Griess reaction NO measurement

After 24 hr of LPS stimulation, the supernatants in the 96-well plate or upper and lower compartment (90
pL) of the tri-culture system were collected for the measurement of nitrite level by mixing with an equal
amount of the Griess reaction (1% sulfanilamide in 5% phosphoric acid and N-(1-naphthyl)-ethylene
diamine dihydrochloride) (Tsikas, 2007; Yoon, et al., 2010)). Nitrite production was determined by
measuring the optical density at 540 nm using a microplate reader (BMG Labtech Fluostar Optima, Mount

Eliza, Victoria, Australia). Used nitrite production as an indirect indicator of NO levels (Tsikas, 2007). The
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rest of the supernatant was subjected to TNF-a and IL-6 enzyme-linked immunosorbent assay (ELISA)

assay.

2.5.1.2 TNF-o and IL-6 ELISA assay

The levels of IL-6 and TNF-a in the supernatant from the mono-cultured N11 cells, the upper and lower
compartment of the tri-culture system were measured using commercial IL-6 and TNF-o immunosorbent
assay (ELISA) kits (cat. no. 431304 and 900-K45, Biogems) according to manufacturers’ instructions. The
absorbance was measured at 410 nm with a microplate reader (BMG Labtech Fluostar Optima, Mount Eliza,

Victoria, Australia). The concentrations of IL-6 and TNF-o were calculated using standard curves.

2.5.2 Cell viability bioassays

2.5.2.1 Alamar blue assay

Cell viability of N11 in the 96-well plate and N2A cells in the tri-culture system was evaluated 24 hr after
the LPS stimulation. After removing supernatants, the cells were incubated with 100 uL in the 96-well plate
or 500 pL of Alamar Blue (0.01 mg/mL resazurin) in the 24-well plate (Schober et al., 2021). The cells
were then incubated for 2 h in a humidified incubator at 37 °C. The optical density of each well was
measured from excitation of 545 nm and emission of 595 nm using a microplate reader (BMG Labtech

Fluostar Optima, Mount Eliza, Victoria, Australia).

2.5.2.2 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay

The N2A cells were co-incubated with MTT solution [final concentration 0.5 mg/mL in phosphate-
buffered saline (PBS)] was added to the cells and incubated for 2 h at 37 °C with 5% CO,. DMSO was
then added to dissolve the insoluble formazan crystal. The absorbance was measured at 510 nm using a

microplate reader. The density of formazan formed in control (medium with vehicle) cells was taken as

100% of cell viability. The cell viability of the measured sample is determined using the equation: Cell

43



viability % = absorbance of treated cells/absorbance of blank control (cells with 0.1% DMSO in serum free

DMEM) * 100%.

2.5.3 Endothelial barrier permeability

2.5.3.1 Transendothelial electrical resistance values

The transendothelial electrical resistance (TEER) values of MVEC cells in the tri-culture 24-well systems
were measured by an epithelial-volt-ohm resistance meter (ERS-2, cat.no. MERS00001; Merck) according
to the manufacturer’s instructions. The background TEER value was measured in the well that has serum
DMEM only. The final results were calculated by TEER in each group subtracted from the background

TEER values. The values are shown as Q x cm?.

2.5.3.2 Evans blue permeability test

For Evans blue permeability test, the lower compartment in the tri-culture system was replaced with 0.5
mL PBS and the upper compartment was filled with 0.2 mL of Evans blue [0.25% Evans blue, (cat.no.
E2129; Sigma)] 24 hr’s after the LPS stimulation. After 0.5 hr’s incubation, the solution in the lower
compartment was tested for absorbance at 450 nm using a microplate reader (BMG Labtech Fluostar

Optima, Mount Eliza, Victoria, Australia).

2.6 Mechanistic study on neuroinflammatory associated-protein targets

2.6.1 Immunoblotting

N11 cells were grown in T75 cell flasks (SARSTEDT, Australia) until confluence. After the LPS
stimulation for 40 min or 24 hr, cell pellets were harvested by centrifugation at 500 g for 5 min at 4°C. The
cell pellets were mixed with radioimmunoprecipitation assay buffer (Santa Cruz Biotechnology, Australia)
with 1% proteinase inhibitors (Cell Signaling Technologies, United States) and their concentrations were

elucidated using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Australia). The total proteins
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from each sample at 10 mg/mL were loaded to the 10-well gel (BioRad, Australia) and separated by the
SDS-PAGE electrophoresis (PowerPac HC, BIORAD, Australia), then the proteins were transferred to the
PVDF membrane by the iBlot 2 device (Thermo Fisher Scientific, Australia). The membranes were
incubated with 3% Bovine Serum Albumin (BSA, Scientifix, Australia) dissolved in PBST [PBS buffer
plus 1% tween 20 (Thermo Fisher Scientific, Australia)] for 1 h at room temperature (Zhou X, et al., 2022).
The membranes were incubated with primary antibodies against phospho-p38 MAPK (1:1000, cat.no.
4511), p38 MAPK (1:1000, cat.no. 8690), and iNOS (1:1000, cat.no. 13120) overnight at 4° C. GAPDH
(2:1000, cat.no. 5174) was used as a loading control. The primary antibodies were probed with anti-rabbit
HRP conjugated secondary antibodies (1:5000, cat.no. 7074) at room temperature for 2 h. All these
antibodies were purchased from Cell Signaling Technology (United States). The immunoreactive bands on
the membranes were incubated by the SuperSignal West Pico Plus ECL kit (Thermo Fisher Scientific,
Australia) and visualised by the iBright 750 (Thermo Fisher Scientific, Australia). Specific bands were

analysed and the intensity was quantified using ImageJ software.

2.6.2 Immunofluorescent staining

The N2A cells were seeded on a 1 cm cover slide in the 24-well. The tri-culture system was established and
treated overnight using the same protocol as described above. Each cell line was washed with cold PBS and
fixed with 4% paraformaldehyde for 20 min at room temperature. Triton-X 100 (0.1%) was added to cells
for 20 min and followed by blocking with 3% Bovine Serum Albumin (BSA, Scientifix, Australia) for 1 h
(Zhou X, et al., 2022). Primary antibodies were then added to the system, including zonula occludens-1
(Z20-1; 1:100, cat no. 13663S), phosphorylated tau (p-tau; 1:200, cat no. 49561) or NF-xB p65 (p65; 1:100,
cat n0.8242), all purchased from Cell Signaling Technologies, USA. The cells were then washed with PBS
three times and each cell line was then stained with mixed secondary antibodies, including donkey anti-
mouse IgG Alexa Fluor 488 (green; 1: 1,000, cat no. A32766), donkey anti-goat 1gG Alexa Fluor 680
(yellow; 1: 250, cat no. A32680) and donkey anti-rabbit IgG Alexa Fluor 594 (red; 1: 1,000, cat no. A32754),
all purchased from Thermo Fisher Scientific, Australia. The insert membrane was cut for the collection of
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either the N11 or the MVEC cells. Cotton was used to swap the other side of the membrane of the cell line
and then put on the new slide. Finally, the anti-fade mounting medium with DAPI (Sigma, Australia) was
added to the cells and subjected to immunofluorescent imaging using an Inverted Leica TCS SP5 laser

scanning confocal microscope (School of Medicine, Western Sydney University, Australia).

2.7 Synergy determination

2.7.1 Cl method

The Cl model was applied to analyse the synergistic/antagonistic interaction. The data of the concentration-
response curves of single phytochemicals and their combinations derived from NO and ELISA bioassays
was input to the CompuSyn software 2.0 (ComboSyn, Inc., USA) (EI Hassouni et al., 2019). The computer
program produced the isobologram figure, Cl values, and Cl-fraction affected (Fa, refers to the effect level

of NO/IL-6/TNF-a inhibition ranged from 0-1) curves to show the interaction (El Hassouni, 2019).

2.8 Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0 software (GraphPad Software Inc., USA). The
data was shown as mean + standard error of the mean (SEM) from at least three individual experiments.
The 1Csp and LCso values were determined from the constructed dose-response curves. The statistical
comparison between groups was conducted by one-way analysis of variance (ANOVA), with Tukey test
and p<0.05 was considered statistically significant. An overarching work flowchart for the development of

synergistic herbal compound combinations targeting neuroinflammation show in the Figure 2.2.
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Molecular Docking

Figure 2.2 An overarching work flowchart for the development of synergistic herbal compound combinations targeting

neuroinflammation.
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Chapter 3: Network Pharmacology Analysis and Molecular Docking
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3.1 Introduction

Network pharmacology is effective for constructing a "compound-gene target-pathway-disease™ network
for a combination therapy and disclosing the mechanisms of pharmacological effects and interactions
among the constitutes with many gene and protein targets (Zhang R, et al., 2019). Molecular docking is
usually followed after network pharmacology that is used to anticipate how the predicted target protein
would interact with the constituent (Stanzione et al., 2021). Network pharmacology and molecular docking
have established themselves as a crucial component of the drug discovery toolkit, partly due to it is ease of
usage and relatively minimal cost implications. In addition, it has been frequently used to predict or
illustrate the complex pharmacological actions and associated mechanisms of constituents used in

combination therapy such as traditional herbal formulations.

This chapter reports the key gene targets and KEGG pathways of single phytochemical and their
combination involved in the neuroinflammation pathological condition. The main findings in this chapter
suggested that MAPK14, MAPKS8, NOS3, EGFR and SRC were the top five hub genes for the eight
phytochemicals against neuroinflammation. The top common KEGG pathway was the MAPK signaling
pathway. Molecular docking analysis confirmed that each phytochemical had a high affinity to bind with

MAPK and NOS as the top molecular targets.

3.2 The molecular actions and common targets of each phytochemical against

neuroinflammation

3.2.1 Characteristic molecular actions of eight phytochemicals in neuroinflammation

The compound-gene targets-signaling pathway network was constructed to reveal the pharmacological

action of each phytochemical in relation to neuroinflammation (Figure 3.1).
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Our results showed that 495 gene targets were associated with neuroinflammation, and the top 100 gene
targets were selected to check the intersection genes with each phytochemical. The characteristics of each
phytochemical, the number of total gene targets, and the intersections of genes with neuroinflammation are
shown in Table 3.1. The Venn diagrams for the number of gene targets and intersections of gene targets
for each phytochemical are shown in Figure 3.2. The drug-like criteria of the eight phytochemicals were
set as follows: BBB > —0.3, DL > 0.18, OB > 30% (Gu et al., 2020). As shown in Table 3.1, BA was
suggested to have the highest drug-like property with OB > 30%, DL > 0.18, and BBB > —0.3. The rest of
the herbal compounds did not meet all three criteria, with CU and HES met DL > 0.18, TE showed BBB >
—0.3. Interestingly, all the parameters of GLY were below standard, it connects with the highest amount of
total gene targets and intersections gene targets associated with neuroinflammation, suggesting its multi-

target (non-specific) pharmacological action.

Neuroinflammation LU Ncuromﬂammatmn Neuroinflammation AN Neuroinflammation 6-SG

[ s ‘ 8 80 \ / < \ l,/ 49520’“_ ) _"“‘\ // —

Neuroinflammation Cu Neuroinflammation HES Neuroinflammation TE Neuroinflammation GLY

/ - ?/ RN / < N / "\\\ oy < \\
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\ 7\ N .J." \ /-
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Figure 3.2 Venn diagram of the number of relevant gene targets of eight phytochemicals and neuroinflammation.

Table 3.1 Characteristic pharmacological actions of eight phytochemicals with potential anti-
neuroinflammatory activity.

Phytochemicals Molecular  Molecular OB DL BBB Number of  Intersections gene
formula weight the total targets with
(g/mol) gene neuroinflammation
targets
LU C15H1006 286.24  36.16 025 -0.84 86 8
BA C15H100s 270.24  33.52 0.21 -0.05 49 8
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AN C20H300s 350.45  53.44 035 -0.94 57 10

6-SG C17H2403 276.37  31.00 0.14 0.49 47 12
Cu C21H200s 368.38  5.15 041 -0.76 47 9
HES CosHs:015  610.18  13.33 0.67 -2.70 83 14
TE CsHa2N20s  622.70  26.64 0.10 0.44 46 10
GLY CspHe2016 822,90  19.62 011 -2.86 90 24

3.2.2 PPI network construction and analysis

The phytochemicals-disease PPI interaction network for each of the eight phytochemicals were created
using the STRING database (Figure 3.3). In the PPI network, GLY displayed the most interactive PPI
network constructed by 24 nodes and 89 edges, with the averaged node degree at 7.42. It was followed by
HES (nodes: 14, edges: 32), LU (nodes: 13, edges: 30), 6-SG (nodes: 12, edges: 26) and AN (nodes: 10,
edges: 23). BA, CU and TE all showed 8, 9 and 10 nodes and the average node degrees were under 4,

respectively.
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Figure 3.3 The PPI interaction network for eight phytochemicals related to neuroinflammation. The nodes in the
figure represent proteins, and the edges represent the interrelationships among proteins.

3.2.3 Analysis of GO enrichment and KEGG pathways

The GO and KEGG pathway analysis were conducted to investigate the associated protein targets and
signaling pathways (Appendix 2 and Appendix 3). A total of 202 GO entries were identified for all the
phytochemicals. The top 10 significantly enriched terms of each phytochemical in the BP, MF, and CC

categories are listed in Appendix 2.

The top 20 KEGG pathways of each phytochemical are shown in Appendix 3. The KEGG pathways of LU,
AN, 6-SG, HES and GLY showed various patterns of distribution. TE only showed 11 KEGG pathways,
and the pathways were at comparable degrees with no apparent distinction. CU and BA showed 9 and 3
pathways, respectively. The top common pathway among all eight phytochemicals was identified as the

MAPK signaling pathway.

3.2.4 Construction of compound-gene targets-signaling pathway network

The network of the eight phytochemicals was constructed with 34 nodes and 99 edges (Figure 3.4). The
statistical analysis from the network showed that GLY was connected with the highest number of genes
and signaling pathways (17 nodes and 16 edges). The top five gene targets assessed by the number of
connections and degrees for the eight phytochemicals network included MAPK14, MAPKS8, NOS3, EGFR
and SRC. The top common KEGG pathway was the MAPK signaling pathway. It was noticed that the
network clearly displayed a multi-targeted pattern of each phytochemical that has been associated with
multiple genes and signaling pathways, and they also have crosstalk as reflected by the overlapping gene

targets and signaling pathways.
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Figure 3.4 The compound-gene targets-signaling pathway network of the eight phytochemicals related to
neuroinflammation. Orange nodes represent each phytochemical, blue nodes refer to gene targets, and the green nodes
display the KEGG pathway. The size of each node represents its degree in the network. The gray connecting lines
reflect that each node is interconnected.

3.3 Molecular docking analysis

Based on the network pharmacology analysis, MAPK14 and NOS3 were the top two hub gene targets for
all the eight phytochemicals. In order to verify this analysis, molecular docking was performed to evaluate
the binding affinity of each phytochemical on the proteins of MAPK14 and NOS3 using CB-dock method.
The protein-ligand binding of each phytochemical on MAPK and NOS3 are shown in Figure 3.5A and
3.5B, respectively. The Cavity size and Affinity were evaluated using CB-Dock. The Centre represents the
docking pocket centre coordinates. The size parameters X, y, and z represent the directions of the docking

pocket.
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Figure 3.5 Molecular docking analysis of the eight phytochemical candidates with MAPK14 (A) and NOS3 (B)
analysed by CB dock.
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The relevant indices including affinity, cavity size, and binding location (center and size) for MAPK14 and
NOS3 are shown in Table 3.2 and 3.3, respectively. The binding energy <—5 kcal/mol was considered as
the high affinity between the disease and the target (Shi Y, et al., 2021). Herein, the binding affinity of the
eight phytochemical candidates with MAPK14 and NOS3 are all less than -5, suggesting high affinity (Shi
et al., 2021). Particularly, GLY and HES had better binding activities with MAPK14 (affinity<-10) than

other phytochemicals, and TE showed the most effective binding with iNOS (affinity<-10).

Table 3.2 Binding indices of the eight phytochemicals with MAPK14 analysed by molecular docking.

Chemicals ’(A\I(f(I;T/I:XOI) Cavity size ggr/w,tze;r Size (x,y,2)
LU -9.80 12601 18,9,37 34,34,35
BA -9.20 12601 18,9,37 34,34,35
AN -8.60 12601 18,9,37 34,34,35
6-SG -7.40 12601 18,9,37 34,34,34
Cu -8.80 12601 18,9,37 34,34,35
HES -10.10 12601 18,9,37 34,34,35
TE -9.60 574 34,9,22 23,23,23
GLY -10.10 574 34,9,22 30,30,30

Table 3.3 Binding indices of the eight phytochemicals with NOS3 analysed by molecular docking.

Chemicals '(Aljg:/lgol) Cavity size (C):f;t;r Size (x,y,2)
LU -9.40 12459 17,9,40 35,35,35
BA -9.50 12459 17,9,40 35,35,35
AN -8.10 12459 17,9,40 35,35,35
6-SG -7.70 12459 17,9,40 35,35,35
CuU -9.00 12459 17,9,40 35,35,35
HES -10.20 12459 17,9,40 35,35,35
TE -10.30 12459 17,9,40 35,35,35
GLY -10.20 12459 17,9,40 35,35,35
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3.4 Conclusion

The network pharmacology results showed eight phytochemicals LU, BA, AN, 6-SG, CU, HES, TE and
GLY have the top five hub genes against neuroinflammation, including MAPK14, MAPKS8, NOS3, EGFR
and SRC. The top common KEGG pathway was the MAPK signaling pathway. The molecular docking

analysis demonstrated each phytochemical have a strong binding affinity to bind with MAPK and iNOS.
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Chapter 4: Identification of Synergistic Combinations in LPS-
induced N11 cells
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4.1 Introduction

Neuroinflammation refers to an inflammatory reaction with excessively expressed pro-inflammatory
cytokines including IL-6, TNF, and small-molecule messengers such as NO produced by innate immune
cells in the CNS (Milatovic, et al., 2017). Combination therapy is an emerging intervention for treating
complicated disorders such as neuroinflammation through a synergistic approach ( Zhou X, et al., 2016).
Synergy in pharmacodynamics investigations refers to a beneficial interaction between two or more
compounds on the same therapeutic target or receptor that results in an overall therapeutic benefit that is
higher than the sum of the individual effects (Zhou X, et al., 2016). A combination treatment synergy effect
has more excellent bioactivity, multi-target behaviour, and reducing side effects or toxicity with a lower
dosage from each component (Liebner et al., 2018). The interaction (synergism, addition, or antagonism)

of combinations is examined in this work using the Cl model (Chou T.-C., 2018).

This chapter reports the results of identifying synergistic phytochemicals in combination in inhibiting pro-
inflammatory mediators including NO, IL-6 and TNF-o on LPS-induced N11 cells. The observed synergy
in the combinations AN-SG and BA-SG was demonstrated by the CI values and isobologram graph. We
have also demonstrated the associated mechanisms of synergy which was partly associated with
downregulated p38MAPK and iNOS protein expressions based on the network pharmacology analysis

shown previously in Chapter 3.

4.2 ldentification of potential synergy among eight phytochemicals against

neuroinflammation

4.2.1 Cytotoxicity of single phytochemical detected by Alamar Blue assay

Alamar blue assay was conducted to examine the cytotoxicity of the eight phytochemicals on N11 cells.
Among them, TE exhibited cytotoxicity from 10 uM (7.78 pg/mL), and HES, LU and CU showed

cytotoxicity when the concentration was above 50 pM (30.50, 14.31 and 18.41 pg/mL, respectively). In
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contrast, AN, BA, 6-SG and GLY did not induce any cytotoxicity with concentration up to 100 pM (35.04,

27.02, 27.64 and 82.29 pg/mL, respectively) (Figure 4.1).

4.2.2 NO inhibitory activity of single phytochemical on LPS-induced N11 cells

The stimulation of LPS led to an excessive amount of NO at 24.48 £ 0.21 ng/mL (p<0.0001 vs. blank
control: 0.41 £ 0.12 ng/mL). All phytochemicals lowered LPS-induced NO expression levels in a dose-
dependent manner in N11 cells (Figure 4.1). Based on the dose-response curves, the 1Cso values for each
active phytochemical were analysed by GraphPad prism 9. Among all the phytochemicals, AN showed the
highest potency (ICs50=14.88 UM, 5.22 pg/ mL), followed by 6-SG (ICs5,=15.02 uM, 4.15 pg/mL), LU
(IC5=17.24 uM, 4.94 pg/ mL), BA (IC5=20.30 pM, 5.49 pg/ mL), TE (IC5=27.70 uM,17.25 ug/ mL),
CU (I1Cs0=55.80 puM, 20.54 pg/ mL), HES (1Cs0=60.06 pM, 36.61 pg/ mL). It was noticed that GLY did
not exhibit any obvious NO inhibition within the tested concentrations, and the ICso value was estimated to
be 269 uM, 221.54 ug/ mL. In Table 4.1, among the eight phytochemicals, BA therapeutic index have the
highest value as 6.72, followed by 6-SG, LU and AN therapeutic index as 6.66, 5.80 and 4.93, then the

HES has the lowest therapeutic index value as 0.37.

61



LU

BA
120
< -+ cell viability _ 1207 i
3 - g
< 100 by -o- NO production £ 100 - cellviability
[ A A 3 -e- NO production
= 80 4
c = 80+
8 8
o
601 o i
] o
2 407 2 40
& 5
T 204 < .
& 3z 20
0 T T T T T 1 v T T T T T 1
-0.5 0.0 0.5 1.0 1.5 2.0 25 -0.5 0.0 0.5 1.0 1.5 2.0 25
Log[Concentration (uM)] Log[Concentration (uM)]
AN 6-SG
120+ -+ cell viability 120+ - cell viability
£ 100+ e~ NO production £ 100 -~ NO production
© A A °
|4
£ 80— “é 80+
8 8
o 7 S e
$ 40 S g 40+
& 5
© 204 < 20
3 4
0 0N ° Iy
v T T T T T 1 v T T T T 1 1
0.5 0.0 0.5 1.0 1.5 2.0 25 0.5 0.0 0.5 1.0 1.5 2.0 25
Log[Concentration (uM)] Log[Concentration (uM)]
Ccu HES
120 —— cell viabili 120+
3 ty' = -+ cell viability
£ 100+ - NO production = 100 -~ NO production
[ °
2
£ 80 ,E 80
3 S
o 607 S o]
g 40 -g 40
5 k]
© 204 ° -
2 g
0 T T T T T 1 o T T T T T 1
0.5 0.0 0.5 1.0 1.5 2.0 25 -0.5 0.0 0.5 1.0 1.5 2.0 25
Log[Concentration (uM)] Log[Concentration (ugM)]
TE GLY
120+ 120+

- cell viability
-~ NO production

-+ cell viability

H\l\‘\‘\.\‘\‘\i -o- NO production

100+

©
T

Relative to control (%)
[=2]
(=]
1

Relative to control (%)
[}
o
1

40 40

20 20+
0 T T T T T 1 Y T T T T T 1
-0.5 0.0 0.5 1.0 1.5 2.0 25 -0.5 0.0 0.5 1.0 1.5 2.0 25

Log[Concentration (uM)] Log[Concentration (uM)]

Figure 4.1 NO production of LU, BA, AN, 6-SG, CU, HES, TE and GLY in LPS-activated N11 microglial cells. Data
are shown as mean + SEM (n > 3). Figures generated by Graph pad prism 9.0.
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Table 4.1 1Cso values of single phytochemicals in inhibiting LPS-induced NO in N11 cells (uM), n>3.

Phytochemicals LU BA AN 6-SG TE CuU HES GLY
Averaged ICsp 17.24+151 20.30+3.10 14.88 + 3.38 15.02 + 1.67 27.70+£5.11 55.80 + 24.32 60.06 +22.60 >269.00
(M)

Averaged LCso 100* 100* 100* 100* 10.87 £5.33 67.71+7.41 100.00* 100.00*
(M)

Therapeutic

index >5.80 >6.72 >4.93 >6.66 0.39 1.67 >0.37 >1.21

*No obvious cytotoxicity was observed within tested concentrations (0-100 uM), and thus the LCs values were set as their highest testing concentration 100 puM.
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4.3 Determination of anti-neuroinflammatory activity of pair-wised combinations

4.3.1 Measurement of NO formation using the Griess assay

The paired combinations of the eight phytochemicals were tested in LPS-induced N11 cells. Our results
showed that two paired combinations, AN-SG and BA-SG (0.39-100 M), appeared to be more potent than
their individuals, and the enhanced NO inhibitory activities were not associated with cytotoxicity (Figure

4.2).
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Figure 4.2 AN-SG and BA-SG combinations inhibitory effects on LPS-induced NO production and cell viability in
N11 cells. (A) AN, 6-SG, and AN-SG dose-dependently inhibited LPS-induced NO production and cell viability in
N11 cells (n>3). (B) BA, 6-SG, and BA-SG dose-dependently inhibited LPS-induced NO production and cell viability
in N11 cells (n>3).

The rest of pair-wised combinations did not show higher potencies than their individual components
(Figure 4.3). Alamar blue assay was conducted to test the cytotoxicity of the combinations on N11 cells.
LU-HES exhibited the highest cytotoxicity (LCs0=0.39 uM) followed by LU-TE (LCso = 19.26 puM), LU-
SG (LCso=27.05 uM), CU-TE (LCs0= 33.21 uM), LU-CU (LCs = 50.45 uM), AN-CU (LCso=60.91 uM)
and BA-CU (LCsp=95.99 uM). Combinations LU-AN, LU-BA, BA-HES, BA-TE, AN-BA, AN-HES, AN-

TE and TE-SG did not display any obvious cytotoxicity from 0.78-100 puM.

All combinations lowered LPS-induced NO expression levels in a dose-dependent manner in N11 cells
(Figure 4.2 and 4.3). Among all the combinations, AN-SG exhibited the highest potency (ICso = 9.12 +
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2.95 pM), followed by BA-SG (ICso = 12.02 + 2.99 uM). The ICs, values of most combinations fell in the
range of 12.50-57.16 uM. Three combinations did not show any significant NO inhibitory activities,

including CU-SG (ICsc>146 uM), BA-CU (ICs>163.3 uM), and SG-TE (ICss>1106 uM).
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Figure 4.3 The dose-response curves of paired combinations and their corresponding component of eight
phytochemicals that dose-dependently inhibited NO and cell viability of in LPS-induced N11 cells (n>3).

As shown in the Table 4.2, AN-SG showed the highest therapeutic index, which was 10.96, followed by
BA-SG (therapeutic index=8.32). LU-HES and CU-TE displayed the lowest therapeutic index, which were
0.02 and 0.58, respectively. In Figure 4.4, all combinations exhibited no or weak synergistic effect on

inhibiting NO production in LPS-induced microglia cells.
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Table 4.2 1Cspand LCso values of pair-wised combinations in inhibiting LPS-induced NO in N11 cells
(M), n>3.

Phytochemicals 1Cs0 (LM) LCso (LM) Therapeutic index
LU-AN 23.00 +4.26 100* >4.35
LU-AB 12.50 + 2.69 100* >8.00
LU-SG 15.73 £3.23 27.05 1.72
LU-TE 29.00 £ 8.63 19.26 0.66
LU-CU 21.00 £ 7.06 50.45 2.40

LU-HES 17.77£9.14 0.39 0.02
AN-BA 18.98 £ 4.36 100* >5.27
AN-SG 9.12+2.95 100* >10.96
AN-TE 14.62 £ 3.94 100* >6.84
AN-CU 48.19 + 33.72 60.91 1.26
AN-HES 17.55+£6.94 100* >5.63
BA-HES 42.01 +93.19 100.00* >2.38
BA-CU >100.00 95.99 0.95
BA-SG 12.02 £ 2.99 100* >8.32
BA-TE 24.06 £ 7.02 100* >4.16
TE-SG >100.00 100* >1.00
CU-TE 57.16 £ 77.64 33.21 0.58
CU-SG >100.00 100* >1

*No obvious cytotoxicity was observed within tested concentrations (0-100 uM), and thus the LCsy values were set
as their highest testing concentration 100 uM.
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Figure 4.4 The synergistic NO inhibitory effect of combinations was determined by the CI-Fa curves. Cl values
represent the interaction in the combinations, with Cl < 1, ClI = 1 and CI > 1 referring to synergy, addition and
antagonism, respectively. Fa on the X-axis is defined as the fraction effect level, and herein it refers to the NO

inhibitory effect, respectively.

4.3.2 Synergistic determination of AN-SG and BA-SG

The CI model was then performed to evaluate whether the enhanced activity in the combination is synergy.
The Cl-Fa curve (Figure 4.5A) displayed a strong synergy of the AN-SG combination in inhibiting NO,
with CI values ranging from 0.39 to 0.99 when the Fa was above 0.20 (20%-97% NO inhibitory effect).
The isobologram (Figure 4.5B) also supported the observed synergy of AN-SG in reducing LPS-stimulated

NO when Fa values were at 0.50 (representing 50% of the NO inhibition).

The CI model also revealed a synergistic interaction of BA and 6-SG when used together to suppress NO

(Figure 4.5C). At the concentration range of 3.89 - 8.56 pg/mL, a synergistic effect (Cl<1) was observed
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with CI values ranging from 0.09 to 0.99 when the Fa was over 0.45 (45%-97% NO inhibitory effect).
When Fa values were at 0.5 (representing 50% of the NO inhibition), the isobologram in Figure 4.5D

further corroborated the reported synergy of BA-SG in decreasing LPS-stimulated NO.
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Figure 4.5 AN-SG and BA-SG combinations exhibited synergistic inhibitory effects on LPS-induced NO production
in N11 cells. (A) The synergistic NO inhibitory effect of AN-SG was determined by the Cl-Fa curves. Cl values
represent the interaction in AN-SG, with Cl <1, Cl =1 and CI > 1 referring to synergy, addition and antagonism,
respectively. Fa on the X-axis is defined as the fraction effect level, and herein it refers to the NO inhibitory effect,
respectively. (B) Isobologram analysis of AN-SG in NO inhibition when the default set of Fa values at 0.50, 0.75 and
0.9. (C) The synergistic NO inhibitory effect of BA-SG was determined by the Cl-Fa curves. Cl values represent the
interaction in BA-SG, with Cl <1, Cl =1 and CI > 1 referring to synergy, addition and antagonism, respectively. Fa
on the X-axis is defined as the fraction effect level, and herein it refers to the NO inhibitory effect, respectively. (D)
Isobologram analysis of BA-SG in NO inhibition when the default set of Fa values at 0.50, 0.75 and 0.9.
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4.3.3 Synergistic inhibitions of IL-6 and TNF-a productions by AN-SG and BA-SG on mono-cultured

N11 cells

The IL-6 and TNF-a inhibitory effects of AN-SG were tested in LPS-induced mono-cultured N11 cells
against their individual components. In Figure 4.6A and 4.5D, LPS-stimulated cells demonstrated
significantly increased amounts of 1L-6 (12.29 + 1.13 ng/mL vs. 2.06 = 0.08 ng/mL, p<0.0001) and TNF-a
(78.52 £ 0.35 ng/mL vs. 14.25 + 0.14 ng/mL, p<0.0001) compared to that of the blank control. All the
individual and combined treatments suggested dose-dependent reductions of IL-6 and TNF-a compared to
that of LPS (all p<0.0001) on mono-cultured N11 cells. AN-SG (0.39-100 uM) appeared to be more potent
than their individuals used alone at all tested concentrations. The 1Cso value of AN-SG in inhibiting IL-6
was determined to be 1.18 + 0.38 uM, which was significantly lower than that of AN (3.54 + 1.19 uM,
p<0.01) or 6-SG (5.46 £ 1.41 uM, p<0.01). Similarly, the ICso value of AN-SG in inhibiting TNF-a was
also the lowest (3.47 = 0.64 uM) compared to that of AN (7.24 + 1.90 uM, p<0.05) or 6-SG (13.93 + 6.37

UM, p<0.001).

At 25 puM, the 1L-6 production of AN-SG (2.51 + 0.81 ng/mL, p<0.0001 vs. LPS) was significantly lower
than that of AN (4.14 + 0.71 ng/mL, p<0.01) or 6-SG (4.28 £ 0.77 ng/mL, p<0.01). The TNF-a release of
AN-SG (24.76 + 1.41 ng/mL, p<0.0001 vs. LPS) was also significantly lower than that of AN (34.22 +

3.14 ng/mL, p<0.05) or 6-SG (44.89 = 2.63 ng/mL, p<0.001) at 25 uM. Thus, this concentration was

selected for AN, 6-SG and AN-SG to be tested in the tri-culture system.

The CI model was then performed to evaluate whether the enhanced activity of the AN-SG combination
was due to a synergistic interaction. In Figure 4.6B, the CI values ranged from 0.24 to 0.97 when the Fa
was above 0.15 (15%-97% IL-6 inhibitory effect), suggesting a strong synergy of AN-SG combination in
inhibiting IL-6. The isobologram (Figure 4.6C) also suggested a synergistic interaction between AN and
6-SG in reducing LPS-stimulated I1L-6 with Fa values at 0.50, 0.75 and 0.9 (representing 50%, 75% and

90% of the IL-6 inhibition). Similarly, in the Figure 4.6E, AN-SG synergistically inhibited TNF-o with CI
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values ranging from 0.56 to 0.97 when the Fa was above 0.4 (40%-97% TNF-a inhibitory effect). The

results of the isobologram (Figure 4.6F) also supported this finding with Fa values at 0.50, 0.75 and 0.9.
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Figure 4.6 The AN-SG combination exhibited synergistic effects on inhibition of LPS-induced IL-6 and TNF-a
productions on mono-cultured N11 cells. AN, 6-SG, and AN-SG dose-dependently inhibited LPS-induced IL-6 (A)
and TNF-a (D) in N11 cells (n=3). The synergistic IL-6 (B) and TNF-a. (E) inhibitory effects of AN-SG were
determined by the CI-Fa curves. Cl values represent the interaction in AN-SG, withCl <1,Cl=1and Cl > 1
referring to synergy, addition and antagonism, respectively. Fa on the X-axis is defined as the fraction effect level,
and herein it refers to the IL-6 and TNF-a inhibitory effect, respectively. Isobologram analysis of AN-SG in IL-6
(C) and TNF-a (F) inhibition when the default set of Fa values at 0.50, 0.75 and 0.9. Data are shown as mean +
SEM.

The IL-6 and TNF-a inhibitory effects of BA-SG were examined in LPS-induced mono-cultured N11 cells
against their individual components. Compared with LPS-stimulation, all the BA, 6-SG and BA-SG
produced dose-dependent IL-6 and TNF-a inhibitory effects (Figure 4.7A and 4.7D). The 1Cs, value of
BA-SG in inhibiting IL-6 was determined to be 1.44 £ 0.37 uM, which was significantly lower than that of
BA (3.65 = 0.90 uM, p<0.05) or 6-SG (5.46 + 1.41 pM, p<0.01). Similarly, the ICso value of BA-SG for
the TNF-o inhibition was also the lowest (3.26 + 1.09 uM) compared to that of BA (6.52 £ 2.93 uM, p<0.05)

or 6-SG (13.93 + 6.37 UM, p<0.01).
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At 25 uM, BA-SG exhibited greater inhibitory effects on the IL-6 (2.47 + 0.78 ng/mL, p<0.0001 vs. LPS)
compared with BA (4.14 + 0.63 ng/mL, p<0.05) or 6-SG (4.28 £+ 0.77 ng/mL, p<0.05) alone. The TNF-a
reduction by BA-SG was also significantly greater than that of BA (42.08 + 3.62 ng/mL, p<0.05 vs. LPS)
or 6-SG (44.89 + 2.63 ng/mL, p<0.05) alone at 25 uM. Thus, this concentration was selected for BA, 6-SG

and BA-SG to be tested in the tri-culture system.

Cl and isobologram models (Figure 4.7B, 4.7E) demonstrated a synergistic effect of BA-SG in inhibiting
IL-6 and TNF-a at the concentration range of 0.78-100 uM and 0.39-100 uM (Cl<1) were observed. The
isobologram also supported the observed synergy of the BA-SG combination in reducing LPS-stimulated

IL-6 (Figure 4.7C) and TNF-a (Figure 4.7F) when Fa values were at 0.50, 0.75 and 0.9.
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Figure 4.7 The BA-SG combination exhibited synergistic effects on inhibition of LPS-induced IL-6 and TNF-a
productions on mono-cultured N11 cells. BA, 6-SG, and BA-SG dose-dependently inhibited LPS-induced IL-6 (A)
and TNF-a (D) in N11 cells (n=3). The synergistic IL-6 (B) and TNF-a (E) inhibitory effects of BA-SG were
determined by the Cl-Fa curves. Cl values represent the interaction in BA-SG, withCl<1,Cl=1andCI > 1
referring to synergy, addition and antagonism, respectively. Fa on the X-axis is defined as the fraction effect level,
and herein it refers to the IL-6 and TNF-a inhibitory effect, respectively. Isobologram analysis of BA-SG in IL-6 (C)
and TNF-a (F) inhibition when the default set of Fa values at 0.50, 0.75 and 0.9. Data are shown as mean = SEM.
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4.4 Potential hub gene targets of AN-SG and BA-SG by network pharmacology

The compound-gene targets-signaling pathway networks of the AN-SG (Figure 4.8A) and BA-SG (Figure
4.8B) combinations in inhibiting NO in relation to downregulated MAPKp38 and iNOS were built to
understand the associated mechanisms of their synergistic interaction. As shown in Figure 4.8, MAPK14
and NOS3 appeared to be the top overlapping gene targets, and the MAPK signaling pathway is the top
overlapping pathway for both paired combinations. Then, the modulatory effects of these two combinations
compared with their individual component on MAPK14 and iNOS protein expressions were examined by

Western blot assay.

In the Chapter 3, GO enrichment analysis and KEGG map were conducted for each tested phytochemical.
Special attention was paid to the hub KEGG pathway for two synergistic combinations, AN-SG and BA-
SG, where the crosstalk is likely to occur. In Appendix 2, the top common BPs of AN and 6-SG included
peptidy-serine  phosphorylation; sequence-specific DNA binding transcription factor activity;
lipopolysaccharide-mediated signaling pathway; response to stress; positive regulation of cyclase activity.
The overlapping BPs for BA and 6-SG included positive regulation of cell growth; lipopolysaccharide-
mediated signaling pathway. The common CC was late endosome and caveola in AN and 6-SG, and BA
and 6-SG, respectively. There were several common MF involved in both AN and 6-SG including MAP
kinase activity; ATP binding, protein serine/threonine kinase activity; protein binding, protein kinase
activity and protein phosphatase binding. However, BA and 6-SG only showed enzyme binding as the
common MF. In particular, in the Appendix 3, showed the overlapping pathway of AN and 6-SG was
MAPK signaling pathway, whereas the top common pathway for BA and 6-SG was VEGF signaling
pathway. It was noticed that the MAPK signaling pathway had been shown to play a critical role in

neuroinflammation (Schndder et al., 2016).
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Figure 4.8 Compound-gene targets-signaling pathway networks for the AN-SG (A) and BA-SG (B). The green nodes
represent the signaling pathway, the orange nodes represent the phytochemicals, and the blue nodes represent potential
common phytochemical targets in neuroinflammation. The size of each label represents its degree.

4.5 The enhanced effect of AN-SG and BA-SG in inhibiting phosphor-MAPKp38/MAPKp38

and iNOS protein expression

To verify the network pharmacology analysis and investigate synergistic mechanism of AN-SG and BA-

SG, the protein levels of phosphor-MAPKp38/MAPKp38 (p-p38/p38) and iNOS were investigated.

As shown in Figure 4.9A and 4.9B, the stimulation of LPS (1 ug/mL) led to upregulated expressions of p-
p38/p38 (p<0.0001) and iINOS (p<0.001) in comparison to that of the untreated cells, with fold increases of
2.06 £ 0.22 and 4.16 £ 0.08, respectively. AN was shown to inhibit the increased fold change of p-p38/p38
(p<0.05) and iNOS (p<0.01). 6-SG also showed potent inhibition of p-p38/p38 (p<0.01) and iINOS (p<0.05).
AN-SG showed potent inhibition of p-p38/p38 (p<0.05) and iNOS (p<0.01). In addition, the inhibitory

effect of the AN-SG combination was greater than that of AN or 6-SG on iNOS (p<0.05 vs. AN or 6-SG).

The LPS stimulation (1 pg/mL) caused elevated expressions of p-p38/p38 (p<0.0001) and iNOS (p<0.0001)
with fold increases of 2.01 + 0.21 and 7.07 % 0.49, respectively, in contrast to that of the untreated cells
(Figure 4.9C and 4.9D). BA significantly downregulated the fold change of p-p38/p38 (p<0.05) and iNOS

(p<0.05). 6-SG also demonstrated strong suppressions of p-p38/p38 (p<0.001) and iNOS (p<0.05). BA-SG
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had similar inhibitory effects on p-p38/p38 (p<0.05) and iINOS (p<0.05). However, the combined inhibitory

effects were not as strong as that of BA alone.
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Figure 4.9 Cells were cultured in T75 cell flasks and were pre-treated with AN, BA, 6-SG, AN-SG and BA-SG 1 h
prior to LPS (1 ug/mL) for 0.5 hr or 24 hr. Protein expression levels of p-p38/p38 (A, C), iNOS (B, D) were analysed
by western blot. All results (n = 3) are expressed as the mean + SEM, &&&& p<0.0001, &&& p<0.001 vs. BLANK,
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 vs. LPS, # p<0.05 vs. combination, by one-way ANOVA analysis
with Tukey test for group comparison in GraphPad Prism 9.

4.6 Conclusions

The AN-SG and BA-SG combinations showed synergistic effects in inhibiting neuroinflammation
mediators, include NO, IL-6 and TNF-a, which have enhanced effects in inhibiting phosphor-

MAPKp38/MAPKp38 and iNOS protein expression. Network pharmacology analysis suggested that
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MAPK14, MAPKS8 and NOS3 are the main gene targets of AN, 6-SG and BA, and the top pathway is the
MAPK signaling pathway. The present study provides insight into the synergistic interactions of the AN-

SG and BS-SG combinations against neuroinflammation and the associated molecular mechanisms.
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Chapter 5: Enhanced Anti-neuroinflammatory Activity of AN-SG
and BA-SG Combinations in the Tri-culture Model
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5.1 Introduction

Neuroinflammation is associated with the interaction of numerous cell types in the brain (De la Fuente,
2008). Pathological conditions can cause the over expressions of proinflammatory cytokines (including IL-
6, NO, TNF-a) released from neurons, astrocytes, microglial, or endothelial cells (Ha et al., 2012; Milatovic,
etal., 2017; Adriani, et al., 2017). Microglia and astrocytes are the main innate immune cells active (Block
and Hong, 2005). Endothelial cells also contribute to neuroinflammation when the BBB is damaged (Li Q,

& Barres, 2018).

A tri-culture inflammatory model has been established to imitate the molecular processes, cellular
interactions, and microenvironment of neuroinflammation (Zheng, et al., 2021). It offers a reliable in vitro
model to investigate the processes behind neuroinflammation and search for novel treatments to address

different neurodegenerative disorders.

In this chapter, we utilised the above-mentioned neuroinflammation tri-culture model to investigate the
anti-neuroinflammatory and neuroprotective activities of the AN-SG and BA-SG combinations. The main
findings implied that AN-SG and BA-SG exhibited improved pharmacological actions in preventing LPS-
induced proinflammatory mediators, such as NO, IL-6 and TNF-o compared with their individual
component, which was associated with downregulated NF-xB p65 translocation. Subsequently, these two
combinations were found to exhibit enhanced activities in inhibiting p-tau expression and restoring

endothelial tight junction in the tri-culture system.

5.2 Enhanced inhibitory effects of AN-SG and BA-SG on NO, IL-6 and TNF-a productions

in tri-culture system

In the tri-culture model, the NO, IL-6 and TNF-a inhibitory effects of AN-SG and BA-SG against LPS

stimulation were compared to that of AN, BA or 6-SG alone at 25 pM.
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As shown in Figure 5.1A, LPS generated an excessive amount of NO in the upper compartment at 29.71 +
0.97 ng/mL (p<0.0001 vs. blank control: 0.24 + 0.13 ng/mL). The combination of AN-SG [AN (12.5 uM)
+6-SG (12.5 pM), total concentration of 7.83 pg/mL] significantly lowered the level of NO to 15.16 + 1.06
ng/mL (p<0.0001 vs. LPS stimulation) and the reduction was significantly greater than that of AN (20.09
+ 0.71 ng/mL) or 6-SG (20.30 + 2.42 ng/mL) alone at the same concentration level (p<0.001 vs. AN,
p<0.001 vs. 6-SG). Similarly, BA-SG [BA (12.5 pM) + 6-SG (12.5 pM), total concentration of 6.83 pg/mL]
significantly reduced NO to 7.78 + 3.16 ng/mL, which was significantly greater than BA (16.49 £ 2.09
ng/mL) or 6-SG (19.56 + 3.14 ng/mL) (p<0.0001 vs. LPS stimulation, p<0.001 vs. BA, p<0.0001 vs. 6-SG)

(Figure 5.1B).

The stimulation of LPS also generated an excessive amount of NO in the lower compartment to 23.23 +
1.40 ng/mL (p<0.0001 vs. blank control: 0.24 + 0.17 ng/mL), Figure 5.1A. The combination of AN-SG
significantly lowered the level of NO to 15.16 + 1.06 ng/mL (p<0.0001 vs. LPS stimulation), and the single
phytochemicals AN and 6-SG also reduced NO productions to 15.52 £ 0.71 ng/mL and 15.57 + 0.29 ng/mL,
respectively. However, the combined activities of AN-SG were not significantly higher than that of the
single components. Similarly, BA-SG significantly reduced NO to 11.00 + 3.86 ng/mL, which was
significantly greater than BA (19.34 + 1.09 ng/mL) or 6-SG (16.81 + 2.44 ng/mL) (p<0.0001 vs. LPS

stimulation, p<0.01 vs. BA, p<0.05 vs. 6-SG), Figure 5.1B.

As shown in Figure 5.1C-F, LPS-stimulated cells produced significantly higher IL-6 (12.53 + 3.70 ng/mL
vs. 2.04 + 0.11 ng/mL, p<0.0001) and TNF-a (79.67 = 0.10 ng/mL vs. 15.35 + 0.01 ng/mL, p<0.0001) in
the upper compartment compared to that of the blank control. AN-SG significantly lower the IL-6
production (Figure 5.1C, 1.66 £ 0.62 ng/mL, p<0.0001 vs. LPS) and TNF-a productions (Figure 5.1E,
20.40 £ 0.03 ng/mL, p<0.0001 vs. LPS) in the upper compartments. Furthermore, the IL-6 reduction by
AN-SG was greater than that of AN (4.86 + 0.51 ng/mL, p<0.0001) or 6-SG (3.40 £ 0.57, p<0.01) alone
(Figure 5.1C). Similarly, in the Figure 5.1E, the TNF-a reduction by AN-SG was greater than that of AN
(37.30 £ 0.38 ng/mL, p<0.0001) or 6-SG (38.13 £ 0.20 ng/mL, p<0.0001) alone.
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The combination of BA-SG significantly lowers the IL-6 production (Figure 5.1D, 2.64 = 0.70 ng/mL,
p<0.0001 vs. LPS) and TNF-a productions (Figure 5.1F, 29.00 + 6.36 ng/mL, p<0.0001 vs. LPS) in the
upper compartments. However, there was no significant difference in the I1L-6 reduction compared between
BA-SG to BA (3.83 £ 0.52 ng/mL, p>0.05) or 6-SG (2.63 + 0.94 ng/mL, p>0.05), Figure 5.1D. The TNF-
a reduction by BA-SG was significantly greater compared to BA (38.57 + 0.56 ng/mL, p<0.01) or 6-SG
(38.13 £ 0.26 ng/mL, p<0.01) alone, Figure 5.1F. In the lower compartments, the TNF reduction showed
similarly results with the upper compartments, the IL-6 reduction was found to be significant against LPS

stimulation but showed comparable effects among individual and combination.
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Figure 5.1 AN-SG and BA-SG generally exhibited greater effects in reducing NO, IL-6 and TNF-o productions than
that of the individual component in the tri-culture system. AN-SG inhibited NO (A), IL-6 (C), and TNF-a (E)
productions and BA-SG inhibited NO (B), IL-6 (D) and TNF-a. (F) productions in LPS-activated tri-culture model in
both upper and lower compartments. Data are shown as mean + SEM (n = 3). The statistical comparison between
groups was conducted by one-way ANOVA analysis with Tukey test for group comparison in GraphPad Prism 9. s:
p<0.0001 vs. Blank, a: p<0.0001 vs. LPS, b: p<0.05 vs. combinations, c¢: p<0.01 vs. combinations, d: p<0.001 vs.
combinations, e: p<0.0001 vs. combinations.
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5.3 Enhanced effects of AN-SG and BA-SG in inhibiting the NF-kB p65 nuclear translocation

of N11 cells in the tri-culture model

The results of our previous study suggested that in the tri-culture model, the LPS-induced
neuroinflammation was mediated by the NF-kB p65 translocation in the microglia cells (Zheng Y. F, et al.,
2021). In this study, the effect of AN-SG and BA-SG in inhibiting neuroinflammation on N11 cells in the

tri-culture model was examined on the NF-xB p65 translocation by immunofluorescence staining.

As shown in Figure 5.2, the blank control showed that the NF-kB p65 (green fluorescence) was mostly
expressed outside the nucleus (DAPI, blue fluorescence). In response to the LPS stimulation, increased
expressions of NF-kB p65 were observed in the nucleus, as evidenced by the overlapping green in the blue
fluorescence, suggesting that LPS triggered the increased translocation of NF-kB p65 to the cell nucleus
after the 0.5 hr’s incubation. All the individual and combined treatments appeared to inhibit the
translocation to various degrees (Figure 5.2A, B). The statistical analysis (Figure 5.2C) demonstrated that
AN-SG downregulated the integrated intensity of nuclear positive NF-kB p65 (77.96 £ 19.95, vs.
LPS=210.23 + 28.00, p<0.0001). The nuclear positive NF-kB p65 of AN-SG was significantly lower than
that of AN (104.07 + 24.78, p<0.05) or 6-SG (140.93 + 27.60, p<0.001). BA-SG also significantly
suppressed NF-kB p65 translocation (85.16 + 8.91 vs. LPS=210.23 £ 28.00, p<0.0001), which the nuclear
positive integrated intensity was significantly lower than that of BA (129.16 + 19.34, p<0.0001) or 6-SG

(140.93 £ 27.60, p<0.0001) alone (Figure 5.2D).
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Figure 5.2 AN-SG and BA-SG exhibited greater effects in inhibiting LPS-induced NF-«kB nuclear translocation than
the individual component in the N11 cells of the tri-culture model. (A) AN-SG and (B) BA-SG for the
immunofluorescence staining of NF-xB p65. Images were taken using a confocal microscope with 63x magnification.
Blue: DAPI in the nucleus, green: NF-kB p65 in the N11 cells. Scale bar = 20 um. NC represents the negative tri-
culture control group without primary antibody added before immunofluorescence staining. (C, D) Statistical analysis
of the NF-«xB p65 translocation activities by AN-SG and BA-SG using ImageJ. Data are shown as mean + SEM (n >
3). &&&& p<0.0001 vs. Blank, *** p<0.001, **** p<0.0001 vs. LPS, # p<0.05, ### p<0.001, ##t# p<0.0001 vs.
combination, by one-way ANOVA analysis with Tukey test for group comparison in GraphPad Prism 9.

5.4 Enhanced effects of AN-SG and BA-SG in protecting endothelial tight junction of MVEC

cells in the tri-culture system

In the MVEC cells of the tri-culture system, LPS exposure induced impaired endothelial tight junction as
evidenced by a significant reduction of the TEER value in the LPS stimulated group (162 + 12 Q) compared
with the blank control (207 + 18 Q, p<0.01). As shown in Figure 5.3A, AN significantly restored the TEER
value to 181 + 12 Q (p<0.05 vs. LPS), and 6-SG also increased the TEER value to 176 + 6 Q (p<0.01 vs.
LPS). However, AN-SG demonstrated the highest effect in restoring TEER value (205 + 12 Q, p<0.01 vs.

LPS), which was significantly greater than that of AN and SG alone (both p<0.01).
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The increased Evans blue absorbance also suggested the damaged endothelial tight junction upon the LPS
simulation in the LPS group (0.28 £ 0.08) compared with the Blank group (Blank: 0.20 + 0.06, p<0.01,
Figure 5.3C). Both AN and 6-SG alone significantly lowered the Evans blue absorbance to 0.22 + 0.03 and
0.20 + 0.04, respectively, p<0.01 vs. LPS. AN-SG also lowered Evans blue absorbance (AN-SG: 0.21 +
0.07 vs. LPS, p<0.01). However, the combined treatment was not significantly stronger than the individual

treatment.

In Figure 5.3B, both BA and 6-SG significantly increased the TEER value to 177 + 5 Q and 176 = 6 Q,
respectively (p<0.05 and p<0.01 vs. LPS). BA-SG significantly restored TEER values (BA-SG: 190 + 6 Q,
p<0.01vs. LPS) and showed greater ability than that of the BA (p<0.01) and 6-SG (p<0.05) alone. Similarly,
BA-SG further lowered Evans blue absorbance (0.17 + 0.02) than that of BA (0.22 £+ 0.04) or 6-SG (0.20+

0.03) used alone, p<0.05 (Figure 5.3D).

The impaired tight junction in MVEC cells was further demonstrated by the immunofluorescence staining
of ZO-1 upon the stimulation of LPS (Figure 5.3E-F). The tight junction protein ZO-1 in the blank tri-
culture system was shown as a complete honeycomb structure, but the integrity was damaged after the LPS
exposure for 24 hr at 1 pg/mL. The single phytochemicals AN, BA and 6-SG, and the combinations AN-
SG and BA-SG combinations increased the yellow honeycomb structure compared with the LPS and single
component treatment. However, a prominent improved tight junction was seen after the treatment of AN-
SG and BA-SG combinations. Compared with the AN and 6-SG used alone, AN-SG showed increased
yellow honeycomb for the ZO-1 protein expression. Similarly, the BA-SG combination showed increased
yellow honeycomb for the ZO-1 protein expression compared with the single phytochemicals BA and 6-

SG.
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Figure 5.3 AN-SG and BA-SG demonstrated a more prominent effect in protecting the endothelial tight junction of
MVEC cells in the tri-culture system against LPS-stimulated neuroinflammation. The measurements of TEER (A),
Evans blue absorbance (C) and tight junction protein ZO-1 (E) for AN-SG, and TEER (B), Evans blue absorbance (D)
and tight junction protein ZO-1 (F) for BA-SG in the LPS-activated tri-culture model. Immunofluorescence staining
of ZO-1 in the MVEC cells of the tri-culture model. Images were taken using a confocal microscope with 63x
magnification. Blue: DAPI in the nucleus; yellow: ZO-1 in the microvascular endothelial cells. Scale bar = 10 pm.
O.D.: optical density. NC represents the negative tri-culture control group without primary antibody added before
immunofluorescence staining. && p<0.01 vs. Blank, * p<0.05, ** p<0.01 vs. LPS, # p<0.05, ## p<0.01 vs.
combination, by one-way ANOVA analysis with Tukey test for group comparison in GraphPad Prism 9.

5.5 Enhanced effects of AN-SG and BA-SG in restoring neuronal survival of N2A cells in tri-

culture system

The effects of AN, BA, 6-SG, AN-SG or BA-SG at 25 uM on cell viability of N2A cells in the LPS
stimulated-tri-culture system was tested using Alamar blue and MTT assays. In Figure 5.4A, the Alamar
blue assay demonstrated that the cell viability of N2A cells in the LPS group was significantly reduced

compared with the blank group (88.23 + 1.05% vs. Blank=100%, p<0.0001) after 24 hr’ exposure. All
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treatments of AN (95.90 £ 2.20%, p<0.01), 6-SG (93.89 £ 1.46%, p<0.05) and AN-SG (101.71 + 3.96%,
p<0.001) significantly restored the cell viability compared with that of LPS. In particular, AN-SG
demonstrated the highest cell viability compared to AN (p<0.05) or 6-SG (p<0.01) alone. Similarly, in
Figure 5.4B, all the single phytochemicals BA (92.23 + 4.22% vs. LPS, p<0.05), 6-SG (94.12 + 1.46% vs.
LPS, p<0.05) and combination BA-SG (100.21 + 1.39% vs. LPS, p<0.001) significantly restored the cell

viability. BA-SG displayed the highest cell viability compared to BA or 6-SG (both p<0.05).

MTT assay was conducted to confirm the data obtained from the Alamar blue assay, which showed a similar
trend. In Figure 5.4C, LPS significantly decreased the cell viability compared with the blank group (87.74
+ 1.19% vs. Blank=100%, p<0.0001). AN (92.31 + 2.68%, p>0.05), 6-SG (95.55 + 2.31%, p<0.01) and
AN-SG (101.83 £ 1.72%, p<0.0001) significantly restored the cell viability compared with that of LPS.
AN-SG demonstrated a higher cell viability level compared with AN (p<0.01) or 6-SG (p<0.05) alone.
Similarly, in Figure 5.4D, BA-SG (102.97 £ 2.26% vs. LPS, p<0.0001) also showed significantly enhanced

cell viability which was greater than that of BA (p<0.0001) or 6-SG (p<0.001) alone.
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Figure 5.4 AN-SG and BA-SG exhibited greater restored cell viability in N2A cells of the tri-culture system against
the LPS stimulation compared with their corresponding individual component. The Alamar blue assay was evaluated
for (A) AN-SG and (B) BA-SG, and the MTT assay on (C) AN-SG and (D) BA-SG. Data are shown as mean = SEM
(n>3). && p<0.01, &&&& p<0.0001vs. Blank, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 vs. LPS, # p<0.05,
## p<0.01, ### p<0.001, #### p<0.0001 vs. combination, by one-way ANOVA analysis with Tukey test for group
comparison in GraphPad Prism 9.

5.6 Enhanced effects of AN-SG and BA-SG in reducing tau phosphorylation in N2A cells of

tri-culture system

Immunofluorescent staining of p-tau protein in N2A cells was conducted to examine the capacity of AN-

SG and BA-SG to attenuate p-tau expression in the LPS-induced neuroinflammation tri-culture system. As
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shown in Figure 5.5, the phosphorylation of tau protein (red fluorescence) increased significantly in the
N2A cells after the LPS exposure for 0.5 hr compared to that of the blank control group (Blank: 1.00 £ 0.08,
LPS: 5.70 £ 0.20, p<0.0001). AN, 6-SG and AN-SG appeared to decrease the phosphorylation of tau protein
compared with the LPS (Figure 5.5A). The statistical analysis (Figure 5.5C) demonstrated that all the
treatments have significantly reduced the p-tau accumulation compared with LPS (p<0.05). Particularly,
the p-tau accumulation in AN-SG (1.16 + 0.01) was significantly lower than that of AN (1.62 + 0.05) or 6-

SG (1.53 + 0.04) individually (p<0.05, respectively).

Similarly, it was obvious that BA, 6-SG and BA-SG decreased tau phosphorylation compared with the LPS
treatment (BA: 1.55 * 0.06, 6-SG: 1.53 + 0.04, BA-SG: 1.14 * 0.02, p<0.001, respectively, Figure 5.5B
and 5.5D). However, BA-SG demonstrated a more effective p-tau reduction compared with the BA or 6-

SG alone (p<0.05, respectively).
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Figure 5.5 AN-SG and BA-SG exhibited greater p-tau reduction in N2A cells of the tri-culture system against the LPS
stimulation compared with their corresponding individual component. Immunofluorescence staining of p-tau for (A)
AN-SG and (B) BA-SG groups after the exposure of LPS for 0.5 hr. Images were taken by a confocal microscope
with 63x magnification. Blue: DAPI in the nucleus. Red: p-tau in tri-cultured N2A cell lines. Scale bar = 10 um. NC
represents the negative tri-culture control group without primary antibody added before immunofluorescence staining.
(C: AN-SG; D: BA-SG). Use ImageJ to quantity the tau protein phosphorylation activity. Data are shown as mean +
SEM (n > 3). &&&& p<0.0001 vs. Blank, *** p<0.001 vs. LPS, # p<0.05 vs. combination, by one-way ANOVA
analysis with Tukey test for group comparison in GraphPad Prism 9.

5.7 Conclusion

The present study evaluated the combined activities of AN and 6-SG, BA and 6-SG in a neuroinflammatory
tri-culture model. Our findings revealed that AN-SG and BA-SG exhibited greater anti-neuroinflammatory
activities in the microglia cells compared to their individual components and in turn protected endothelial
tight junctions and neuronal survival. Therefore, AN-SG and BA-SG may have a greater potential to be
developed as anti-neuroinflammatory and neuroprotective agents than their individual phytochemical alone.

Furthermore, it establishes a new framework for drug development in future animal and clinical studies.
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Chapter 6: Discussions
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Network pharmacology has emerged as a powerful tool for the development of combination therapies
(Sakle et al., 2020) and is particularly useful in Chinese herbal medicine research to understand the multi-
targeted mechanisms of the bioactive components in complex herbal formulations (Sun Y& Yang, 2019).
Herein, network pharmacology has been applied to evaluate the pharmacological actions of eight
phytochemicals selected from Chinese medicinal herbs targeting neuroinflammation. Synergistic
interactions and the associated mechanisms were also examined and validated through an experimental
study. Two paired combinations exhibited synergy in inhibiting LPS-induced NO production in microglia
N11 cells, and the mechanisms were found to be associated with the downregulation of iINOS and phosphor-
MAPKp38 protein expressions. The data obtained from the experimental study correlates well with that of

the network pharmacology and molecular docking analyses.

The highly relevant gene targets for the anti-neuroinflammatory effects of the eight phytochemicals include
MAPK14, MAPKS8 and NOS3. The top KEGG pathway involved in these actions is the MAPK signaling
pathway. MAPKs are a family of serine/threonine protein kinases that regulate key biological processes as
well as cellular responses to external stress signals (Satoh T, et al., 2020). MAPKSs are vital for intracellular
signal transduction and play a critical role in regulating cell proliferation, brain plasticity, inflammatory
responses, and other biological functions (Munoz & Ammit, 2010). According to recent preclinical studies,
increased MAPK activation is a significant factor in brain inflammation. P38a/MAPK14 and ERK are
intracellular signaling regulators (Xing et al., 2011), which mediate the expression of the iNOS and TNF
genes in LPS-activated glial cells, suggesting the role of p38MAPK in the activated glial cells (Xing, B.,
2011; Bhat, N.R., et al., 2002). Increasing evidence shows that MAPK cascades, including MSK1 and
MSK?2, were associated with the production of IL-1 in BV-2 mouse microglia cell line and primary rat
microglia (Kim, et al., 2013). MAPK14 is ubiquitously expressed and plays an important role in pro-
inflammatory signaling, making it an appealing therapeutic target for chronic inflammatory diseases

(Madkour, et al., 2021). Anti-neuroinflammatory therapies might be directed by targeting MAPKSs

kinases, such as MAPK p38 and their role in the transcription and translation of inflammation
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mediators, and can lead to an enhanced therapeutic outcome (Qu, et al., 2012). Our network
pharmacology findings demonstrated that the MAPK signaling was the common pathway for the anti-

neuroinflammatory effects of the phytochemicals, which is in line with the literature.

Nitric oxide synthases (NOS) are the enzymes responsible for NO generation. To date, three distinct NOS
isoforms have been identified, including neuronal NOS (nNOS/NOS1), inducible NOS (iNOS/NOS2), and
endothelial NOS (eNOS/NOS3) (Schulz, et al., 2005). It has been demonstrated that excessive NO is one
of the important neuroinflammatory mediators that trigger neuronal toxicity and death (Liy, et al., 2021).
A study by Connelly L. et al. (2003) suggested that mice with macrophages NOS3 knock-out revealed
downregulated NF-«kB signaling and reduced expression of iNOS, which resulted in decreased LPS-induced
NO generation and ultimately suppressed neuroinflammatory response (Connelly L, et al., 2003). Thus,
these studies supported the results from the current network pharmacology analysis that showed NOS3 is
an important mediator in neuroinflammation. Moreover, iNOS generated in activated microglial cells
mediates NO synthesis (Pautz et al., 2010). Studies in patients with Parkinson’s disease revealed an
increased density of iINOS-expressing glial cells in the substantia nigra compared to the control (Brodacki
et al., 2008). In addition, iNOS has been linked with microglial activation, inducing an inflammatory
response leading to neural cell death (Bachiller et al., 2018). Apart from the most relevant disease proteins
targets discussed above, other neuroinflammation targets that are relevant to the anti-neuroinflammatory
effects of the eight phytochemicals include EGFR, SRC, CASP3 and PPARG in the compound-gene

targets-signaling pathway networks.

Molecular docking is commonly used to model the interactions between small molecules and target proteins
(Meng, et al., 2011) and to estimate the binding energy of a ligand and the intensity of the interactions.
Thus, molecular docking has the capacity to identify novel phytochemicals of therapeutic interest, predict
the ligand—target interactions at protein level, and determine the degree of binding affinity between a
phytochemical and its target proteins (Meng et al., 2011). Our results show that all eight phytochemicals

were successfully bound with MAPK14 and NOS3 according to intermolecular interactions in the
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molecular docking analysis. This result indicates that these phytochemicals have good affinities with the
hub targets of neuroinflammation, illustrating the mechanisms of action underlying the therapeutic effects
of these phytochemicals (Cui, et al., 2020). Our molecular docking results provide evidence to support the

network pharmacology findings at the molecular level.

An in vitro experiment was carried out to partly verify the results obtained from the network pharmacology
analysis and identify possible synergistic interactions. LPS-induced microglia N11 cells were used to test
the individual and combined activities of the eight phytochemicals on NO production. Our results suggest
that LU, AN, BA and 6-SG lowered LPS-induced NO expression levels in a dose-dependent manner.
Interestingly, although HES and GLY showed high binding affinities to both MAPK14 and NOS3 proteins,
they did not show any obvious inhibitory effect in the NO assay, which maybe attributed to their broad and

unspecific effects.

Our study demonstrated that the AN-SG and BA-SG combinations exhibited synergistic interactions in
reducing NO, IL-6 and TNF-a production. To the best of our knowledge, it is the first study demonstrating
synergistic interactions between AN and 6-SG and BA and 6-SG targeting neuroinflammation. Based on
the constructed network, the MAPK14 and NOS3 gene targets were highly relevant for the anti-
neuroinflammatory actions of the AN-SG and BA-SG combinations, both linking to the downstream
production of iINOS protein expression (Mattila, et al., 2014; Bhat N.R, et al., 2002). Our Western blot
analysis suggested that the synergistic mechanisms may be associated with the downregulation of phosphor-
MAPKp38 and iNOS proteins. These findings are in line with the predictions from our network
pharmacology analysis suggesting that the AN-SG and BA-SG combinations have a greater effect on

neuroinflammatory than each phytochemical used alone.

Previous studies suggested that AN, BA and 6-SG exhibited anti-neuroinflammatory activity via the
downregulation of NF-kB and MAPK signaling pathways. AN downregulated the protein levels of iINOS

and COX-2 in microglial cells by reduced IxB phosphorylation and attenuated AB(1-42)-induced Jun INK—
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MAPK overactivation (Yang R, et al., 2017). BA significantly inhibited the activation of MAPKs and
suppressed the transcriptional activity of NF-xB (Zhang X, et al., 2021). Similarly, treatment with 6-SG
resulted in the reduction of LPS-induced NF-kB subunit and the dependent transcriptional activity of NF-
kB by blocking the phosphorylation of inhibitor kB (IkBa) and subsequent degradation of IkBa (Sharif, et
al., 2007). 6-SG also interfered with the activation of PI3K/Akt/IxB kinases and MAPK (Pan et al., 2008).
Thus, the common signaling pathways of NF-kB and MAPK may be the key to the synergistic effects of
the AN-SG and BA-SG combinations. These combinations may work together to inhibit neuroinflammation

pathways, potentially via signal transduction and protein expression inhibition.

The anti-neuroinflammatory activities of two combinations, AN-SG and BA-SG were further investigated
in the LPS-stimulated tri-culture model in comparison to their individual component. Our results
demonstrated that these two combinations exhibited pronounced effects in suppressing neuroinflammation
mediated by N11 microglia cells and, in turn, protecting endothelial tight junction and restoring neuronal

cell viability. Noticeably, the combined effects were generally greater than the single component used alone.

Neuroinflammation is a complex inflammatory process that occurs in the CNS and is intended to play a
vital defensive role against numerous pathogens, toxins, or factors that produce neurodegeneration. Recent
research suggests that dysfunctional cell-cell signaling in the NVU is a defining feature of CNS illnesses
(Zlokovic, 2005; Benarroch, 2007; Zarekiani, et al., 2022). The CNS's structural and functional integrity is
dependent on coordinated activity of the NVU, which regulates transport across the BBB (Erickson, et al.,
2020; Pluimer, et al., 2020; Salmina, et al., 2021). Increasing evidence showed that disruption of functional
interactions among NV U cells is the early hallmark of Alzheimer's disease (Montagne, et al., 2017; Liebner,
etal., 2018; Yu, et al., 2020). Our results suggested that the combinations of AN-SG and BA-SG inhibited
NO, IL-6, and TNF-a in mono-cultured N11 and the tri-culture cells. Microglia N11 cells are the resident
innate immune cells in the NVU and produce several proinflammatory factors (IL-1, TNF-a, NO, PGE2,
superoxide) within the brain (Block & Hong, 2005). Among these, high NO levels can increase
neuroinflammation and result in tissue damage and neuronal death (Liy, et al., 2021). IL-6 is a pleiotropic
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cytokine that participates in a variety of pathways, including immunological responses, inflammation,
hematopoiesis, bone metabolism, and embryonic development (Tanaka, et al., 2014). TNF-a is an
inflammatory cytokine that promotes apoptosis and activates NF-kB, resulting in the generation of
proinflammatory cytokines and glial activation, which leads to neuroinflammation and neuronal death (Jung,
et al., 2019). NF-«xB is the key transcription factor that plays a central role in the neuroinflammatory
pathways. It is a crucial regulator of cellular gene transcription that can regulate a variety of cytokines and

receptors, such as NO, IL-6 and TNF-a (Zhang H & Sun, 2015).

In this study, the single phytochemicals and their combinations effectively inhibited the NF-xB p65
translocation, which at least partly explains the mechanisms underlying their anti-neuroinflammatory
activities. Our results showed that compared with the single component, the combinations AN-SG and BA-
SG have an advanced effect on many neuroinflammatory mediators, including NO, 1L-6 and TNF-a. At
present, this is the first study that demonstrated the combined effects of AN and 6-SG for anti-
neuroinflammatory activity. Suzuki et al., showed that an aqueous extract of Scutellaria root and 6-SG
combined together have an advanced effect on cyclic adenosine monophosphate phosphodiesterase
inhibitory activity (Suzuki, et al., 1991), which may contribute to attenuated neuroinflammation (Chuang
et al., 2017). Since BA is the main active component of Scutellaria root, the observed advanced effect of
the agueous fraction of Scutellaria root and 6-SG is consistent with the anti-neuroinflammatory activities

of the BA and 6-SG combination observed in the current study.

In the NVVU, astrocytes, microglia and pericytes are directly localised around the endothelial cells to aid the
connection between blood supply and metabolic needs and also release several substances that improve and
preserve the BBB integrity (Ronaldson & Davis, 2012). Excessive activation of microglia can have a
negative impact on the BBB function. In particular, the excessive release of NO and IL-6 from the activated
microglia has been demonstrated to impair the BBB's permeability, enabling potentially toxic chemicals to
actively enter the brain (Thiel and Audus, 2001; Mayhan, 2002; Takeshita, et al., 2021). The
downregulation of paracellular tight-junction proteins such as claudin-5, occludin, and ZO-1 by reactive
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microglia and astrocytes are believed to contribute to the leaky BBB (Morris et al., 2018). Numerous studies
demonstrated that increased BBB permeability is observed in a variety of neurological and psychiatric
disorders, including stroke, epilepsy, amyotrophic lateral sclerosis, Alzheimer's disease and Parkinson's
disease, implying that the compromised BBB plays a role in the pathogenesis and/or severity of brain
diseases (Liu, et al., 2015; Patel and Frey, 2015; Malkiewicz, et al., 2019; Hussain, et al., 2021). Thus,
therapeutic targets that could minimise the infiltration and invasion of peripheral chemicals or pathogens
into the CNS or reduce damage to the NVU that protects the BBB, hold a high promise for treating chronic
neurological illnesses and acute CNS traumas. Our present study showed that the AN-SG and BA-SG
combinations inhibited the inflammatory mediators of NO, IL-6 and TNF-a, which in turn, led to reduced
permeability and restored endothelial tight junction, suggesting their BBB protective effects against
cytokine-mediated damage from microglial cells (Haruwaka et al., 2019). This is consistent with the
previous studies where AN and BA were shown to protect against BBB damage induced by the production
of pro-inflammatory cytokines and increase ZO-1 expression to reduce BBB permeability (Zhu, et al., 2012;

Wang, et al., 2022).

Abnormal tau phosphorylation accumulation is a distinguishing characteristic of some neurodegenerative
diseases, such as Alzheimer's disease (Wolfe, 2012). Tau proteins are often seen as microtubule-associated
proteins in the brain. They are widely distributed throughout the neurons of the CNS and play a large part
in preserving the stability of microtubules in axons (Buée, et al., & Hof, 2000). Abnormal phosphorylation
of tau proteins results in impaired microtubule stability and the production of potentially neurotoxic
aggregates (Johnson & Stoothoff, 2004). An increasing number of studies indicate that the sustained
neuroinflammatory process involving microglia and astrocytes activation significantly contributes to the
progression of tau pathology and neurodegenerative diseases, reiterating the significance of
neuroinflammation as a therapeutic target for neurodegenerative diseases (Laurent, et al., 2018). In addition,
inhibiting microglial inflammatory mediator production was shown to protect neurons and reduce p-tau in

the tau transgenic mouse model. Previous animal studies have demonstrated that AN and BA used
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individually, can reduce p-tau levels (Serrano, et al., 2014; Asai, et al., 2015; Gu, et al., 2016; Patel, et al.,
2021; Sonawane, et al., 2021). The mechanism of action of AN and BA were both related to the activation
of the Nrf2-mediated p62 signaling pathway (Serrano, et al., 2014; Gu, et al., 2018; Sonawane, et al., 2021;
Shengkai and Yazhen, 2022). However, the evidence for the potential effect of 6-SG to inhibit p-tau level
is lacking. Thus, the strengthened p-tau inhibition by AN-SG maybe is predominately caused by AN, which
is potentiated by 6-SG. However, the potential role of the Nrf2-mediated p62 signaling pathway in the
actions of the combination warrants further investigation. Overall, our results suggested that AN-SG and
BA-SG reduced cytokines such as NO, IL-6, and TNF-a, which can protect the BBB tight junction and
lower the p-tau level. These results provide evidence that AN-SG and BA-SG could provide potential
benefits in the treatment of neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease
and multiple sclerosis (Laurent, et al., 2018; Singh, et al., 2020; Shengkai and Yazhen, 2022). Further study
to explore the effects of these combinations on other Alzheimer's disease-relevant biomarkers, such as
APeta, which is an early event associated with the onset and progression of neurodegeneration (Roy, et al.,

2020), is warranted.

Previously, we have established the LPS-stimulated neuroinflammation tri-culture model as a quick and
practical tool for quick drug-screening targeting neuroinflammation (Zheng, et al., 2021). This model was
successfully applied in the current study where promising anti-neuroinflammatory, endothelial tight
junction protective and neuroprotective effects of three herbal bioactive components and their combinations
were demonstrated. Furthermore, we also identified enhanced activities when these bioactive components
were combined in pairs. Our study further validates the usefulness of the tri-culture model in the

development of therapeutic agents and combination therapy targeting neuroinflammation.
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Chapter 7: Conclusion
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7.1 General conclusions

Two novel herbal compound combinations targeting neuroinflammation with a synergistic approach have
been identified through a series of studies using network pharmacology, molecular docking, and in vitro

experimental verification. The major research findings are shown as follows:

1) AN-SG and BA-SG synergistically inhibited pro-inflammatory mediators, NO, IL-6 and TNF-a in LPS-

induced mono-cultured microglial N11 cells;

2) The observed synergy of AN-SG and BA-SG was associated with downregulation of phosphor-

MAPKp38/MAPKp38, iNOS and NF-kB p65 nuclear translocation.

3) AN-SG and BA-SG exhibited enhanced anti-neuroinflammatory activities than their individual
component in the neuroinflammation tri-culture model and subsequently restored the endothelial tight

junction, protected the neuronal survival and reduced p-tau expression.

Chapter 3 constructed the compound-gene targets-signaling pathway networks, which highlight the hub
gene targets and KEGG pathways for eight selected phytochemicals against neuroinflammation. The top
five gene targets included MAPK14, MAPKS8, NOS3, EGFR and SRC, and the top KEGG pathway was
the MAPK signaling pathway. The molecular docking partly verified the network pharmacology results

that demonstrated good bind affinities of all phytochemicals with MAPK 14 and NOS3.

In Chapter 4, two herbal-compound combinations, AN-SG and BA-SG, were found to exhibit synergistic
effects (Cl<1) on inhibiting NO, IL-6 and TNF-a productions in LPS-induced N11 cells. Western blot
analysis suggested that the observed synergy was associated with downregulation of iNOS and phosphor-
MAPKp38/MAPKp38 protein expressions, which were in line with the findings of network pharmacology

and molecular docking studies.
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In Chapter 5, an LPS-induced neuroinflammation tri-culture model was established to further investigate
the anti-neuroinflammatory effects of AN-SG and BA-SG. The LPS-induced neuroinflammation tri-culture
model provides an efficient and practical cellular model for a wide range of investigations on
neuroinflammation mechanisms and for screening potential compounds or drugs candidates to treat
neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and schizophrenia (Wolfe,
2012). Our results showed that two combinations significantly reduced the NO, IL-6, and TNF-a in the N11
cell in the tri-culture model. They also protected the endothelial tight junction as evidenced by the
honeycomb structure of ZO-1 tight junction protein, reduced permeability and restored TEER values in the
MVEC cells. Furthermore, the combinations were found to restore the impaired cell viability and reduced

p-tau protein expression in N2A cells in the tri-culture model.

7.2 Limitation and future work

There are several limitations in our study. Firstly, the network pharmacology relies primarily on the
currently available data from online databases, which may lead to some database selection and detection
biases (zZhang, C., et al., 2020). Therefore, it should only be used as a predictive tool for the molecular
mechanisms of phytochemical mixtures. In addition, network pharmacology can only reveal the relevant
relationship between the phytochemical and gene targets without further information on their down-
regulatory or up-regulatory actions, and therefore, further experimental investigation on the involved
mechanisms is necessary. Next, the current study only focused on analysing the MAPK pathway based on
the network pharmacology results. More in-depth study of NF-xB and their target proteins by the two
combinations will be needed in the future. Moreover, it is evident that AN, 6-SG and BA were associated
with many other key gene targets and coded proteins as displayed by the compound-gene target network.
These gene targets and signaling pathways may also contribute to the synergistic effects of AN-SG and
BA-SG against neuroinflammation, which warrants further investigation. The study focused on the NF-xB
nuclear translation pathway as an associated mechanism of AN-SG and BA-SG against neuroinflammation.

Other pathways or key gene targets that play major roles in modulating microglia-induced
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neuroinflammation, such as Nrf-2/HO-1, nucleotide-binding oligomerization domain-like receptor protein
three inflammasome, and MAPK pathways, were not investigated (Bernhardi, 2009; S. Chen et al., 2020;
Song, et al., 2017; Upadhayay & Mehan, 2021). The combinations demonstrated an enhanced effect on the
biomarkers related to neuroinflammation, endothelial tight junction and neuronal survival in the in vitro tri-
culture system, these effects were not validated in the whole organism. Lastly, the effects of the herbal
components and their combinations were investigated at only one concentration (25 pM) in this study due
to the time limit. Based on the CI equation (Chapter 1), the synergistic interaction is determined based on
the doses of the individual component and their combination when reaching the same effect level (i.e. 50%).
Thus, complete dose-response curves of the individual and combined components are required to obtain
the dosages at the same effect level (i.e. ICso value). It is obvious that one concentration (25 uM) for an
individual and combination would be unlikely to generate the same effect level. Therefore, if there is a
synergistic interaction, it could not be efficiently determined. However, the tests we conducted using 25
MM could still serve as an indicator for the initial screening on whether the combination can generate a
significantly higher response than that of the individual component used at selected targets (neuronal
survival, TNF-a, IL-6, etc.). Further studies are required to generate complete dose-response curves for
those two combinations and their components to determine the potential synergy effect in the anti-
neuroinflammation and neuroprotective activities. Nonetheless, the enhanced effects of the two herbal
combinations against neuroinflammation in our study provide valuable evidence to warrant further
investigation of these combinations in animal and human studies as potential therapy options for

neurodegenerative diseases.

7.3 Significance of the study

This study provides a systemic approach for exploring the synergistic combination of herbal compounds
and associated mechanisms. Network pharmacology and molecular docking were applied to predict the
phytochemicals, multi-targets and multi-pathways relevant to the neuroinflammation and provided insight

for potential mechanisms underlying the synergistic interactions. A single-cell model was used to test and
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screen the synergistic activities among the pair-wised combination. A tri-culture model was used to validate

the combinations of anti-neuroinflammation activities.

To the best of our knowledge, this is the first study to investigate the neuroinflammatory effects of
phytochemical combinations using the LPS-induced neuroinflammation tri-culture model. It provides
scientific evidence for the application of the tri-culture model as a practical neuroinflammatory drug

screening tool prior to animal studies.

This study developed two novel herbal combinations that demonstrated promising therapeutic potential
through synergistic interactions to address the complex pathological condition of neuroinflammation. These
combinations should be further investigated in animal and human studies for the treatment of various

neurodegenerative diseases.
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Appendix 1. HPLC analysis of the isolated phytochemicals used in the study (Chengdu BioPurify Pty
Co., China). (A) LU purity: 98.62%, retention time: 10.29 min. (B) BA purity: 98.63%, retention time:
11.91 min, (C) AN purity: 99.33%, retention time: 4.73 min, (D) SG purity: 98.70%, retention time: 4.00
min, (E) CU purity: 99.95%, retention time: 10.79 min, (F) HES purity: 99.20%, retention time: 7.78 min,
(G) TE purity: 99.20%, retention time: 5.68 min, (H) GLY purity: 99.70%, retention time:7.62 min.
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Appendix 2. GO enrichment analysis of BP, CC and MF for eight phytochemicals related to

neuroinflammation.
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Appendix 3. KEGG pathway analysis of potential targets in eight phytochemicals. The size of the

bubbles reflects the gene counts of the phytochemical from low to high, and the scale of colours refers to

the p values from large to small.
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