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Abstract

Depression is regarded as a manifestation of mood disorder and a complex
phenomenon. The etiology can be primary and/or secondary to organic diseases.
Neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease and
multiple sclerosis are often accompanied by the development of depression. A high
prevalence of depression in populations with neurodegenerative diseases also indicates
a close relationship between depression and neurodegeneration. There are several
hypotheses of the pathogenesis of depression, including monoamine hypothesis,
neurotrophic and the brain-derived neurotrophic factor (BDNF) hypothesis, HPA axis
theory and circadian rhythm theory. There are apparently no infectious insults in the
initiation of depression. However, depressed patients without apparent physical
diseases showed an increased level of inflammatory markers. Evidence has indicated
that neuroinflammation participates in the genesis and development of depression and
interacts with other factors involved in depression. Excessive inflammatory cytokines
can reduce the production of serotonin, fuel glutamate excitotoxicity, disturb neural
plasticity, reduce the production of brain-derived neurotrophic factor and eventually
prime the brain for neurodegeneration by facilitating inflammation and synaptic

damage.

The target of current commercially available antidepressants is to increase levels of
neurotransmitters including serotonin, noradrenaline and/or dopamine via different
therapeutic mechanisms. However, the overall remission rate for the present medication
options is under 30% according to the result of the National Institute of Mental Health
(NIMH)-funded sequenced treatment alternatives to relieve depression (STAR*D)
study. Additionally, they are frequently accompanied by undesirable side-effects and
toxic effects in overdoses that limit their application. Therefore, there is an ongoing
need to investigate the potential for novel medications that target neuroinflammation to

address this underlying feature of depression.

Sirtuins are a unique class of nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylases that can affect multiple downstream targets by deacetylation activity. The
sirtuin family consists of SIRT1-7 enzymes that differ in subcellular localization,
enzymatic activities, physiological functions and pathological roles. Among these

seven members, SIRT1 has been reported to exert neuroprotective effects in aging,



oxidative stress, neuronal survival, neurogenesis and neuroinflammation. SIRT2 also
participates in numerous aging-related cellular activities including DNA repair,
oxidative stress and autophagy. Based on these important roles, the pharmacological
effects of SIRT1 and SIRT2 modulators have been investigated in numerous
neurodegeneration studies where different models were conducted, and contradictory
results were generated. Therefore, this thesis proposed a systematic investigation of the
effects of SIRT1 and SIRT2 modulators in neuroinflammation and neurodegeneration
models of depression including in vitro and in vivo studies. The pharmacological agents
assessed in this study include: SIRT1 activator resveratrol; selective SIRT1 inhibitor
EX527; dual SIRT1/SIRT2 inhibitor sirtinol; SIRT2 inhibitor AGK2; and positive

controls for depression and inflammation, fluoxetine and ibuprofen, respectively.

Microglia are the resident macrophages that are regarded as the prime components of
the intrinsic immune system in CNS parenchyma. Therefore, microglia play a dominant
role in neuroinflammation. Injury or other pathological insults can result in the
activation of microglia which are able to release inflammatory mediators and
chemokines such as TNF-a, IL-1B, PGE2 and reactive oxidative species. Thus the
overall experimental design was to collect the supernatant from lipopolysaccharide
(LPS)-stimulated microglia (HAPI cell line) and transfer it onto neuronal cells (SH-
SY5Y cell line). Microglia were pre-treated with SIRT drugs to affect their biological
performance under LPS stimulation and investigate the alteration of the subsequent

outcome on neuronal cells.

To achieve this goal, methodology development was conducted to optimize the cell
culture condition and differentiation method for SH-SY5Y cell line, which is key to
achieve accurate results for this study. The glucose level in culture media needed to be
correctly selected for the cell culture of SH-SY5Y cells in this supernatant transfer-
based co-culture model. High glucose in culture media is considered a pre-diabetic
condition for neurons. Data has shown that the cell viability of high-glucose cultured
SH-SY5Y cells was reduced by treatment of HAPI cells-conditioned supernatant,
which indicated the existence of low-glucose shock. Whereas, application of low-
glucose media can effectively prevent SH-SY5Y cells from low-glucose shock after the
treatment of the supernatant collected from HAPI cells. Moreover, the differentiation
method for SH-SY5Y was also optimized. The combination induction treatment of

retinoic acid and BDNF can successfully differentiate the SH-SY5Y cells



morphologically and genetically. The RNA expression of neuronal gene marker
synaptophysin (SYP) and enolase 2 (ENO2) have shown to significantly increase after
combination treatment of retinoic acid and BDNF.

In the in vitro pharmacological study, the effects of these SIRT1 and SIRT2 drugs on
the production of inflammatory mediators including PGE>, TNF-a, IL-1p and IL-10 on
LPS (0.005 pg/L) -stimulated microglia were assessed. Resveratrol and sirtinol
significantly reduced the TNF-a. production in HAPI cells by up to 95% and 93%
respectively. This result showed their potent inhibiting effects on TNF-a which can
initiate cell death pathways by binding TNF receptors. Resveratrol, sirtinol, EX527 and
AGK?2 also significantly reduced PGE: production by up to 97%, 100%, 65% and 69%
respectively in microglia under LPS stimulation. These results are significant given that

prostaglandins contribute to prolonged acute inflammatory responses.

The supernatant from LPS-stimulated HAPI cells was transferred to SH-SY5Y cells.
All SIRT drugs pre-treated of HAPI cells were shown to significantly increase the
survival of undifferentiated SH-SY5Y cells, following the transfer of the supernatant.
Their inhibiting effects on the production of inflammatory mediators including TNF-a
and PGE2 might contribute to this protection on SH-SY5Y cells. The SIRT1 activator
resveratrol and dual SIRT1/SIRT2 inhibitor sirtinol demonstrated the most potent effect
compared to others. Additionally, in undifferentiated cells, resveratrol was protective
against apoptosis, as indicated by a reduction in Caspase 3/7 activity. However, in
contrast, in differentiated SH-SY5Y cells, only sirtinol and AGK2 pre-treated
supernatant were found to exert neuroprotective effects. Moreover, no increase in
Caspase 3 activity was observed following treatment with supernatant indicating that

protection against apoptosis is not the reason for increased cell survival.

In the animal study, the two most effective agents, SIRT1 activator resveratrol and dual
SIRT1/2 inhibitor sirtinol, from the in vitro study were assessed in the acute phase of
the LPS-induced depression mouse model and compared with fluoxetine. The
behavioral parameters including locomotor activity and immobility time in the open
field test, forced swim test and tail suspension test were significantly improved by

resveratrol, sirtinol and fluoxetine in the acute sickness phase of the depression model.

In conclusion, this research has emphasized the necessity of increasing the

understanding of the roles that neuroinflammation and neurodegeneration playing in

iv



the pathophysiology of depression and the importance of investigating SIRT drugs as a
novel class of drugs targeting neuroinflammation. This research has shown the
effectiveness of SIRT modulators in inhibiting neuroinflammation and subsequent
neurodegeneration through in vitro and in vivo studies. Further studies, including

combining SIRT modulators and current antidepressant medications are warranted.
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1.1 Background

Depression is one of the leading causes of disability and had been predicted to be one of the
largest health problems worldwide by 2020 (C. J. L. Murray et al., 1996). According to the data
published by the World Health Organisation (WHO), over 264 million people of all ages suffer
from depression. Approximately 800,000 people die from suicide every year (World Health
Organization, 2020). In Australia, it is estimated that approximately 45% of the Australian
population aged 16-85 years will experience a mental disorder at some age stage (Australian
Institute of Health and Welfare, 2020).

The main theories of the underlying pathophysiology include deficiency of monoamine
neurotransmitters such as 5-HT, noradrenaline and dopamine in the central nervous system
(CNS), dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, and reduction of
brain-derived neurotrophic factor (BDNF). However, the remission rate of depression patients
who are having treatments with the currently available antidepressants is still low. Besides the
low remission rate, current antidepressant medications, such as monoamine oxidase inhibitors
(MAOIs), selective serotonin reuptake inhibitors (SSRIs) and tricyclic antidepressants (TCAS),
have multiple types of toxicity, including serotonin syndrome, and withdrawal effects (J. M.
Ferguson, 2001). However, there is strong evidence suggesting an intimate linkage between
chronic neuroinflammation and the development of depression and associated manifestations,
such as disturbed sleep and a loss of appetite (A. Roy and M. K. Campbell, 2013, O. Koéhler et
al., 2016, A. J. M. Loonen and S. A. lvanova, 2016). This leads to the potential that

neuroinflammation can be a novel treatment target for depression.

1.2 Depression

Depression is regarded as a manifestation of mood disorder and is a complex phenomenon. The
symptoms include depressed emotion, a loss of interest and well-being, lack of motivation,
suicidal thoughts and desperation, accompanied by somatic symptoms such as insomnia,
decreased appetite and fatigue. However, depression is not a homogeneous condition. It has
many categories and subtypes with multiple aetiologies in some cases (B. Brigitta, 2002). The
uncertainty and complexity of the aetiology of depression results in different views and
classifications of depressive disorders. Depression disorder can be categorized by the severity
of clinical psychotic manifestations and features in the course of disease according to widely-
used International Classification of Diseases (ICD-10) and Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV) (R. F. Garside et al., 1971, American Psychiatric Association,
2013, World Health Organization, 1992). Based on the classification DSM-IV, depression can
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be classified into major depressive disorder, dysthymic disorder which is referred to as a
persistent low mood, and unspecified depressive disorder (American Psychiatric Association,
2013). Additionally, mood disorder also can be separated into a primary group and a secondary
group. It has been reported that medical disease load is possibly associated with a higher risk
of hospital admission of depression, particularly among patients aged less than 65 (O. Kohler-
Forsberg et al., 2020). There is a rough estimate on mood disorder that primary, secondary and
undistinguishable mood disorder accounts for 55%, 35% and 12% respectively, which
indicates that non-primary mood disorder accounts for almost half of all mood disorder cases
(K. Jiang et al., 2010). Secondary depression can be a direct result of other psychotic diseases
or other somatic diseases or substance abuse. Those types of depression caused by a medical
condition can also be seen as an ‘organic mood disorder’ (N. R. C. Brian Walker, Stuart
Ralston, lan Penman, 2014). A variety of diseases are able to lead to depression such as stroke,
Parkinson’s disease (PD), Alzheimer’s disease (AD), diabetes mellitus and epilepsy. Evidence
has shown that depression and neurodegeneration are commonly co-morbid. For instance,
depression symptoms commonly occur in neurodegenerative diseases such as AD (A. Burns
and S. lliffe, 2009), PD (S. Sveinbjornsdottir, 2016), amyotrophic lateral sclerosis (ALS) (E.
Roos et al., 2016), Huntington’s disease (HD) (Jane S. Paulsen et al., 2005) and multiple
sclerosis (R. J. Siegert and D. A. Abernethy, 2005). Many patients in the early stages of
neurologic diseases might be suffering from depression which could be the main symptom of
these diseases. In some cases, the depressive manifestation can emerge late when the
neurodegenerative disease is already well established (M. Baquero and N. Martin, 2015). For
instance, according to descriptive population studies, approximately 80% of AD patients can
develop depressive symptoms to some degree in the progression of AD (C. G. Lyketsos and H.
B. Lee, 2004). Depressive symptoms as the main negative factor of PD often indicate rapid
progression of motor disturbances and cognitive impairment. The prevalence of depressive
symptoms in PD is approximately 20% to 50% (E. Tandberg et al., 1996, A. Schrag et al., 2007,
R. C. Prado and E. R. Barbosa, 2005). In HD patients, the proportion of depression can reach
up to 40% of cases (J. S. Paulsen et al., 2001, L. Di Maio et al., 1993). Thus, depression is not
simply a mood disorder but also frequently a risk factor for the onset of neurodegenerative
conditions from the epidemiological perspective, which indicates their close relationship (H.
Rickards, 2006, M. Baquero and N. Martin, 2015).
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1.2.1 Underlying pathogenesis of depression

Although many psychopharmacological agents are already available for the treatment of
depression, the overall remission rate for the present medication options is under 30%
according to the result of the National Institute of Mental Health (NIMH)-funded sequenced
treatment alternatives to relieve depression (STAR*D) Study (NIMH, 2006, G. S. Malhi et al.,
2015). The STAR*D study was conducted to determine the effectiveness of different
treatments for people with major depression who have not responded to initial treatment with
a current antidepressant (NIMH, 2006). This is the largest and longest study ever conducted to
evaluate current depression medications so far (NIMH, 2006). The overall remission rates for
the present medication options including citalopram, bupropion, venlafaxine, sertraline and
mirtazapine were less than 30% (M. H. Trivedi et al., 2006a, B. N. Gaynes et al., 2009, A. J.
Rush et al., 2006, M. H. Trivedi et al., 2006b, M. E. Thase et al., 2007, Maurizio Fava et al.,
2006, Andrew A. Nierenberg et al., 2006, Patrick J. McGrath et al., 2006). In addition, that
even after 4 sequential pharmacotherapies 19% of patients still have disease that is resistant to
treatment (N. N. Huynh and R. S. Mcintyre, 2008). The most important reason is that
depression is a multifaceted disorder and that the understanding of the pathogenesis of
depression is still poor (G. Racagni and M. Popoli, 2008). There are several hypotheses of the
pathogenesis of depression, including monoamine hypothesis, neurotrophic and BDNF
hypothesis, hypothalamic-pituitary-adrenal (HPA) axis theory and circadian rhythm theory.
However, evidence has indicated that neuroinflammation participates in the genesis and
development of depression and interacts with other factors involved in depression. There are
apparently no infectious insults in the initiation of depression. Nevertheless, depressed patients
without physical diseases showed an increased level of inflammatory markers (M. Uddin et al.,
2011). Inflammatory markers such as TNF-a, IL-6 and C-reactive protein (CRP) in major
depressive disorders are higher than normal (O. J. G. Schiepers et al., 2005); depression
symptoms can also be induced by cytokine treatment such as IFN-y therapy of hepatitis C and

some types of cancers (R. Krishnadas and J. Cavanagh, 2012).

The monoamine hypothesis has long been recognized as a core concept in the pathogenesis of
depression. According to this theory, depression can be caused by the deficiency of monoamine
neurotransmitters including 5-HT, noradrenaline and dopamine. The alleviation of symptoms
by application of selective serotonin reuptake inhibitors (SSRI) has provided further support
for this hypothesis. The monoamine receptor sensitivity hypothesis supplemented this theory

by suggesting that depression is induced by monoamine transporter up-regulation (S. W. Jeon
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and Y.-K. Kim, 2016). Excessive inflammatory cytokines activate indoleamine 2, 3-
dioxygenase (IDO) which is able to convert tryptophan, the precursor of 5-HT, into kynurenine,
therefore reduce the production of 5-HT (C. Sahin et al., 2016, M. Maes et al., 2011).
Kynurenine is further converted into quinolinic acid, an agonist of the N-methyl-D-aspartate
receptor (NMDAR), which will fuel glutamate excitotoxicity in depression (D. C. Mathews et
al., 2012). The interactions between pathways and other factors mentioned as followed are

shown Figure 1.1.

The neurotrophic and BDNF hypothesis proposes that depression is on the basis of
neurotrophin deficiency in the hippocampus (H. Yu and Z. Y. Chen, 2011, B. H. Lee and Y.
K. Kim, 2010). The decreased BDNF with associated synaptic plasticity and increased
apoptosis may be considered as a common pathway in various hypotheses of depression. BDNF
is also known to improve neural plasticity, neurogenesis and increase survival of neurons (E.
Castren and T. Rantamaki, 2010). Neural plasticity is defined as a neuronal adaptation, an
individual response to the environment, which includes neurogenesis and apoptosis in the adult
brain (R. S. Duman et al., 1999). The core function of neural plasticity is the signal-
transduction-cascade which can be activated by learning, memory, stress or the environment
(T. Tojima and E. Ito, 2004). The dysfunction or failure of signal-transduction-cascade and
neural plasticity will eventually lead to the onset of depression. Many factors can affect BDNF
synthesis, release, and function, such as changes in inflammatory cytokines and glutamate
receptors, and hyperactivity of the HPA axis. Over-activation of neuro-immune responses and
HPA axis synergistically disrupt the normal physiological microenvironment of neurons (S.
Cai et al., 2015).

The HPA axis can also be excessively activated under severe stress, which will result in a
sustained high blood concentration of glucocorticoids (J. Douglas Bremner et al., 2000).
Glucocorticoid is secreted by the adrenal cortex under the regulation of corticotropin-releasing
factor (CRF) and adrenocorticotropic hormone (ACTH) secretion from the hypothalamus and
pituitary, which affects neurobehavioral functions in many brain domains (S. W. Jeon and Y .-
K. Kim, 2016). Hypercortisolemia suppresses BDNF expression, attenuates synaptic plasticity,
increases the excitotoxicity of neurons in the hippocampus and eventually causes atrophy or
degeneration in neurons in extreme cases (C. Anacker et al., 2013, S. Cai et al., 2015).
Excessive inflammation can disrupt glucocorticoid receptors and leads to glucocorticoid
resistance as a result of which hypercortisolemia will reduce the BDNF production in the brain
(X. Wang et al., 2004).
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The abnormal glutamate receptor hypothesis is another vital theory of the pathophysiology of
depression. There is also an intimate relationship between it and other theories mentioned
above. Inflammatory cytokines can activate indoleamine 2, 3-dioxygenase (IDO) and
kynurenine pathways which affect glutamate neurotransmission and contribute to glutamate
dysfunction in the brain (J. C. Felger and F. E. Lotrich, 2013). Inotropic glutamate receptors,
NMDARs and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPARS),
are also related to the onset of depression (S. Cai et al., 2015). Under the stimulation of
excessive glutamate, activation of extra-synaptic glutamate receptors leads to detrimental
episodes, including Ca?* overload, oxidative stress injury, and apoptosis or degeneration which
is reflected in the manifestation of depression (G. E. Hardingham et al., 2002, S. Cai et al.,
2015). Besides, evidence has shown that the fast antidepressant effects of NMDAR antagonists
are dependent on the rapid synthesis of BDNF, which indicates the close relationship between
BDNF modulation and glutamate receptors (R. A. Crozier et al., 2008, S. Cai et al., 2015).

Disorganization of circadian rhythm has also been proposed to make individuals susceptible to
depression (S. W. Jeon and Y.-K. Kim, 2016). The site of biological rhythm control in the
hypothalamus receives inputs from varieties of signals, including a light signal from the retina,
serotonin and melatonin, and transduces output signals to downstream targets, including the
HPA axis, autonomic nervous system and the pineal gland (S. Cai et al., 2015). Therefore,
biological rhythm control is able to regulate glucocorticoids or other hormones and sleep. The
impairment of melatonin secretion directly disturbs normal sleep-wake rhythm (S. Cai et al.,
2015). There is strong evidence that indicates that many depression patients manifest the
disturbance of circadian rhythms and low melatonin syndrome (J. Beck-Friis et al., 1985).
Sleep deprivation increases inflammatory biomarkers in patients and primes the brain for
neurodegeneration by facilitating inflammation and synaptic damage (E. S. Musiek and D. M.
Holtzman, 2016).
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Figure 1.1 Inflammatory cytokines interfere with different factors in depression.

Inflammatory cytokines can be produced by macrophages or microglia under stress. Cytokines
can manipulate the activities of monoamine neurotransmitters via different pathways. The
activation of the IDO pathway along with the increased production of oxidative stress by
cytokines in microglia leads to the reduction of the concentration of neurotransmitters,
including 5HT, DA and NA, in the synaptic gaps. Cytokines also induce the up-regulation of
the reuptake of neurotransmitters through monoamine transporters, which also contributes to
the reduction of the concentration of these monoamines. Meanwhile, astrocytes can up-regulate
the concentration of glutamate in the synaptic gaps. Glutamate receptors (NMDAR) can also
be activated by kynurenine’s by-product quinolinic acid. On the other hand, cytokines also can
contribute to hypercortisolemia induced by excessively activated HPA axis under stress, which
further induces the reduction of the production of BDNF. The combination of these effects can
result in excitotoxicity that can eventually lead to cell damage and death. (IDO, indoleamine
2, 3-dioxygenase; 5-HT, serotonin; DA, dopamine; NA, noradrenaline; HPA axis,
hypothalamic-pituitary-adrenal — axis; CRF, corticotropin-releasing factor; ACTH,
adrenocorticotropic hormone; BDNF, brain-derived neurotrophic factor; NMDAR, N-methyl-
D-aspartate receptors)

1.2.2 Neuroinflammation and neurodegeneration

1.2.2.1 Neuroinflammation and sterile inflammation

Neuroinflammation is a generalized term to describe the immune response of the central
nervous system (M. Lyman et al., 2014). Diverse triggers including peripheral infection, stroke,
traumatic brain injury and autoimmune diseases can induce neuroinflammation (H. E.

Gendelman, 2002). The blood-brain barrier (BBB), glia and neurons are all involved in this
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immune response (N. J. Abbott et al., 2006, M. Lyman et al., 2014). The BBB is known as a
highly selective semipermeable endothelial membrane that isolates the parenchyma of CNS
from the circulatory system (1. Bechmann et al., 2006). IL-1p, IL-6, TNF-a, and other cytokines
originating from the peripheral immune system are able to permeate across the BBB and
intervene in the integrity of the BBB via adjusting the permeability of tight junctions (D. Wong
et al., 2004). This also allows leucocytes such as monocytes and T immune cells from
peripheral blood vessels (B. Becher et al., 2017) to cross the BBB and influx into the CNS and
release inflammatory cytokines (H. E. de Vries et al., 1996, M. Russo and D. B. McGavern,
2015). This neuroinflammation eventually leads to synaptic dysfunction, restraint of

neurogenesis and neuron death (M. Lyman et al., 2014).

Sterile inflammation of the CNS is an outcome of neurological and psychological diseases that
do not involve microorganisms as the trigger (G. Y. Chen and G. Nufiez, 2010). Similar to
microbially induced inflammation, the characteristic of sterile inflammation includes an
assembly of neutrophils and macrophages and secretion of proinflammatory chemokines and
cytokines, such as TNF-o and IL-1 (G. Y. Chen and G. Nufiez, 2010). As a result of sterile cell
death, the inflammatory response and leukocyte infiltration, tissue injury is aggravated (K. L.
Rock et al., 2010).

Nevertheless, neuroinflammation does not always meet the criteria discussed above, as the
compromised BBB does not participate in some neuroinflammatory conditions (M. B. Graeber
et al., 2011). The term ‘microglia activation’ is a better way to describe neuroinflammation

with the absence of peripheral immune cells.

1.2.2.2 Cellular components and the cytokine network of neuroinflammation

Upon stimulation by a diverse range of agents, multiple types of cells including leukocytes,
microglia, astrocytes, oligodendrocytes, monocyte-derived cells and even neurons are able to
release chemokines and cytokines, and also have receptors to respond to chemokines and
cytokines (E. N. Benveniste, 1992). Microglia are the resident macrophages that are regarded
as the prime components of the intrinsic immune system in CNS parenchyma (W. J. Streit and
C. A. Kincaid-Colton, 1995). Therefore, microglia play a dominant role in neuroinflammation
(G. Ramesh et al., 2013). Figure 1.2 shows the central role of microglia in neuroinflammation.
In constant conditions, microglia stay in a resting status and protect the CNS through
scavenging debris and pathogens such as damaged cells, apoptotic cells and DNA fragments
(R. von Bernhardi et al., 2016). Injury or other pathological insults can result in the activation
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of microglia which are able to release inflammatory mediators and chemokines such as TNF-
a, IL-1B, PGE: and reactive oxidative species (ROS).

Cytokines normally maintain the homeostasis of the CNS, growth and survival factors, and
brain development. However, classical neuroinflammatory diseases (i.e. multiple sclerosis) can
be induced by cytokines such as IL-1, IL-6, and TNF which are secreted by invading leukocytes
in pathological circumstances. In addition, the cytokines secreted by CNS-resident microglia
in proteinopathies (i.e. Alzheimer’s disease, Parkinson’s disease) overlap to a large extent with
that in classical neuroinflammatory diseases. Cytokines produced by invading leukocytes can
initialize the inflammation cascade and microglia can increase the production of a diverse bulk
of cytokines which enable more leukocytes to be recruited to inflame the cascades (B. Becher
etal., 2017).

Figure 1.2 The central role of microglia in neuroinflammation.

Activated microglia after stimulation from infection, injury, and other triggers can release a
variety of active mediators and factors. Proinflammatory cytokines partly can lead to direct
neuronal death but also astrogliosis which can help with neuronal survival in return.
Additionally, other cytotoxic factors such as ROS also contribute to the process of neuronal
death. On the contrary, the anti-inflammatory cytokines can directly protect against neuronal
death. Growth factors and neurotrophins also can benefit glial and neuronal survival.
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1.2.2.3 Consequences of neuroinflammation

Excessive and protracted neuroinflammation can directly influence neuronal apoptosis and thus
result in acute neurological damage or neuronal death and accelerate long-term
neurodegeneration and neurological conditions such as Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis and cognitive impairment (M. Lyman et al., 2014). For instance, the
tumor necrosis factor family of cytokines such as TNF-a display direct biological effects on

neuronal survival and apoptosis (G. J. Harry et al., 2008).

Neuropathological and neuroradiological research show that the neuroinflammatory response
is capable of fuelling a significant loss of neurons in neurodegenerative diseases (T. C. Frank-
Cannon et al., 2009). For instance, a loss of dopaminergic neurons in the substantia nigra is a
pathological feature of PD. Elevation of inflammatory mediators has been found in the
cerebrospinal fluid of PD patients (M. P. Vawter et al., 1996, A. Gerhard et al., 2006).
Inflammatory responses in the process of immune-mediated diseases such as MS lead to the
pathophysiology characterized by the damage of myelinated cells and axonal injury. Regarding
the neuroinflammation of AD, the relationship between the amyloid-f peptide (AP)
accumulation, tauopathy and microglia activation is not yet fully understood. Oxidative stress
led by the accumulation of misfolded protein can impair the mitochondrial function of
microglia and neurons (K. A. Jellinger, 2010). Oxidative stress can also result in DNA damage
and structural alteration of proteins and lipids. The imbalance between oxidative stress
production and antioxidant defense is regarded as a vital hallmark of neurodegenerative
diseases (E. Niedzielska et al., 2016). The excessive production of oxidative stress also further
promotes redox imbalance and stimulates the transcription of the pro-inflammatory mediators
such as IL-1, IL-6, and TNF-o (M. Akbar et al., 2016).

Furthermore, neuroinflammation can disturb the synaptic function and destroy the connection
between cells, which is an early feature of dementia (E. Masliah et al., 2001). The synaptic
dysfunction turns out to affect neuroplasticity which plays a crucial role in depression and
diseases with depressive symptoms (H. Eyre and B. T. Baune, 2012). The atrophy and loss of
neuron and glial cells indicate a decreased synaptic plasticity. CNS imaging shows the loss of
cellular population in the prefrontal cortex or amygdala is associated with a reduction of brain
volume in depression (D. Cotter et al., 2001, I. M. Rosso et al., 2005, Y. I. Sheline et al., 1998).
This depression-associated brain parenchyma volume decrease can also reflect the reduction

of neurogenesis (C. Zhao et al., 2008).
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1.2.3 The mechanism underlying the development of inflammation in depression
Recently numerous studies of neuropsychology have shifted their focus to inflammasomes
which might be an important link between psychosocial stress, pathogens and inflammation.
Inflammasomes are intracellular multiprotein complexes that function as sensors of danger-
associated molecular patterns (DAMPS) and microbial or pathogen-associated molecular
patterns (MAMPs or PAMPSs) (M. Fleshner et al., 2016).

DAMPs are endogenous molecules such as extracellular heat-shock protein 72 (Hsp72) and
adenosine triphosphate (ATP) which are derived from self or increased after cellular stress and
tissue damage (M. Fleshner et al., 2016). MAMPs or PAMPs are referred to as small molecular
motifs from infectious microbes such as lipopolysaccharides (LPS) (G. Santoni et al., 2015).
The innate immune system can recognize and respond to DAMPs and PAMPs via pattern
recognition receptors (PRRs) such as toll-like receptors (TLRs) (P. G. Vallés et al., 2014). The
consequence of PRR-DAMP binding is sterile inflammation, and robust inflammatory
response is the consequence of the PRR-PAMP binding (H. Kono and K. L. Rock, 2008).
Figure 1.3 shows the PAMPs, DAMPs, and inflammatory response.

Figure 1.3 PAMPs, DAMPs, and inflammatory response.

Pathogen-associated molecular patterns (PAMPSs) come from pathogens such as bacteria and
viruses. Danger-associated molecular patterns (DAMPs) come from lysed dead cells including
ATP and some intracellular proteins. They can bind to pattern recognition receptors (PRRs) or
specialized receptors on immune cells, which will stimulate the immune response including
the release of cytokines and chemokines and the recruitment of immune cells.
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Activation of PRRs by cytoplasmic PAMPs and/or endogenous DAMPS provokes intracellular
inflammatory signaling pathways such as nuclear factor-xB (NF-kB) which will lead to the
generation of inflammasomes (NOD-, LRR- and NLRP3) (G. Santoni et al., 2015).
Inflammasomes function as a molecular scaffold for the activation of caspase-1 which
eventually leads to the maturation and the secretion of IL-1p and IL-18 by cleavage of pro-
cytokines (S. P. Wilson and S. L. Cassel, 2010). Interestingly, an NLRP3 inflammasome can
be activated by a range of stimuli which include both pathogenic microorganisms and
endogenous mediators, such as reactive oxygen species, mitochondrial DAMPs and adenosine
triphosphate (ATP), as well as by crystalline structures (e.g. uric acid crystals), other fibrillar
proteins (e.g. B-amyloid fibrils) and environmental irritants (e.g. silica, alum) (B. K. Davis et
al., 2011). A great variety of inflammatory proteins expressed in PAMP or DAMP pathways
overlaps considerably such as IL-1B, TNF-a, IL-6, IL-10, and PGE; (M. Fleshner et al., 2016).
Therefore, many researchers have chosen to apply lipopolysaccharide (LPS) to trigger

inflammation, which can partly simulate sterile inflammation.

There are two ways of sterile inflammation which are inflammasome-independent and
inflammasome-dependent (M. Fleshner et al., 2016). In the inflammasome-independent
signaling pathway, the process begins with NF-«B activation after MAMPs or DAMPs binding
to PRRs in monocytes. This binding initiates inflammatory protein gene transcription,
translation, protein synthesis and release, which can stimulate the bone marrow to release more
monocytes into the periphery (A. H. Miller and C. L. Raison, 2016). For the inflammasome-
dependent pathway, once sufficient NLRP3 protein has been produced the activation/cleavage
of procaspase 1 will be triggered (P. Duewell et al., 2010). Then mature, active caspase-1 acts
to cleave pro-IL-1f into mature IL-1B (and IL-18) protein (M. Fleshner et al., 2016). Figure
1.4 shows how the NLRP3 inflammasome matures IL-1p. Other pro-inflammatory cytokines
including tumor necrosis factor and IL-6 from the activation of NF-xB can influx into the brain
with IL-1p and IL-18 together through the humoral route where the blood-brain barrier lacks
integrity and has small gaps on the structure congenitally (A. H. Miller and C. L. Raison, 2016).
Microglia can also be activated into an M1 pro-inflammatory phenotype by psychosocial stress
and secrete chemokines to attract peripheral monocytes to the brain through the cellular route
(D. J. Stein et al., 2017, A. H. Miller and C. L. Raison, 2016). The stimulation of NLRP3
inflammasome and the activation of caspase-1 can also mediate the cleavage of the
glucocorticoid receptors (S. W. Paugh et al., 2015). It contributes to the resistance to the effects

of glucocorticoids which are the most potent anti-inflammatory hormones (T. Rhen and J. A.
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Cidlowski, 2005) and also participate in the pathophysiological process of depression (T.
Steckler et al., 1999).

Figure 1.4 NLRP3 inflammasome matures IL-1p.

NLRP3 inflammasome assembly results in self-cleavage and activation of caspase-1 which
further cleaves pro-1L-1B into mature IL-1p.

1.3 Current treatments of depression and their limitations

Current treatment practices of depression include antidepressant medication, cognitive therapy
and other forms of psychotherapy, such as interpersonal therapy, electroconvulsive therapy
(ECT) and electrical stimulation of the vagus nerve (UK ECT Review Group, 2003, M. F. de
Mello et al., 2005, Z. Nahas et al., 2005, R. J. DeRubeis et al., 2008). Psychological treatments
are equally important in the treatment of depression (G. S. Malhi et al., 2015). Many factors
can impact the suitability for psychological therapy, including adherence to medications, the
timing of treatment and formulation, and the extent of life stressors involved in the onset of the
disease (G. S. Malhi et al., 2015). For instance, ECT applies to patients with a high risk of
serious suicide attempts or experiencing evident psychosocial adversity or other specific
indications (QueenslandHealth, 2017, G. S. Malhi et al., 2018). Also, psychological treatment
may be better administered after initiating antidepressant treatment in some cases (G. S. Malhi
et al., 2015). Therefore in this section, we mainly discuss the treatment outcomes of

antidepressant medication.

Current commercially available antidepressants can increase levels of serotonin (5-HT),
noradrenaline (NA), and/or dopamine (DA) via different therapeutic mechanisms (E. Penn and
D. K. Tracy, 2012). First-generation antidepressants include tricyclic antidepressants (TCAS)
and monoamine oxidase inhibitors (MAOIs), however, they are frequently accompanied by
undesirable side-effects and toxic effects in overdose, limiting their application (E. Penn and
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D. K. Tracy, 2012). Newer-generation antidepressants, including the well-known selective
serotonin reuptake inhibitors (SSRIs), are more selective and offer improved safety and
tolerability, but still have multiple side-effects which might result in poor compliance (E. Penn
and D. K. Tracy, 2012, C. L. Bockting et al., 2008). Table 1.1 shows a review of the therapeutic

mechanism and side-effects of current antidepressants.

Toxicity might also occur with current antidepressant medication. Serotonin toxicity and
withdrawal effects are the two main types of neurological toxicity. Serotonin toxicity is referred
to as toxicity caused by a combination of >1 serotonergic agents or changing antidepressants
with an inadequate washout period between drugs (AMH, 2018). The symptoms include
hyperreflexia, mental state changes, shivering, and diarrhoea (AMH, 2018). Therefore, it is
contraindicated to combine treatments of MAOIs, SSRIs, TCAs, NARIs, NaSSAs, SNRIs, and
serotonin modulators. Missing 1 or 2 doses (especially with venlafaxine, paroxetine), high
doses, long treatment course, stopping or rapid tapering antidepressants will cause withdrawal
effects, including nausea, vomiting, anxiety and cholinergic rebound (AMH, 2018).

Hepatotoxicity is also common in all categories of current antidepressants.

Besides the common types of toxicity, some data have suggested an increased risk of neonatal
toxicity or symptoms (foetal heart defects, persistent pulmonary hypertension) after maternal
use in late pregnancy with SSRIs, particularly with paroxetine (AMH, 2018). However, SSRIs
have the least hepatic toxicity compared with the 2" line and 3™ line antidepressants (C. S.
Voican et al., 2014, G. S. Malhi et al., 2015, AMH, 2018). Besides neurological toxicity and
high risk of hepatic impairment, TCAs also have cardiovascular toxicity (such as an increased
risk of arrhythmia), overdose-related fatality (AMH, 2018). SNRIs increase bleeding risk and
might cause cardiovascular events as well (AMH, 2018). MAOIs as 3™ line antidepressants
also have multiple toxicities mentioned above (AMH, 2018). Other antidepressants such as
mianserin and reboxetine also possess renal toxicity (AMH, 2018). In addition, bupropion
might increase the risk of seizures (AMH, 2018).
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Table 1.1 Review of antidepressants: mechanism and side-effects.

Typical Antidepressant  Drug Principal mechanism of action Unwanted pharmacological ~ Side effect

recommendation action
Class

Fluoxetine paroxetine Selective inhibition of 5-HT reuptake Agonist of 5-HTc receptor ~ Gastrointestinal: reduced appetite, nausea,
sertraline fluvoxamine transporter constipation, dry mouth

citalopram escitalopram . . .
Central Nervous: headache, insomnia, anxiety,

fatigue, tremor

Other: delayed orgasm, anorgasmia

NARI Reboxetine Selective inhibition of NA reuptake Muscarinic receptor Dry mouth, constipation, headaches
blockade
NaSSA Mianserin mirtazapine 5-HT> antagonism ai-adrenoceptor Histamine Hi receptor Drowsiness, dry mouth, sedation, weight gain
antagonism blockade
Melatonergic Agomelatine Melatonin agonist (M1 and 2 receptors) Nausea, dizziness, increase in serum hepatic
agonist transaminases (R. A. Sansone and L. A.

Sansone, 2011)

5-HTac antagonist

NDRI Bupropion Blockade of NA and DA reuptake Increased risk of seizures
transporters
28 Jine TCA Clomipramine Block reuptake transporters for Muscarinic receptor Dry mouth, tachycardia, blurred vision,
imipramine serotonin and norepinephrine, andtoa  blockade (anticholinergic) glaucoma, constipation, urinary retention.
amitriptyline lesser extent dopamine Sexual dysfunction, cognitive impairment
desipramine ) )
trimi%)ram..ine a1-Adrenoceptor blockade dDyr:Ev;l:ﬁe‘:’ postural hypotension. sexuzl
nortriptyline
protriptyline
maprotiline amoxapine i i
doxepin Histamine Hi receptor Drowsiness, weight gain
blockade
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SNRI Venlafaxine duloxetine  Blockade of 5-HT and NA reuptake Nausea, dizziness, headache, dry mouth,

transporters insomnia, increases in blood pressure
Serotonin Vortioxetine 5-HT1a agonist, SHT b partial agonist, Nausea, diarrhea, dry mouth, constipation (A.
modulator 5-HT3a and 5-HT7 antagonist 5-HT D’Agostino et al., 2015)
transporter inhibitor
3t line MAOI Irreversible: phenelzine  Irreversible and nonselective inhibition  Irreversible blockade of Risk of hypertension from dietary amines-
tranylcypromine of MAO MAO tyramine must be avoided, risk of intracerebral
isocarboxazid haemorrhage

Reversible: o
Reversible and selective inhibition of
moclobemide MAO
Adjunctive SARI Trazodone Powerfully blocks serotonin-2 receptors ~ Histamine Hi receptor Sedation, cognitive impairment
with less potent inhibition of 5-HT blockade
reuptake
Lowers blood pressure, postural hypotension
ai-Adrenoceptor blockade o )
Other: priapism (prolonged erections)
Histamine Hi receptor . o
Nefazodone blockade Sedating, however less so than Trazodone

[TCA = tricyclic antidepressant, MAOI = monoamine oxidase inhibitor, MAO = monoamine oxidase, SSRI = selective serotonin reuptake inhibitor,
NDRI = noradrenaline and dopamine reuptake inhibitor, SNRI = dual serotonin and noradrenaline reuptake inhibitor, SARI = dual SHT-2 receptor
antagonist/5-HT reuptake inhibitor, NASSA = noradrenaline and serotonin-specific antidepressant, NARI = noradrenergic reuptake inhibitor.]

(G. S. Malhi et al., 2015, E. Penn and D. K. Tracy, 2012, H. P. Gelder M., Cowen P. , 2006).
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1.4 Sirtuins, neuroinflammation and neurodegeneration

Sirtuins are a unique class of nicotinamide adenine dinucleotide (NAD™)-dependent
deacetylases. The sirtuin family consists of SIRT1, SIRT2, SIRT3, SIRT4, SIRT5,
SIRT6 and SIRT7 proteins that differ in subcellular localization, enzymatic activities,
physiological functions and pathological roles. Each member of the sirtuin family also
plays critical roles in chromatin silencing, genome stabilizing, longevity, aging and
metabolic rate (L. Guarente, 2000). Sirtuins accomplish their primary enzymatic
activities through NAD*-nicotinamide exchange reaction in which lysines on histones
are catalysed through deacetylation (J. Landry et al., 2000, Y. Jiang et al., 2017). A

summary of SIRT1-7’s pathological roles in neurodegeneration is shown in Table 1.2.

SIRT1 is involved in different physiological or pathological activities including cell
differentiation, cell development, apoptosis, autophagy, circadian rhythm and cancer
(M. M. Bellet et al., 2016, J. Gao et al., 2016, Y. L. Wang et al., 2016, |. Ben Salem et
al., 2017, J. Heo et al., 2017, N. S. X. Ren et al., 2017, Q. Wang et al., 2017, Y. L. Cai
et al., 2016). SIRT1 also exerts neuroprotective effects in aging, oxidative stress,
neuronal survival, neurogenesis and neuroinflammation (A. F. Paraiso et al., 2013).
Aging is the main risk factor for neurodegenerative diseases (Y. Hou et al., 2019).
Additionally, animal studies have shown that aged mice show more severe sickness
behaviour after LPS administration which indicates that aging is associated with
increased activation of microglia or the innate immune system of the CNS (R. Dantzer
et al., 2008). Numerous studies have shown that SIRT1 have anti-aging potential, such
as inhibiting cell senescence, genomic instability and mitochondrial dysfunction which
are hallmarks of aging (Y. Hou et al., 2019, W. Grabowska et al., 2017). The other
factors are also important factors for the onset and the development of depression-
related conditions as discussed above. In addition, SIRT2 is also considered to play a
vital role in diverse pathophysiological processes of neurodegeneration. SIRT2 can
directly deacetylases FOXO transcription factors which also participate in numerous
aging-related cellular activities including DNA repair, oxidative stress and autophagy
(G. Donmez and T. F. Outeiro, 2013). FOXO transcription factors are considered to
promote life-span as sensors of insulin/insulin-like growth factor-1 (IGF-1) signalling
pathway, which plays an important role in aging and longevity (R. Martins et al., 2016).
This indicates the necessity and advantages of investigating the need for SIRT1 and

SIRT2 intervention therapy for depression.
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Table 1.2 Summary of SIRT1-7’s pathological roles in neurodegeneration.

SIRT1

SIRT2

SIRT3

SIRT4

SIRTS

SIRT6

SIRT7

Nucleus
Euchromatin (S. Michan and D.
Sinclair, 2007)

Cytoplasm

Shift to the nucleus upon stress
and mitosis (S. Michan and D.
Sinclair, 2007)

Mitochondria (S. Michan and D.
Sinclair, 2007)

Mitochondria (S. Michan and D.
Sinclair, 2007)

Mitochondria (S. Michan and D.
Sinclair, 2007)

Nucleus
Heterochromatin (S. Michan and
D. Sinclair, 2007)

Nucleolus (S. Michan and D.
Sinclair, 2007)

Liver, pancreas, heart, muscle, adipose
tissue, and brain (especially prefrontal
cortex, hippocampus, basal ganglia,
and metabolic centers) (R. Nogueiras et
al., 2012)

Nervous tissue (particularly in the
myelin sheaths, pre-myelinating cells,
and oligodendrocytes), adipose tissue,
muscle, heart, and lung (B. Shoba et
al.. 2009)

Kidney, brain, heart, liver, testes, lung,
ovary, spleen, and thymus (R.
Nogueiras et al., 2012)

Heart, brain, kidney. liver, and
pancreas (B. Shoba et al.. 2009)
Expressed in a variety of tissue (Y. Du
et al., 2018)

Widely expressed in human tissues (E.
Michishita et al., 2005)

Widely expressed in human tissues (E.
Michishita et al., 2005)

SIRT1 presents protective effects in neurodegeneration through multiple
mechanisms including lowering amyloid  (AB) accumulation by reducing its
precursor protein and enhancing a-secretase activity. SIRT1 deficiency is also
associated with the aggregation of acetylated tau. (S. W. Min et al., 2013)
SIRT1 has also been indicated to deacetylate autophagy-related components
to reduce a-synuclein aggregates (S. W. Min et al., 2013, B. L. Tang, 2017).
However, the overall mechanism of SIRT1 in PD is not clear.

SIRT2 inhibition was found to attenuate the a-synuclein toxicity in in vivo or
in vitro models of PD via stimulating the benign aggregation of a-synuclein
toward acetylated microtubule (T. F. Outeiro et al., 2007). SIRT?2 is also
considered to influence neuronal cholesterol biosynthesis in iz vivo HD
models (G. Donmez and T. F. Outeiro, 2013).

SIRT3, 4, 5 are associated with mitochondrial function, energy metabolism,
and oxidative stress (L. Gan and L. Mucke, 2008). The mechanism of them in
neurodegeneration needs further investigation.

SIRT6 may contribute to DNA repair in aging (H. Jesko et al., 2017).

Limited information

Taken from (Y. Zhang et al., 2020)
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1.4.1 Polymorphisms of SIRT1 and SIRT2 gene in the population

Genetic polymorphism is referred to as the occurrence of at least two alleles at a
particular locus in a population that occur with a frequency of more than 1% (Ann K.
Daly, 2010). If the gene sequence differs by a single base, it is known as single
nucleotide polymorphisms (SNPs) (G. Shaw, 2013). This genetic basis can affect
individual response to drug treatment, which is known as pharmacogenetics and has
been applied in cutting-edge drug discovery. The role of sirtuin polymorphisms has
been investigated in many diseases, such as lung cancer, breast cancer and
neurodegenerative diseases (Y. Lv et al., 2017, S. M. Rizk et al., 2016, M. Xia et al.,
2014, S. Porcellietal., 2013, L. Polito et al., 2013). There also have been several studies
showing that SIRT1 and SIRT2 polymorphisms might be associated with the
pathophysiology of depression.

It has been reported that SIRT1 expression reduction in peripheral blood was found in
juvenile mice with isolation stress-induced depression, which indicates the involvement
of SIRT1 in the development of depression (L. Lo lacono et al., 2015). A genome-wide
association study (GWAS) with more than 9000 cases conducted on Chinese women
with major depressive disorder (MDD) identified that SNP rs12415800, a gene locus
near SIRT1 on chromosome 10, might contribute to the risk of MDD (C. Na et al.,
2015). Another GWAS study carried on the Chinese Han population has investigated
the subsequent effect of the risk allele rs12415800 (W. Liu et al., 2019). It has been
found that rs12415800 is associated with the reduction of cerebellar grey matter volume
and lower brain SIRT1 mRNA expression (W. Liu et al., 2019). This SNP along with
another SNP, rs4746720, were both found to have a significant association with suicide
in Japanese women (778 suicide completers and 760 controls) (T. Hirata et al., 2019).
In addition, a case-control study of SIRT1 SNPs and major depressive disorder patients
(455 MDD patients and 766 controls) in the Japanese population has also suggested a
significant association between SIRT1 rs10997875 polymorphism and depression (T.
Kishi et al., 2010). However, further study is necessary for the investigation of this
SNP’s effect on the biological function of SIRT1. SIRT1 SNP rs12778366 has also
been reported to be associated with age-related macular degeneration in the Chinese
Han population (Z. Chen et al., 2015). It was also shown that homozygotes of the minor
allele of SIRT1 had a higher risk of developing age-related macular degeneration (Z.
Chen et al., 2015).
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SIRT2 gene rs10410544 polymorphism has also been reported to associate with
depressive symptoms in Alzheimer’s disease in two independent European populations
(S. Porcelli et al., 2013). It was also indicated that SIRT2 T/T genotype might exert
protection against depression (S. Porcelli et al., 2013). However, two other studies
found different results in rs10410544 and Alzheimer’s disease. One study on the
Caucasian population showed the rs10410544 T allele might have the potential to
increase the risk of Alzheimer’s disease (L. Polito et al., 2013). Another study on the
Chinese Han population reported rs10415044 C/T genotype was related to late-onset
Alzheimer’s disease (M. Xia et al., 2014). Based on the limited evidence above, the
variation of genotype in SIRT SNP might exert different subsequent SIRT functions
and impacts on diseases.

1.4.2 Findings of effects of SIRT1 and SIRT2 modulators in neuroinflammation,
neurodegeneration, and depression

Resveratrol

Resveratrol has long been regarded as a natural SIRT1 activator. Despite that,
resveratrol is often considered to present pleiotropic effects (C. K. Cheng et al., 2019).
However, the fact that evidence has shown the linkage between resveratrol and SIRT1
and the allosteric mechanism involved in the structure-activity relationship should not
be neglected (D. Cao et al., 2015).

In the neuroinflammation area, it has been found that resveratrol can suppress the
inflammation induced by LPS in microglial BV-2 cells and inhibit caspase-3-dependent
apoptosis in neuronal PC12 cells via improving SIRT1 expression and the deacetylation
of tumor suppressor p53 (J. Ye et al., 2013). In microglial N9 cells. matrix
metalloproteinase-9 (MMP-9), IL-1p and IL-6 can also be attenuated by resveratrol (L.
Li et al., 2015). Other studies also reported that resveratrol can inhibit MMP-2 and
MMP-9 activities and the production of a range of cytokines (A. K. Pandey et al., 2015,
R. L. Frozza et al., 2013). MMPs participate in disturbing the integrity of the BBB
which allows inflammatory mediators and immune cells from the periphery to penetrate
and influx into the brain parenchyma (G. A. Rosenberg, 2002, D. Wong et al., 2004).
A clinical study in patients with Alzheimer’s disease also found that 52-week
resveratrol treatment MMP9 level in cerebrospinal fluid was decreased and the disease

aggravation was attenuated (C. Moussa et al., 2017).
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Moreover, in Alzheimer’s disease field, resveratrol has been shown to promote cellular
survival, suppress inflammation and toxicity induced by misfolded AP aggregation on
multiple in vitro models including PC12, BV2 cell lines and primary cortical cultures
(C. Scuderi et al., 2014, X. Feng et al., 2013, J. Chen et al., 2005). Accumulation of
misfolded AP protein can cause oxidative stress, synaptic dysfunction and neuron loss
in the brain of AD patients (W.-J. Huang et al., 2016). In an in vivo study of AD,
resveratrol has been shown to improve the cognitive impairment of transgenic mice
with the involvement of PGC-1a and tumor suppressor p53 that both participate in
mitochondria biogenesis, oxidative response, and apoptosis (D. Kim et al., 2007, D.
Porquet et al., 2013, J. R. Chang et al., 2012, G. Sweeney and J. Song, 2016).

In models of Parkinson’s disease, resveratrol has been shown to reduce dopaminergic
neuron loss and alleviate the decrease of tyrosine hydroxylase and dopamine levels in
neurotoxin (MPTP)-induced PD mouse models via autophagy degradation of a-
synuclein (Y. J. Guo et al.,, 2016). Mudo’s research also reported resveratrol’s
protective effects against MPTP in the dopaminergic SN4741 cell line with an increase
of PGC-1a and SIRT]I levels (G. Mudo et al., 2012). Resveratrol also attenuated the
motor neuronal loss and promoted SIRT1 expression in the spinal cord and extended
the lifespan of the SOD1G93A mouse model of amyotrophic lateral sclerosis (ALS) (L.
Song et al., 2014). The neuroprotective effect of resveratrol was also reported in
Machado-Joseph disease (MJD) mouse models and multiple sclerosis (MS) models (J.
Cunha-Santos et al., 2016, K. S. Shindler et al., 2010).

The effect of resveratrol on mood disorder remains controversial. A study conducted
on stressed mice indicated resveratrol could prevent anxiety and depression via SIRT1
activation and downstream extracellular signal-regulated kinases (ERK1/2) which has
been reported participating in pro-depressive mechanism (N. Abe-Higuchi et al., 2016,
G. Borges et al., 2015). Resveratrol also could alleviate depressive-like behaviours in
LPS-induced models (L. Liu et al., 2016). Resveratrol also was indicated to induce the
anti-anxiety effect and increase the mRNA level of SIRT1 in the striatum on prediabetic
mice and stress-mice (B. R. Reddy et al., 2016). However, some studies found that
resveratrol could induce depressive-like behaviour in stressed mouse models (H. D.
Kim et al., 2016).
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Table 1.3 shows the findings of SIRT1 activators in neuroinflammation and

neurodegeneration.

EX527, sirtinol

Studies have found that the SIRT1 inhibitor EX527 can inhibit the toxicity of SODL1 in
transgenic neuronal cells and increase the survival of transgenic SH-SY5Y cells as a
model of ALS (C. Valle et al., 2014). In Huntington’s disease model, EX527 was shown
to improve voluntary movement and brain pathological impairment in transgenic R6/2
HD mice (M. R. Smith et al., 2014). However, there is also research showing EX527
can exacerbate tauopathy in primary neurons (S. W. Min et al., 2010) The effect of
EX527 on depressive models is also uncertain. Kim’s results show that EX527
protected stressed mice from depression and anxiety (H. D. Kim et al., 2016). But in
Abe-Higuchi’s research, EX527 led to mood disorders (N. Abe-Higuchi et al., 2016).

Sirtinol was originally found to manifest an inhibiting effect on SIRT2 in 2001 (C. M.
Grozinger et al., 2001). After that, its analogues presenting both SIRT1 and SIRT2
inhibition were synthesized and evaluated (A. Mai et al., 2005). In neurodegeneration,
it has been found that sirtinol can reverse the protective effect of resveratrol in 6-OHDA
or a-synuclein-stimulated differentiated SK-N-BE cells where sirtinol was
administered as a SIRT1 inhibitor (D. Albani et al., 2009). In the mood disorder area,
sirtinol has been shown to prevent the disorder of memory function and mood of stress-
mediated mouse models through SIRT1, ERK1/2 and downstream Bcl-2 pathway

which is associated with apoptosis regulation (C. L. Ferland et al., 2013).

Table 1.4 shows the findings of SIRT1 inhibitors in neuroinflammation and

neurodegeneration.

SIRTZ2 inhibitor

In neuroinflammation, AGK2 as a SIRT2 inhibitor has been found to suppress the
activation of microglial BV2 cells under LPS stimulation and decrease the gene
expression of inflammatory mediators such as TNF-a and IL-6 (B. Wang et al., 2016).

Rat astrocyte activation and its release of pro-inflammatory factors can also be inhibited
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by AGK2 (C. Scuderi et al., 2014). However, in the acute neuroinflammation model,
AGK2 was reported to compound the injury (F. Yuan et al., 2016b). In
neurodegeneration, SIRT2 has been discovered to exacerbate the toxicity of alpha-
synuclein which is an important component of Lewy bodies, the characteristic marker
of PD, in pathological conditions (R. M. de Oliveira et al., 2017). Additionally, in the
primary culture of the midbrain, AGK2 and AK-1 have been found to protect
dopaminergic cells from death induced by a-synuclein (T. F. Outeiro et al., 2007). It
has also been reported that AK1 improved the acetylation level of tubulin, autophagy
vesicular completion and the A accumulation in a differentiated cybrid cell model of
SH-SY5Y cells and platelets from sporadic AD subjects (D. F. Silva et al., 2016).
AGK2 and AK1 protected the striatal neuron from death induced by mutant Huntingtin
inclusion without altering the morphology (R. Luthi-Carter et al., 2010). According to
findings described as following, it is interestingly implicated that SIRT1 and SIRT2
can exert the opposite effects on neurodegenerative diseases (S. A. Shah et al., 2017,
Q. Wang et al., 2017, R. Luthi-Carter et al., 2010, B. Wang et al., 2016).

Regarding the findings in depression or mood disorder, 33i as a SIRT2 inhibitor has
been indicated to have a protective effect on stress mouse models. Erburu’s studies
showed that 33i modulated excitatory neurotransmitters and prevented mood disorder
(M. Erburu et al., 2017) and co-treatment with another deacetylase inhibitor MC158
increased synaptic plasticity and helped to build neuronal adaption in depression
models (M. Erburu et al., 2015). The disturbance of synaptic function and the
connection between cells is also an early feature of dementia (E. Masliah et al., 2001).
The synaptic dysfunction turns out to affect neuroplasticity which plays a crucial role
in depression (H. Eyre and B. T. Baune, 2012). The CNS imaging findings show the
loss of cellular population in the prefrontal cortex or amygdala is associated with a
certain reduction of brain volume in depression and neurogenesis (D. Cotter et al., 2001,
I. M. Rosso et al., 2005, Y. I. Sheline et al., 1998). AK1 was also found to exert
neuroprotection on frontotemporal dementia mouse models (T. L. Spires-Jones et al.,
2012).

Table 1.5 shows evidence of several SIRT2 inhibitors found in research.
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Table 1.3 Evidence that SIRT1 activators influence neuroinflammation and neurodegeneration.

Author Title Drug Results Study type
Resveratrol regulates neuroinflammation and Resveratrol alleviated MMP9 and AB42 level of cerebral spinal fluid and

Moussa, C., et al.(C. e P P T Resveratrol attenuated inflammation level in plasma of mild-moderate AD patients with 52- Clinical

Moussa et al., 2017) disease P week oral treatment intake. MMSE scores declines were mitigated. But tau protein ~ Trial

level was not altered.
Resveratrol could prevent BLAB mice from chronic ultra-mild stress-induced

Abe-Higu Chl? e et Hippocampal Sirtuin 1 Signaling Mediates Resveratrol depressive-like and anxiety-like behavior. SRT2104 injection into bilateral dentate )
al.(N. Abe-Higuchi .. . SRT2104 . S . . In vivo
et al., 2016) Depression-like Behavior gyrus was also shown to improve the social interaction of BALB mice after
’ exposure to repeated restraint stress.

Design, synthesis of allosteric peptide
Kumar, R., etal.(R.  activator for human SIRTI and its biological = CWR CWR tripeptide protected neurons from AB25-35 peptide-induced death in IMR32 In vitro
Kumar et al., 2017)  evaluation in cellular model of Alzheimer's tripeptide human neuroblastoma AD models.

disease.
Kim, H. D.,etal.(H. SIRTI mediates depression-like behaviors in Resveratrol Resveratrol improved depressive-like and anxiety-like behaviors in C57BL/6J mice In vivo
D.Kimetal., 2016) the nucleus accumbens exposed to chronic social defeat stress.

NAMPT protects against 6-
Zou,X.D.,etal.(X. hydroxydopamine-induced neurotoxicity in Resveratrol Resveratrol increased the viability of PC12 cells as a Parkinson’s disease model In vitro
D. Zou et al., 2016)  PC12 cells through modulating SIRT1 after 6-OHDA treatment.

activity.

Resveratrol attenuated the depression-like behaviors in LPS-induced mouse
ST e Resveratrol com.lteraf:ts lipopo.lysacc.haride- models. LI?S-t.riggered microglial activation in ?he subgranular zone of.the dentate
ot ai 2'0 16) induced depressive-like behaviors via Resveratrol ~ gyrus was inhibited by resveratrol treatment. Hippocampal neurogenesis In vivo
enhanced hippocampal neurogenesis suppression was also prevented by resveratrol. SIRT1 expression was found up-
regulated after resveratrol treatment.

Reddy. B.R., et Sirtuin 1 and 7 mediate resveratrol-induced ) . . .
al.(B. R. Reddy et recovery from hyper-anxiety in high-fructose- Resveratrol Eesv eratrollprptect;(érll[igrlll-ﬁu;tgiagl;:t-fed cnetlelbonlin s bl
al., 2016) fed prediabetic rats € up-regulation o an ’

Resveratrol alleviates MPTP-induced motor The loss of dopaminergic neurons, decrease of tyrosine hydroxylase and dopamine
Guo etal. (Y. ]. impairments and pathological changes by Resveratrol  levels were attenuated by resveratrol treatment in 1-methyl-4-phenyl-1, 2, 3, 6- In vivo
Guo et al., 2016) autophagic degradation of alpha-synuclein tetrahydropyridine (MPTP)-induced PD mouse models. SIRT1 was suggested to

via SIRT1-deacetylated LC3 affect autophagy in the degradation of a-synuclein.
Cunha-Santos, J., et Caloric restriction blocks neuropathology and Resveratrol alleviated motor deficits and incoordination presentation of transgenic
al. (J. Cunha-Santos  motor deficits in Machado-Joseph disease Resveratrol =~ Machado-Joseph disease mouse models. The mRNA level of SIRT1 was also In vivo

et al., 2016) mouse models through SIRT1 pathway increased.




Moorthi, P., et al.
(P. Moorthi et al.,
2015)

Li.L.etal (L. Liet
al., 2015)

Diaz-Ruiz, C., et
al.(C. Diaz-Ruiz et
al., 2015)

Ferretta, A., et
al.(A. Ferretta et al.,
2014)

Song. L., et al. (L.
Song et al., 2014)

Scuderi, C., et al.(C.
Scuderi et al., 2014)

Mancuso R., et
al.(R. Mancuso et
al., 2014)

Li.X. M., etal. (X.
M. Li et al., 2014)

Ye, J.,etal.(J. Yeet
al., 2013)

Porquet, D., et al.
(D. Porquet et al.,
2013)

Pathological changes in hippocampal
neuronal circuits underlie age-associated
neurodegeneration and memory loss: positive
clue toward SAD

Overexpression of SIRT1 Induced by
Resveratrol and Inhibitor of miR-204
Suppresses Activation and Proliferation of
Microglia

Reciprocal regulation between sirtuin-1 and
angiotensin-II in the substantia nigra:
implications for aging and neurodegeneration

Effect of resveratrol on mitochondrial
function: implications in parkin-associated
familiar Parkinson's disease

Resveratrol ameliorates motor neuron
degeneration and improves survival in
SOD1(G93A) mouse model of amyotrophic
lateral sclerosis

Sirtuin modulators control reactive gliosis in
an in vitro model of Alzheimer's disease

Resveratrol improves motoneuron function
and extends survival in SOD1%4 ALS mice

Resveratrol pretreatment attenuates the
isoflurane-induced cognitive impairment
through its anti-inflammation and -apoptosis
actions in aged mice

Protective effect of SIRT1 on the toxicity of
microglial-derived factors induced by LPS to
PC12 cells via the p53-caspase-3-dependent
apoptotic pathway

Dietary resveratrol prevents Alzheimer's
markers and increases life span in SAMPS

Resveratrol

Resveratrol

Resveratrol

Resveratrol

Resveratrol

Resveratrol

Resveratrol

Resveratrol

Resveratrol

Resveratrol

Resveratrol was found to decrease apoptosis and increase SIRT1 expression in
aged rats. However, the presentation of learning and memory function remained
unaltered.

Resveratrol treatment suppressed inflammatory mediators in mouse microglia N9
cells induced by LPS, including MMP-9, iNOS, IL-1p, and IL-6. It was found
reversed by knockdown of SIRT1 expression.

Resveratrol reduced AT1receptors and NADPH activation in the substantia nigra
of aged mouse models, which was verified by over-expression of SIRT1.
Angiotensin-II receptor I level and NADPH-oxidative activity were reduced in
MES 23.5 cells and microglial N9 cells.

Primary fibroblast carrying pathogenic mutation PARK?2 from PD patients was
cultured as an in vitro PD model. Resveratrol was found to improve mitochondrial
oxidative capacity. SIRT1, 5°’AMP-activated kinase (AMPK) and PPARG
coactivator 1 alpha (PGC-1a) were indicated to participate in the mechanism.

Resveratrol attenuated motor neuronal loss and promoted SIRT1 expression in the
spinal cord and extended lifespan of the SOD1%*4 mouse model of ALS. The level
of P53 acetylation and oxidative stress were also suppressed.

Resveratrol inhibited the activation and proliferation of primary astrocytes. AB-
induced astrogliosis was alleviated by resveratrol. The expression of iNOS and
COX-2 was also reduced.

Resveratrol alleviated symptoms and promoted cell viability and lifespan of
SOD1%34 ALS mouse models. The function of motoneuron in the spinal cord was
improved. The regulation of autophagy and mitochondrial biogenesis were
indicated to participate in the mechanism of resveratrol.

Cognitive impairment induced by isoflurane was alleviated by resveratrol.
Inflammatory molecules including IL-1B and TNF-a were also down-regulated.

Resveratrol reversed the decrease of SIRT1 expression induced by LPS treatment.
Resveratrol also protected PC12 cells from apoptosis via enhancing SIRT1
deacetylation of P53.

The lifespan of age-accelerated mouse models was extended. AMPK and SIRT1
were found elevated in the brain samples. Acetylation levels of P53, amyloid
accumulation. and phosphorylated tau were reduced.

In vivo

In vitro

In vivo
In vitro

In vitro

In vivo

In vitro

In vivo

In vivo

In vitro

In vivo
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Feng, X., etal. (X.
Feng et al., 2013)

Mudo. G., et al. (G.
Mudo et al., 2012)

Khan, R. S., et al.
(R. S.Khan et al.,
2012)

Han, S., et al. (S.
Han et al., 2012)

Wang, J., et al. (J.
Wang et al., 2011)

Shindler. K. S., et
al. (K. S. Shindler et
al., 2010)

Markert, C. D., et
al. (C. D. Markert et
al., 2010)

Albani, D., et al.(D.
Albani et al., 2009)

Kim, D., et al. (D.
Kim et al., 2007)

Chen, J., et al. (J.
Chen et al., 2005)

Valle, C., et al.(C.
Valle et al., 2014)

Resveratrol inhibits beta-amyloid-induced
neuronal apoptosis through regulation of
SIRT1-ROCKI signaling pathway
Transgenic expression and activation of PGC-
1alpha protect dopaminergic neurons in the
MPTP mouse model of Parkinson's disease

SIRT1 activating compounds reduce
oxidative stress and prevent cell death in
neuronal cells

Resveratrol upregulated heat shock proteins
and extended the survival of G93A-SOD1
mice

Protective effects of resveratrol through the
up-regulation of SIRT1 expression in the
mutant hSOD1-G93A-bearing motor neuron-
like cell culture model of amyotrophic lateral
sclerosis.

Oral resveratrol reduces neuronal damage in a
model of multiple sclerosis

A single-dose resveratrol treatment in a
mouse model of amyotrophic lateral sclerosis

The SIRT1 activator resveratrol protects SK-
N-BE cells from oxidative stress and against
toxicity caused by alpha-synuclein or
amyloid-beta (1-42) peptide

SIRT1 deacetylase protects against
neurodegeneration in models for Alzheimer's
disease and amyotrophic lateral sclerosis

SIRT]1 protects against microglia-dependent
amyloid-beta toxicity through inhibiting NF-
«B signalling

Tissue-specific deregulation of selected
HDACSs characterizes ALS progression in
mouse models: pharmacological
characterization of SIRT1 and SIRT2
pathways

Resveratrol

Resveratrol

Resveratrol
SRTAW04

Resveratrol

Resveratrol

Resveratrol

SRT1720

Resveratrol

Resveratrol

Resveratrol

Resveratrol

SRT1720

Resveratrol reduced the apoptosis of PC12 cells induced by Aas.3s by the up-
regulation of SIRT1.

Reveratrol protected dopaminergic cells (SN4741) from cytotoxicity induced by
MPTP treatment. PGC-1a and SIRT1 expression were also found elevated by
resveratrol treatment.

The combined treatment of resveratrol and SRTAWO04 extended cell viability,
alleviated reactive oxygen species (ROS) and repressed damage of mitochondrial
membrane in the retinal ganglion cell model. This effect is demonstrated SIRT1-
dependent.

Resveratrol protected transgenic mutant- SOD1 mice from neurodegeneration.
However, the gliosis was not altered. The deacetylation of heat shock factor
1(HSF1) and the level of Hsp were enhanced.

The apoptosis induced by mutant SOD1 in ALS cellular models was inhibited via
the improvement of mitochondrial function by resveratrol. The protective effect
could be suppressed by SIRT1 inhibition.

Resveratrol and SRT170 were able to protect optic neurons from death without
decreasing neuroinflammation. The effect was reversed by the SIRT1 inhibitor.

Resveratrol could not expand the viability of ALS mouse models or exert a
protective effect via regulating P53 acetylation.

The anti-oxidative protection effect of resveratrol on SK-N-BE cells was blocked
by SIRT1 inhibitor sirtinol. Resveratrol also prevented the toxicity of a-synuclein
and amyloid-f in a SIRT1-independent way.

Resveratrol protected primary mouse neurons from the toxicity of p25 and mutant
SODI1. The deacetylation of PGC-1a was decreased. The deacetylation activity of
SIRT1 was verified in vifro. Resveratrol also protected P25 transgenic mice from
neurodegeneration and cognitive impairment.

Resveratrol suppressed NF-xB activation induced by amyloid-p and toxicity via
SIRT1 activation in microglia.

SRT1720 could not protect the transgenic neuronal cells from mutant SOD1 injury
and death.

In vitro

In vivo
In vitro

In vitro

In vivo

In vitro

In vivo

In vivo

In vitro

In vitro
In vivo

In vitro

In vitro
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Xiang, Z. and D.

Pharmacological upregulation of PGClalpha

Krainc (Z. Xlang e e o s Fa e o SRT1720 SRT1720 promoted the differentiation of oligodendrocytes and the expression of In vitro
and D. Krainc, $ i A PGC-1lo.
2013) Huntington's Disease
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Table 1.4 Evidence that SIRT1 inhibitors influence neuroinflammation and neurodegeneration.

Author Title Drug Results Study Type
An exploratory double-blind, randomized .. i ; . . .

Sussmuth, S. D., etal.(S. D. clinical trial with selisistat, a SIRT1 Selisistat Sehﬂ_stat trfatm;nt was §howvn e patients in e .. .
e . . . . , Huntington’s Disease without adverse effects on cognitive, motor and Clinical trial

Sussmuth et al., 2015) inhibitor, in patients with Huntington's (EX527) .
disease functional status.

Selisistat inhibited the deacetylation activities of Sir2 in a Drosophila HD In vivo

A potent and selective Sirtuin 1 inhibitor model and human SIRT1 in HEK293 cells. It also protected PC12 cells and  In vitro

:ﬁﬁ':ﬁﬁ&g;g'm' i alleviates pathology in multiple animal and (SE;S;?;; primary rat striatal neurons from death resulted from mutant Huntingtin (Drosophila,
? cell models of Huntington's disease. infection. The voluntary movement of transgenic R6/2 mouse models was ~ mammalian
improved by selisistat treatment. cells, mice)
Melatonin Stimulates the SIRT1/Nrf2
Shah, S. A., et al.(S. A. Si'gnaling Pathwgy Counteracting EXSZ? inhibite(! the neuroprotectivc.: effect of %nela_ltonin on
Sh ah,et al ’2 017) ngopqusacchmde (LPS)-Induced EX527 neuroinflammation, neurodegeneration and oxidative stress in postnatal In vivo
- Oxidative Stress to Rescue Postnatal Rat Sprague-Dawley rat models after LPS treatment.

Brain

Resveratrol alleviates MPTP-induced motor
Guoetal. (Y.J. Guoetal,  impairments and pathological changes by
2016) autophagic degradation of alpha-synuclein

via SIRT1-deacetylated LC3

Reciprocal regulation between sirtuin-1 and

The protective effects of resveratrol on dopaminergic neuron loss, the
EX527 decrease of tyrosine hydroxylase and dopamine level was reversed by In vivo
EX527 in MPTP-induced PD mice.

EX527 blocked the effect that resveratrol inhibited angiotensin-II receptor I

Diaz-Ruiz, C., et al.(C. angiotensin-II in the substantia nigra: - e a . . )
Diaz-Ruiz et al., 2015) e P e EX527 a.n'd NA.PPH oxidative activity in primary mesencephalic culture, N9 In vitro
a2 microglia, and MES 23.5 dopaminergic cells.
neurodegeneration
im, H. D., et al.(HL. D. SIRT1 Mediates Depression-Like EXSZ? attel_luated depression-like and anxiety-like behawo.l:s in mice after A
. L. EX527 chronic social defeat stress. EX527 also protected stress-naive mice from In vivo
Kim et al., 2016) Behaviors in the Nucleus Accumbens acute stross

Tissue-specific deregulation of selected

HDACs characterizes ALS progression in EX527 protected the transgenic neuronal SH-SYSY cells from mutant

Valle, C., et al.(C. Valle et - . EX527 SODI1 toxicity and increased the viability of neurons in a SIRT1- )
mouse models: pharmacological L . . . . . In vitro
al., 2014) .. Sirtinol independent way. Sirtinol showed no protective effect on differentiated
characterization of SIRT1 and SIRT2
SH-SYS5Y cells.
pathways
Min, S. W., et al. (S. W. Acetylation of tau inhibits its degradation EX527 EXSZZI;ntcirease(ilti};c;;sit.ylati?n olf ta;l., w.l:.x chtfhrec;li(are.sulte.d mitm Tn vitr
Min et al., 2010) B e e accumulation an ition of polyubiquitination of tau in primary n vitro

neurons and transgenic HEK293T cells.
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Liu, S. Y., etal. (S. Y.L
etal., 2017)

Abe-Higuchi. N., et al.(N.
Abe-Higuchi et al., 2016)

Ferland, C. L., etal. (C. L.
Ferland et al., 2013)

Ferland. C. L. and L. A.
Schrader (C. L. Ferland and
L. A. Schrader, 2011)

Albani, D., et al.(D. Albani
et al., 2009)

Ye,J.,etal.(J. Yeetal.,
2013)

Green, K. N., et al.(K. N.
Green et al., 2008)

Hydrogen sulfide inhibits chronic
unpredictable mild stress-induced
depressive-like behavior by upregulation of
Sirt-1: involvement in suppression of
hippocampal endoplasmic reticulum stress
Hippocampal Sirtuin 1 Signaling Mediates
Depression-like Behavior

Sirtuin activity in dentate gyrus contributes
to chronic stress-induced behavior and
extracellular signal-regulated protein
kinases 1 and 2 cascade changes in the
hippocampus.

Regulation of histone acetylation in the
hippocampus of chronically stressed rats: a
potential role of sirtuins

The SIRT1 activator resveratrol protects
SK-N-BE cells from oxidative stress and
against toxicity caused by alpha-synuclein
or amyloid-beta (1-42) peptide

Protective effect of SIRT1 on the toxicity of
microglial-derived factors induced by LPS
to PC12 cells via the p53-caspase-3-
dependent apoptotic pathway
Nicotinamide restores cognition in
Alzheimer's disease transgenic mice via a
mechanism involving sirtuin inhibition and
selective reduction of Thr231-phosphotau

Sirtinol

EX527
Sirtinol

Sirtinol

Sirtinol

Sirtinol

Sirtinol

Nicotinamide

Nicotinamide

Sirtinol reversed the antidepressant-like effect of HaS on chronic
unpredictable mild stress-induced mouse models through SIRT1 pathway.

Sirtinol and EX527 bilateral injection treatment in dentate gyrus could
induce depression-like behaviors in BALB mice.

Sirtinol infusion reversed the chronic variable stress-induced dysfunction
of memory and anhedonia of stressed rat models. The extracellular signal-
regulated protein kinases1 and 2 activities and Bel-2 expression were
increased by SIRT1 inhibition in the hippocampus.

Sirtinol increased histone acetylation activity in chronic variable stress-
induced rats.

The anti-oxidative protection effect of resveratrol on SK-N-BE cells was
blocked by sirtinol.

Sirtinol enhanced the inhibition of SIRT1 expression induced by LPS
treatment in PC12 cells. Nicotinamide treatment increased the apoptosis of
PC12 cells.

Nicotinamide protected transgenic 3xTg-AD mice from cognitive
impairment. Phosphorylated Tau protein Th231 was decreased.

In vivo

In vivo

In vivo

In vivo

In vitro

In vitro

In vivo
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Table 1.5 Evidence that SIRT?2 inhibitors influence neuroinflammation and neurodegeneration.

Author

Guan, Q.. et al.(Q.
Guan et al., 2016)

Chen, X., et al.(X.
Chen et al., 2015)

Wang, X., et al. (X.
Wang et al., 2015)

Chopra, V., et al.(V.
Chopra et al., 2012)

Erburu, M., et al.(M.

Erburu et al., 2017)

Erburu, M., et al.(M.

Erburu et al., 2015)

Wang, B., et al.(B.
Wang et al., 2016)

Scuderi, C., et al.(C.
Scuderi et al., 2014)

Title

Aging-related 1-methyl-4-phenyl-
1.2.3.6-tetrahydropyridine-induced
neurochemical and behavioral deficits
and redox dysfunction: improvement
by AK-7

The sirtuin-2 inhibitor AK7 is
neuroprotective in models of
Parkinson's disease but not
amyotrophic lateral sclerosis and
cerebral ischemia

Aging-related rotenone-induced
neurochemical and behavioral
deficits: role of SIRT2 and redox
imbalance. and neuroprotection by
AK-7

The sirtuin 2 inhibitor AK-7 is
neuroprotective in Huntington's
disease mouse models.

SIRT2 inhibition modulate glutamate
and serotonin systems in the
prefrontal cortex and induces
antidepressant-like action

Chronic stress and antidepressant
induced changes in Hdac5 and Sirt2
affect synaptic plasticity

SIRT2 Plays Significant Roles in
Lipopolysaccharides-Induced
Neuroinflammation and Brain Injury
in Mice.

Sirtuin modulators control reactive
gliosis in an in vitro model of
Alzheimer's disease

Drug

AK-7

AK-7

AK-7

331

331

AGK2

AGK2

Results

The acetylation of a-tubulin was increased by AK-7 application in MPTP-induced aging
mouse models. AK-7 also attenuated behavioral abnormality and dopamine depletion.

AK-7 diminished o-synuclein cytotoxicity in human fetal dopaminergic neuron-like
LUHMES cells in a dose-dependent way. It also prevented dopamine depletion and
dopaminergic cell death in mice after MPTP injection. However, it did not affect
amyotrophic lateral sclerosis and cerebral ischemia mouse models.

AK-7 attenuated the redox reaction and behavior abnormality and dopamine decreasing
in rotenone-induced PD mouse models.
The superoxide flux was reduced in primary neuron/glial cell models treated with AK-7.

AK-7 promoted behavioral performance and motor function of HD (R6/2) mice and
ameliorated striatal and neuronal atrophy. The level of polyglutamine aggregation was
decreased the brain of R6/2 mice.

Chronic 331 was applied in chronic mild stress mouse models (C57B16). GluN2A.
GluN2B, and serotonin were improved in the prefrontal cortex. The anhedonia and
decreasing social interaction were reversed.

Co-treatment with Class IT histone deacetylase inhibitor MC1568 and 331 was a benefit
to synaptic plasticity in the prefrontal cortex. Upregulation of them helped to build
neuronal adaption under chronic stress and depression.

AGK?2 inhibited the microglial activation induced by LPS and reduced the mRNA levels
of TNF-a and IL-6. It also prevented nuclear translocation of NF-xB and the rising
activation of Caspase 3 and Bax protein.

Astrocytes were treated with AR 1-42.

AGK2 improved the cell viability but generated cytotoxicity at a concentration of 35pM
on normal astrocytes and suppressed proliferation of astrocytes. AB-induced astrogliosis
was alleviated by AGK2. The expression of iNOS and COX-2 were reduced.

Study Type

In vivo

In vitro
In vivo

In vivo
In vitro

In vivo

In vivo

In vivo

In vivo

In vitro
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Outeiro, T. F., et
al.(T. F. Outeiro et al.,
2007)

Luthi-Carter, R., et
al.(R. Luthi-Carter et
al., 2010)

Silva, D. F., et al.(D.
F. Silva et al., 2016)

Spires-Jones, T. L., et
al.(T. L. Spires-Jones
etal., 2012)

Valle, C., et al.(C.
Valle et al., 2014)

Di Fruscia, P., et
al.(P. Di Fruscia et al.,
2015)

Sirtuin 2 inhibitors rescue a-
synuclein-mediated toxicity in models
of Parkinson's disease

SIRT?2 inhibition achieves
neuroprotection by decreasing sterol
biosynthesis

Mitochondrial Metabolism Power
SIRT2-Dependent Deficient Traffic
Causing Alzheimer's-Disease Related
Pathology.

Inhibition of Sirtuin 2 with
Sulfobenzoic Acid Derivative AK1 is
Non-Toxic and Potentially
Neuroprotective in a Mouse Model of
Frontotemporal Dementia
Tissue-specific deregulation of
selected HDACs characterizes ALS
progression in mouse models:
pharmacological characterization of
SIRT1 and SIRT2 pathways

The discovery of a highly selective
5.6.7.8-
tetrahydrobenzo[4,5]thieno[2,3-
d]pyrimidin-4(3H)-one SIRT2
inhibitor that is neuroprotective in an
in vitro Parkinson's disease model

AGK2

AGK2
AK1

AKl1

AGK2

ICL-SIRTO78

AGK2 protected HeLa cells applied from the toxicity of a-synuclein. AGK2 protected
dopaminergic cells from a-Syn-induced death in primary midbrain cultures. In a
Drosophila PD model, AGK2 showed a significant protective effect on dorsomedial
neurons without changing a-synuclein levels.

AGK2 and AK1 generated neuroprotection in HD fly models. AGK2 and AK1 protected
the striatal neurons from mutant Huntingtin inclusion, but the morphology was not
altered. They decreased cholesterol and cholesteryl esters synthesis via inhibition of
SIRT2.

AK1 improved the acetylation level of tubulin, the autophagy vesicles and the A
aggregation in sporadic AD cybrid cells, which might improve microtubule stabilization.

AK1 was injected into the hippocampus of rTg4510 mouse models expressing mutant
tau protein. It was non-toxic in the mouse brain and showed a neuroprotective effect, but
it did not affect neurofibrillary.

AGK?2 failed to protect the transgenic neuronal cells from mutant SODI1 toxicity and
death.

ICL-SIRTO78 showed a protective effect of cellular survival and cytotoxicity on
lactacystin-induced PD models in N27 cells.

In vitro
In vivo

In vivo
Drosophila

In vitro

In vitro

In vivo

In vitro

In vitro
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1.4.3 Targets of SIRT1 and SIRT2
1.4.3.1 Autophagy

Autophagy is a general term for the degradation of cytoplasmic components within
lysosomes (N. Mizushima, 2007). Autophagy participates in the degradation of
damaged organelles such as mitochondria, endoplasmic reticulum, and peroxisomes, as
well as eliminating intracellular pathogens and recycling of cellular metabolites (D.
Glick et al., 2010). This process can be initiated in response to a pathogenic insult to

enclose the infection and promote the clearance of the pathogen (C. S. Shi et al., 2012).

The correlation between SIRT1 and autophagy has been implied by numerous findings
which can be generally classified into three types (F. Ng and B. L. Tang, 2013). The
first type of evidence is that SIRT1 and autophagy activities are simultaneously
activated in some experiments. For instance, inhibition of autophagy by 3-
methyladenine (3-MA) suppresses SIRT1 expression in some in vitro studies (Q. Cui
et al., 2006); resveratrol induces autophagy which acts in a SIRT1-dependent manner
(E. Morsellietal., 2011, R. Zeng et al., 2011, R. Zeng et al., 2012). Another connection
is that SIRT1 expression and autophagy can be induced by implementing caloric
restriction (CR) and interact with each other (S. Kume et al., 2010). The more direct
evidence is that overexpression and silencing of SIRT1 levels could exert or inhibit the
effect of autophagy (J.-K. Jeong et al., 2013, R. R. Alcendor et al., 2007). It is
considered that SIRT1 can influence autophagy via its deacetylation of FOXO family
members (F. Ng and B. L. Tang, 2013). SIRT2 is also implicated to play a role in
modulation of autophagy through the FOXO1 pathway (F. Ng and B. L. Tang, 2013).

Autophagy has been identified as a major regulator of inflammasomes. In some
inflammatory conditions where autophagy is restricted or diminished, there is over-
activation of inflammation and inflammasomes (B. Levine et al., 2011, V. Deretic et
al., 2013). Similarly, inflammasome activation is able to induce autophagy which
protects tissues and cells from excessive inflammation and subsequent injury (K.
Cadwell, 2016). Autophagic removal of intracellular DAMPs, inflammasome
components or cytokines can negatively regulate inflammasome activation and inhibit
the following maturation and release of cytokines (S. Qian et al., 2017). Manipulation
of autophagy pathways leads to caspase-1 activation and cytokine production
deficiency in the macrophage (T. Saitoh et al., 2008).
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1.4.3.2 NF-xB

SIRT1 inhibits NF-xB signal pathway directly through the deacetylation of the p65
subunit of the NF-xkB complex. SIRT1 stimulates oxidative energy production via the
activation of AMPK, PPARa and PGC-1a, which will inhibit NF-xB signaling and
suppress inflammation simultaneously. NF-kB, in turn, can down-regulate SIRT1
activities through the regulation of the expression of miR-34a, IFN-y, and the
production of reactive oxygen species. The inhibition of SIRT1 can disrupt oxidative
energy metabolism and stimulates the NF-kB-induced inflammatory responses present

in many chronic metabolic and age-related diseases (A. Kauppinen et al., 2013).

NF-«kB is also a target of nucleus SIRT2 but not cytoplasm SIRT2. AGK2, an inhibitor
of SIRT2, suppresses the microglial activation induced by LPS and reduces the mMRNA
levels of TNF-a and IL-6. SIRT2 inhibitors block the nuclear translocation of NF-xB
and the following activation of Caspase 3 (B. Wang et al., 2016). On the other hand,
SIRT2 deacetylates the NF-kB p65 unit and inhibits NF-kB-dependent transcription in
microglia (T. F. Pais et al., 2013). Collectively, SIRT2 might be required for NF-«xB-
mediated neuroinflammation, which indicates an opposite effect on the NF-xB

pathway.

NF-«kB is known as a protein complex family that modulates the transcription of diverse
genes, cytokine production and cell survival. There are five members in the NF-xB
family: p65 (RelA), RelB, c-Rel, p50/p105 (NF-kB1), and p52/p100 (NF-xB2) (L. F.
Chen and W. C. Greene, 2004). NF-kB plays a crucial role in regulating the immune
response to inflammation in the nervous system. Numerous chemokines, cytokines,
enzymes, other molecules or factors in the inflammatory process are regulated by NF-
kB. The classic NF-kB pathways can be activated by pro-inflammatory molecules such
as IL-1, LPS and TNF. The activated NF-«xB (p65) translocates from the cytoplasm into
the nucleus where it binds to specific sequences of DNA called response elements (RE)
and activates target gene transcription. At the molecular level, neuroinflammation is
modulated by diverse molecules and factors, including chemokines, cytokines, pro-
inflammatory enzymes and transcription factor NF- kB. Among these mediators, NF-
kB is the central regulator of neuroinflammation (B. B. Aggarwal, 2004, W. J. Lukiw
and N. G. Bazan, 1998, K. S. Ahn and B. B. Aggarwal, 2005).
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1.6 Knowledge gaps and significance

There is no systematic research investigating and comparing the effects of selective
SIRT1 modulators, selective SIRT2 modulators or dual SIRT1/2 modulators on
depression models. The studies of depressive-like behaviours in literature applied

different triggers and different methods of drug administration.

SIRT1 and SIRT2 modulators both appear to be able to influence the development of
neurodegeneration. Whether both SIRT1 and SIRT2 are required for suppressing
neuroinflammation activities in depression has not been investigated yet. Similarly, the
mechanism of pathways of how SIRT1, 2 modulators affect neuroinflammation is

unknown.

Augmentation treatment is required to enhance the therapeutic effect of a current
antidepressant. Augmentation with NSAIDs has been studied in clinical trials.
However, firm conclusions cannot be drawn on the anti-depressant effects of NSAIDs
in depression. Augmentation strategies of SIRT1, 2 modulators need to be designed and

investigated.

Despite the advances of current medications and psychotherapy, over 65,000
Australians still make a suicide attempt every year, and 3 million Australians are
currently experiencing anxiety or depression. Depression is one of the leading causes
of disability and remains difficult-to-treat. Thus exploration of new potential treatment

is urgent.

1.6.1 Effect of SIRT1, 2 modulators on depression is unclear

Plenty of studies show that SIRT1 and SIRT2 are involved in the pathophysiology of
neuroinflammation, neurodegeneration and depression. However, the results of these
studies contradict each other. It has been found that both neuroprotective effects and
negative effects of SIRTL1 activators, SIRTL1 inhibitors, SIRT2 activators and dual
SIRT1/2 inhibitors. The anti-degeneration or anti-inflammation effects discovered in
each study were investigated via different disease models, including in vitro or in vivo
AD, PD, HD and ALS models. The studies of depressive-like behaviours in animals
applied different triggers of depression (stress or LPS) and different methods of drug
administration (intracerebral ventricular injection or intraperitoneal injection). In
addition, there is no clinical trial related to this field. Therefore, it is difficult to conclude

whether SIRT1 and SIRT2 modulators will benefit depression or not. There is no
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systematic research investigating and comparing the effects of selective SIRT1
modulators, selective SIRT2 modulators or dual SIRT1/2 modulators on depression

models.

1.6.2 Mechanism of the anti-inflammatory action of SIRT1, 2 modulators in
depression models is unclear

SIRT1 and SIRT2 modulators both appear to be able to influence the development of
neurodegeneration. However, the evidence of the effects of SIRT1, 2 modulators on
neuroinflammation is not robust. Resveratrol as a SIRT1 activator has been shown to
exert an inhibiting effect on neuroinflammation in in vitro models by a research group
while the other animal study failed to achieve the same observation result. SIRT?2 also
was considered to take part in neuroinflammation. But only an in vivo study reported
that AGK2 as a SIRT2 inhibitor inhibited microglial activation. Therefore, whether
both SIRT1 and SIRT2 are required for inhibiting neuroinflammation activities in
depression has not been investigated yet. Besides, the mechanism of pathways of how
SIRT1, 2 modulators affect neuroinflammation was not further demonstrated.
Therefore, the investigation of the mechanism requires designed experiments to be

conducted.

1.6.3 Augmentative anti-inflammatory effect of SIRT modulators with current
antidepressants is unknown

For those patients who fail to respond to the initial antidepressant therapy, alternative
treatment includes switching medication, augmentation or combination treatment. A
novel solution for augmentation treatment is required to enhance the therapeutic effect
of a current antidepressant. Augmentation with traditional anti-inflammatory agents
(NSAIDs) has been studied in some clinical trials. However, firm conclusions cannot
be drawn on the anti-depressant effects of NSAIDs in depression. NSAIDs also increase
the risk of cardiovascular adverse events and infections. Thus whether SIRT1 and SIRT

2 modulators can be potential medication candidates urgently needs to be investigated.

1.7 Research aims and objectives
To study the effect of SIRT1 and SIRT 2 modulators on in vitro model of

neuroinflammation and in vivo LPS-induced rodent models,

Objective 1: To establish an in vitro differentiated model of LPS-induced

neuroinflammation and subsequent neurodegeneration
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Objective 2: To determine if SIRT1 and SIRT 2 modulators decrease
neuroinflammation and subsequent neurodegeneration and mechanism in the in vitro

model

Obijective 3: To determine the effects of SIRT1 and SIRT 2 modulators on LPS-induced
anxiety-like and sickness behaviours.
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Chapter 2 : Methods development
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2.1 Introduction

Establishing a suitable model is crucial for in vitro drug evaluation. Methods
development optimizes the appropriate conditions of experiments and prevents the final
evaluation results of the drugs from being misinterpreted, exaggerated or neglected due
to the use of the wrong model. Well-developed methods provide advantages including
validity, reliability and reproducibility to the study. Therefore, in this introduction,

different experiment conditions and concerns are discussed as follows.

2.1.1 Overview

The overall experimental design of the in vitro study is to collect the supernatant from
lipopolysaccharide (LPS)-stimulated microglia and transfer it onto neuronal cells.
Essentially, this design is a 2D microglia-neuron co-culture model to investigate the
effects of inflammatory mediators produced by microglia on neuronal cells. Pre-
treatment of microglia with SIRT modulators prior to LPS stimulation will be used to
investigate their effects on the subsequent outcome on neuronal cells. To conduct this
experiment design, the rat highly aggressively proliferating immortalized (HAPI) cell
line was selected as the microglia model. HAPI cell line is derived from microglia-
enriched neonatal primary cultures. It expresses microglial markers and is able to well
respond to LPS stimulation and phagocytize (R. Timmerman et al., 2018). The SH-
SY5Y cell line was selected as the neuronal model, which is attributed to its human
derivation and capability of differentiation to mature and neuron-like phenotype (J.
Kovalevich and D. Langford, 2013). In this chapter, several optimization processes
were conducted to establish a suitable in vitro neuroinflammation-neurodegeneration
model in order to achieve an accurate evaluation of the pharmacological and biological
effects of SIRT drugs.

2.1.2 LPS-induced inflammatory response in microglia

A suitable concentration for LPS treatment on HAPI cells should be optimized to better
mimic the neuroinflammation underlying the pathology of the depressive condition in
the central nervous system. Microglia are macrophages that reside in the central nervous
system as the prime component of its immune system. Thus, they are widely used as an
in vitro model of neuroinflammation. Microglia can be activated by many stimuli such
as cytokines, interferon and toxins. LPS is derived from the outer membrane of Gram-
negative bacteria and targets on toll-like receptors 4 (TLR4) (B. Boonen et al., 2018).

LPS has been recognized as an important molecule in modeling neuroinflammation-
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related disorders, including Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease and depression (C. R. A. Batista et al., 2019, J. C. O'Connor et al., 2009). HAPI
cell line originates from rat neonatal primary brain cultures and can generate multiple
kinds of cytokine and ROS under LPS stimulation (W. Zheng et al., 2012, R. J. Horvath
et al., 2008, P. Cheepsunthorn et al., 2001). After LPS combines to and activates toll-
like receptor 4, the mitogen-activated protein kinase (MAPK) pathways are initiated
and followed by activation of downstream transcription factor NF-«kB, which
subsequently results in the production of inflammatory mediators, including TNF-a, the
IL-1 family, IL-6, the IL-10 family and cyclooxygenase-2 (COX-2) (B. Kaminska et
al., 2016, B. L. Fiebich et al., 2018, T. Kawai and S. Akira, 2011, M. Rossol et al.,
2011). COX-2 and its secondary product PGE> can also be induced by LPS in
macrophages (S. H. Lee et al., 1992). There is literature showing that the PGE; level is
elevated in depression patients (J. Lieb et al., 1983) and COX-2 signaling is involved
in depression models (Q. Chen et al., 2017).

As cytokines are the main biomarkers to assess the inflammatory status of microglia in
experimental systems, the dynamic time course of LPS-induced response in gene
expression and protein level is crucial guidance for successful measurement of these
cytokines. According to literature, the production cytokines in primary microglia
including TNF-a, IL-1p, IL-10 and PGE> have shown an ascending tendency after LPS
stimulation and the increasing slope tends to slow down from 20 h post-treatment and

stops elevating afterward (S. Lund et al., 2006).

2.1.3 Cell culture condition for SH-SY5Y cell line

The SH-SY5Y cell line has been used as neuroblastoma for cancer-related research and
as neuron substitutes for neurology studies. However, the culture conditions for these
two applications should not be the same. Even though numerous studies have used
culture media containing high glucose (24 mM) to culture SH-SY5Y cells (J. I. Forster
et al., 2016, A. J. McFarland et al., 2018), some studies had also reported that a high
concentration of glucose can affect the performance of SH-SY5Y cell line, which
affects researchers’ ability to correctly interpret the published results and apply the
knowledge to other research (H. Smerker, 2014). Additionally, the neuroinflammation-
neurodegeneration model employed in this study is based on the supernatant transfer
between microglia and neurons, where the components in the supernatant produced by

cell lines can affect one another. Thus, the fluctuation of the concentration of glucose
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during the supernatant transfer can be avoided by culturing both the microglia and
neurons with the same level of glucose. Therefore, optimization of the culture condition

especially glucose concentration for SH-SY5Y cell culture must be conducted.

2.1.4 Differentiation methods for SH-SY5Y cell line

Another issue to be considered in the experimental design is whether differentiation of
SH-SYS5Y cells should be conducted. The SH-SY5Y cell line has been used as a model
of dopaminergic neurons in neurological studies as it expresses a few dopaminergic
makers including dopamine transporter (DAT) and tyrosine hydroxylase (TH) (R.
Constantinescu et al., 2007, S. P. Presgraves et al., 2004). SH-SY5Y cell line is human-
derived neuroblastoma cells which are subclones of SK-N-SH cells and contain two
distinct phenotypes, neuroblastic type (N) or neuronal-like type and substrate-adherent
type (S) or epithelial-like type (M. Encinas et al., 2000). The undifferentiated SH-SY5Y
cell line still conserves proliferative characteristics of stem cells and cancer cell and
tends to grow in clusters where there are clumps of cells in the center and the
surrounding cells radiate gradually from the center (J. Kovalevich and D. Langford,
2013). They proliferate aggressively in a certain period of culture and express immature
gene markers (J. Kovalevich and D. Langford, 2013). By contrast, differentiated
neuroblastoma cells present distinct features in morphology and gene expression. They
distribute more evenly without overlapping each other and more in polarized or
neuronal-like shape with longer projections (J. Kovalevich and D. Langford, 2013).
Fully differentiated SH-SY5Y cells have been reported to express a range of mature
neuronal gene markers, including synaptophysin (SYN), ENO2 (enolase 2) or neuron-
specific enolase (NSE), and neuronal nuclei (NeuN) (M. M. Shipley et al., 2016). Thus,
a differentiation procedure to cease mitosis is necessary to obtain the accuracy of results

of experimental assessments.

Within the literature, there is a range of applicable differentiation methodologies for the
SH-SY5Y cell line. These methodologies vary in aspects of duration, chemical
treatment, media preference and assessment means. Some studies reported that retinoic
acid (RA) alone can successfully differentiate the SH-SY5Y cell line (Y. T. Cheung et
al., 2009). Retinoic acid is a derivative of vitamin A that exerts morphogenic and
teratogenic effects and influences gene expression in vivo (J. Rohwedel et al., 1999). In
vitro, RA can inhibit DNA synthesis and suppress the growth of tumor cells by inducing
differentiation and/or apoptosis of S-type cells (G. Melino et al., 1997). However, some
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clinical research has shown that RA treatment alone can not fully differentiate
neuroblastoma in vivo (H. Teppola et al., 2016). However, other agents such as brain-
derived neurotrophic factor (BDNF) has also been used to maintain the differentiated
status of SH-SY5Y cells (M. M. Shipley et al., 2016). BDNF has been shown to
enhance RA-induced differentiation and support the survival of differentiated neurons
(H. Teppola et al., 2016).

2.1.5 Application of extracellular matrix gel in cell culture

Two-dimensional neuroinflammation models have been widely wused for
pharmacological research of the central nervous system, which is either conducted by
culturing commercially available neuronal and microglial cell lines or primary cells
extracted from mammals. In the majority of in vitro studies, each cell line is cultured
separately in an isolated 2D environment. The transfer of supernatants containing
varieties of molecules secreted by cells can mimic neuron-to-glia interaction to some
extent. However, the results of supernatant transfer can only be measured in one
direction. In other words, the status of the co-existence of neurons and glia cannot be
determined or observed simultaneously. In addition, isolated culture itself can lead to a
shift in the morphology, function and gene expression compared to those in the CNS
environment (Z. Szepesi et al., 2018). Many physiological or pathological activities rely
on the interplay between neurons, astrocytes, and microglia, such as the formation of
synaptic circuits and immune modulation (J. A. Stogsdill and C. Eroglu, 2017, Z.
Szepesi et al., 2018) Thus, a 3D neuroinflammation model where neurons and glia

grow together can mimic neuron-glia interaction more realistically.

Extracellular matrix (ECM) is a mixture with a protein concentration of 8-12 mg/mL,
containing laminin as a major component, collagen type IV, heparin sulfate
proteoglycan, entactin and other minor components (Sigma-Aldrich, 2018b). Using
ECM as a fundamental environment for cell culture can establish a structural
framework providing mechanical support for cell attachment. Drug treatments are also
able to affect the microglia and neurons in the same condition. The inflammatory
mediators secreted by microglia can act on neurons directly, which improves the

reliability of the drug assessment results.

The components of ECM and its receptors have been studied for neural proliferation
and differentiation for decades (K. R. Long and W. B. Huttner, 2019). The key
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components of ECM that have been demonstrated to modulate proliferation are
proteoglycans, laminins, and integrins. Proteoglycans along with laminins have been
shown to provide structural support and modulate the proliferation of neural progenitors
(K. R. Long and W. B. Huttner, 2019). It has also been discovered that laminin
contributes to neuron differentiation in chick retina samples and neural tube progenitor
from the chick embryo (J. M. Frade et al., 1996). Similar effects were found in mouse
and human neural stem cells (J. Drago et al., 1991, W. Ma et al., 2008). Additionally,
ECM has long been considered to promote neurite outgrowth (P. C. Letourneau et al.,
1992). The integrins are the essential members of ECM receptors and an important
marker of early developing human neocortex (R. O. Hynes, 2002, K. R. Long and W.
B. Huttner, 2019). It has been shown that integrins help with the formation of
neurospheres, cortical progenitor proliferation, cooperating with laminins in promoting
the initiation of differentiation network (K. R. Long and W. B. Huttner, 2019).

SH-SY5Y has been long discovered the potential of differentiating to mature neurons
under chemical induction. However, the induction of multiple reagents in the
differentiation process would also disturb the accuracy of the results obtained from any
experiment taken in this type of culture system. Therefore, a cleaner and more realistic
model to mimic the microenvironment of the central nervous system is necessary. A
study reported the combination of ECM proteins and growth factor modified SH-SY5Y
cells morphologically and biochemically (S. Dwane et al., 2013). However, this study
obtained this conclusion based on a 2D experimental system, which only reflects the
role of ECM proteins in influencing the differentiation of neuroblastoma from an
indirect perspective. Another study reported having built up a 3D model for SH-SY5Y
cells using bacterial nanocellulose scaffolds as the supportive material with the addition
of retinoic acid treatment for 17 days (M. Innala et al., 2014). A collagen-based 3D
hydrogel culture study of SH-SY5Y found a significantly less amount of release in
intracellular Ca2* in the response to high K* depolarization in 3D culture compared to
2D culture, which indicates the result generated 2D culture system might be
exaggerated and misleading (A. Desai et al., 2006). Therefore, in this study, a
preliminary study was also conducted to explore several potential conditions for ECM
to differentiate SH-SY5Y cells and elucidate the limitations to it in our microglia-

neuron co-culture system.
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2.2 Aims and Objectives
To optimize the LPS-induced neuroinflammation-neurodegeneration model composed
of HAPI and SH-SY5Y cell line,

Objective 1: To measure LPS dose-response on HAPI cells and select a comparable

concentration to mimic neuroinflammation in depression.

Obijective 2: To determine whether the result of supernatant treatment can be affected

by high-glucose cell culture for SH-SY5Y cells.

Objective 3: To determine the morphological and gene expression alterations in SH-

SY5Y cells after different differentiation treatments.

Obijective 4: To preliminarily observe the 3D morphology of SH-SY5Y cells and the

co-culture with HAPI cells in the ECM environment.

2.3 Methods and materials
2.3.1 Cell culture

All operations and experiments which were required to be sterile were performed in
Biology Safety Cabinets. Highly Aggressively Proliferating Immortalised (HAPI) cell
line (Merck, USA) was used as a model of microglia to observe the inflammatory
response. SH-SY5Y cell line (Sigma-Aldrich, USA) was used as a model of neuronal

cells.

HAPI cells were grown in ATCC-formulated DMEM (Gibco by Life Technologies,
11885084) which contains low glucose (1 g/L D-Glucose), L-glutamine (584 mg/L),
sodium pyruvate (110 mg/L) and phenol red (15 mg/L). For SH-SY5Y cells, two types
of ATCC-formulated DMEM were used. One is DMEM (Gibco by Life Technologies,
11885084). The other one is DMEM (Gibco by Life Technologies, 11965092) that
contains D-Glucose (4.5 g/L), L-glutamine (584 mg/L), and phenol red (15 mg/L). The
media was additionally supplemented with 1% penicillin/streptomycin and 10% fetal
bovine serum (FBS). Cells were grown in sterile T-75 cm? flasks and cultured in an
incubator at 37°C with 5% CO: and high humidity. Cells were passaged with various

ratios after they reached 80-90% confluence based on cell number needed.

2.3.2 Weaning and adaption of SH-SY5Y cell line to low-glucose media
To adapt the SH-SY5Y cells that are cultured in high-glucose media into low-glucose

media, weaning and adapting procedures need to be conducted prior to low-glucose cell
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culture based on literature (H. Smerker, 2014). SH-SY5Y cells in 100% DMEM high-
glucose media were cultured to reach 80-90% confluence and regarded as passage one.
The following ratios of media were used as shown in Figure 2.1. SH-SY5Y cells were

eventually adapted into low-glucose media after 8 passages.

Figure 2.1 Ratios of media in weaning and adaption of the SH-SY5Y cell line.

2.3.3 Extracellular matrix gel

Extracellular matrix (ECM) gel from Engelbreth-Holm-Swarm murine sarcoma (Sigma
Aldrich, Australia) was applied in cell culture for the SH-SY5Y cell line. The protein
concentration in ECM gel is 8-12 mg/mL, which contains laminin (major), collagen
type 1V (increases polymerization), heparin sulfate proteoglycan, entactin, other minor
components, and 50 mg/L gentamicin sulfate. ECM gel can be stored at -20°C in a solid
form for the long term and stored at 2-8°C in a liquid form for up to 72 h. It can gel
within 5 min at room temperature and cannot liquefy after polarization. Thus the
operation of ECM gel should be done on top of the ice to prevent polarization in the
short term. ECM gel was placed at 2-8°C to thaw out overnight before use. Seeding

plates and pipettes were pre-cooled at 2-8°C in the fridge.

For a 2D cell culture, ECM gel was diluted with serum-free media (2-8°C) to twofold
(1:2) and 500 pL of the diluted gel was added into wells in a 6-well plate. After the gel
solidified in an incubator, SH-SY5Y cells were seeded at 1.4 x10* cells/well on the
surface of the gel with the addition of serum-containing media on top and cultured for

5 days.
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To build a 3D cell culture model, ECM gel was mixed with SH-SY5Y cell suspension
(1.4x10* cells/well) to 1:4 dilution. Then 50 L of the mixture was added into wells in
a 96-well plate and cultured for 6 days.

Cells were visualized and photographed using an Olympus 1)X53 microscope.

2.3.4 Treatment preparation

LPS was dissolved in PBS solution at the stock concentration of 1 mg/mL and aliquoted
and stored in a -20°C freezer. Before treatments were conducted, the LPS stock solution
was diluted from 1:10 to a working solution. BDNF was reconstituted in distilled water
to a concentration of 10 pg/mL as stock and stored in a -20°C freezer. RA was dissolved
in DMSO at a concentration of 25 mM and stored in a -20°C freezer and protected from

light when operation.

2.3.5 Resazurin assay

A resazurin assay was used to determine cell viability. Viable cells are able to reduce
resazurin to resorufin, leading to a visible colour change and a difference in
fluorescence. Cell lines were plated and seeded on 24-wells or 96-wells plates. The
resazurin stock (440 puM) solution was diluted 1:10 with culture media. Then, the
supernatant was collected and discarded before conducting resazurin assays. Three
wells without cells were set up as a blank. Five hundred uL of the resazurin solution
(44 puM) was added to each well and incubated for 4 h at 37°C with 5% CO». After this,
fluorescence (excitation: 530 nm and emission: 590 nm) was measured and recorded

using a Tecan Infinite 200 Pro microplate reader (Tecan, Australia).

HAPI cells were seeded at 10° cells/well on 24-well plates and incubated in an incubator
for 24 h. Then, for cytotoxicity measurement, cells were treated with LPS (0.0001
png/mL-10 pg/mL) for 20 h and the supernatant was collected for transfer onto SH-
SY5Y cells or ELISA measurement. Then the cell viabilities of HAPI cells were
measured by conducting resazurin assay. Each treatment on HAPI cells had 3 replicates.
SH-SY5Y cells were seeded on 96-well plates with a cell density of 10° cells/mL (100
ML) and incubated for 24 h. Then, the supernatant of SH-SY5Y cells was replaced by
the supernatant collected from HAPI cells and incubated for 24 h. Each treatment on
SH-SY5Y cells had 6 replicates. Then, resazurin assay was conducted to test the cell
viability of them.
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2.3.6 Trypan blue dye exclusion assay
Cell concentration was measured by the trypan blue dye exclusion method. Cell
numbers were counted through the automatic cell counter or the hemocytometer under

an inverted light microscope.

2.3.7 Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay

DCFH-DA assay was used to determine the oxidative reaction of cells. Reactive oxygen
species (ROS) can oxidize DCFH-DA into the highly fluorescent compound
dichlorofluorescein (DCF). The DCFH-DA stock solution (50 mM) was diluted into a
working solution (25 pM) with culture media. HAPI cells were seeded at 10° cells/well
on 24-well plates and incubated for 24 h. Then HAPI cells were treated with a series of
concentrations of LPS (10-0.0001 pg/mL) for 20 h. Each treatment had 3 replicates.
The supernatant above cells was removed and discarded. The media containing DCFH-
DA was added to respective wells and incubated for 1 h in an incubator. After that, the
solution above cells was replaced with 200 pL of the PBS and washed out. Following
this, PBS (100 pL) was added into each well. Fluorescence (excitation: 485 nm and
emission: 535 nm) was measured and recorded using a Tecan Infinite 200 Pro

microplate reader (Tecan, Australia).

To calculate the final DCF fluorescence value, an adjusted cell number was needed.

The following formula was used to calculate the final DCF fluorescence value:

Final DCF fluorescence value = original DCF fluorescence value X 100%/cell viability
(%)

2.3.8 Enzyme-linked immunosorbent assays (ELISA)

HAPI cells were seeded at 2.5 x 10° cells/well on 24-well plates and incubated for 24
h. Then, cells were stimulated with LPS (0.1-0.001 pg/mL) treatment for 20 h in an
incubator. The supernatant was collected fresh and stored at room temperature before
running ELISA using PGE, (Cayman), TNF-a and IL-1p using ELISA Kits (Biosensis).
ELISA Kits were taken out from a freezer to equilibrate them to room temperature

except for standards. All reservoirs and cylinders were labeled.

2.3.8.1 Reagent preparation
Buffer preparation
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ELISA buffer concentration or wash buffer concentration was dissolved and diluted in
distilled water. The reconstituted buffer solution was stored at 4°C for up to two months

when not conducting assays.
Standards preparation

Firstly the whole vial of the standard was reconstituted with ELISA buffer and sat at
ambient temperature for 10 min. This reconstituted standard was stored at 4°C for up
to four weeks when not using. After that, the reconstituted standard was serially diluted

into several standards with different concentrations in descending order.
Microplate preparation

96-well plates pre-coated by capture antibodies were provided in the ELISA kits and
ready to use. A layout was designed for sample dispensing locations. Samples were

tested in replicates according to the layout design.
Sample preparation

Cell supernatant was prepared at a minimum of two 1:10 dilutions with ELISA buffer

during the temperature equilibrium time.
Standards preparation

The standards were reconstituted with ELISA buffer. Several descending
concentrations of standard solutions were prepared and kept at a temperature required
by ELISA manuals.

Tracer and antibody solution preparation

Antibodies were diluted with ELISA buffer and mixed thoroughly in 2 h prior to
running assays. Tracers were diluted with ELISA buffer and mixed thoroughly in 1 h

prior to running assays.

2.3.8.2 Performing assays
Competitive ELISA

ELISA buffer, standards, diluted samples, tracer, and monoclonal antibodies were
added into each well according to the designed plate format. After that, the plate was
covered with a plastic film provided by ELISA Kkits and incubated 60 min at room

temperature on an orbital shaker.
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Ellman’s reagent was reconstituted immediately before use. After incubation, the
solution in each well was removed and washed with wash buffer for 5 times. Then,
Ellman’s reagent was added to each well according to the plate format. The plate was

covered with plastic film and incubated in dark on an orbital shaker for 90 min.
Sandwich ELISA

Standards, diluted samples, and buffer were added into wells according to the designed

plate format. Then, the plate was sealed with parafilm and incubated at 4°C overnight.

After that, the plate was emptied and washed with wash buffer five times. Following
that, the biotinylated antibody was added to each well and incubated at room

temperature on an orbital shaker for 2-3 h.

After 3 times of rinsing with wash buffer, diluted Avidin-Biotin-Peroxidase complex
solution was added to each well. The plate was covered and incubated at room

temperature on an orbital shaker for 1 h. Then, five wash cycles were conducted.

TMB color developing reagent was warmed up and to 37°C and added into each well.
Then, the plate was incubated at room temperature for 5-20 min in the dark. The TMB

stop solution was added to each well to stop the reaction.

2.3.8.3 Reading plates
A Tecan infinite 200 Pro (Tecan, Australia) microplate reader was used to read the
absorbance of the plate. A wavelength was set up according to the requirement of

different manuals.

2.3.9 Neurite outgrowth staining
Neurite outgrowth staining kit (life technologies, Australia) was used to visualize and
quantify cell viability and relative neurite outgrowth of differentiated neurons in the

same sample.

2.3.9.1 Material preparation

Hank’s balanced salt solution (HBSS) was prepared by dissolving Hank’s balanced
salts (Sigma Aldrich, Australia) in less than 1 L of distilled water. Then, the pH of the
solution was adjusted to 0.1-0.3 pH units by adding the appropriate amount of sodium

dihydrogen phosphate. After that, the final volume was supplemented to 1 L.
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The 1X working stain solution was prepared by combining 10 pL of cell viability
indicator and 10 puL of the cell membrane stain in 10 mL of Hank’s balanced salt

solution.

2.3.9.2 Live-cell staining

The medium above the cells was removed and the cells were washed with PBS twice.
To each well of a 6-well plate was added 1.5 mL of 1X working stain solution, which
was then incubated for 10-20 min in the incubator at 37°C. Meanwhile, 1X working
solution of background suppression dye was prepared by diluting it with HBSS to
1:100. After the incubation, the staining solution on top of cells was removed and cells
were washed with PBS twice. Then 1X background solution (1.5 mL) was added to

each well.

2.3.9.3 Fluorescence imaging and analysis

Standard FITC filter was used to visualize the green cell viability indicator and standard
Cya filter for the red cell membrane stain using an Olympus IX53 microscope. For
fluorescence measurement, the cell viability indicator was measured at 495 nm for
excitation and 515 nm for emission and recorded using a Tecan Infinite 200 Pro
microplate reader (Tecan, Australia). The cell membrane stain was measured at 555 nm

for excitation and 565 nm for emission.

Adjusted cell membrane fluorescence value = sample viability fluorescence value +
control viability fluorescence value x corresponding cell membrane fluorescence

value.

2.3.10 Crystal violet staining
The crystal violet solution (5%) was prepared by dissolving 0.125 g of crystal violet

powder in 20 mL of distilled water. Then, 5 mL of methanol was added.

Cells were first washed with cold PBS twice. Then, cells were fixed with cold methanol
in an ice-cold condition (freezer) for 10 min. After that, methanol was aspirated and
replaced with 50 pL of crystal violet solution. The cells were stained for 20 min and
washed with water 3 times. Cells were visualized and photographed using an Olympus

IX53 microscope.
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2.3.11 Neurite length analysis

Five photos of random different fields were taken from both control and retinoic acid
wells using an Olympus IX53 microscope and Cellsens software. Cell counts and
neurite length analysis of differentiated SH-SY5Y cells were conducted ImagelJ
software Fiji version with plugin NeuronJ (M. D. M. Abramoff, P. J. Ram, S. J, 2004,
E. Meijering et al., 2004). Neuron processes were categorized as followed according to
literature (J. F. da Rocha et al., 2015).

Pre-neurites: > 20 pum, < 35 pum; neurites: = 35 pm.
Process/cell (each field) = Total number of processes =+ total cell number.
Total neurite length average = 15 longest neurite lengths of five fields + 75

2.3.12 Quantitative real-time PCR

The total RNA was extracted using TRIzol™ reagent (Invitrogen). The concentration
of RNA was measured using a Nanodrop spectrophotometer (Thermo Fisher Scientific,
Australia). cDNA was synthesized using Verso cDNA synthesis kit (Thermo Scientific)
and ProFlex PCR System (Life technology). Primer sequences (Sigman Aldrich) for rt-
PCR are shown in Table 2.1. Rt-PCR was performed using PowerUp™SYBR™ Green
Master Mix kit and QuantStudioTM Real-Time PCR systems (Thermo Fisher Scientific
Australia) according to manufactures’ guidelines. The thermal cycling conditions were
50°C for 2 min, 95°C for 2 min followed by 40 cycles of 95°C for 1 s and 60°C for 20
s. The dissociation curve conditions were 95°C for 15 s and 60°C for 1 min followed
by 95°C for 15 min. The comparative threshold cycles (CT) or 2"44¢T method was used
to analyze the CT values of samples of interest and control samples. All CT values
were normalized against GAPDH gene.

Table 2.1 List of oligonucleotides for gene markers used in rtPCR of neuronal
differentiation.

Primer Sequence

SYP (Human) Forward: 5>-TCCTCGTCAGCCGAATTCTTT-3’
Reverse: 5’-CTCGCTACTTGTTCTGCAGGAA-3’

ENO2 (Human) Forward: 5>-CGGGAACTGCCCCTGTATC-3’
Reverse: 5’-CATGAGAGCCACCATTGATCA-3’

NeuN (Human) Forward: 5’-CTACAGCGACAGTTACGGCA-3’
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Reverse: 5’- ATGGTCCGAGAAGGAAACGG-3’
GAPDH (Human) Forward: 5>-TGCACCACCAACTGCTTAGC-3’
Reverse: 5’-GGCATGGACTGTGGTCATGAG-3’

2.3.13 Statistical analysis
All data were analyzed by GraphPad Prism 5 and presented as mean = SD. One-way
ANOVA and post hoc tests and t tests were used to determine the significant

difference. P<<0.05 was considered a significant difference.

2.4 Processes and results for method optimization

2.4.1 Lipopolysaccharide (LPS) induced the cytotoxicity and inflammation in
HAPI cells in a dose-dependent way

To select a suitable concentration of LPS to simulate a mild inflammatory environment
of depression, the cytotoxic and inflammatory effects of LPS were measured on HAPI
cells using different assays. LPS treatment with 10 pg/mL, 1 pg/mL, and 0.1 pg/mL
produced significant cytotoxicity on HAPI cells (Figure 2.2 A). Concentrations

induced obvious cell death were not suitable as microglial models.

Oxidative stress is an also important hallmark of cell injury. DCF fluorescence assay
was used to measure the oxidative stress level of HAPI cells induced by LPS (0.0001
png/mL-10 pg/mL) treatment for 20 h. LPS with concentrations of 10 pug/mL and 1
pg/mL produced significantly greater ROS production than the control group (Figure
2.2 B).

Then, one concentration to induce mild inflammation in HAPI cells was estimated.
Cells were plated and incubated as mentioned above and treated with a series of
concentrations of LPS (0.1 pg/mL-0.001 pg/mL). The supernatant was collected after
20 h and the concentrations of inflammatory mediators were measured by running
ELISA. The production of PGE> and TNF-a of HAPI cells has been shown a dose-
response after LPS stimulation with a series of concentrations (Figure 2.2 C, D).
According to the result, LPS with a concentration of 0.005 pug/mL induced mild but

sufficient level of inflammation.
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Figure 2.2 LPS induces the cytotoxicity and inflammation in HAPI cells in a dose-
dependent way.

A, B, HAPI cells were treated with LPS (0.0001-10 pg/mL) for 20 h, then assessed for
cell viability using resazurin assay (A) and assessed for ROS production using DCF-
DA assay (B). C, D, HAPI cells were treated with LPS (0.001-0.1 pg/mL) for 20 h. The
concentration of PGE; (C) and TNF-a (D) in the supernatant was measured by running
ELISA. One-way ANOVA followed by Turkey’s multiple comparison test was applied.
Significance levels were shown as P< 0.001 (***). Data indicate mean + SD of three
independent experiments.
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2.4.2 High-glucose cell culture for SH-SY5Y cells interferes with the microglia-
neuron 2D co-culture model of neuroinflammation and neurodegeneration

First, in this microglia-neuron co-culture model, LPS-conditioned supernatant was
transferred onto high glucose-cultured SH-SY5Y cells and the cell viability was tested.
As shown in Figure 2.4 A, SH-SY5Y cultured in high-glucose media showed decreases
in cell viabilities after exposure to HAPI supernatant exposed to all concentrations of
LPS (10 - 0.0001 pg/mL). Besides, supernatant exposed to high concentrations of LPS,
such as 10, 1, 0.1 pg/mL, did not exert strong inhibiting effects on SH-SY5Y cells.
Additionally, LPS does not have toxicity on SH-SH5Y cells according to literature (Y.
Liu et al., 2020). Thus, we suspected that some factor in HAPI supernatant apart from
LPS stimulation had also affected the cell viability after transfer. Then the cell viability
of SH-SY5Y cells after exposure to high-glucose media and pure HAPI-conditioned
supernatant were compared. It was found that pure HAPI-conditioned supernatant itself
decreased the viability of SH-SY5Y cells as shown in Figure 2.4 B. This indicates the
glucose level in HAPI supernatant after 2 days of culturing had been consumed more,
which could shock the high-glucose cultured SH-SY5Y cells when exposed to
supernatant transfer. Then, SH-SY5Y cells were weaned and adapted from high-
glucose media to low-glucose media, which did not alter the morphology of them as
shown in Figure 2.3. After this, the same experiment was conducted on SH-SY5Y cells
cultured in low-glucose media. It was found that the supernatant collected from HAPI
cells exposed to low concentrations of LPS (0.001, 0.0001 pg/mL) did not affect the
viability of SH-SY5Y cells cultured in low-glucose media as shown in Figure 2.4 C.
Then the cell viability of SH-SY5Y cells after exposure to low-glucose media and pure
HAPI-conditioned supernatant were also compared. It was found that the low-glucose

shock after transfer was no longer exhibited, as shown in Figure 2.4 D.
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Figure 2.3 Morphology of SH-SY5Y cells in weaning and adapting the process to
low-glucose DMEM.

SH-SY5Y cells were cultured in T75 flasks and passaged with a series of ratios of
media. A. Passage 1 in 100% high-glucose DMEM + 0% low-glucose DMEM B.
Passage 2 in 75% high-glucose DMEM + 25% low-glucose DMEM C. Passage 3 in
50% high-glucose DMEM + 50% low-glucose DMEM D. Passage 4 in 25% high-
glucose DMEM + 75% low-glucose DMEM E. Passage 5 in 0% high-glucose DMEM
+ 100% low-glucose DMEM. The morphology of SH-SY5Ycells during 5 passages
shows no alteration. SH-SY5Y cells present neuroblast-like or migratory feature that
forms cells in clusters, non-polarised cell bodies and short processes.
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Figure 2.4 High-glucose cell culture primes SH-SYSY for low-glucose shock
during supernatant transfer treatment

Undifferentiated SH-SYSY cells were treated with supernatant produced by HAPI cells
after different treatments. Resazurin assays were conducted to measure the cell viability
of SH-SYS5Y cells. (A) SH-SYSY cells cultured with high-glucose media were treated
with LPS (10-0.0001 pg/mL)-conditioned HAPI supernatant for 24 h. (B) SH-SY5Y
cells cultured with high-glucose media were treated with 2-day cultured HAPI
supernatant for 24 h. (C) SH-SYS5Y cells cultured with low-glucose media were treated
with LPS (10-0.0001 pg/mL)-conditioned HAPI supernatant for 24 h. (D) SH-SYS5Y
cells cultured with low-glucose media were treated with 2-day cultured HAPI
supernatant for 24 h. One-way ANOVA followed by Turkey’s multiple comparison test
and t tests were applied. Significance levels were shown as and P< 0.001 (***). Data
indicate mean + SD of three independent experiments. (SH HG control, SH-SYS5Y cells
cultured with high-glucose media; SH LG control, SH-SYS5Y cells cultured with low-
glucose media; HAPI-exposed supernatant, 2-day cultured HAPI supernatant)
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2.4.3 Differentiation by retinoic acid with serum starvation suppresses the
expression of mature neuronal markers in SH-SY5Y

To optimize the suitable conditions for SH-SY5Y cells to differentiate, several
conditions were tested including retinoic acid (RA), serum starvation and addition of

BDNF based on varieties of differentiation methodology from literature.

To assess whether RA treatment alone can initiate the differentiation of SH-SY5Y cells
as reported in some studies, cells were first seeded on 6-well plates on Day 0 at 1.4x10*
cells/well (2 mL) to prevent overgrowth throughout the five days. Then on Day 1, Day
3, and Day 5, the supernatant was replaced with new media containing 10 pM of RA
with 10% serum (FBS). As we can observe from the morphology, SH-SY5Y cells have
overgrown after 5-day culture with RA (10 uM) in 10% FBS media (Figure 2.5).
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Figure 2.5: RA (10 pM) treatment only in 10%-serum media for 5 days does not
cease the proliferation of the SH-SY5Y cell line.

SH-SY5Y cells have aggressively proliferated and migrated along with each other
forming clusters after 5 days without showing differences between control and

treatment containing RA and 10% serum.
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Then, we tested whether 10% serum would inhibit the differentiation process of SH-
SY5Y, cells were first seeded on 6-well plates on Day 0 at 1.4x10* cells/well (2 mL) to
prevent overgrowth throughout five days. Then on Day 1, Day 3, and Day 5, the
supernatant was replaced with new media containing 10 uM of RA without serum
(FBS). As we can observe from the morphology, the majority of SH-SY5Y cells
become swollen and break down on Day 1 (Figure 2.6). Therefore, complete serum

deprivation is not healthy for SH-SY5Y in differentiation.
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Figure 2.6 RA (10 uM) treatment with complete serum deprivation is toxic for SH-
SY5Y cells.

SH-SY5Y cells in untreated control manifest in non-polarized shape, short neurites and
intact cell membranes after 1-day cell culture. By contrast, after 1-day treatment with
serum-free media containing RA, SH-SY5Y cells present cell membrane blebbing and
cytoplasm shrinkage.
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Then, we considered whether appropriate serum starvation would be a suitable
condition for SH-SY5Y differentiation, cells were first seeded on 6-well plates on Day
0 at 1.4x10* cells/well (2 mL) to prevent overgrowth throughout five days. Then on
Day 1, Day 3, and Day 5, the supernatant was replaced with new media containing
10uM of RA with 2.5% serum (FBS). As it can be observed from the morphology, SH-
SY5Y cells have stopped proliferating and grown out longer processes in polarized
shapes compared to control after 5-day culture with RA (10 uM) in 2.5% FBS media
(Figure 2.7).

To obtain clearer observation and analyse neurite lengths, crystal violet staining was
applied to stain the cells (Figure 2.7). The result of neurite length analysis shows that
5-day treatment of RA (10 uM) in 2.5% FBS significantly stimulates the process
elongation of SH-SY5Y cells in the aspects of process/cell ratio and total neurite length
average (Figure 2.8 A, B). To further assess neurite outgrowth, cell membrane
outgrowth fluorescence was obtained using the neurite outgrowth kit. The result shows
increased cell membrane fluorescence, which can indirectly indicate neurite outgrowth
(Figure 2.9 A, B).

Then, in order to assess whether the 5-day treatment of RA (10 uM) in 2.5% FBS would
modify the gene expression, the mRNA was extracted from SH-SY5Y cells after the
differentiation treatment and measure the gene expression of gene marker SYP, NeuN,
and NeuN using rt-PCR. However, the result showed the gene expression of these gene
markers were undetermined. Then, a cDNA dilution study was further conducted to test
whether the concentration of cDNA would affect the accuracy of rt-PCR. The
concentrations of cDNA at 2 pg, 1 ug and 0.5 g were used to retest the expression of
these gene markers, but the result remained undetermined. Therefore, RA (2.5%)
treatment with 2.5% serum starvation for 5 days can not stimulate the expression of
these mature neuronal gene markers in SH-SY5Y.

Then, 3-day treatment of BDNF (50 nM) was added to supplement the differentiation
of RA treatment in 2.5% serum. The gene expression of SYP and ENO2 from this
method was compared with RA treatment in 10% serum plus BDNF treatment. The
result shows that serum starvation suppresses the expression of mature genes to some
extent (Figure 2.10).
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Figure 2.7 RA (10 pM) treatment with 2.5% FBS differentiates SH-SY5Y
morphologically after 5 days.

SH-SYS5Y cells in untreated control manifest in a mixture of cells with heterogeneous
morphologies due to overgrowth after 5 days, including non-polarized shape
with/without short processes and longer neurites showing in some cells. By contrast,
after 5-day treatment with media containing 2.5% serum and RA, SH-SY5Y cells
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manifest a homogeneous and polarized shape with longer neurites connecting each
other and spread out evenly. Scale bars represent 50 pm at 20X and 25 pum at 40X.
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Figure 2.8 5-day treatment of RA (10 pM) in 2.5% serum stimulates the process
elongation of SH-SYSY cells.

Undifferentiated SH-SYSY cells were treated with RA (10 pM) in 2.5% serum for 5
days and stained with crystal violet. NeuronJ plugin of ImageJ software was used to
measure neurite lengths. Process/cell ratio (A) and total neurite length average (B) were
analysed to assess the lengths of neurites. T tests were applied. Significance levels were
shown as and P< 0.001 (***). Data indicate mean += SD of three independent
experiments.
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A Untreated control Retinoic acid + 2.5% serum
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Figure 2.9 5-day treatment of RA (10 pM) in 2.5% serum stimulates the cellular
outgrowth of SH-SYSY cells

Undifferentiated SH-SYSY cells were treated with RA (10 pM) in 2.5% serum for 5
days and stained using the neurite outgrowth kit. Cell viability staining is shown in
green and cell membrane staining in red (A). Adjusted cell membrane fluorescence is
adjusted to cell viability (B). Scale bar represents 50 pm at 20X.
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Figure 2.10 Serum starvation might suppress the gene expression of mature
neuronal gene expression in SH-SYSY cells

SH-SYS5Y cells were treated with two differentiation methods: 5-day treatment of RA
(10 pM) 1n 2.5% serum followed by 3-day treatment of BDNF (50 nM) treatment; 5-
day treatment of RA (10 uM) in 10% serum followed by 3-day treatment of BDNF (50
nM) treatment. mRNA was extracted from these samples and tested for the expression
level of SYP (A) and ENO2 (B) using rt-PCR.
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2.4.4 Retinoic acid and BDNF combination treatment without serum starvation
stimulates the expression of mature neuronal markers in SH-SY5Y

To observe the morphology of differentiated SH-SY5Y cells, SH-SY5Y cells were
seeded on 96-well plates at 10° cells/mL (100 pL) and incubated for 24 h. Retinoic acid
(10 uM) in 10%-serum media was added onto the cells every other day for a 5-day
period and followed by BDNF (50 pg/mL) treatment in serum-free media for three
executive days. Crystal violet staining was applied to stain differentiated SH-SY5Y
cells.

As it is shown in Figure 2.11, undifferentiated SH-SY5Y cells as the control (Figure
2.11 A) tend to grow in forms of clusters or clumps surrounded by cells with short
processes. On the contrary, differentiated cells (Figure 2.11 B, C) spread out and have

longer neurites and pyramidal-shaped cell bodies.
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Figure 2.11 Morphology of undifferentiated and differentiated SH-SY5Y cells

Undifferentiated SH-SY5Y cells (A) showed clusters of cells (arrowed). Differentiated
SH-SY5Y cells (C) and after crystal violet staining (D) showed more pyramidal-shaped
cell bodies (arrowed) and grow more dispersedly. Scale bar represent 25 pum at 40X.
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To verify whether the differentiation treatment of retinoic acid and BDNF combination
can alter the gene expression of SH-SYSY cells, synaptophysin (SYP), neuronal nuclei
(NeuN), and enolase 2 (ENO2) or neuron-specific enolase (NSE) were used as the
markers of mature neurons to indicate differentiation. To collect sufficient cells to
extract mRNA, SH-SYSY cells were seeded on 6-well plates at 5x10° cells/well and
treated with retinoic acid (10 pg/mL) every other day for a 5-day period and BDNF (50
ng/mL) for 3 days. Real-time PCR was conducted to measure the gene expression level

of the two gene markers.

Gene marker SYP and ENO2 in differentiated SH-SYSY cells showed significant
increases in gene expression compared to undifferentiated ones (Figure 2.12 A, B).

However, NeuN showed expression in neither of them.
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Figure 2.12 Gene expression of SYP and ENO2 as neuronal markers in SH-SYSY
cells were elevated after differentiation

SH-SYS5Y cells were treated with RA for 5 days and followed by BDNF treatment for
3 days. One-way ANOVA followed by Turkey’s multiple comparison test was applied.
Significance levels were shown as P< 0.05 (*). Data indicate mean + SD of three

independent experiments.
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2.4.5 ECM alone is not sufficient for SH-SY5Y differentiation or 3D co-culture
with HAPI cells

To assess whether ECM culture alone can initiate the differentiation of SH-SY5Y cells
as reported in numerous studies, ECM as a culture base cannot cease the proliferation

of SH-SY5Y cells in 2D cell culture after 5 days as shown in Figure 2.13.

Then SH-SYS5Y cells were suspended and cultured in the ECM gel for 6 days. several
spheroids with a radiating structure and short neurites can be observed as shown in
Figure 2.14 A. However, this morphology still lacks characteristics of mature neurons

such as long neurites and connections between neurons.

HAPI cells and SH-SY5Y cells were also cultured in ECM together for 6 days. From
Figure 2.14 B, C, it is found that HAPI cells have overgrown as clusters and SH-SY5Y

can be found under the whole microscopic vision.
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Figure 2.13 ECM only does not cease the proliferation of SH-SY5Y cells in 2D
culture.

SH-SY5Y cells have aggressively proliferated and grown in clusters after 5 days
without showing differences between control and treatment with ECM gel as a base for

cells to adhere.
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Figure 2.14 Morphology of SH-SY5Y and HAPI cells growing in ECM gel.

A. SH-SY5Y cells suspend in the ECM gel in a 96-well plate. Several spheroids
displayed a radiating structure with short neurites on Day 6 of cell culture. B. Day 1 of
3D co-culture of HAPI cells and SH-SH5Y cells. C. Day 6 of 3D co-culture. HAPI cells
overgrow in clusters with the absence of SH-SY5Y cells.
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2.5 Discussion and conclusions

In this chapter of methods development, optimization for several methods for 2D
microglia-neuron co-culture model for our pharmacological study was completed,
including LPS dose-response, cell culture conditions for SH-SY5Y cells, differentiation
method for SH-SY5Y differentiation and a preliminary study of ECM-based 3D co-

culture.

Lipopolysaccharide has been widely used as a stimulus to induce inflammation in
macrophages, which can be used to mimic different inflammatory conditions such as
septic infection and sterile inflammation. Thus, it is important to narrow down an
appropriate range of inflammation levels to mimic the inflammatory response of
depression conditions. Based on our results and literature, HAPI cells can produce
varieties of inflammatory mediators under LPS stimulation, such as TNF-a, IL-1p,
PGE; and ROS, which indicates that HAPI cells can be used as a microglia model in
our study (A. J. McFarland et al., 2018). According to the dose-response of LPS in the
results, the productions of inflammatory mediators in HAPI cells increase in a dose-
dependent fashion. Five ng/mL of LPS induced a lesser degree of inflammation than 10
ng/mL and above. Additionally, an in vitro study of HIV on rodent microglia has also
regarded the inflammatory response induced by 10 ng/mL of LPS as comparable to the
inflammatory environment in a co-infection of bacteria and viruses (S. Dallas et al.,
2013). Clearly, microorganism infection is not a cause of depression. Selecting the
correct dosage of LPS as a stimulus should be close to or in accord with the true
microenvironment in the pathological condition that a model is built for. The
inflammatory environment of depression in the CNS is not comparable to the situation
in bacterial and viral co-infection. Therefore, concentrations of LPS under 10 ng/mL
should be regarded as a safer choice to induce a mild level of neuroinflammation to

better align with the inflammation level in depression patients.

Then the culture media condition has also been optimized. Culturing SH-SY5Y cells in
culture media containing low-glucose not only eliminates the low-glucose shock when
transferring the supernatant between cell lines but also has avoided the potential
biological impacts induced by high-glucose cell culture. D-glucose concentrations
reaching 10 mM are considered to be pre-diabetic to diabetic levels (Sigma-Aldrich,
2018a). The concentration glucose in high-glucose DMEM is approximately 25 mM
which is far higher than the pre-diabetic glucose level. There is also evidence showing
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that high concentrations of glucose can induce amplified mitochondrial respiration and
increased ROS production in the SH-SY5Y cell line, which further activates the NF-
kB pathway and induces subsequent inflammation (P. Van Dyken and B. Lacoste, 2018,
V. C. Russo et al., 2012). Therefore, 5.5 mM of glucose that was chosen in the culture
media is better suitable for SH-SY5Y cells, which is more comparable to that in the
true glucose level in the CNS. It has been demonstrated that the extracellular glucose
concentration varies during hyperglycemia and hypoglycemia. In hyperglycemia, the
plasma glucose concentration ranges from 15.2 mM to 2.8 mM. In hypoglycemia, the
plasma level fluctuates between 4.5 mM to 0.16 mM (A. M. Kleman et al., 2008).

Regarding the optimization process conducted for the differentiation method of SH-
SY5Y, it has been found that retinoic acid treatment alone on SH-SY5Y can only alter
the morphology of neuroblastoma to a neuronal-like shape with longer processes but
not the gene expression. The result is in line with the findings in a study of Nishida’s
group. SH-SY5Y cell line has two subtypes which are SH-SY5Y-A and SH-SY5Y-E
from different two different bioresource centers (Y. Nishida et al., 2008). They reported
that SH-SY5Y-A cells from the American Type Culture Collection (ATCC) can fully
differentiate in the presence of retinoic acid, whereas SH-SY5Y-E from European
Collection of Authenticated Cell Cultures (ECACC) requires additional BDNF for full
differentiation (Y. Nishida et al., 2008). The SH-SY5Y cell line in this study was
procured from Sigma Aldrich which obtains this cell line from ECACC. Hence, this
might potentially be the reason that our differentiation methodology needs both retinoic
acid and BDNF treatment. Besides, the expression of NeuN could be not detected in
both undifferentiated and differentiated SH-SY5Y cells. The origin of the cell line

might also be a factor that affects the expression of gene marker NeuN.

Last but not least, a preliminary study for the ECM-based models has also been
conducted. The aggressive proliferation of SH-SY5Y cells could not be ceased by cell
culture with ECM as a 2D base. A study reported that SH-SY5Y cell line is a high-
grade, namely, the most tumorigenic neuroblastoma, expressing the least integrin which
correlates with the adhesion and differentiation of neuroblastoma (A. Meyer et al.,
2004). However, SH-SY5Y cells can manifest with radiating neurites in a suspending
form growing in ECM gel. This can be regarded as a new culture model for SH-SY5Y
cells compared to monolayer 2D cell culture. The expression of varieties of markers

might also be different from those in 2D cell culture as other studies have shown that
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cell lines manifest different morphology and gene expression in 2D and 3D models (D.
L. Kiss et al., 2013). From the result of the co-culture of HAPI cells and SH-SY5Y
cells, it is found that the overgrowth of HAPI cells severely inhibits the survival of SH-
SY5Y cells. Therefore, other microglial cell lines and other culture conditions apart

from ECM gel as a base need to be explored in future work.

Therefore, to summarize based on the optimization, in the following two chapters, the
inflammatory response in HAPI microglial cells will be induced by LPS with a
concentration of 0.005 pg/mL to mimic the inflammation level in depression patients.
SH-SY5Y cells will be cultured in the same low-glucose media as HAPI cells to avoid
the low-glucose shock produced during supernatant transfer treatment. In regards to the
differentiation method for SH-SY5Y cells, the combination treatment with RA and
BDNF will be employed to ensure cells differentiate to mature neuronal cells

morphologically and genetically.
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Chapter 3 : SIRT1 and SIRT2 modulators
iInhibit LPS-induced neuroinflammation in

microglia

97



3.1 Introduction

3.1.1 Neuroinflammation in depression

Monoamine metabolism is the main theory of depression. It is considered that the
deficiency of neurotransmitters such as serotonin, dopamine and noradrenaline result
in the onset of depression. Microglia are the prime component of the intrinsic immune
system of the central nervous system (R. von Bernhardi et al., 2016). They can be
activated by diverse pathogens, cytokines, neurotoxins and injuries (M. B. Graeber et
al., 2011). Activated microglia can convert the precursor of serotonin into kynurenine,
which leads to a decrease in serotonin production (A. H. Miller and C. L. Raison, 2016).
The cytokines also increase the reuptake of neurotransmitters, which further reduce the
secretion of neurotransmitters into the synaptic cleft (A. H. Miller and C. L. Raison,
2016). Kynurenine is further converted into quinolinic acid to activate glutamate
receptors, which subsequently produces excessive excitatory neurotransmitter

glutamate and leads to excitotoxicity (A. H. Miller and C. L. Raison, 2016).

Excessive neuroinflammation also can directly influence neuronal dysfunction, damage
and death in the pathology of depression (B. E. Leonard, 2018). Resting microglia
convert into activated microglia and release inflammatory mediators including tumor
necrosis factor (TNF)-a, interleukin (IL)-1p, IL-10, reactive oxygen species (ROS) and
prostaglandin E> (PGE2), the imbalance of which eventually lead to dysfunction,
damage and death of neurons (B. E. Leonard, 2018). Cytokines also activate the
astrocyte which can increase the production of glutamate. These all eventually result in
the excitotoxicity of glutamate and a decrease of brain-derived neurotrophic factors

which will affect the neuronal integrity and lead to neurodegeneration.

3.1.2 Elevated immune profile in depression population

While the direct relationship of the inflammatory mediators and the pathology of
depression and related neurodegenerative diseases is not fully elucidated, the evidence
of the elevation of cytokines provided by clinical studies is considerable (H. Himmerich
et al., 2019). Even though high variation in the serum level of the inflammatory
mediators in depression patients was found, studies are showing significant differences
in serum levels of TNF-a, IL-1f and IL-10 compared to healthy controls (W. Zou et al.,
2018). In mild, moderate, severe MDD patients and healthy control, the mean serum
levels of TNF-a are3.35, 3.79, 6.19 and 2.96 pg/mL respectively. The mean IL-1§

serum levels are 0.65, 0.87, 1.07 and 0.38 pg/mL for the same classification
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aforementioned. The mean IL-10 serum levels are 0.51, 0.55, 0.49 and 0.26 pg/mL for
mild, moderate, severe MDD patients and healthy subjects (W. Zou et al., 2018). From
these groups of data, it has been found that the serum levels of TNF-a and IL-1f in any
severity stage are significantly higher than those in healthy controls. Whereas anti-
inflammatory cytokine IL-10 level is significantly higher than the normal level, which
has also been reported in other studies (W. Zou et al., 2018). It is considered that the
elevation of serum IL-10 might be associated with late-onset of depression instead of
an indicator for lesser severity of depression (W. Zou et al., 2018). Moreover, another
study of depression in patients with Alzheimer’s disease showed a correlation between
elevated cytokine levels and associated depression presentation (V. K. Khemka et al.,
2014). In this study, the serum levels of TNF-a, IL-6 and IL-1p levels are 10 pg/mL,
8.8 pg/mL, and 6.8 pg/mL respectively in AD patients with depression, which are
significantly higher than the serum levels in healthy controls (V. K. Khemka et al.,
2014). This study also reported a strong correlation between unsatisfactory mini-mental
state exam (MMSE) scores and high serum levels of TNF-a and IL-6 in AD patients
with depression (V. K. Khemka et al., 2014). There is also a study showing that the
level of TNF-a can exceed 50 pg/mL and IL-10 level can be approximately 5 pg/mL in
depressed subjects (F. M. Schmidt et al., 2014). Based on these studies, deviations can
be found on serum levels of inflammatory mediators between different studies, but the
serum levels of these cytokines have not exceeded 100 pg/mL yet. Even though PGE>
has been researched in numerous animal studies for depression and neurodegenerative
diseases, there is still no abundant data for serum PGE: levels in clinical research.
However, one study on major depressive disorder reported a salivary level of PGE; of
around 498 pg/mL, which can be an indicator of the serum level (K. Ohishi et al., 1988).
Therefore, the level of cytokines induced in in vitro neuroinflammation model should
mimic the serum levels from the clinical data of depression as much as possible, which

can be beneficial for obtaining accurate data.

3.1.3 Potential treatment for neuroinflammation

Based on accumulating evidence showing the association between depression and
neuroinflammation, different medication options have been proposed as potential
treatments for neuroinflammation. Non-Steroidal Anti-inflammatory Drugs (NSAIDs)
have been proposed to treat against inflammation as part of an anti-depression regimen

(O. Kohler et al., 2014). However, results from the currently available studies have
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found inconsistent data showing different efficacies (H. A. Eyre et al., 2015). Also,
some studies reported NSAIDs could reduce the effectiveness of antidepressant
treatment (R. C. Shelton, 2012). However, there is no sufficient and consistent clinical
data to prove the experimental theory. Another perspective is that numerous studies
have demonstrated the anti-inflammatory effect of fluoxetine, including data from
animal models (I. Kostadinov et al., 2015, F. Zhang et al., 2012). One study of
adolescent depression found fluoxetine treatment slightly reduced the serum levels of
TNF-a, IL-6, and IL-1p at week 4 of treatment, which slightly bounced back but was
still less than the pre-treatment level at week 8 (G. Pérez-Sanchez et al., 2018). In
contrast, another study of depressed patients with 6-week treatment of fluoxetine
reported that fluoxetine slightly increased the serum level of TNF-a but reduced the
serum levels of IL-1p and IL-10 (C. Song et al., 2009). As the efficacy of the current
medication treatment for neuroinflammation is not as potent as might be anticipated,
investigation and development of a novel class of medication treatment for
neuroinflammation are necessary. Additionally, NSAIDs and fluoxetine can be
administered as positive controls to compare the anti-inflammatory effects within this
study.

Based on the background in the literature review, SIRT1 and SIRT2 drugs have been
proposed as a potential treatment for neuroinflammation by targeting SIRT1 and/or
SIRT2 activity. Resveratrol has been used as a natural SIRT1 activator and also found
to have pleiotropic effects. Some studies have proposed that resveratrol’s SIRT1
activating effect is conducted via 5° AMP-activated protein kinase (AMPK) and
peroxisome proliferator-activated receptor 6 (PPARS) pathways (C. K. Cheng et al.,
2019). It was also discovered that resveratrol has a direct structure-activity relationship
with the SIRT1 enzyme. Several studies reported that resveratrol can stabilize the loose-
binding between the SIRT1 enzyme and its substrates, with three resveratrol molecules
needed to alter the conformation of the N-terminal domain (NTD) of SIRT1 (X. Hou et
al., 2016, Z. Ovesna and K. Horvathova-Kozics, 2005, D. Cao et al., 2015). Sirtinol
was originally discovered to exert the SIRT2 inhibition effect in 2001 by Grozinger’s
team (C. M. Grozinger et al., 2001). After that, Mai’s team further synthesized and
evaluated sirtinol and its analogues which exert both SIRT1 and SIRT2 inhibition (A.
Mai et al., 2005). EX527 is currently used as a selective SIRT1 inhibitor. It is reported
that EX527 exerts the SIRTL1 inhibition effect through depriving SIRT1’s NAD+-

100



dependent deacetylation catalysis (M. Gertz et al., 2013). AGK2 has been claimed as
the most potent inhibitor of SIRT2 activity in a study of Parkinson’s disecase (T. F.
Outeiro et al., 2007). Figure 3.1 shows the chemical structure of resveratrol (A), sirtinol
(B), EX527 (C), and AGK2 (D).

Based on the dose-response of LPS presented in the method development chapter, the
levels of inflammatory mediators induced by 0.005 pug/mL of LPS are lower than those
induced by higher concentrations of LPS. As the in vitro neuroinflammation induced
by LPS should be aligned with the true serum level of inflammation, this Chapter will
use a concentration of LPS of 0.005ug/mL to investigate the anti-inflammatory effects
of representative SIRT1 and SIRT2 drugs on the inflammatory response in microglial
HAPI cells.

3.2 Materials and methods

3.2.1 Cells and reagents

HAPI cells were purchased from Sigma-Aldrich (Merck). They were grown in ATCC-
formulated DMEM (Gibco by Life Technologies, 11885084) which contains low
glucose (1 g/L D-Glucose), L-glutamine (584 mg/L), sodium pyruvate (110 mg/L) and
phenol red (15 mg/L). The media was additionally supplemented with 1% penicillin-
streptomycin (10000 U/mL) (Gibco by Life Technologies) and 10% fetal bovine serum
(FBS) (Scientifix life). HAPI cells were grown in sterile T-75 cm? flasks and cultured
in an incubator at 37°C with 5% COz and high humidity.

3.2.2 Treatment preparation

Resveratrol (RSV), sirtinol (SIR), EX527 and AGK2 (Selleck Chemicals, Australia)
were chosen as SIRT1 activator, dual SIRT1/SIRT2 inhibitor, selective SIRT1 inhibitor
and SIRT2 inhibitor respectively. Fluoxetine (FLU) and ibuprofen (IBU) were chosen
as positive controls. Figure 3.2 shows the structure of the agents. The resveratrol,
sirtinol, EX527, AGK2, fluoxetine and ibuprofen were dissolved in DMSO at the stock
concentration of 10 mM and aliquoted and stored at -20°C. Before treatments were
conducted, all stocks (10 mM) were diluted to a working solution (1:10). The final
proportion of DMSO in each well of plates was below 0.01%. LPS was dissolved in
PBS solution at the stock concentration of 1 mg/mL and aliquoted and stored in a -20°C
freezer. Before treatments were conducted, the LPS stock solution was diluted from
1:10 to a working solution.
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Figure 3.1 Chemical structure of SIRT modulators.
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3.2.3 Establishment of in vitro model of neuroinflammation

To induce neuroinflammation of HAPI cells, LPS (E. coli O111: B4) was used as a
stimulus. HAPI cells were seeded at 2.5 x10° cells/mL with 400 pL per well in 24-well
plates and placed in an incubator for 24 h. LPS solution (50 pL) with a concentration
of 0.005 pg/mL was added to HAPI cells. Then, HAPI cells treated with LPS were
incubated for 20 h. Treatments (50 pL) were added into corresponding wells 4 h prior
to LPS treatment. Solvent (PBS) controls and media controls were set up as well. After
that, the supernatant was collected as samples for running ELISAs. Resazurin assays

were run to determine the cell viability.

3.2.4 Resazurin assay

To assess the cytotoxicity of resveratrol, sirtinol, EX527, AGK2, fluoxetine and
ibuprofen on microglia, HAPI cells were seeded at 2x10* cells/well on 96-well plates
for 24 h and then treated with a series of concentrations (0.001-100 uM) of the agents
for 24 h. Each treatment had 6 replicates. Then, resazurin assay was applied for cell
viabilities.

The resazurin reagent was purchased from Sigma-Aldrich. Resazurin assays were run
to detect cell viabilities of HAPI cells. After treatment, the supernatant above cells was
removed and replaced with diluted resazurin solution (44 pM) and incubated for 3 h.
After that, fluorescence (excitation: 530 nm and emission: 590 nm) value was read and

recorded using a Tecan Infinite 200 Pro microplate reader (Tecan, Australia).

3.2.5 Enzyme-linked immunosorbent assay (ELISA)

To investigate the effect of resveratrol, sirtinol, EX527 and AGK2 on the production of
inflammatory mediators, HAPI cells were seeded at 2.5 x 10° cells/well on 24-well
plates and incubated for 24 h. Pre-treatment was conducted after 20 h post-seeding.
After 4 h, cells were challenged with LPS (0.005 pug/mL) for 20 h in an incubator. The
supernatant was collected fresh for running ELISA of PGE2, TNF-a, IL-1p, and IL-10
using ELISA Kits.

3.2.5.1 PGE> production measurement

For measurement of PGE; production in HAPI cells after treatment and LPS challenge,
prostaglandin Ez express ELISA kit (Cayman chemical, 500141, Australia) was used to
conduct the assay. The protocol in the instruction was followed. Samples were tested
in replicates according to the layout design. The absorbance was measured at a
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wavelength of 410 nm using a Tecan infinite 200 microplate reader for several times
until the value of Bo reached above 0.3 A.U. with blank value subtracted. The raw data
was calculated according to the instruction of the protocol and input into Graphpad
Prism 5 and interpreted into concentration by performing a 4-parameter logistic (4-PL)

regression analysis.

3.2.5.2 TNF-a, IL-1p and IL-10 production measurement

For measurement of cytokine production of HAPI cells after pre-treatment and LPS
stimulation, rat TNF-o. ELISA kit (Biosensis BEK-2101, Australia), rat IL-13 ELISA
kit (Biosensis BEK-2309, Australia) and rat IL-10 ELISA kit (Biosensis BEK-2047,
Australia) were used to conduct the measurement of the concentration of TNF-a in the

supernatant.

All supernatant samples were produced and collected fresh before running the assay.
Diluted samples (100 pL) and buffer control were added into corresponding wells of
the pre-coated plates and incubated overnight in a 4°C fridge. All steps are followed
according to the instructions. Samples were tested in replicates according to the layout
design. TMB colour developing reagent was added into each well and incubated for 20
to 35 min at room temperature. The TMB stop solution was added when the colour of
the highest four concentrations of the standard became obvious blue shades and other

standards remained clear.

The absorbance of the yellow shade was measured at 450 nm by using a Tecan Infinite
200 Pro microplate reader (Tecan, Australia). The raw data were input into Graphpad

Prism 5 and interpreted into concentration by performing a 4-PL regression analysis.

3.2.6 Measurement of intracellular oxidative reaction

HAPI cells were seeded at 2x10* cells/well on 96-well plates and incubated for 24 h in
an incubator. Then, pre-treatment was applied to HAPI cells 20 h post-seeding. After 4
h, the LPS solution was added to each well to challenge HAPI cells for 20 h in an
incubator. Each treatment had 5 replicates. After that, ROS production was measured
by conducting DCF assay.

DCFH-DA assay was used to determine the oxidative reaction of HAPI cells. After the
treatment of LPS solution and control solution, the supernatant above HAPI cells was
removed and discarded. The diluted DCFH-DA solution (10 pM) was added to

respective wells and incubated for 1 h in an incubator. Then the solution above the cells
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was replaced with 200 pL of PBS and washed out. Following this, PBS (100 pL) was
added into each well. Fluorescence (excitation: 485 nm and emission: 535 nm) was
measured and recorded using a Tecan Infinite 200 Pro microplate reader (Tecan,

Australia).

3.2.7 Trypan blue dye exclusion assay
Cell concentration was measured by the trypan blue dye exclusion method. Cell
numbers were counted through the automatic cell counter or the hemocytometer under

an inverted light microscope.

3.2.8 Quantitative real-time PCR

HAPI cells were plated at 5x10°/well on 6-well plates and incubated for 24 h. Then
cells were treated with the investigational agents for 4 h and total RNA was extracted
using TRIzol™ reagent (Invitrogen). The concentration of RNA was measured using a
Nanodrop spectrophotometer (Thermo Fisher Scientific, Australia). cDNA was
synthesized using Verso cDNA synthesis kit (Thermo Scientific) and ProFlex PCR
System (Life technology). Primer sequences (Sigman Aldrich) for rt-PCR are shown in
Table 3.1. Rt-PCR was performed using PowerUp™SYBR™ Green Master Mix kit
and QuantStudio™ Real-Time PCR systems (Thermo Fisher Scientific Australia)
according to manufactures’ guidelines. The thermal cycling conditions were 50°C for
2 min, 95°C for 2 min followed by 40 cycles of 95°C for 1 s and 60°C for 20 s. The
dissociation curve conditions were 95°C for 15 s and 60°C for 1 min followed by 95°C
for 15 min. The comparative threshold cycles (Cr) or 24T method was used to analyze
the Cr values of samples of interest and control samples. All Ct values were normalized
against GAPDH gene.

Table 3.1 List of oligonucleotides for SIRT gene expression in rt-PCR

Primer Sequence

SIRT1 (Rat) Forward: 5’-CGCCTTATCCTCTAGTTCCTGTG-3’
Reverse: 5’-CGGTCTGTCAGCATCATCTTCC-3”

SIRT2 (Rat) Forward: 5’-CTCCCACCAAACAGATGACC-3’
Reverse: 5’-ATTCAGACTCGGACACTGAGG-3’

GAPDH (Rat) Forward: 5°>-TCCCTCAAGATTGTCAGCAA-3’

Reverse: 5’-AGATCCACAACGGATACATT-3’
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3.2.9 Statistical analysis
All data were analyzed by GraphPad Prism 5 and presented as mean = SD. One-way
ANOVA and t tests were used to determine the significant difference. P<<0.05 was

considered a significant difference.

3.4 Results
3.4.1 SIRT1 and SIRT2 modulators induced cytotoxicity in HAPI cells in a dose-

dependent way

The cytotoxicities of SIRT1 and SIRT2 modulators on HAPI cells including SIRT1
activator resveratrol, dual SIRT1/2 inhibitor sirtinol, selective SIRT1 inhibitor EX527
and SIRT2 inhibitor AGK2 were tested through resazurin assays. The cytotoxicity of
control drugs, fluoxetine as a selective serotonin reuptake inhibitor (SSRI) and
ibuprofen as a non-steroidal anti-inflammatory drug, was also tested simultaneously.
Resveratrol and sirtinol showed high cytotoxicity at the concentrations of 100 M and
50 uM and mild cytotoxicity at 25 uM (Figure 3.2 A, B). EX527 and fluoxetine exerted
high cytotoxicity at concentrations of 100 uM, 50 uM, and 25 uM and mild cytotoxicity
at 10 uM (Figure 3.2 C, E). AGK2 produced high cytotoxicity at 100 uM, 50 uM, 25
MM, and 10 uM (Figure 3.2 D). Data showed increasing concentrations reduced cell
viability. Ibuprofen only produced mild cytotoxicity at 100 uM (Figure 3.2 F).
Ibuprofen apparently is the safest drug as it exerts almost no dramatic cytotoxicity on
rat microglia even at 100 uM in this study. Comparing to fluoxetine on rat microglia,
resveratrol, sirtinol and EX527 treatment are non-toxic under 25 pM, whereas AGK2

is safe to use on microglia under concentrations of 1 uM.

Next, the cytotoxicity of DMSO with a range of proportions on HAPI cells was
examined. The result showed DMSO as the solvent of the treatments did not induce
cytotoxicity at proportions from 1% to 0.00001% on HAPI cells (Figure 3.2 G).
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Figure 3.2 SIRT1 and SIRT2 modulators induce cytotoxicity in HAPI cells in a
dose-dependent way.

HAPI cells were treated with resveratrol (A) (0.001-100 uM), sirtinol (B) (0.001-100
uM), EX527 (C) (0.001-100 pnM), AGK2 (D) (0.001-100 pM), fluoxetine (E) (0.001-
100 uM), ibuprofen (F) (0.001-100 nM), and DMSO (G) (0.00001-1%) for 24 h and
assessed for cell viability using resazurin assay. One-way ANOVA followed by
Turkey’s multiple comparison test was applied. Significance levels were shown as P<
0.05 (*), P<0.01 (**) and P<0.001 (***). Data indicate mean + SD of three independent
experiments.

3.4.2 SIRT1 and SIRT2 modulators inhibit the production of LPS-induced
neuroinflammation in HAPI cells

PGE; production by HAPI cells after LPS (0.005 pg/mL) challenge for 20 h was
significantly reduced by 24-h treatments of SIRT1 and SIRT2 modulators with a series
of concentrations. Resveratrol significantly reduced PGE> production at 20 pM by
approximately 97% but showed no significant differences in the reduction compared to
fluoxetine (1 pM) and ibuprofen (1 pM) (Figure 3.3 A). Sirtinol concentrations of 20
uM, 10 pM and 1 pM significantly decreased PGE; production by approximately 79%,
83%, and 100% respectively but showed no significant differences in the reduction
compared to fluoxetine (1 uM) and ibuprofen (1 pM) (Figure 3.3 B). EX527 (0.1 nM)
significantly repressed PGE> production of HAPI cells by approximately 65% but
showed no significant differences in the reduction compared to fluoxetine (1 uM) and
ibuprofen (1 pM) (Figure 3.3 C). AGK2 also significantly repressed PGE2 production
of HAPI cells at 0.1 pM by approximately 69% but has been shown no significant
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differences in the reduction compared to fluoxetine (1 puM) and ibuprofen (1 uM)

(Figure 3.3 D).

Fluoxetine had a significant effect on the reduction of PGE> production of HAPI cells,
which is approximately 91% at 1 pM and 72% at 0.1 uM (Figure 3.3 E). Ibuprofen
also generated a significant effect on the reduction of PGE: production of HAPI cells,
which is approximately 90% at 1 pM and 76% at 0.1 uM (Figure 3.3 F).
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Figure 3.3 SIRT1 and SIRT2 modulators repress LPS-induced PGE: production
in HAPI cells.

HAPI cells were treated with resveratrol (A) (0.1-20 uM), sirtinol (B) (0.1-20 uM),
EX527 (C) (0.1, 1 uM), AGK2 (D) (0.1, 1 puM), fluoxetine (E) (0.1, 1 nM) and
ibuprofen (F) (0.1, 1 pM) 4 h prior to LPS (0.005 pg/mL) challenge for 20 h and
assessed for PGE» production using ELISA. Fluoxetine (1 uM) and ibuprofen (1 uM)
were used as reference drugs. One-way ANOVA followed by Turkey’s multiple
comparison test was applied. Significance levels were shown as P< 0.05 (¥, #), P<0.01
(**, ##) and P< 0.001 (*** ###). Data indicate mean + SD of three independent
experiments. # vs untreated media control only, * vs LPS only
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TNF-o production by HAPI cells after LPS (0.005 pg/mL) challenge for 20 h was
significantly repressed by 24-h treatments of SIRT1 and SIRT2 modulators with a
series of concentrations. Resveratrol significantly decreased TNF-a production by
approximately 95% at 20 uM, 90% at 10 uM, 70% at 1 pM, and 61% at 0.1 uM (Figure
3.4 A). Resveratrol also has been shown significant differences in the affecting TNF-a
production of HAPI cells at 20-0.1 uM compared to both fluoxetine (1 uM) and
ibuprofen (1 pM).

Sirtinol also significantly suppressed TNF-a production by approximately 93% at 20
MM and 85% at 10 UM respectively (Figure 3.4 B). Moreover, compared to fluoxetine,
sirtinol at 20-0.1 uM has been shown significant differences in effect. Furthermore, 20
UM and 10 puM of sirtinol has been shown significant differences to ibuprofen

treatment.

EX527 (Figure 3.4 C), AGK2 (Figure 3.4 D), fluoxetine (Figure 3.4 E), and ibuprofen
(Figure 3.4 F) have been shown no significant difference in TNF-ao production of HAPI

cells after LPS treatment.
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Figure 3.4 SIRT1 and SIRT2 modulators repress LPS-induced TNF-a production
in HAPI cells

HAPI cells were treated with resveratrol (A), sirtinol (B), EX527 (C), AGK2 (D),
fluoxetine (E) and ibuprofen (F) at a series of concentrations 4 h prior to LPS (0.005
ng/mL) challenge for 20 h and assessed for TNF-a production using ELISA. One-way
ANOVA followed by Turkey’s multiple comparison test was applied. Significance
levels were shown as P< 0.05 (*, #), P<0.01 (**, ##) and P< 0.001 (***, ###). Data
indicate mean + SD of three independent experiments. # vs untreated media control
only, * vs LPS only.
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SIRT1 and SIRT2 modulators including resveratrol (20 uM, 10 uM, 1 uM, 0.1 uM),
sirtinol (20 uM, 10 uM, 1 uM, 0.1 uM), EX527 (1 uM, 0.1 uM) and AGK2 (1 uM, 0.1
M) did not stimulate the production of IL-1p and IL-10 in LPS (0.005 pg/mL)-induced
HAPI cells. Fluoxetine and ibuprofen (1 uM, 0.1 uM) did not exert any effect on the
production of IL-1f and IL-10 in LPS (0.005 pg/mL)-induced HAPI cells.

3.4.3SIRT1 and SIRT2 modulators affect the production of LPS-induced reactive
oxidative species in HAPI cells

We aimed to test whether SIRT1 and SIRT2 modulators affect the production of
reactive oxidative species (ROS) in LPS-challenged (0.005 pg/mL) HAPI cells.

Resveratrol significantly reduced ROS production of LPS-challenged HAPI cells by
approximately 37% at 20 uM, 27% at 10 uM, 23% at 1 uM, and 13% at 0.1 uM (Figure
3.5 A). Resveratrol at 20 uM has been shown a significant difference from fluoxetine
(1 pM) and ibuprofen (1 pM) in the reduction of ROS level. In contrast, sirtinol
significantly stimulated the increase of the ROS level of LPS-challenged HAPI cells at
20 uM and 10 uM (Figure 3.5 B).

EX527 (1 uM) significantly decreased ROS production of LPS-challenged HAPI cells
by approximately 10% but had similar effects to fluoxetine (1 puM) and ibuprofen (1
uM) (Figure 3.5 C). AGK2 did not affect the ROS production of LPS-challenged HAPI
cells (Figure 3.5 D).

Fluoxetine significantly reduced the ROS production of LPS-challenged HAPI cells by
approximately 21% at 1 uM and 0.1 uM (Figure 3.5 E). lbuprofen significantly
reduced the ROS production of LPS-challenged HAPI cells by approximately 21% at
1 uM and 26% at 0.1 uM (Figure 3.5 F).
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Figure 3.5 SIRT1 and SIRT2 drugs affect LPS-induced oxidative stress
production in HAPI cells.

HAPI cells were treated with resveratrol (A) (0.1-20 uM), sirtinol (B) (0.1-20 uM),
EX527 (C) (0.1, 1 uM), AGK2 (D) (0.1, 1 uM), fluoxetine (E) (0.1, 1 uM) and
ibuprofen (F) (0.1, 1 pM) 4 h prior to LPS (0.005 pg/mL) challenge for 20 h and
assessed for oxidative stress production using DCF assay. Fluoxetine (1 pM) and
ibuprofen (1 pM) were used as reference drugs. One-way ANOVA followed by
Turkey’s multiple comparison test was applied. Significance levels were shown as P<
0.05 (*), P<0.01 (**, ##) and P< 0.001 (***, ###). Data indicate mean + SD of three
independent experiments. # vs untreated media control only, * vs LPS only.
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3.4.4 SIRT1 and SIRT2 expression in HAPI cells after 4h treatment of SIRT1 and
SIRT2 modulators

To mnvestigate whether resveratrol, EX527 can affect the gene expression of SIRT1 and
whether sirtinol and AGK2 can affect SIRT2 expression, rt-PCR was conducted to
measure SIRT1 and SIRT2 expression after 4 h drug treatment. As shown in Figure
3.6 A, resveratrol (20 pM) 1s not shown to significantly affect SIRT1 expression in
HAPI microglial cells. The expression of SIRT1 under EX527 (1 pM) was
undetermined. SIRT2 expression was also not shown significantly affected by sirtinol

(20 pM) and AGK2 (1 uM) (Figure 3.6 B).
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Figure 3.6 SIRT1 and SIRT2 mRNA expression after 4 h drug pre-treatment.

HAPI cells were treated with resveratrol (20 nM), sirtinol (20 pM), EX527 (1 uM),
AGK2 (1 uM) for 4 h prior to mRNA extraction. Rt-PCT was applied to measure the
expression of SIRT1 (A) and SIRT2 (B).
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3.5 Discussion

The effects of these SIRT1 and SIRT2 drugs on the production of inflammatory
mediators on LPS-stimulated microglia have been assessed in this chapter. All SIRT
drugs, fluoxetine and ibuprofen were shown to significantly reduce PGE> production.
Prostaglandins are synthesized by COX 1 and 2 which can be induced by LPS and/or
by pro-inflammatory cytokines in the brain (B. E. Leonard, 2018). It has been
demonstrated that prostaglandins play an important role in the development of chronic
inflammation (S. Narumiya, 2009, T. Honda et al., 2006). Prostaglandins contribute to
prolonged acute inflammatory responses by activating chronic gene expression by
inhibiting the differentiation of Th2 cells which produce anti-inflammatory cytokine
IL-10 (B. E. Leonard, 2018). In terms of PGE> and associated contribution to chronic
inflammation, resveratrol, EX527, sirtinol and AGK2 have shown a potential benefit in
the enhancement of anti-inflammatory mediators. However, the production of
prostaglandins can also be affected by nitric oxide (NO). It has been reported that NO
can activate COX in a macrophage cell line after LPS stimulation (D. Salvemini et al.,
1993). Moreover, fluoxetine has been found to suppress NO production, which might
contribute to the inhibiting effect on PGE: (I. Yaron et al., 1999). However, the
crosstalk between NO and COX can alter between activation and inhibition (S. F. Kim,
2011). In some conditions, NO can inactivate COX2 expression and related PGE;
production in LPS-stimulated macrophages (R. Clancy et al., 2000, L. Minghetti et al.,
1996).

Only resveratrol and sirtinol were shown to significantly reduce the production of TNF-
a, whereas EX527, AGK?2, fluoxetine and ibuprofen did not show inhibitory effects on
TNF-a production of HAPI cells in the presence of LPS. TNF-a is first produced as a
precursor in a transmembrane form. Then it can be transformed into a soluble form by
TNF-a-converting enzyme (TACE) and released outside the cell membrane (T.
Horiuchi et al., 2010). Both transmembrane and soluble forms of TNF-a can bind to
TNF receptors and exert physiological functions (T. Horiuchi et al., 2010). However,
the mechanism of release of LPS-induced IL-1B is unclear as it does not follow the
conventional endoplasmic reticulum (ER)-Golgi route (G. Lopez-Castejon and D.
Brough, 2011). Under the stimulation of LPS, IL-1p is first generated as an inactive
precursor pro-IL-1p which is subsequently cleaved by IL-1 converting enzyme (ICE),

a member of caspase-1. Caspase-1 also needs to be activated by the formation of
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inflammasome which contains pro-caspase-1 (G. Lopez-Castejon and D. Brough,
2011). Also, the assembly of inflammasomes is dependent upon the activation of P2X7
receptors on the cell membrane by extracellular adenosine triphosphate (ATP) (M.
Stoffels et al., 2015a). Therefore, this might be a reason that IL-13 was not detected
through ELISA measurement in this LPS-induced (0.005 pg/mL) neuroinflammation
model. In this model, LPS did not result in acute cell death of HAPI cells, which means
there was not a large amount of ATP release following cell membrane damage to
activate the P2X7 receptors on the remaining HAPI cells and lead to the maturation and
release of IL-1B (J. M. Sanz and F. Di Virgilio, 2000). Thus, to stimulate the maturation
and secretion of IL-1pB, 1 mM of ATP should be dissolved 2 min before adding into the
wells and incubated for 15 min before the collection of supernatant before running
ELSIA (M. Stoffels et al., 2015b).

The IL-10 family is another important cytokine produced by microglia upon TLR
stimulation, which can be regulated by adenosine and further inhibit the production of
other pro-inflammatory cytokines in vitro (D. Lobo-Silva et al., 2016). However, IL-10
was not detected in HAPI cells after LPS stimulation and drug treatment in this study.
This result indicates that IL-10 production might not participate in the anti-
inflammatory effects of SIRT1 and SIRT2 drugs in mild neuroinflammation

circumstances.

Resveratrol as a SIRT1 activator and sirtinol as a dual SIRT1/2 inhibitor had a better
anti-inflammatory effect than the selective SIRT1 inhibitor EX527 and the SIRT2
inhibitor AGK2 in our in vitro neuroinflammation study. EX527 has been often
administered to verify the effects of SIRT1 activator resveratrol in other
neurodegeneration studies (Y. J. Guo et al., 2016, C. Diaz-Ruiz et al., 2015). However,
based on our results, whether EX527 should be recommended to be used as a
pharmacological suppressor to inhibit the SIRT1 pathway in the application of
inflammation research still needs further discussion. AGK2 as a SIRT2 inhibitor also
did not show a very promising inhibitory effect on inhibiting LPS-induced
neuroinflammation. However, as discussed in the literature, SIRT2 inhibitors could
potentially be beneficial in antagonizing neuroinflammation and neurodegeneration (B.
Wang et al., 2016, C. Scuderi et al., 2014). There can be several factors that may cause
the result to be inconsistent, such as different cell lines, experimental systems, types of

stimuli and animal experiments.
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In regards to the anti-inflammatory effects of fluoxetine, it has been reported that
fluoxetine can inhibit the production of TNF-a, PGE2 and IL-6 in the LPS-stimulated
BV-2 microglial cells by influencing multiple pathways such as NF-xB and mitogen-
activated protein kinase (MAPK) (D. Liu et al., 2011), which is not completely in line
with our results in HAPI cells. Additionally, as mentioned above, fluoxetine has been
reported to suppress the production of PGE2 and nitric oxide simultaneously, the
mechanism might be the interaction between NO and COX activities (I. Yaron et al.,
1999, S. F. Kim, 2011). The controversy of fluoxetine was also discussed in the
introduction, as the data provided by the limited clinical studies are highly variable and
contradictory between studies. Therefore, it cannot yet be concluded that the
antidepressant therapeutic effect of fluoxetine is partially attributed to its anti-
inflammatory effect.

Regarding the oxidative stress, resveratrol, EX527, fluoxetine and ibuprofen have
shown significant inhibitory effects on HAPI cells in the presence of LPS. Whereas,
sirtinol was shown to trigger the production of reactive oxygen species (ROS). ROS is
a metabolic by-product of normal metabolism and causes damage to crucial cellular
components including DNA, protein and lipids (D. G. Deavall et al., 2012). This result
indicates that sirtinol may potentially be causing some unknown drug-related side
effects to tissues and organ systems. Other agents including resveratrol, EX527, AGK2,
fluoxetine and ibuprofen might exert lesser damage to the target tissue in terms of
oxidative stress. Regarding whether the gene expression of SIRT1 and SIRT2 can be
affected by these SIRT modulators, only one pre-treatment condition with limited
concentrations was assessed on HAPI microglial cells, which cannot represent all other
conditions including adding LPS trigger or other disease models. Further development

is needed to investigate the impact the SIRT drugs on gene expression.

In conclusion, this chapter has assessed drug cytotoxicity, anti-inflammatory effects
and induced ROS production of resveratrol, sirtinol, EX527 and AGK2 in microglial
HAPI cells and compared them with fluoxetine and ibuprofen. Although, SIRT1
activator and inhibitor or SIRT2 inhibitor did not exert exact similar or opposites effects
in regards of PGEy, cytokines and ROS production in this study. SIRT2 is often reported
to exert the opposing effect to SIRTL1 in neurodegeneration studies (G. Donmez and T.
F. OQuteiro, 2013). However, based on available in vitro studies of inflammation,

different reports using various in vitro models and stimuli have reported contradictory
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findings, suggesting that the effect of SIRT2 modulators needs to be interpreted based
on the biochemical conditions of different models. For example, an in vitro study of
brain injury showed that the SIRTZ2 inhibitor AK-7 can increase the expression of pro-
inflammatory cytokines in primary microglia after stretch-induced injury (F. Yuan et
al., 2016a), and a similar pro-inflammatory effect of AK7 was reported in a cell culture
system that investigated spinal cord injury (D. Romeo-Guitart et al., 2018). However,
in a study of allergic asthmatic inflammation, SIRT2 inhibitor AGK2 diminished
inflammatory manifestations, including the activation of lung macrophages and
expression of chemokine CCL17 (Y. G. Lee et al., 2019). Sirtinol, as a dual inhibitor
of SIRT1 and SIRT2, was also shown to reduce inflammation in primary dermal
microvascular endothelial cells (A. Orecchia et al., 2011). The data in this study has
shown the potential of employing these agents to treat the activation of microglia as the
primary component of the innate immune system of the CNS and the release of
inflammatory mediators from them. However, a more comprehensive understanding
and further discovery of more effective SIRT1 and SIRT2 modulators or a specific
modulator type need to be established on larger scale of drug scanning and
pharmacological evaluation on different cell lines. In the next chapter, SH-SY5Y cells
as neuronal models will be used to investigate the effects of SIRT1 and SIRT2 drugs
on subsequent neurodegeneration after exposure to neuroinflammation. To achieve this
aim, the conditioned supernatant of HAPI cells collected by the methods mentioned in
this chapter will be transferred onto SH-SY5Y cells and assays conducted on them.

Detailed methods and results are shown in the next chapter.
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Chapter 4 : SIRT1 and SIRT2 modulators
Inhibit neuroinflammation-induced
subsequent neurodegeneration in in vitro

neuronal models
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4.1 Introduction

4.1.1 Neuroinflammation and subsequent neurodegeneration

Physiologically, the existence of inflammation including cytokine networks and COX-
2 activity plays a protective role in regulating learning and memory, development of
synaptic remodeling and upregulating synaptic activities (R. A. Khairova et al., 20009,
N. G. Bazan, 2001). However, prolonged and accumulating inflammatory mediators
can have pathological effects such as synaptic impairment, disturbance of neurogenesis
and neuronal death (M. Lyman et al., 2014). The IL-1 family is a pivotal member of the
inflammatory mediators that respond and take controls of pro-inflammatory reactions
to diverse stimuli, injury and stress (A. Weber et al., 2010a). IL-1a is mainly binding
on cell membranes and secreted through autocrine and juxtracrine pathways (A. Weber
et al., 2010a). It is present in varieties of cells in healthy conditions. Under stress
stimulation without cell death, the binding of membrane IL-1o and IL-1R can initiate
more cytokine production from neighbouring cells and recruit other myeloid cells to
the site (N. C. Di Paolo and D. M. Shayakhmetov, 2016). Unlike IL-1o functioning as
an alarm signal or DAMP itself, IL-1p is produced under stimulation by DAMPs and
PAMPs and secreted through paracrine or endocrine in a systemic manner (A. Weber
et al., 2010a). IL-1B regulates inflammation by binding to receptor IL-1R and
sequentially activating mitogen-activated protein kinase (MAPK) signalling and the
NF-xB pathway to mediate the expression of a secondary inflammation (A. Weber et
al., 2010a, A. Weber et al., 2010b). It has been reported that IL-1p contributes to the
loss of synaptic connections with the participation of PGE> and activation of NMDA
receptors which lead to excitotoxicity (A. Mishraetal., 2012). TNF-a can bind to tumor
necrosis factor receptor 1 (TNFR1), one pathway of which subsequently recruits
TNFR-associated death domain (TADD) that further activates caspase 8, sequentially
caspase-3 activation and induces apoptosis (B. B. Aggarwal, 2003). Whereas, the other
pathway of TADD binding with TNFR2 leads to the activation of NF-xB which in turn
promotes neuron survival (B. B. Aggarwal, 2003). Also, the level of TNF-a production
and the balance between the two TNF pathways determines the initiation of apoptosis
or survival and the degree of neuronal apoptosis (M. Lyman et al., 2014, B. B.
Aggarwal, 2003).
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4.1.2 SIRT1 and SIRT2 modulators in neuroprotection

SIRT1 and SIRT2 drugs have been shown to exert neuroprotective effects in numerous
neurodegenerative disease studies. However, there has still not been a systematic
analysis of the effects of this class of drugs on neurodegeneration.

Resveratrol is a natural SIRT1 activator that has been investigated in cellular and animal
models of Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis and
aging. In an AD study on p25 transgenic mice, resveratrol was found to prevent
neurodegeneration and cognitive decrease via acetylation of peroxisome proliferator-
activated receptor-gamma coactivator (PGC)-1a, a master regulator of mitochondrial
biogenesis, and up-regulation of SIRT1 (D. Kim et al., 2007). Similarly, in a PD study
on dopaminergic SN4741 cell line reported increases of PGC-1a and SIRT1 levels
induced by resveratrol treatment (G. Mudo et al., 2012). The up-regulation of SIRT1
by resveratrol has also been reported to benefit mitochondria function in motor neuron-
like cell line VSC 4.1 (J. Wang et al., 2011). Besides, AMPK activation and tumor
suppressor p53 acetylation has also been reported to participate in the mechanism in
SODS%Atransgenic mice (R. Mancuso et al., 2014). In aged mouse models, resveratrol
also has been shown to increase SIRT1 expression and decrease apoptosis (P. Moorthi
etal., 2015).

EX527 is a selective SIRT1 inhibitor the effect of which remains controversial due to
lack of research. It has been found that EX527 prevented transgenic neuronal cells from
death after treatment of mutant SOD1 toxicity and improved the survival of transgenic
SH-SY5Y cells as ALS models (C. Valle et al., 2014). However, it was also reported
that EX527 could exacerbate protein aggregation in primary neurons, which indicates
more consideration and investigation should be done before administration (S. W. Min
et al., 2010). Besides, sirtinol is a dual inhibitor of SIRT1 and SIRT2 as introduced in
Chapter 3 that also was shown to exacerbate neurodegeneration of differentiated SK-
N-BE cells (D. Albani et al., 2009). AGK2 is a selective SIRT2 inhibitor. Some studies
show that AKG2 can protect dopaminergic cells from toxicity induced by a-synuclein
and protect primary rat striatal neurons from toxicity induced by mutant Huntingtin (T.
F. Outeiro et al., 2007, R. Luthi-Carter et al., 2010).

Based on these findings above, it is found that all these drugs were employed in

different disease models or used under different forms of stimuli. Therefore, a uniform
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neurodegeneration model needs to be applied to assess SIRT1 and SIRT2 drugs and
compare their effects in the same condition. In this chapter, to achieve this aim,
undifferentiated and differentiated SH-SY5Y cells were treated with the conditioned
supernatant collected from HAPI cells after drug pre-treatment and exposure to LPS.

Then the alteration of apoptosis during this supernatant transfer was further assessed.

4.2 Materials and methods

4.2.1 Cells and reagents

SH-SYS5Y cells were purchased from Sigma-Aldrich. They were grown in ATCC-
formulated DMEM (Gibco by Life Technologies, 11885084) which contains low
glucose (1 g/L D-Glucose), L-glutamine (584 mg/L), sodium pyruvate (110 mg/L) and
phenol red (15 mg/L). The media was additionally supplemented with 1% penicillin-
streptomycin (Gibco by Life Technologies) and 10% fetal bovine serum (FBS)
(Scientifix Life). SH-SY5Y cells were grown in sterile T-75 cm? flasks and cultured in
an incubator at 37°C with 5% CO> and high humidity.

4.2.2 Treatment preparation

Prior to treatment, all stocks (10 mM: resveratrol (RSV), sirtinol (SIR), EX527, AGK2,
fluoxetine (FLU) and ibuprofen (IBU)) were diluted to a working solution (1:10). The
final proportion of DMSO in each well of plates was below 0.01%. BDNF was
reconstituted in distilled water to a concentration of 10 pug/mL as stock and stored in a
-20°C freezer for future use. RA was dissolved in DMSO at a concentration of 25 mM
and stored in a -20°C freezer for future use and protected from light when applying.
The LPS stock solution (1 mg/mL) was diluted from 1:10 to a working solution before

treatments were conducted.

4.2.3 Establishment of neuroinflammation-induced neurodegeneration in vitro

neuronal model

4.2.3.1 Undifferentiated neuronal model

SH-SY5Y cells were seeded at 10° cells/mL on 96-well plates and placed in an
incubator for 24 h. To induce neuroinflammation-induced neurodegeneration, the
supernatant above SH-SY5Y cells was removed and treated with conditioned-
supernatant of HAPI cells for 24 h. The conditioned supernatant was collected from

HAPI cells in 24-well plates after 20 h LPS treatment with/without 4 h pre-treatment
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of resveratrol, sirtinol, EX527, AGK2, fluoxetine and ibuprofen in a series of

concentrations.

4.2.3.2 Differentiated neuronal model

SH-SY5Y cells were seeded at 10° cells/mL (100 pL) on 96-well plates and placed in
an incubator for 24 h. Then, cells were treated with 10 uM of retinoic acid (RA) every
other day for a 5-day period in complete medium containing 10% FBS, followed with
a treatment of 50 ng/mL of BDNF for 3 executive days in serum-free medium. After
that, the supernatant above SH-SY5Y cells was removed and treated with conditioned-
supernatant of HAPI cells for 24 h. The conditioned supernatant was collected from
HAPI cells in 24-well plates after 20 h LPS treatment with/without 4 h pre-treatment
of resveratrol, sirtinol, EX527, AGK2, fluoxetine, and ibuprofen in a series of

concentrations.

4.2.4 Resazurin assay

To test the cytotoxicity induced by SIRT1 and SIRT2 drugs on undifferentiated SH-
SY5Y cells, cells were seeded on 96-well plates with a cell density of 10° cells/mL (100
ML) and incubated for 24 h. After that, cells were treated with resveratrol, sirtinol,
EX527, AGK2, fluoxetine, ibuprofen, and DMSO with a series of concentrations and
LPS (0.005 pg/mL) for 24 h. For differentiated cells, after the last treatment of BDNF,
the same drug treatments were conducted. Each treatment had 6 replicates. Then, the

resazurin assay was conducted for cell viabilities.

To test whether SIRT1 and SIRT2 modulators can alleviate neuroinflammation-
induced subsequent neurodegeneration on undifferentiated cells, cells were seeded on
96-well plates with a cell density of 10° cells/mL (100 pL) and incubated for 24 h.
Then, the supernatant was replaced by the supernatant collected from HAPI cells after
LPS (0.005 pg/mL) challenge and the combination pre-treatment with resveratrol,
sirtinol, EX527, AGKZ2, fluoxetine and ibuprofen. For differentiated cells, after the last
treatment of BDNF, the same supernatant treatments were added onto them and
incubated for 24 h. Then, resazurin assay was conducted for measurement of cell
viabilities.

Resazurin assays were run to detect cell viabilities of undifferentiated and differentiated
SH-SY5Y cells. After treatment, the supernatant above cells was removed and replaced

with diluted resazurin solution (44 uM) and incubated for 3 h. After that, fluorescence
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(excitation: 530 nm and emission: 590 nm) value was read and recorded using a Tecan

Infinite 200 Pro microplate reader (Tecan, Australia).

4.2.5 Caspase 3/7 assay

SH-SY5Y cells were seeded at 10° cells/mL (100 pL) on 96-well plates and incubated
for 24 h. For the undifferentiated cells, the supernatant of HAPI cells after LPS
challenge and drug treatment was transferred onto the cells in the 96-well plates and
incubated for 24 h. For the differentiated model, SH-SY5Y cells were induced to
differentiated after seeding for an 8-day period, then the same supernatant was
transferred onto the differentiated cells and incubated for 24 h. After that, caspase 3/7
assays (Cayman Chemical, Australia) were conducted to measure the apoptosis level of
cells. The cells were centrifuged to the bottom of the plates and rinsed with assay buffer
and lysed afterward. The supernatant containing caspase 3/7 was collected and
transferred to corresponding wells on a black plate. Caspase 3/7 substrate was added
into each well and incubated for 30-90 min at 37°C. After that, the fluorescence
(excitation: 485 nm and emission: 535 nm) intensity value was read and recorded using

a Tecan Infinite 200 Pro microplate reader (Tecan, Australia).

4.2.6 Trypan blue dye exclusion assay
Trypan blue dye was used to differentiate dead cells and viable cells. Cell
concentrations were measured using an automatic cell counter or hemocytometer under

Olympus 1X53 microscope.

4.2.7 Statistical analysis
All data were analyzed by GraphPad Prism 5 and presented as mean &= SD. One-way
ANOVA and t tests were used to determine the significant difference. P<<0.05 was

considered a significant difference.

4.3 Results

4.3.1 SIRT1 and SIRT2 modulators induced cytotoxicity in SH-SY5Y cells in a
dose-dependent way

Resveratrol exerted significant cytotoxicity on undifferentiated SH-SY5Y cells at 100,
50, 25, 10, 1 and 0.1 uM (Figure 4.1 A). The graph shows increasing concentrations

reduced cell viability. Data showed no significant difference between 1 and 0.1 uM.
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Sirtinol produced significant cytotoxicity on undifferentiated SH-SY5Y cells at 100
MM and 50 uM (Figure 4.1 B). The graph shows increasing concentrations reduced cell
viability. Data showed no significant difference between 10, 1 and 0.1 pM.

EX527 exerted significant cytotoxicity on undifferentiated SH-SY5Y cells at 100 uM
(Figure 4.1 C). The graph shows increasing concentrations reduced cell viability. Data
showed no significant difference between 10, 1 and 0.1 pM.

AGK?2 produced significant cytotoxicity on undifferentiated SH-SY5Y cells at 100 uM
(Figure 4.1 D). The graph shows increasing concentrations reduced cell viability. Data
showed no significant difference between 10, 1 and 0.1 puM.

As control drugs, the results showed that fluoxetine showed significant cytotoxicity on
undifferentiated SH-SY5Y cells at 10 and 1 uM (Figure 4.1 E). Ibuprofen showed no
cytotoxicity from 10 to 0.1 uM (Figure 4.1 F).

DMSO exerted no significant cytotoxicity under 0.5% (Figure 4.1 G). LPS with a
concentration of 0.005 pg/mL showed no cytotoxicity on undifferentiated SH-SY5Y
cells (Figure 4.1 H).
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Figure 4.1 SIRT1 and SIRT2 modulators induced cytotoxicity in undifferentiated
SH-SYSY cells in a dose-dependent way

Undifferentiated SH-SYSY cells were treated with resveratrol (A) (0.1-100 pM),
sirtinol (B) (0.1-100 pM), EX527 (C) (0.1-100 uM), AGK2 (D) (0.1-100 pM),
fluoxetine (E) (0.01-10 uM), ibuprofen (F) (0.01-10 pM), DMSO (G) (0.01-2%), and
LPS (0.005 pg/mL) (H) for 24 h and assessed for cell viability using resazurin assay.
One-way ANOVA followed by Turkey’s multiple comparison test and t tests were
applied. Significance levels were shown as P< 0.05 (¥*), P<0.01 (**) and P< 0.001 (**%*).
Data indicate mean + SD of three independent experiments.
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4.3.2 SIRT1 and SIRT2 modulators protected undifferentiated SH-SY5Y cells
from death induced by HAPI-conditioned supernatant

To test whether SIRT1 and SIRT2 modulators can attenuate neuroinflammation-
induced subsequent neurodegeneration, undifferentiated SH-SY5Y cells were seeded
on 96-well plates with a cell density of 10° cells/mL (100 pL) and incubated for 24 h in
an incubator. After that, supernatant of HAPI cells after LPS (0.005 pug/mL) challenge
and the combination treatment with resveratrol, sirtinol, EX527, AGK2, fluoxetine and
ibuprofen for 24 h was transferred onto the undifferentiated SH-SY5Y cells and
incubated for 24 h. Then, resazurin assay was conducted for measurement of cell

viability.

The survival rate of undifferentiated SH-SY5Y cells significantly improved after the
challenge of HAPI cells LPS and resveratrol-conditioned supernatant by
approximately 11% at 20 uM, 24% at 10 uM, 21% at 1 uM, and 11% at 0.1 uM (Figure
4.2 A). Resveratrol demonstrated significant differences in greater survival
improvement than fluoxetine (1 uM) at 10 uM and 1 pM. Resveratrol (10 uM) also

demonstrated a significant difference from ibuprofen (1 uM).

Sirtinol also significantly promoted the survival rate of SH-SY5Y cells after the
conditioned-supernatant challenge by approximately 35% at 20 uM, 40% at 10 uM,
24% at 1 puM, and 15% at 0.1 puM (Figure 4.2 B). It demonstrated significant
differences in greater survival improvement from fluoxetine (1 uM) and ibuprofen (1
pMM) at 20 uM, 10 uM, and 1 pM.

EX527 significantly increased the survival rate of SH-SY5Y cells after the conditioned-
supernatant challenge by approximately 8% at 1 uM and 9% at 0.1 uM (Figure 4.2 C).
There were no significant differences in the survival improvement from fluoxetine (1
puM) and ibuprofen (1 uM).

AGK?2 (0.1 pM) significantly improved the survival rate of SH-SY5Y cells after the
conditioned-supernatant challenge by approximately 10% (Figure 4.2 D). No
significant differences were shown in the survival improvement from fluoxetine (1 uM)

and ibuprofen (1 uM).

As control drugs, fluoxetine (0.1 uM) significantly improved the survival rate of SH-

SY5Y cells after the conditioned-supernatant challenge by approximately 6% (Figure

129



4.2 E). Ibuprofen significantly increased the survival rate of SH-SYSY cells after the
LPS challenge by approximately 11% at 1 pM and 14% at 0.1 pM (Figure 4.2 F).
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Figure 4.2 SIRT1 and SIRT2 modulators protected undifferentiated SH-SYSY
cells from death induced by supernatant of LPS-challenged HAPI cells

Undifferentiated SH-SYSY cells were treated with supernatant produced by HAPI cells
after treatment of resveratrol (A) (0.1-20 uM), sirtinol (B) (0.1-20 uM), EX527 (C)
(0.1, 1 pnM), AGK2 (D) (0.1, 1 uM), fluoxetine (E) (0.1, 1 uM) and ibuprofen (F) (0.1,
1 M) 4 h prior to LPS (0.005 pg/mL) challenge for 20 h. Fluoxetine (1 puM) and
ibuprofen (1 pM) were used as reference drugs. One-way ANOVA followed by
Turkey’s multiple comparison test was applied. Significance levels were shown as P<
0.05 (*, #), P<0.01 (**) and P< 0.001 (***, ###). Data indicate mean = SD of three
independent experiments. # vs untreated media control only, * vs LPS only
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4.3.3 SIRT1 and SIRT2 modulators induced lesser cytotoxicity in differentiated
SH-SY5Y cells.

Resveratrol produced no significant cytotoxicity on differentiated SH-SY5Y cells at 25
pM, 10 pM, 1 pM and 0.1 pM (Figure 4.3 A). Sirtinol exerted no significant
cytotoxicity on differentiated SH-SY5Y cells below 25 uM (Figure 4.3 B). None of
EX527, AGK2, fluoxetine, and ibuprofen had significant cytotoxicity on differentiated
SH-SY5Y cells at 10 uM, 1 uM and 0.1 uM (Figure 4.3 C, D, E, F). However, there
were small but statistically significant improvements in cell viability seen with
resveratrol, sirtinol, EX527, AGK2 and fluoxetine at some concentrations as shown in
Figure4.3A,B,C,D, E.
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Figure 4.3 SIRT1 and SIRT2 modulators induced lesser cytotoxicity in
differentiated SH-SYSY cells.

Differentiated SH-SYSY cells were treated with resveratrol (A) (0.1-20 pM), sirtinol
(B) (0.1-20 uM), EX527 (C) (0.1-10 uM), AGK2 (D) (0.1-10 uM), fluoxetine (E) (0.1-
10 pnM) and ibuprofen (F) (0.1-10 pM) for 24 h and assessed for cell viability using
resazurin assay. One-way ANOVA followed by Turkey’s multiple comparison test was
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applied. Significance levels were shown as P<0.05 (*), P<0.01 (**) and P< 0.001 (***).
Data indicate mean = SD of three independent experiments.

4.3.4 Sirtinol and AGK2 protected differentiated SH-SY5Y cells from death
induced by HAPI-conditioned supernatant

The survival rate of differentiated SH-SY5Y cells did not improve after the challenge
of HAPI cells’ LPS and resveratrol-conditioned supernatant at 20 uM, 10 uM, 1 pM
and 0.1 puM (Figure 4.4 A). Significant differences were found between all

concentrations of resveratrol and ibuprofen (10 uM).

Sirtinol significantly promoted the survival rate of differentiated SH-SY5Y cells after
the conditioned-supernatant challenge by approximately 30% at 20 uM and 19% at 10
MM (Figure 4.4 B). It demonstrated significant differences in greater survival
improvement from 20 uM of sirtinol and fluoxetine (1 uM). There is no significant

difference between ibuprofen (1 uM) and all concentrations of sirtinol.

EX527 exerted no significant effect on the survival rate of SH-SY5Y cells after the
conditioned-supernatant challenge (Figure 4.4 C). Significant differences were found

between all concentrations of EX527 and ibuprofen (10 puM).

AGK2 (0.1 uM) significantly improved the survival rate of SH-SY5Y cells after the
conditioned-supernatant challenge by approximately 20% (Figure 4.4 D). No
significant differences were found in the survival improvement from fluoxetine (1 uM)

and ibuprofen (1 uM).

As control drugs, fluoxetine (1, 0.1 uM) did not significantly improve the survival rate
of SH-SY5Y cells after the conditioned-supernatant challenge (Figure 4.4 E).
Ibuprofen significantly increased the survival rate of SH-SY5Y cells after the
conditioned-supernatant challenge by approximately 22% at 1 uM and 21% at 0.1 pM
(Figure 4.4 F).
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Figure 4.4 Effects of SIRT1 and SIRT2 modulators on neuroinflammation-
induced neurodegeneration in differentiated SH-SYSY cells.

Differentiated SH-SYSY cells were treated with supernatant produced by HAPI cells
after treatment of resveratrol (A) (0.1-20 uM), sirtinol (B) (0.1-20 uM), EX527 (C)
(0.1, 1 pM), AGK2 (D) (0.1, 1 uM), fluoxetine (E) (0.1, 1 uM) and ibuprofen (F) (0.1,
1 uM) 4 h prior to LPS (0.005 pg/mL) challenge for 20 h and assessed for cell viability
using resazurin assay. Fluoxetine (1 pM) and ibuprofen (1 uM) were used as reference
drugs. One-way ANOVA followed by Turkey’s multiple comparison test was applied.
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Significance levels were shown as P< 0.05 (*, #), P<0.01 (**, ##) and P< 0.001 (***,
###). Data indicate mean £ SD of three independent experiments.

4.3.5 Caspase 3/7 activation does not participate in SIRT drugs’ protective effects
in mild neuroinflammation-induced neurodegeneration

To measure caspase 3/7 activation in mild neuroinflammation-induced subsequent
neurodegeneration, undifferentiated SH-SY5Y cells were seeded on 96-well plates at
10° cells/mL (100 pL) and after 24 h cells were treated with supernatant collected from
HAPI cells after 24-h exposure to LPS (0.005 pg/mL) combining with the treatment of
resveratrol, sirtinol, EX527, AGK2, fluoxetine and ibuprofen for 24 h. Differentiated
SH-SY5Y cells were treated with the same supernatant collected from HAPI cells for

24 h. Caspase 3/7 fluorescence assay was applied to measure caspase 3/7 activities.

In undifferentiated SH-SY5Y cells (Figure 4.5), resveratrol (20, 10 uM) significantly
decreased the elevation of caspase 3/7 activity induced by LPS treatment by
approximately 20% and 16% (Figure 4.5 A). It also shows significant differences than
fluoxetine (1 uM) and ibuprofen (1 uM).

Sirtinol did not have a significantly different affect on caspase 3/7 activities compared
to LPS alone (Figure 4.5 B). However, sirtinol (1, 0.1 uM) did exert an increasing
effect on caspase 3/7 compared to control and also shown significant differences to
ibuprofen (1 uM).

EX527 had no significant effects on caspase 3/7 activation (Figure 4.5 C). However,

there is a significant difference between EX527 and fluoxetine.

AGK?2 had no significant effects on caspase 3/7 activities compared to LPS stimulation
(Figure 4.5 D). However, AGK2 (0.1 uM) had an increasing effect on caspase 3/7
compared to control, but without significant differences to fluoxetine (1 uM) or
ibuprofen (1 pM).

Fluoxetine increased caspase 3/7 activities, but this was not significantly different
compared to LPS alone (Figure 4.5 E). Ibuprofen (1 uM) significantly decreased the
elevation of caspase 3/7 activity induced by LPS treatment by approximately 6%
(Figure 45 F).
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Figure 4.5 Effects of SIRT1 and SIRT2 modulators on caspase 3/7 activation in
neuroinflammation-induced neurodegeneration in undifferentiated SH-SYSY
cells.

Undifferentiated SH-SYSY cells were treated with supernatant produced by HAPI cells
after treatment of resveratrol (A) (0.1-20 uM), sirtinol (B) (0.1-20 uM), EX527 (C)
(0.1, 1 uM), AGK2 (D) (0.1, 1 nM), fluoxetine (E) (0.1, 1 uM) and ibuprofen (F) (0.1,
1 uM) 4 h prior to LPS (0.005 pg/mL) challenge for 20 h and assessed for caspase 3/7
activation. One-way ANOVA followed by Turkey’s multiple comparison test was
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applied. Significance levels were shown as P<0.05 (*, #), P<0.01 (**, ##) and P< 0.001
(***, ###). Data indicate mean + SD of three independent experiments.

In differentiated SH-SY5Y cells (Figure 4.6), all concentrations of resveratrol do not
significantly affect caspase 3/7 activity (Figure 4.6 A). No significant differences were

shown compared with fluoxetine (1 uM) and ibuprofen (1 puM).

Sirtinol at 20 uM has exerted a significant effect on increasing caspase 3/7 activities

compared to LPS stimulation, fluoxetine (1 pM), and ibuprofen (1 uM) (Figure 4.6 B).

EX527 at 1 uM and 0.1 uM also have been shown to exert significant effects on
increasing caspase 3/7 activation compared to LPS stimulation, fluoxetine (1 uM), and
ibuprofen (1 puM) (Figure 4.6 C).

Similarly, AGK2 at 1 uM and 0.1 uM have been shown no significant effects on
reducing caspase 3/7 activities compared to LPS stimulation and fluoxetine (1 pM)
(Figure 4.6 D). AGK2 at 0.1 uM has produced an increasing effect on caspase 3/7
compared to control but without significant differences than fluoxetine (1 uM) and
ibuprofen (1 uM).

Fluoxetine (1 pM) exerted a significant effect on reducing caspase 3/7 activities
compared to control but LPS stimulation (Figure 4.6 E). Whereas, ibuprofen has been
shown no effects on caspase 3/7 activity compared to control or LPS stimulation (Figure
46 F).
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Figure 4.6 Effects of SIRT1 and SIRT2 drugs on caspase 3/7 activation in
neuroinflammation-induced neurodegeneration in differentiated SH-SYSY cells.

Differentiated SH-SYSY cells were treated with supernatant produced by HAPI cells
after treatment of resveratrol (A) (0.1-20 uM), sirtinol (B) (0.1-20 uM), EX527 (C)
(0.1, 1 uM), AGK2 (D) (0.1, 1 pM), fluoxetine (E) (0.1, 1 uM) and ibuprofen (F) (0.1,
1 uM) 4 h prior to LPS (0.005 ng/mL) challenge for 20 h and assessed for caspase 3/7
activation. One-way ANOVA followed by Turkey’s multiple comparison test was
applied. Significance levels were shown as P<0.01 (**) and P< 0.001 (***). Data
indicate mean = SD of three independent experiments.
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4.4 Discussion

The effects of SIRT1 and SIRT2 modulators on neuroinflammation-induced
neurodegeneration on both undifferentiated and differentiated SH-SY5Y cells have
been assessed. Compared to the effects of SIRT drugs on the HAPI cell line in chapter
3, human neuroblastoma cells and differentiated neuroblastoma cells have shown to be
more tolerant of higher concentrations of SIRT1 and SIRT2 modulators than observed
in the rat microglia. This indicates that microglia and neurons have different tolerances
to cytotoxicity including from resveratrol, sirtinol, EX527, AGK2 and fluoxetine.
Based on the cell culture of HAPI and SH-SYS5Y cell lines, it has been observed that
the HAPI cell line proliferates or divides markedly faster than the SH-SY5Y cell line.
HAPI cells in a T75 flask can reach 80-90% confluence in 48-72 h. In contrast, with
the same amount of SH-SY5Y cells, it takes them at least 72 h to reach 80-90%
confluence. Thus, this might render HAPI cells to be more sensitive to these SIRT drugs.
Besides, SIRT drugs and fluoxetine also slightly increased the cell viability of
differentiated SH-SY5Y cells. The reason could be that SIRT1 and SIRT2 modulators
and fluoxetine have been found to have a positive effect on cell survival and longevity
(S. Lavu et al., 2008, G. Fu et al., 2021, F. Zavvari and A. Nahavandi, 2020).

Then the supernatant collected from pre-treated HAPI cells after LPS stimulation was
transferred onto both undifferentiated and differentiated SH-SY5Y cells respectively.
It has been found that the degeneration of undifferentiated SH-SY5Y can be alleviated
by resveratrol, sirtinol, EX527 and AGK2 —pre-treated supernatant from LPS-
challenged microglia. Additionally, SIRT1 activator resveratrol and dual SIRT1/SIRT2
inhibitor sirtinol both show significantly better performance than fluoxetine and
ibuprofen in undifferentiated SH-SY5Y cells. However, in differentiated SH-SY5Y
cells, this effect of sirtinol is relatively diminished but still greater than fluoxetine, and
SIRT?2 inhibitor AGK2’s effect is relatively increased but not greater than fluoxetine or
ibuprofen. But resveratrol and selective inhibitor EX527 fail to significantly reduce the
neurodegeneration in differentiated SH-SY5Y cells. In this comparison between the
two different systems, it has been found that dual SIRT1/SIRTZ2 inhibitor sirtinol and

SIRT2 inhibitor AGK2 exert potent protective effects on neurodegeneration.

This neuroprotective effect might be most likely due to that the production of
inflammatory mediators in the supernatant from LPS-induced HAPI cells is suppressed

by drug pre-treatment. In this microglia-neuron 2D co-culture model, the supernatant
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containing a mixture of LPS, the drug and cytokines from the HAPI cells were
transferred onto SH-SY5Y cells without further additional treatment of any SIRT
modulators. However, it is well known that only free drug concentrations act
biologically in both pharmacokinetics and pharmacodynamics way (K. Jaroch et al.,
2018). Whether the remaining mixture of LPS and drugs in the supernatant can
pharmacologically affect SH-SY5Y cells after transfer depends on the unbound fraction
of the agents and LPS that exhibit biological activities. Based on our data and literature,
LPS does not affect the survival of SH-SY5Y cells, which means LPS most likely does
not participate in the biological effects of the supernatant transfer (Y. Liu et al., 2020).
Moreover, the targets of these SIRT modulators are intracellular SIRT1 and SIRT2
enzymes. Whereas, for intracellular acting drugs, free drug concentrations in the
supernatant do not necessarily correspond with intracellular free drug concentrations
(K. Jaroch et al., 2018). Therefore, whether any free drug molecules can be transported
into SH-SY5Y cells and exert biological action and the intracellular drug concentrations
of them are unknown. From the results, it has also been found that resveratrol and
sirtinol are the two most effective agents in protecting neurodegeneration. These two
SIRT modulators exerted strong inhibiting effects on the production of TNF-a in HAPI
cells, which is in line with the result that the survival of SH-SY5Y cells is most
protected by resveratrol and sirtinol pre-treated supernatant. TNF-a can induce cell
death by binding with TNF receptors (H. Wajant et al., 2003). Thus, the decrease of
TNF-a after treatment of resveratrol and sirtinol can effectively attenuate the cell death

of SH-SY5Y cells.

Based on this discussion, the reduction of cytokine release by LPS-stimulated HAPI
cells might most likely be the reason for neuroprotection results that were acquired on
SH-SY5Y cells. The drugs in the supernatant have been either degraded or transported
into HAPI cells and metabolized or some have precipitated on the bottom of cell culture
plates. To further investigate this, the whole method development of high-performance
liquid chromatography needs to be employed to assess the drug concentrations in

extracellular supernatant and intracellular cytoplasm respectively.

However, in differentiated SH-SY5Y cells, the results were found to be different from
those in undifferentiated results. LPS-stimulated supernatant with resveratrol and
EX527 pre-treatment failed to reverse the reduction of survival of SH-SY5Ycells.

Supernatant with sirtinol and AGK2 pre-treatment still exert neuroprotection on SH-
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SY5Y cells. It can be found that both SIRT1 activation and inhibition both could not
significantly affect the survival of SH-SY5Y cells. Whereas, SIRT2 inhibition by
sirtinol and AGK2 both again present positive effects.

Multiple factors may have led to this finding. The proliferation of differentiated SH-
SY5Y cells is reduced compared with the undifferentiated, and once SH-SY5Y cells
stop dividing they become less sensitive to stress such as inflammation. Secondly, the
differentiation method by combination treatment of retinoic acid and BDNF is not ideal
and still has some limitations. For example, during this process of differentiation, the
condition change for SH-SY5Y in different periods can have an impact on
pharmacological evaluation. Factors include the toxicity of retinoic acid, serum
starvation in BDNF treatment, and serum refill when applying subsequent treatment or
experiments. Therefore, potentially, further optimisation of the differentiation model
might have yielded different results. A similar situation has also been reported where
an undifferentiated model was considered more appropriate than a differentiated model
(Y. T. Cheung et al., 2009). Cheung’s team recommended expanding their study on the
primary cell culture of neurons to further compare with the experimental findings (D.
W. Luchtman and C. Song, 2010). However, a more physiologically relevant option
might be to utilise a spheroid model of differentiated SH-SY5Y cells. Literature shows
that the results from 2D and 3D can be different so there are potential benefits in
developing an applicable 3D model (K. Jaroch et al., 2018). In the method development
chapter, a preliminary study of SH-SY5Y 3D culture showed the morphology of the
formation of SH-SY5Y spheroids. Further method development for spheroid
differentiation of SH-SY5Y cells needs to be conducted in the future.

Then the alteration of apoptosis level was assessed by conducting the caspase3/7
fluorescence assay. LPS (0.005 pg/mL) conditioned supernatant collected from HAPI
cells only significantly increased the level of caspase 3/7 in undifferentiated SH-
SY5Ycells but not the differentiated. The result also showed only resveratrol and
ibuprofen could significantly decrease the apoptosis level in undifferentiated SH-SY5Y
cells after exposure to LPS-conditioned supernatant collected from HAPI cells. In
differentiated SH-SY5Y cells, the apoptosis level was not reduced by pre-treatment of
any SIRT1 and SIRT2 drugs including resveratrol, sirtinol, EX527 and AGK2. Since
our in vitro neuroinflammation-neurodegeneration model of depression was established

on the activation of microglia induced by mild LPS treatment with a relatively low
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concentration of 0.005 pg/mL, apoptosis induced by LPS might not participate in our
model of neurodegeneration. However, other pathways leading to cell death could also
exist in this in vitro model. As the concentration of stimuli and the variety of them
increases, certain cell death pathways will be triggered consequently. Cell death
mechanisms have been continued to expand over the past decades. Based on the
guideline of the Nomenclature Committee on Cell Death (NCCD), cell death according
to the morphological manifestation can be classified into three major categories which
are apoptosis, autophagy, and necrosis (L. Galluzzi et al., 2018). Apoptosis manifests
with shrinkage of cytoplasm, chromatin condensation, nuclear fragmentation,
formation of cell membrane blebbing and apoptotic bodies or vesicles which eventually
are phagocytized by surrounding cells and degraded in lysosomes (J.-U. Schweichel
and H.-J. Merker, 1973, L. Galluzzi et al., 2007). Apoptosis can be categorized as
intrinsic apoptosis and/or extrinsic apoptosis. Intrinsic apoptosis is caused by different
intracellular and extracellular stimuli including genetic damage, ROS injury, alteration
of supportive microenvironment and features with mitochondrial outer membrane
permeabilization (MOMP) (L. Galluzzi et al., 2018). Extrinsic apoptosis can be
initiated by death receptors, which several TNF receptor superfamily members belong
to, and dependence receptors (L. Galluzzi et al., 2018). Autophagy exhibits extensive
cytoplasmic vacuolization leading to phagocytosis and lysosomal degradation.
Necrosis does not display any manifestations of apoptosis and autophagy, including
phagocytic activities and lysosomal degradation, but only terminates with the disposal
of cell corpses (L. Galluzzi et al., 2007, J.-U. Schweichel and H.-J. Merker, 1973, L.
Galluzzi et al., 2018). Therefore, in our in vitro neurodegeneration model based on cell
culture of SH-SY5Y cells, the phagocytic activity and lysosomal degradation in the
end-stage of apoptosis and autophagy cannot be observed due to the absence of
macrophages in the microenvironment. Other than this, other subroutes of cell death
also have been supplemented to the whole underlying mechanism, such as necroptosis,
ferroptosis, pyroptosis and parthanatos (L. Galluzzi et al., 2018). More investigation
regarding the neurodegeneration mechanism and SIRT drugs’ effects on it needs to be

conducted in the future.

142



Chapter 5 : SIRT1 and SIRT2 modulators
attenuate LPS-induced anxiety and sickness

behaviors in in vivo model
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5.1 Introduction

Animal models of depression are widely used in the pharmacological assessment of
antidepressants, even though there are still some deviations between animal models and
human depression in terms of the three key criteria of etiologic validity, face validity
and predictive validity, that an ideal animal model of depression should meet (W. T.
McKinney, Jr. and W. E. Bunney, Jr., 1969). Etiologic validity is the most difficult
criterion to implement because the ideal method to fully mimic the mechanisms of
human diseases is genetic modification (N. Dedic et al., 2011). However, the aetiology
and mechanism of the development of depression are complex and controversial, which
creates substantial difficulty in establishing a reliable disease model on the basis of a
single genetic alteration. Nonetheless, face validity still can be procured by mimicking
the pathology of diseases biochemically or in behavioural ways (N. Dedic et al., 2011).
Predictive validity refers to models such that the animals correctly respond to
pharmacological treatment the results of which can accord with those from clinical
trials (N. Dedic et al., 2011).

Lipopolysaccharide (LPS)-induced sickness behaviour and depressive-like behaviour
are two commonly employed models to quantify the neuroinflammation-induced
changes in rodents. Systemic administration of LPS upregulates the mRNA expression
of pro-inflammatory cytokines including IL-183, IL-6 and TNF-« in the periphery.
These pro-inflammatory cytokines are transmitted to the brain via neural, humoral
communication pathways, cytokine transporters at the BBB and receptors on brain
venules (R. Dantzer et al., 2008). Then they can stimulate the cytokine expression in
the hypothalamus accompanied by activation of microglia and astrocytes in the dentate
gyrus (S. Layé et al., 1994). Local production of prostaglandins can also be activated
by these circulating cytokines combining with corresponding receptors (R. Dantzer et
al., 2008, S. Biesmans et al., 2013). These meditators also act on the brain to elicit
behavioural symptoms of sickness to enable ill individuals to re-organize perceptions
and actions which develop acutely after 2-4 h after LPS injection and last for 4-6 h (R.
Dantzer et al.,, 2008). Sickness behavior is defined as a complex of subjective
behavioral and physiological modifications. It is an adaptive response of the host to an
infection, which is in the same manner that fear is an adaptive response to potential
dangers (R. Dantzer, 2004). Moreover, some sickness manifestations that mirror the

clinical symptoms of depression show up after systemic LPS treatment, including
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weight gain or loss, eating or drinking less, and lack of local mobility, which is also
accompanied by the elevation of inflammatory mediator levels (J. L. Remus and R.
Dantzer, 2016).

Stress is one of the major predisposing factors in major depressive disorder (J. F. Cryan
and A. Holmes, 2005). Thus, some behavioural tests are designed based on the
mechanisms of stress, coping and learning helplessness (J. F. Cryan and A. Holmes,
2005). For example, in the forced swim test (FST) and tail suspension test (TST)
animals are put in an environment where they constantly have to face the stressor but
fail to escape and ultimately have learned helplessness. Anxiety is referred to as a
persistent fear or cognitive preparedness in response to a potential threat or danger (N.
Dedic et al., 2011, J. F. Cryan and A. Holmes, 2005). The comorbidity of the two is
quite common in clinical depression cases. In animal models, anxiety is also regarded
as the main endophenotype of depression, which is assessed by exploratory-based
approach-avoidance conflict (AAC) tests (N. Dedic et al., 2011, J. F. Cryan and A.
Holmes, 2005). They are designed based on the nature of rodents that they tend to
explore novel environments but also have an innate aversion to exposed and well-lit
spaces (J. F. Cryan and A. Holmes, 2005). For example, in the open field test (OFT)
and dark-light chamber (DLC) test, the averseness is procured by the central area of a
brightly lit open field and brightly illuminated compartment respectively (J. F. Cryan
and A. Holmes, 2005). Literature has shown that the behavioural parameters acquired
from these tests are well-established in assessing behavioural despair of inflammation-
induced model of depression (S. Basu Mallik et al., 2016, J. Mudgal et al., 2020).

The symptoms of cytokine-induced sickness behaviour and depression have striking
similarities. For instance, they both manifest with a withdrawal from the physical and
social environment, reduced reactivity to reward. Some symptoms of sickness
behaviour can also be improved by antidepressant treatment, including a decreased
preference for sweet solutions and reduced social exploration (R. Dantzer et al., 2008).
In the background of our study, we not only highlighted the importance of inflammation
in the pathology of primary depression but also emphasized the prevalence of
depression in physically ill patients who are suffered from neurodegenerative diseases
and co-morbid organic depression associated with them. Therefore, the employment of
these sickness behaviour models in the following method section can be beneficial for

us to investigate and understand the pharmacological effects of SIRT modulators on
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inflammation-induced depression. In this chapter, the effects of SIRT1 activator
resveratrol and dual SIRT1/SIRT2 inhibitor sirtinol on the acute behavioural
parameters of OFT, FST and TST in LPS-induced mouse model of depression have
been assessed.

5.2 Materials and methods

5.2.1 Animals and sample size

Male Swiss albino mice (8—10 weeks, 20—30 g) procured from the inbred strains of
central animal research facility (CARF), Manipal Academy of Higher Education
(MAHE) were used in this study. The animals were housed in groups of 6, under
controlled laboratory conditions, maintained on 12 h day and night cycle with free

access to food and tap water.

5.2.2 Ethical approval

Ethical approval was obtained from the Institutional Animal Ethics Committee (IAEC)
of Manipal University, which is in compliance with the Guide for the Care and Use of
Laboratory Animals by National Research Council (US) Committee (National
Research Council, 2011). The approval number is IAEC/KMC/25/2020.

5.2.2 Drugs and treatments

All the chemicals used in this study were of analytical grade. Lipopolysaccharide (LPS;
Escherichia coli 0111:B4), resveratrol, sirtinol and fluoxetine were all procured from
Sigma-Aldrich Co. LLC (St Louis, MO, USA).

Animals were randomly assigned into 5 groups (n = 6), including; group I: saline (SAL);
group II: LPS; group I1I: resveratrol (RSV) + LPS; group 1V: sirtinol (SIR) + LPS and
group V: fluoxetine (FLU) + LPS. Saline and LPS groups were administered with
vehicle (normal saline) at a dose of 10mL/kg. RSV + LPS; SIR + LPS and FLU + LPS
groups were treated with resveratrol (50 mg/kg); sirtinol (2 mg/kg); and fluoxetine (10
mg/kg) respectively. All the treatments were administered by intraperitoneal (i.p.) route.
Sickness behaviour was induced in all the animals except the saline-treated group using
LPS (2 mg/kg). The selection of treatment doses was based on our preliminary studies
and supporting literature. Fluoxetine served as a positive control as a standard selective
serotonin reuptake inhibitor (SSRI) that acts by inhibiting the reuptake of serotonin.
Behavioural assays were performed within 1-2 h of LPS administration, and were video

recorded. The recorded data were analysed by a well-trained observer as well as the
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blinded observer to reduce bias. For all behavioural endpoints, the animals were
brought to the observation room for acclimatization 2 h before the experimental
procedures.

5.2.3 Behavioural studies

Open field test

The open-field test (OFT) was used to assess the effect of LPS and the other treatment
groups on the exploratory behaviour of the animals. Locomotor Activity (LMA) was
assessed in mice individually placed into a clean, novel plexiglass arena (30 x 30 x 60
cm) which was divided into nine virtual quadrants (10 x 10 cm each). LMA was
measured by counting the number of square crossings over a 5 min period. The

apparatus was cleaned with 50% ethanol between the experiments (Mudgal et al., 2020).

Tail suspension test
The tail suspension test (TST) was performed to quantify the effect of various treatment

groups on LPS-induced sickness behaviour (J. C. O'Connor et al., 2009). A small piece
of medical adhesive tape was placed approximately 1 — 1.5 cm from the tip of the tail
and mice were hung individually for a period of 5 min at 15 cm away from the nearest
surface. The tail climbing was prevented by placing a plastic tubing around the tail prior
to applying the adhesive tape. The duration of immobility was then measured during
the final 4 min of the total 5 min of the test (Mudgal et al., 2020).

Forced swim test

The forced swim test (FST) was employed to study the effect of treatment groups on
LPS-induced behavioural despair. The mice were forced to swim individually in a
transparent plexiglass cylindrical tank (30 x 20 cm) containing water maintained at 22
+ 2°C. The water level was adjusted to a height of 15 cm. After an initial period of
vigorous activity, the animals assume a type of immobile posture. The immobility stage
was quantified when the animal ceases to struggle and make minimal movements of
limbs to keep the head above water. Animals were allowed to swim for a total of 6 min
and the immobility was recorded over the last 5 min (Basu Mallik et al., 2016; Sahu et
al., 2019; Mudgal et al., 2020).

5.2.4 Statistical Analysis
All the results were statistically analysed using GraphPad Prism 5 (GraphPad Software

Inc., San Diego, CA, USA). Results are expressed as means + SEM. Treatment and
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control groups were compared by one-way analysis of variance (ANOVA) followed by

Dunnett’s multiple comparison test. Statistical significance was determined at the p

value < 0.05 (p < 0.05%, p <0.01** and p < 0.001***).

5.3 Results

5.3.1 Resveratrol and sirtinol increased the locomotor activity in the open field test
The number of crossings in the open field test indicates the locomotor activity of the
mice. After LPS (2 mg/kg) intraperitoneal injection, the number of crossings of the
mice significantly reduced compared to the saline group (12.7+3.9vs 97.0+ 12.5, F=
7.5, p < 0.05), which indicates the mice were in a status of sickness and lack of
movement (Figure 5.1). Resveratrol (50 mg/kg), sirtinol (2 mg/kg) and fluoxetine (10
mg/kg) significantly increased the number of crossings compared to the LPS group
(70.5+12.3,59.3 £ 15.9, 57.83 £ 6.8 vs 12.7+ 3.9 respectively; F=7.5; p <0.05) as
shown in Figure 5.1. However, there is no significant difference between these drug

treatments on the open field test.
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Figure 5.1 Effects of resveratrol (RSV), sirtinol (SIR) and fluoxetine (FLU) on
LPS-induced changes in the locomotor activity in the open field test.

LPS (2 mg/kg, 1.p.) was administered to drug pre-treated mice, including resveratrol
(50 mg/kg.), sirtinol (2 mg/kg) and fluoxetine (10 mg/kg). OFT was conducted 1-2 h
post LPS administration. One-way ANOVA followed by Dunnett’s multiple
comparison test was applied. = p < 0.001 as compared with saline group (SAL); *p <
0.05, #p < 0.01 as compared with LPS group.

148



5.3.2 Resveratrol and sirtinol alleviated the learned helplessness in the forced
swim test

The immobility time in the forced swim test indicates the learned helplessness of the
mice in a situation where there is no escape. After LPS (2 mg/kg) intraperitoneal
injection, the immobility time of the mice significantly increased compared to the saline
group (214.3 £ 154 vs 128.0 £ 9.0, F=9.7, p < 0.05) as shown in Figure 5.2, which
indicates the mice developed failure of the persistence of escape-directed behaviour,
namely, behavioural despair or passive behaviour (J. F. Cryan, 2010). Resveratrol (50
mg/kg), sirtinol (2 mg/kg) and fluoxetine (10 mg/kg) significantly reduced the
immobility time compared to the LPS group (114.3 +£15.4,97.7+16.9, 122 £ 15.1 vs
214.3 + 9.0 respectively; F = 9.7; p < 0.05) as shown in Figure 5.2. However, there is

no significant difference between these drug treatments on the forced swim test.
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Figure 5.2 Effects of resveratrol (RSV), sirtinol (SIR), and fluoxetine (FLU) on
LPS-induced immobility time (s) as observed by FST.

LPS (2 mg/kg, 1.p.) was administered to drug pre-treated mice, including resveratrol
(50 mg/kg.), sirtinol (2 mg/kg) and fluoxetine (10 mg/kg). FST was conducted 1-2 h
post LPS administration. One-way ANOVA followed by Dunnett’s multiple
comparison test was applied. ~p < 0.01 as compared with saline group (SAL); *p <
0.001 as compared with LPS group.
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5.3.3 Resveratrol and sirtinol attenuated the learned helplessness in the tail
suspension test

The immobility time in the tail suspension test can double test the effects of the drugs
on the learned helplessness of the mice in a situation where there is no escape, as in
some cases drugs’ potency and sensitivity can be reduced in the tail suspension test (L.
Steru et al., 1987, R. Chermat et al., 1986). After LPS (2 mg/kg) intraperitoneal
injection, the immobility time of the mice significantly increased compared to the saline
group (185.7+17.7 vs 106.8 = 14.9, F = 7.0, p < 0.05) as shown in Figure 5.3, which
indicates the behavioural despair or passive behaviour (J. F. Cryan, 2010). Resveratrol
(50 mg/kg), sirtinol (2 mg/kg) and fluoxetine (10 mg/kg) significantly reduced the
immobility time compared to the LPS group (109.7 £ 14.1,94.8 £ 10.1, 117.5+ 9.5 vs
185.7 £ 17.7 respectively; F = 7.0; p < 0.05) as shown in Figure 5.3. However, there is

no significant difference between these drug treatments on the tail suspension test.
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Figure 5.3 Effects of resveratrol (RSV), sirtinol (SIR), and fluoxetine (FLU) on
LPS-induced immobility time (s), as observed by TST.

LPS (2 mg/kg, 1.p.) was administered to drug pre-treated mice, including resveratrol
(50 mg/kg.), sirtinol (2 mg/kg) and fluoxetine (10 mg/kg). TST was conducted 1-2 h
post LPS administration. One-way ANOVA followed by Dunnett’s multiple
comparison test was applied. “p < 0.01 as compared with saline group (SAL); #p <
0.001 as compared with LPS group.
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5.4 Discussion

In this chapter, the effects of resveratrol, sirtinol and fluoxetine on behavior changes in
the LPS-induced model of depression have been assessed. Systemic LPS administration
can elicit two phases of states, sickness for acute phase and depression for chronic
phase. In the acute phase which lasts 2-6 h, mice manifest with lack of movement and
less intake of food and water (J. L. Remus and R. Dantzer, 2016). The underlying
mechanism is that the inflammatory mediators from the periphery arouse the
inflammatory response of the innate immune system in the brain which acts on the brain
to elicit sickness behaviours aforementioned.

In our study, the behavioural despair was assessed in the acute phase of LPS-induced
model by measuring locomotor activity in OFT, immobility time in FST and TST.
SIRT1 activator resveratrol, dual SIRT1/SIRT2 inhibitor sirtinol and fluoxetine were
all shown to significantly reverse the decrease of locomotor activity and the increase of
immobility time, which is in alignment with the results in in vitro study where these
drugs have shown anti-inflammatory effects on LPS-stimulated microglia. Resveratrol
and sirtinol have shown potent inhibiting effects on the production of TNF-o and
secondary inflammatory product PGE> which can contribute to the reduction of
serotonin precursor tryptophan and mediation various behavioural actions respectively
(R. Dantzer et al., 2008). Moreover, resveratrol and sirtinol have shown similar results
on sickness behaviours as the antidepressant fluoxetine as a positive control. In a
previous in vitro study, resveratrol and sirtinol have shown significant stronger
inhibiting effects on TNF-o than fluoxetine, which indicates the possibility that
resveratrol and sirtinol might be able to elicit antidepressant effects in animal models
via an anti-inflammatory mechanism. To test their subsequent anti-depressant effects,
further depressive-like behaviour study needs to be conducted, which leads to the
importance of the chronic phase of LPS-induced mouse models.

In the chronic phase of this model, the sickness behaviours generally disappear within
24 h of LPS administration (J. L. Remus and R. Dantzer, 2016). While the motor
activity and appetite of animals are back to normal, the animals will develop depressive-
like behaviours (J. L. Remus and R. Dantzer, 2016). Meanwhile, the depressive-like
behaviour in the LPS-induced model is elicited via the activation of indoleamine-2,3-
deoxygenase (IDO) induced by cytokines (R. Yoshida and O. Hayaishi, 1987). The
precursor to the neurotransmitter serotonin is tryptophan which exists both in the

peripheral and the brain. IDO activity can convert tryptophan to kynurenine (R.
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Yoshida and O. Hayaishi, 1987). However, the depressive-like behaviour in the LPS-
induced model has been demonstrated not to be caused by the depletion of serotonin
turnover through this IDO pathway (J. L. Remus and R. Dantzer, 2016). It has been
found that the elevation of the downstream metabolite of kynurenine, quinolinic acid,
contributes to the depressive-like behaviours by activating NMDA receptors, which
results in excitotoxicity and oxidative damage to the CNS (J. L. Remus and R. Dantzer,
2016). The evidence of this mechanism has also been verified in many clinical cases (J.
L. Remus and R. Dantzer, 2016). Therefore, behaviour tests in the chronic phase are
suitable for assessing the effects of SIRT1 and SIRT2 drugs on IDO-associated
pathways which further indicate their effects on serotonin metabolism on the foundation
of inflammation. The use of a chronic model of depression as a future direction maybe
as away of exploring the time course of neurological changes and the influence of SIRT

during this process.
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Chapter 6 : Discussion

153



6.1 Final discussion

The overall aim of this project is to investigate the effects of SIRT1 and SIRT2
modulators including SIRT1 activator resveratrol, SIRT1/SIRT2 dual inhibitor sirtinol,
selective SIRT1 inhibitor EX527, and SIRTZ2 inhibitor AGK2 on neuroinflammation in
depression. We also aimed to compare the anti-inflammatory effects between this class
of drugs with antidepressant fluoxetine and nonsteroidal anti-inflammatory drug
(NSAID) ibuprofen. Additionally, this project was also aimed at investigating the
mechanism underlying the protective effects against neuroinflammation-induced

neurodegeneration.

This research first highlighted the crucial role of neuroinflammation playing in the
pathogenesis of depression. Prolonged and excessive neuroinflammation can directly
result in disruption of synaptic circuits, neuronal apoptosis, and subsequent neuron
death or long-term neurodegeneration (M. Lyman et al., 2014). It also exacerbates or
interacts with other pathological factors that contribute to the development of
depression including deficiency of monoamine neurotransmitter, neurotrophin
deficiency, dysfunction of the hippocampus-pituitary-adrenal axis, excessive
production of glutamate and dysfunction of the circadian rhythm. Therefore,
neuroinflammation as an overall underlying factor can influence every element of
depression and neurodegeneration. Moreover, we also emphasized the importance of
raising awareness of treating the population suffered from ‘organic depression’ that is
secondary to neurodegenerative diseases. Not only is depression highly prevalent in the
population of neurodegenerative diseases but both depression and neurodegenerative
diseases share the same mechanism foundation of neuroinflammation. Importantly, in
the current medication strategy or guidelines for depression, a suitable treatment against
neuroinflammation is not considered for incorporation in treatment regimens.
Therefore, there would be a potential benefit, including increasing the remission rate or
decreasing relapse rates of depression, to incorporating a treatment to target

neuroinflammation and augment the therapeutic effect of current antidepressants.

Existing pharmacological studies for supporting SIRT1 and SIRT2 drugs as an anti-
inflammatory agent in neuroinflammation and neurodegeneration have been reviewed.
SIRT1 and SIRT2 are two members of the sirtuin family that function as deacetylases
and influencing downstream pathways by deacetylation such as NF-kB, PGC-1a, and
AMPK (Y. Zhang et al., 2020). It has been found that SIRT1 activation and SIRT2
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inhibition are the most reported investigations in these studies. SIRT741 activation has
shown a promising effect on inhibiting inflammation and oxidative stress induced by
amyloid deposition (D. Porquet et al., 2013, J. Chen et al., 2005, D. Kim et al., 2007).
In regards to SIRT1 inhibition’s effect on neuroinflammation and neurodegeneration,
the existing studies have shown some contradictory results because of a lack of
sufficient supporting data, which needs further investigation. The studies of SIRT2 also
proposed a hypothesis that its inhibition may exert neuroprotective effects by affecting
autophagy activities and sterol biosynthesis (R. Luthi-Carter et al., 2010, D. F. Silva et
al., 2016). Additionally, the few available genetic studies have discovered the
association between the onset of depression and the genetic polymorphism of SIRT1
and SIRT2, which indicates the potential value to design and investigate new SIRT
agents based on the knowledge of pharmacogenetic to better target the depression
population (T. Hirata et al., 2019, S. Porcelli et al., 2013, T. Kishi et al., 2010).
Therefore, based on the findings from the neurodegeneration field and the
pharmacogenetics angle, we are the first to propose to explore the class of SIRT1 and
SIRT2 drugs to be a potential treatment for neuroinflammation in depression.

Regarding the methodology development, we emphasized the importance of glucose
selection in the cell culture of SH-SYS5Y cells. High-glucose cell culture is considered
a pre-diabetic condition and not supposed to be applied in in vitro neurological studies
except for diabetes-associated studies. Clearly, this 2D co-culture model of microglia
and neuronal cells was not intended to mimic any pre-diabetic condition. Instead, in
order to prevent SH-SY5Y from the low-glucose shock during the supernatant transfer,
low-glucose media can have made SH-SY5Y cells adapted to the supernatant change
before transfer. This finding can facilitate future studies using this model to achieve

more accurate and interpretable results.

Moreover, to better investigate the subsequent neurodegeneration following LPS-
conditioned supernatant treatment, the differentiation methodology for the SH-SY5Y
cell line was also optimized in this study. Based on our data, it has been found that
retinoic acid treatment alone can stimulate SH-SY5Y to generate neurite outgrowth and
transform into neuronal-like shape. However, retinoic acid could not modify the genetic
expression of SH-SY5Y cells, which thus affects the phenotype change of this
neuroblastoma cell line. Instead, the combination induction treatment of retinoic acid

and BDNF can successfully differentiate the SH-SY5Y cell line morphologically and
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genetically to some extent. This finding indicates that even though morphology analysis
can show positive results as literature also has reported (J. F. da Rocha et al., 2015), a
differentiation method for SH-SY5Y cells should be assessed from both morphologic

aspects and genetic aspects.

The in vitro study within this thesis tested the drug cytotoxicity on the microglia cell
line, neuroblastoma cell line, and its differentiated cell line after treatments of
resveratrol, sirtinol, EX527, AGK2, fluoxetine and ibuprofen. These results provide a
general range for safe dose selection for these drugs in in vitro neurological studies,
especially where HAPI cell line and SH-SY5Y cell line are employed. This research
also measured and compared the effects of these SIRT1 and SIRT2 drugs on the
production of pro- and anti-inflammatory cytokines, inflammatory mediators, and
oxidative stress in the in vitro neuroinflammation model of depression induced by LPS.
Then the effects of SIRT1 and SIRT2 drugs on neuroinflammation-induced
neurodegeneration by treating undifferentiated and differentiated neuroblastoma cells
with supernatant from the microglial cells after LPS challenge or with drug pre-
treatment have been investigated. The different manifestations that these drugs result
in on undifferentiated and differentiated neuroblastoma indicate the importance of
applying differentiation to SH-SY5Y cells in order to obtain relatively more accurate
data in research where SH-SY5Y cells are regarded as neuronal cells.

Resveratrol has long been regarded as a potent pleiotropic agent that exerts multiple
effects in neuroinflammation and neurodegeneration. The anti-inflammatory effect in
microglia is in line with the available literature that resveratrol has been reported to
suppress the inflammation expression induced by LPS in mouse microglial cell line N9
(L. Li et al., 2015). Regarding neurodegeneration, resveratrol has been reported in
numerous studies to present the protective effects against many neurodegenerative
conditions as mentioned in inductions including Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis and Hungtington’s disease. However, there is no
research  investigating  resveratrol on  direct  neuroinflammation-induced
neurodegeneration. Resveratrol failed to significantly increase the survival of
differentiated SH-SY5Y cells under LPS stimulation. However, resveratrol was still
shown to exert potent anti-inflammatory traits in LPS-stimulated microglia and
neuroprotection against the degeneration of undifferentiated SH-SY5Y cells. The data

also suggests that effects on apoptosis activity might participate in this neuroprotection.
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EX527 as a selective SIRT1 inhibitor exerts inhibiting effects on PGE> but not as potent
as the SIRT1 activator resveratrol. In contrast, the production of TNF-a was not reduced
by EX527 treatment. Also, EX527 could exert a slight neuroprotective effect against
inflammation-induced neurodegeneration on undifferentiated SH-SY5Y cells. The
overall result indicates that EX527 did not exacerbate the neurodegeneration of SH-
SY5Y cells under inflammation. In the literature, the combination treatment of
resveratrol and EX527 was often administered to pharmacologically block the SIRT1
activation induced by resveratrol in previous studies where EX527 could reduce but not
completely suppress resveratrol’s protective effects (C. Diaz-Ruiz et al., 2015, Y. J.
Guo et al., 2016). Another study by Valle’s team also reported that EX527 showed
protective effects on the survival of neuronal cells, which is in line with our
aforementioned result. However, Valle’s study found EX527’s effect is SIRTI-
independent (C. Valle et al., 2014). Therefore, whether EX527 should be recommended
as an ideal SIRT1 antagonist to use to pharmacologically suppress the activity of SIRT1
as opposed to the activation by resveratrol in neuroinflammation research is yet to be
confirmed through further investigation.

Based on the result, it has also been found sirtinol as a dual SIRT1 and SIRT2 inhibitor
has shown very promising protective effects in both undifferentiated and differentiated
SH-SYS5Y cells, which is also in line with its anti-inflammatory effects in microglia.
Sirtinol has been used as a SIRT1 inhibitor to reverse the protective effects of SIRT1
activator resveratrol in some studies, which means sirtinol hypothetically should
present effects as opposed to resveratrol. For instance, sirtinol has been shown to
reverse the anti-oxidative effect of resveratrol in a-synuclein-stimulated SK-N-BE cells,
which are also a neuroblastoma cell line (D. Albani et al., 2009). Sirtinol has also been
reported to aggravate the activation of microglia cell line BV-2 induced by LPS (1
pg/mL) (J. Ye et al., 2013). Sirtinol was shown to not exert antagonism effects solely
against SIRT1 activation in this study. There are some perspectives regarding SIRT
inhibition by sirtinol that should be emphasized. In a number of studies, sirtinol is
administered as a SIRT1 inhibitor (C. Valle etal., 2014, S. Y. Liuetal., 2017). However,
there is literature showing that sirtinol exerts a potent inhibiting effect on SIRT2 which
is stronger than SIRT1 (C. M. Grozinger et al.,, 2001, M. Zhang et al., 2017,

Selleckchem, 2020). Therefore, sirtinol is not recommended as a pharmacological
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suppressor for selective SIRT1 activation in research with inflammation-related

mechanisms.

The other SIRT2 inhibitor AGK2 also showed similar protective effects to sirtinol.
AGK?2 had significant protective effects in differentiated SH-SY5Y cells after exposure
to LPS-conditioned supernatant from HAPI cells, even though AGK2 only reduced the
production of PGE> but not TNF-a in LPS-stimulated HAPI cells. It indicates that
SIRT2 inhibition and reduced inflammation are beneficial in neuroinflammation-
induced neurodegeneration. This result is in line with previous literature and can be
used as a pharmacological suppressor for SIRT2 activity in SIRT2-related studies (G.
Donmez and T. F. Outeiro, 2013, C. Scuderi et al., 2014). However, caspase 3/7 activity
is not shown to be decreased in the neuroprotection of AGK2 in the neuroinflammation-

neurodegeneration model induced by 0.005 pg/mL of LPS.

In the animal study, the two most effective drugs SIRT1 activator resveratrol and dual
SIRT1/2 inhibitor sirtinol tested in the in vitro study were assessed in the acute phase
of LPS-induced depression mouse model and compared with fluoxetine. The
behavioural parameters including locomotor activity and immobility time in the open
field test, forced swim test and tail suspension test were significantly improved by
resveratrol, sirtinol and antidepressant fluoxetine in the acute sickness phase of the
depression model, which verified the anti-inflammatory effects of the two drugs from
the in vitro study. However, in several previous studies, sirtinol has been shown to elicit
contradictory effects on stressed-induced depression models including mice and rats
(N. Abe-Higuchi et al., 2016, C. L. Ferland et al., 2013). Additionally, in these two
studies, sirtinol was administered through direct drug infusion in the hippocampus.
Based on the ROS production test in the in vitro study, sirtinol induced a dramatic
amount of ROS in microglial HAPI cells, which indicates its potential toxicity to the
CNS. However, in our animal study, sirtinol was administered orally and metabolized
systematically instead of locally in the brain. A study based on silico drug-likeness
parameters reported that sirtinol presents high lipophilicity and BBB penetration ability
which is an advantage of sirtinol to treat neurological conditions (M. Schnekenburger
et al., 2018). But overall. there is limited information about the pharmacokinetics of
sirtinol. Sirtinol’s effects on depressive-like behaviour need to be further assessed in

the chronic phase of the LPS-induced depression model and also compared with
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fluoxetine. It would also be informative to obtain systemic and localised cytokine

profiles in this model.

In conclusion, this research has emphasized the necessity of increasing the
understanding of the roles that neuroinflammation and neurodegeneration playing in
the pathophysiology of depression and the urge of investigating SIRT drugs as a novel
class of drugs targeting neuroinflammation. This study has shown the effectiveness of
SIRT drugs in inhibiting neuroinflammation and subsequent neurodegeneration
through in vitro and in vivo studies. It has provided the potential prospect for validating
the logic of further investigating the therapeutic effect of combining treatment of SIRT
drug and current antidepressant medication in the population of depression.

However, in in vitro study, the 2D microglia-neuron co-culture model is achieved
through supernatant transfer. The development and application of the 3D microglia-
neuron model can facilitate researchers detecting the mechanism of neuroinflammation
and neurodegeneration and conducting the pharmacological assessment. Additionally,
several SIRT modulators were assessed as representatives of this class of drugs. Other
SIRT modulators should also be assessed in the same experimental system. It also
should be emphasized that more novel and advanced SIRT1 and SIRT2 drugs need to
be developed on the foundation of understanding the drug-protein catalytic relationship
to facilitate 3D structure-based drug design (Y. Jiang et al., 2017), so that
pharmacological agonism or antagonism of sirtuins can be more effective, targeted and
precise.

6.2 Future work
Regarding future directions, there are still several aspects of this study where further
investigation to obtain more rigorous conclusions would be beneficial. This includes

further studies to investigate and elucidate the mechanisms of action.

In our in vitro model, supernatant collected from HAPI cells after LPS and drug
exposure was transferred onto undifferentiated and differentiated SH-SY5Y cells to
measure the degeneration. It has been observed that drug-conditioned supernatant can
reduce neurodegeneration, which is in line with our theory that SIRT drugs reduce the
cytokines and mediators which lead to neuronal death. However, the situation cannot
be excluded that the residue drug remaining in the supernatant can contribute to the

protection against neurodegeneration of SH-SY5Y cells. The relevant evidence of the
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neuroprotection of SIRT drugs against neurodegeneration has been reviewed in the
introduction chapter. Therefore, to estimate this potential factor, high-performance
liquid chromatography (HPLC) can be used to analyse the concentration of drugs and

their derivatives in the supernatant.

Based on the result of this thesis, it is evident that SIRT1 and SIRT2 modulators can
exert anti-inflammatory effects and protect against neurodegeneration. In order to
confirm the core role of SIRT1 and SIRT2 in the process, it is necessary to measure the
activation of enzyme SIRT1 and enzyme SIRT2 and the extent of this. Also, SiRNAs
can be used to interfere with the expression of SIRT1 and SIRT2 to test if the anti-
inflammatory effects are suppressed. SIRT1-specific SIRNA or SIRT2-specific SIRNA
allows the researcher to specifically inhibit SIRT1 or SIRT2 expression via RNA
interference, a method whereby gene expression can be selectively silenced through the
delivery of double-stranded RNA molecules into the cells. The SIRT1/2-specific
SiRNA and control SiRNA can be predesigned by and purchased from Life
Technologies. The dynamic regulation of NAD metabolism in mitochondria is
important for mitochondrial function and the regulation of NAD-consuming enzymes
like sirtuins (L. R. Stein and S.-i. Imai, 2012). Therefore, ultra-high performance liquid
chromatography (UPLC) can be used to determine the quantity and ratio of NAD and
NADH. Mitochondrial membrane potential (MMP) is also a key parameter for
evaluating the mitochondrial function. JC-1 assay can be used to determine the MMP

of microglial mitochondria.

To test whether the downstream targets of SIRT1 and SIRT2 such as NF-xB and
autophagy pathway are involved in the neuroprotection as mentioned in the
introduction chapter, the corresponding methodology can be conducted to measure the
activity of them. Electrophoretic mobility shift assay (EMSA) is a common technique
to determine the interaction between protein and DNA or protein and RNA. This assay
can be used to qualitatively and half quantitatively determine the amount of NF-xB
binding to DNA. Nuclear isolation kits can be applied to extract cell nuclei. The cell
nuclei can be collected after 1 h of LPS treatment to ensure that the activated NF-xkB
translocates to the nucleus and binds to kB DNA site. DNA probe can be synthesized
and labeled by biotin. The biotin-labeled DNA probe can be incubated with isolated
protein. Then, the mixture can be separated on a non-denaturing polyacrylamide gel.

The shifted bands that correspond to the protein/DNA complexes can be visualized
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eventually (B. Poljsak and I. Milisav, 2016). Regarding the measurement for autophagy,
according to the guideline of interpretation of the methodology in monitoring
autophagy, the assessment of autophagy is complex and needs to be considered
integrally and multiple methods are recommended to determine simultaneously (D. J.
Klionsky et al., 2016). Monodansylcadaverine (MDC) is an autofluorescent compound
which can be used to label autophagic vacuoles (AV) in vitro. The accumulation of
MDC-labelled vesicles is indicative of autophagy induction. Western blot also can be
used to determine the expression level of LC3 protein which is an essential component
on the membrane of autophagic vacuoles.

For determining whether there are augmentation synergistic effects among the
combination treatments of SIRT drugs and antidepressants such as fluoxetine,
combination index (Cl) values with their indication can be used to assess the effects.
The combination index is calculated from drug cytotoxicity or growth inhibition curves.
The computer software Calcusyn can be used to calculate a Cl, taking the entire shape
of the growth inhibition curve into account for calculating whether a combination is
synergistic, additive or antagonistic (I. V. Bijnsdorp et al., 2011). Median-drug effect
analysis through Calcusyn is the most widely used method. CI value below 0.8 can
simply be considered synergism. CI values between 0.8 and 1.2 can be additive. CI
value above 1.2 can be seen as antagonism. A more detailed classification of Cl value
can indicate the grade of the strength in synergism and antagonism effects.

Regarding the animal study, behavioural parameters in the chronic phase of the LPS-
induced depression model need to be assessed in the future, including OFT, TST and
FST. Additionally, the biochemical evaluation needs to be conducted to verify whether
the plasma level of inflammatory mediators can be reduced by SIRT drugs and
compared with fluoxetine. The evaluation should include the determination of plasma
level of IL-1B, TNF-a and PGE> and oxidative stress markers such as the amount of
malondialdehyde (MDA) for peroxidation of lipids, glutathione assay (GSH) and

catalase assay (CAT) for antioxidants.
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S1 Materials

Table S 1 Chemicals and reagents

Reagents

Dulbecco's Modified Eagle Medium (DMEM) Low-glucose
Dulbecco's Modified Eagle Medium (DMEM) high-glucose
Fetal bovine serum (FBS)

Phosphate buffered saline (PBS)

2.5% Trypsin-EDTA (10 X)

Penicillin-streptomycin (10000 U/mL)

Trypan blue solution (0.4%)

Resazurin (7-hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt)
Lipopolysaccharide (LPS from E. coli O111: B4 serotype)
Resveratrol

EX527

Sirtinol

AGK2

Fluoxetine

Ibuprofen

Retinoic acid (RA)

Recombinant Human/Murine/Rat brain-derived neurotrophic factor
(BDNF) protein

Dimethylsulfoxide (DMSO)

Dichloro-dihydro-fluorescein diacetate (DCFH-DA)

Tubes and Ultra clear Caps for qPCR (strips of 8)

TRIzol™ reagent

UltraPure™ DNase/RNase-Free Distilled Water
RNaseZap™ RNase Decontamination Solution

Hank’s balanced salt

Sodium dihydrogen phosphate

ECM Gel from Engelbreth-Holm-Swarm murine sarcoma

Crystal violet

Supplier

Gibco by Life Technologies

Gibco by Life Technologies

Scientifix Life
Sigma-Aldrich, Merck

Gibco by Life Technologies

Gibco by Life Technologies

Sigma-Aldrich, Merck
Sigma-Aldrich, Merck
Sigma-Aldrich, Merck
Selleck Chemicals
Cayman Chemical
Cayman Chemical
Selleck Chemicals
Sigma-Aldrich, Merck
Sigma-Aldrich, Merck
Abcam
Abcam/Sigma-Aldrich,
Merck

Sigma-Aldrich, Merck
Sigma-Aldrich, Merck
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Sigma-Aldrich, Merck
Sigma-Aldrich, Merck
Sigma-Aldrich, Merck
Sigma-Aldrich, Merck
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Table S 2 Commercial Kkits

Kits Supplier

Neurite outgrowth staining kit Life technologies
Verso cDNA synthesis Kit Thermo Fisher
PowerUp™ SYBR™ Green Master Mix Thermo Fisher
Prostaglandin E> Express ELISA kit (500141) Cayman Chemical
Rat IL-10 ELISA kit (BEK--2047) Biosensis

Rat IL-1p ELISA kit (BEK-2309) Biosensis

Rat TNF-o ELISA kit (BEK-2101) Biosensis

Caspase 3/7 fluorescence assay kit Cayman Chemical

Table S 3 List of Oligonucleotides

Oligonucleotide = Sequence Application
SIRT1 (Rat)

5’-CGCCTTATCCTCTAGTTCCTGTG-3’ t-PCR
Forward
SIRT1 (Rat)

5’-CGGTCTGTCAGCATCATCTTCC-3’ t-PCR
Reverse
SIRT2 (Rat)

5’-CTCCCACCAAACAGATGACC-3’ t-PCR
Forward
SIRT2 (Rat)

5’-ATTCAGACTCGGACACTGAGG-3’ t-PCR
Reverse
GAPDH (Rat)

5’-TCCCTCAAGATTGTCAGCAA-3’ t-PCR
Forward
GAPDH (Rat)

5’-AGATCCACAACGGATACATT-3’ t-PCR
Reverse
SYP (Human)

5’-TCCTCGTCAGCCGAATTCTTT-3" t-PCR
Forward
SYP (Human)

5’-CTCGCTACTTGTTCTGCAGGAA-3’ t-PCR
Reverse
ENO2 (Human)

5’-CGGGAACTGCCCCTGTATC-3’ t-PCR
Forward
ENO2 (Human)

5’-CATGAGAGCCACCATTGATCA-3’ t-PCR
Reverse
GAPDH

5’-TGCACCACCAACTGCTTAGC-3’ t-PCR

(Human) Forward

GAPDH
5’-GGCATGGACTGTGGTCATGAG-3’ t-PCR

(Human) Reverse




S2 Cell culture
All operations and experiments which were required to be sterile were performed in

Biology Safety Cabinets.

S2.1 Monolayer cellular models

HAPI cells and SH-SY5Y cells were grown separately in ATCC-formulated DMEM
(Gibco by Life Technologies, 11885084) which contains low glucose (1 g/L D-
Glucose), L-glutamine (584 mg/L), sodium pyruvate (110 mg/L) and phenol red (15
mg/L). The media was additionally supplemented with 0.2% gentamicin and 10% fetal
bovine serum (FBS). Cells were grown in sterile T-75 cm? flasks and cultured in an
incubator at 37°C with 5% CO: and certain humidity. Cells were passaged with various

ratios after they reached 80-90% confluence.

S2.2 Basic cell culture
To split and subculture cells to maintain cell viability

All items were sprayed with 80% ethanol before being put into the Biological Safety
Cabinet. First, all culture media from the flask where cells were grown was removed.
10 mL of phosphate buffer solution (PBS) was added into the flask to wash out the
media residue and the mixture was discarded using a pipette. Then, warmed 0.05%
trypsin-EDTA solution (3 mL) was added into the flask to detach the cells which were
placed in an incubator for 3 min. After that, warmed media (7 mL) was added into the
mixture of cell suspension and the trypsin solution to obtain 10 mL cell suspension in
total which was transferred into a 15 mL centrifuge tube. HAPI cells were centrifuged
for 3 min at 1200 rpm/2790 x g in a centrifuge (Eppendorf centrifuge 5810 R). SH-
SY5Y cells were centrifuged for 5 min at 900 rpm/1569 x g. The supernatant in the
centrifuge tube was then carefully aspirated without disturbing the cell pellet. The cell
pellet was resuspended thoroughly in various volumes of media using a pipette. Based
on different splitting ratios (1:3, 1:5, 1:8), various volumes of this cell suspension was
added into a new sterile flask supplemented with 15 mL of culture media. At last, this

new passage of cells was taken into an incubator.

S2.3 Cell counting/ trypan blue exclusion assay

Counting with an automatic cell counter

Cells were split as the protocol mentioned above to obtain the cell suspension. Then,

the well-mixed cell suspension (250 uL) was transferred into a 1.5 uL microcentrifuge
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tube. The well-mixed cell suspension (100 uL) and trypan blue dye solution (0.4%, 100
ML) were transferred into a clean well of a 96-well plate. After evenly mixing, this
mixed cell suspension (10 pL) was loaded into each chamber of a Countess slide. Then,
the slide was inserted into an automatic cell counter. Cell density and cell viability were

calculated and given by an automatically.
Counting with a hemocytometer

Cells were split as the protocol mentioned above to obtain the cell suspension. Then,
well-mixed cell suspension (100 pL) and trypan blue dye solution (0.4%, 100 pL) were
transferred into a clean 1.5 pL microcentrifuge tube and evenly mixed. A clean glass
coverslip was placed on the top of the hemocytometer counting chamber. Dead cells
were dyed blue color and viable cells were translucent. Both dead and viable cells in

four corner squares and one center square of the grid were counted.
The following formula was used to calculate the viability and concentration of cells:
Cell viability = number of viable cells/total of cells X 100

Average number of viable cells per square = total of viable cells/5
Dilution factor = final volume/volume of cells = 200 pL/100 pL =2

Concentration of cell suspension (cells/mL) = average number of cells per square X

dilution factor X 10*

S2.4 Thawing cells from -80°C stocks

A cryogenic vial of cells was taken out from -80°C freezer and swirled in a water bath
immediately until the color turned pink and the cell suspension was defrosted
thoroughly. Then, cells were transferred to a Biological Safety Hood. Twenty mL of
warmed media was prepared in a sterile flask. The cell suspension was gently dropped
into the media using a pipette and mixed by inverting gently. After that, this flask of
cells was labeled and incubated for 24 h. The media was changed the next day.

S2.5 Freezing down cells for long-term storage
Cells were split as the protocol mentioned above and a cell pellet was obtained. Media
containing 10% DMSO was used to resuspend the cells. Each 2 mL aliquot of the cell

suspension was transferred to a cryogenic vial. The vial was placed in a Mr. Frosty
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Freezing container in a freezer overnight and transferred to -80°C freezer for long-term

storage.

S3 Enzyme-linked immunosorbent assays (ELISA)

S3.1 Prostaglandins E2 (PGE-2) production measurement

For measurement of PGE> production in HAPI cells after drug treatment and LPS
challenge, prostaglandin E> express ELISA kit (Cayman chemical, 500141, Australia)
was used to conduct the assay. ELISA buffer was prepared by diluting ELISA buffer
concentrate (10X) with 90 mL of ultrapure distilled water. Wash buffer was prepared
by diluting 5 mL of wash buffer concentrate into 1 L of ultrapure distilled water with a
supplement of 500 pL polysorbate 20. PGE> standard was reconstituted with 1 mL of
ELISA buffer and diluted into a series of concentrations with serum-free DMEM. PGE;
express AChE tracer and monoclonal antibody were reconstituted with ELISA buffer
respectively and supplemented with different dyes (1:100). According to the instruction
of the protocol, blank (BIk) well, total activity (TA) wells, non-specific binding (NSB)
wells, and maximum binding (Bo) wells were set up for data analysis and

troubleshooting.

All standard solutions of a series of concentrations, samples, and the controls mentioned
above were added into corresponding wells and incubated at room temperature on an
orbital shaker for 60 min. Meanwhile, Ellman’s reagent was reconstituted with 20 mL
of ultrapure distilled water and protected from light. After incubation, all the contents
were discarded by flicking the liquid vigorously out of the wells followed by gentle
tapping onto blotting paper towels. Then the plates were washed 5 times using wash
buffer. After that, Ellman’s reagent (200 pL) was added into each well. Tracer (5 pL)
was added into the TA wells and then the plate was sealed with a plastic film and
incubated at room temperature on an orbital shaker for 60-90 min and protected from
light. The absorbance was measured at 410 nm using a Tecan infinite 200 Pro
microplate reader until the value of Bo reached above 0.3 A.U. with blank value
subtracted.

The raw data was calculated according to the instruction of the protocol and input into
Graphpad Prism 5 and interpreted into concentration by performing a 4-parameter
logistic (4-PL) regression analysis.
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S3.2 TNF-a, IL-1p and IL-10 production measurement

For measurement of the production of TNF-a, IL-1p and IL-10 in HAPI cells after drug
pre-treatment and LPS stimulation, rat TNF-o ELISA kit (Biosensis BEK-2101,
Australia), rat IL-1B ELISA kit (Biosensis BEK-2309, Australia) and rat 1L-10 ELISA
kit (Biosensis BEK-2047, Australia) were used to conduct the measurement of the
concentration of TNF-a in the supernatant. In order to avoid exceeding the range of
measurement, preliminary dilution studies were conducted to estimate the level ranges
of these cytokines produced by LPS-induced HAPI cells. For TNF-a measurement, the
final samples were diluted in 1:10. For IL-1p and IL-10 measurement, dilution was not

needed.

Wash buffer was prepared by dissolving the packet of PBS buffer concentrate with 900
mL of distilled water and adjusting pH to 7.2-7.6 with potassium phosphate monobasic

or sodium phosphate dibasic to make 1000 mL as the final volume.

All supernatant samples were produced and collected fresh before running the assay.
Diluted samples (100 pL) and buffer control were added into corresponding wells of
the pre-coated plates and incubated overnight in a 4°C fridge. Then, the plate was
emptied by a flicking movement and gently blotted on paper towels. After that, the plate
was washed with wash buffer 5 times. Each wash took 1-2 min. Meanwhile,
biotinylated antibody working solution was prepared by 1:100 dilution with antibody
diluent buffer. Then, biotinylated antibody solution (100 pL) was added to
corresponding wells and the plate was incubated at room temperature on an orbital
shaker for 2-3 h. After that, the plate was washed 3 times with wash buffer. Meanwhile,
avidin-biotin-peroxidase complex (ABC) working solution was prepared by 1:100
dilution with ABC diluent buffer. Then, ABC working solution (100 pL) was added
into corresponding wells and incubated for 1 h on an obrbital shaker. After that, the
plate was washed 3 times with wash buffer and 90 pL of warm TMB color developing
reagent was added into each well and incubated for 20 to 35 min at room temperature.
The TMB stop solution (100uL) was added when the color of the highest four
concentrations of standard became obvious blue shades and other standands remained

clear.
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The absorbance of the yellow shade was measured at 450 nm by using a Tecan Infinite
200 Pro microplate reader (Tecan, Australia). The raw data were input into Graphpad

Prism 5 and interpreted into concentration by performing a 4-PL regression analysis.

S4 Caspase-3/7 assay

S4.1 Seeding cells
SH-SY5Y cells were seeded in a 96-well plate at a density of 10° cells/mL. Then they

were treated with conditioned supernatant collected from HAPI cells for 24 h.

S4.2 Reagent preparation

Assay buffer was prepared by dissolving a cell-based buffer tablet in 100 mL of
distilled water. Caspase-3/7 substrate solution was prepared by dissolving 100 pyL of
caspase-3/7 substrate, 400 pL of DTT assay reagent in 9.5 mL of assay buffer. Active
caspase-3 positive control and caspase-3/7 inhibitor solution were prepared by dilution

with assay buffer.

S4.3 Performing assay

The plates were centrifuged (Eppendorf, 5810 R) at 800 x g (rcf) for 5 min. Then the
supernatant was discarded by aspiration. Assay buffer (200 puL) was added into each
well to rinse out medium residue. After that, the plates were centrifuged at 800 x g (rcf)
for 5 min and the supernatant was aspirated. Then, cell-based assay lysis buffer (100
ML) was added into each well and incubated on an orbital shaker for 30 min at room
temperature. After that, the plates were centrifuged for at 800 x g (rcf) for 10 min. The
supernatant (90 pL) in each well was transferred to corresponding well in another black
96-well plate with the addition of 10 pL of assay buffer. For an indication of assay
specificity, caspase-3/7 (10 pL) inhibitor was added to in the 90 pL of supernatant in
separate wells. Then, the caspase-3/7 substrate solution (100 pL) was added into each
well and incubated for 30-90 min at 37°C. Fluorescence (excitation: 485 nm and
emission: 535 nm) was measured and recorded using a Tecan Infinite 200 Pro
microplate reader (Tecan, Australia).

S5 Quantitative real-time PCR
S5.1 Isolation of total RNA

Lyse samples and separate phases
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After the treatment, the supernatant above cells was aspirated. TRIzol™ reagent
(Invitrogen) (0.5 mL) was added per 1x10°-107 cells directly into wells to lyse the cells
in a fume hood. The surface of the flask was gently washed across with TRIzol™
reagent to harvest all cells. All cell lysis was collected into PCR-grade microcentrifuge
tubes. Chloroform (0.2 mL per 1 mL TRIzol™ used for lysis) was added into the cell
lysis and shaken for 10 min. After that, the mixture was centrifuged for 15 min at 12000
x g at 4°C in a cooling centrifuge. The aqueous phase containing RNA was transferred
to a new tube without pipetting any of the interphase or organic phase at the bottom of
the tube.

Precipitate the RNA

An equivalent volume of isopropanol was added into the aqueous phase and incubated
for 10 min. After then, the samples were centrifuged for 10 min at 12000 x g at 4°C.
RNA gel pellet was obtained by removing the supernatant without disturbing the white

feather-like pellet on the wall of the tube.
Wash the RNA

Ethanol (75%, 1 mL per 1 mL of TRIzol™ reagent used for lysis) was added to
resuspend the RNA pellet. The samples were vortexed briefly and centrifuged for 5 min
at 7500 x g at 4°C. The supernatant was discarded with a PCR-grade aerosol barrier tip

and micropipette. The RNA pellet was air-dried for 5-10 min.
Solubilize the RNA

The RNA pellet was resuspended in 20 uL of RNase-free water by pipetting up and

down. All samples were stored at -80°C until required.
Determine the concentration of RNA

The concentration and purity of RNA were measured using a Nanodrop
Spectrophotometer (Thermo Fisher Scientific Australia). The RNA solution was spun
down to the bottom of microcentrifuge tubes to obtain the whole droplets before

measurement.
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S5.2 cDNA synthesis
cDNA was synthesized using Verso cDNA synthesis kit (Thermo Scientific) and
RNase-free PCR tubes. All cDNA samples were stored at -80°C until required. Each

reaction mix was set up on ice as followed below:

Table S 4 System of cDNA synthesis.

Component Volume

RNA template 0.5 ng/RNA concentration
Verso enzyme mix 1uL

RT Enhancer luL

A blend of random hemaxers and oligoDT (3:1) 1uL

dNTP Mix 2 uL

cDNA sythesis buffer 4L

RNase-free water 11 pL — volume of RNA
Total volume 20 pL

The cDNA synthesis was performed using ProFlex PCR System (Life techonology).

The reverse transcription cycling program was set up as followed below:

Table S 5 Condition setup for cDNA synthesis.

Step Temperature Time Number of cycles
cDNA synthesis 42°C 30 min 1 cycle
Inactivation 95°C 2 min 1 cycle

Final 4°C

S5.3 Real-time PCR
The real-time PCR (rt-PCR) reaction was preformed using PowerUp™ SYBR™ Green
Master Mix (Thermo Fisher Scientific Australia) and gPCR tubes with ultra clear caps.

Each reaction system was set up on ice as followed below:

Table S 6 System of rt-PCR.

Component Volume Final concentration
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Forward primer (10 uM)
Reverse primer (10 pM)
cDNA

SYBR Green Mix
RNase-free water

Total volume

1uL
1uL
2 uL
10 pL
6 uL
20 puL

500 nM
500 nM

The rt-PCR was performed using QuantStudio™ 3 Real-Time PCR Systems (Thermo

Fisher Scientific Australia). The thermal cycling conditions were set up as followed

below:

Table S 7 Fast cycling condition setup for running rt-PCR.

Step Temperature Duration Cycles
UDG activation 50°C 2 min Hold
Dual-Lock™ DNA polymerase 95°C 2 min Hold
Denature 95°C 1s

Anneal/extend 60°C 30s 0

Table S 8 Dissociation curve conditions setup for rt-PCR.

Step Ramp rate Temperature Time
1 1.6°C/s 95°C 15s

2 1.6°Cls 60°C 1 min
3 (Dissociation) 0.15°C/s 95°C 15 min

The comparative threshold cycles (Ct) or 22T method was used to compare the Crt

values of samples of interest with control samples. All Ct values were normalized

against GAPDH gene. The equation is showed as followed below:

Normalisation: ACt= Ct (gene of interest) — Ct (GAPDH)

AACt = ACr (sample) — ACt (control)

Fold change = 2°44Ct
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