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Abstract

Alzheimer’s disease (AD) is characterized by abnormal accumulation of extracellular
amyloid beta protein (AB) plaques and intracellular neurofibrillary tangles, as well as by a state
of chronic inflammation in the central nervous system (CNS). Adverse activation of microglia,
the brain immune cells, is believed to contribute to AD pathology including excessive neuronal
death. Thus, normalizing immune functions of microglia could slow neurodegeneration, and
identification of novel compounds capable of modifying microglial functions is an important
goal. Since kainic acid (KA) has been shown to modulate microglial morphology and immune
functions, we synthesized six new KA analogs (KAAs) and tested their effects on select
microglial functions by using three different cell types as microglia models. Four of the KAAs at
low micromolar concentrations inhibited secretion of cytotoxins, monocyte chemoattractant
protein (MCP)-1, reactive oxygen species and nitric oxide (NO) by immune-stimulated
microglia-like cells. We hypothesize that the effects of the novel KAAs on microglia-like cells
are not mediated by KA receptors since their biological activity was distinct from that of KA in
all assays performed. A structural similarity search identified aldose reductase (AR) as a
potential target for the novel KAAs. This hypothesis was supported by use of AR inhibitor
zopolrestat, which abolished the inhibitory effects of two KAAs on microglial secretion of NO.

Since the newly developed KAAs inhibited pro-inflammatory and cytotoxic functions of



microglia, they should be further investigated for their potential beneficial effect on

neuroinflammation and neurodegeneration in AD animal models.

Keywords: aldose reductase; anti-inflammatory drugs; neurodegenerative disease;

neuroinflammation; neuroprotection; zopolrestat

1. Introduction

Alzheimer’s disease (AD) is characterized by abnormal accumulation of amyloid beta
protein (AB) plaques and neurofibrillary tangles; however, other pathological mechanisms, such
as instability of neurotransmission and synapses, could play an early role (Frere and Slutsky,
2018). AD is characterized by a state of chronic inflammation in the central nervous system
(CNS) including adverse activation of microglia, the immune cells of the brain (McKenzie et al.,
2017; Takahashi et al., 2017). Over-activated microglia secrete excessive amounts of
inflammatory cytokines and reactive oxygen species, which can disturb glutamatergic
neurotransmission and lead to excitotoxicity (Clark and Vissel, 2017; Wang et al., 2014b). As
neurons degenerate, they release factors that further activate microglia, and a cycle of chronic
neuroinflammation is established.

The neuroinflammation hypothesis proposes that inflammation triggered by AD-specific
molecular mechanisms drives the progression of neurodegeneration; therefore, anti-inflammatory
therapies are being considered for prevention and treatment of AD (McKenzie et al., 2017,
Morris et al., 2014). Numerous epidemiological studies have linked long-term use of non-
steroidal anti-inflammatory drugs (NSAIDs) that inhibit cyclooxygenases to a reduced risk of
developing AD (Wang et al., 2014a). However, NSAIDs have not been effective in most clinical
trials (Mullane and Williams, 2012). These mixed results warrant further research to identify
novel anti-inflammatory agents, with mechanisms of action different from NSAIDs, as
therapeutic options for AD (Drachman et al., 2014).

Kainic acid (KA) is a naturally occurring analog of glutamate, the principal excitatory
neurotransmitter in the CNS, which activates kainate receptors in neurons (Zheng et al., 2011). In
microglia, KA was found to modify cell morphology (Christensen et al., 2006), as well as their

expression and secretion of both pro- and anti-inflammatory cytokines and markers (Banerjee et



al., 2015; Hong et al., 2010; Zheng et al., 2010). Accordingly, we aimed to design analogs of KA
that prevent adverse activation of immune-stimulated microglia. Six novel kainic acid analogs
(KAAS) were synthesized and assessed for their ability to modulate select microglial functions in
vitro. These novel KAAs differ from KA: their substituents are less polar, much larger, or both
(Fig. 1). A molecular similarity search returned hits for aldose reductase (AR) inhibitors,
suggesting that the KAAs reported here may share functional group complementarity to the AR
active site (Mylari, 1992; Chatzopolou et al., 2014). AR is an enzyme that mediates
hyperglycemia-induced oxidative stress when reducing glucose to sorbitol by producing
metabolites, such as glutanionyl-1,4-dihydroxynonanol (GS-DHN), which enhance inflammation
through activation of the nuclear factor (NF)-xB (Baba et al., 2013; Tang et al., 2012; Verdile et
al., 2015). In the brain, AR is expressed constitutively by microglia, and is upregulated under
oxidative stress. AR also detoxifies reactive aldehydes such as 3,4-
dihydroxyphenylacetaldehyde, and its deficiency has been linked to Parkinson’s disease (Yeung
etal., 2017; Zeng et al., 2013). In the present study KAAL1-4 are shown to downregulate
microglial secretion of cytotoxins, monocyte chemoattractant protein (MCP)-1, reactive oxygen
species and nitric oxide (NO) at low micromolar concentrations. We hypothesize that these

KAA:s inhibit select microglial functions by interacting with AR, and not KA receptors.

2. Materials and methods
2.1 Reagents

The following reagents were obtained from Sigma Aldrich (Oakville, ON, Canada): 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO0), extravidin alkaline phosphatase (#£2636), lipopolysaccharide (LPS; from Escherichia
coli O55:B5, #L.2880), luminol, N-(1-naphthyl)ethylenediamine dihydrochloride, N-formyl-Met-
Leu-Phe (fMLP), phosphate buffered saline (PBS), phosphatase substrate tablets, sulfanilamide,
triton X-100 and the AR inhibitor zopolrestat. KA was obtained from Tocris/Bio-Techne
(Oakville, ON, Canada). Human interferon gamma (IFN-y) and the MCP-1 enzyme-linked
immunosorbent assay (ELISA) kit were purchased from Peprotech (Rocky Hill, NJ, USA). All
other reagents were obtained from ThermoFisher Scientific (Ottawa, ON, Canada) unless

otherwise stated.



2.2 Cell culture

THP-1 and HL-60 cell lines were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA), and the BV-2 cell line was a gift from Dr. G. Garden (University
of Washington, Seattle, WA, USA). The human neuroblastoma SH-SY5Y cell line, used as a
neuron model, was generously donated by Dr. R. Ross (Fordham University, Bronx, NY, USA).

All cells were grown in Dulbecco’s modified Eagle medium nutrient mixture F-12 Ham
(DMEM-F12) supplemented with 10% calf bovine serum (CBS) and penicillin/streptomycin
x100 (PSA) (F10 medium). The cells were cultured in T-75 flasks and incubated at 37 °C in a
humidified 5% CO, and 95% air atmosphere. For experiments, cells were cultured in DMEM-
F12 supplemented with PSA and 5% CBS (F5 medium) unless stated otherwise. All cell lines
were used without differentiation, except HL-60 cells, which were treated with DMSO as
described in 2.7.

2.3 Synthesis of novel kainic acid analogs (KAAs)

For general techniques, detailed experimental procedures, and complete characterization
of KAALl, KAA2, KAA5, KAAG6, 9-hydroxyphenylfluorenyl (PfOH), and 9-phenylfluorene
(PfH) see Tian and Menard (2018). The synthesis of KAA3 and KAA4 is outlined in Fig. 1.
Briefly: KAA1 (101 mg, 0.203 mmol) was hydrogenolysed using a solid-phase Pd/C catalyst (5
mg) in methanol (10 ml). The solution was degassed and charged with a hydrogen atmosphere.
After 24 h, the reaction solution was filtered through a celite pad. The filtrate was concentrated
to dryness under reduced pressure. The residue was triturated with methanol (15 ml) and
afforded a white precipitate. The precipitate was collected by filtration to yield hydrogenated
phenylfluorenyl (PfH) (47 mg, 96%) as a white solid. The filtrate was concentrated to yield
KAA3 (48 mg, 92%) as a pale-yellow liquid. KAA3: *H NMR (400 MHz, chloroform-d) & 3.98
(d, 3 =9.7 Hz, 1H), 3.79 (s, 3H), 3.71 (s, 1H), 3.59 (d, J = 18.0 Hz, 1H), 3.40 (d, J = 18.0 Hz,
1H), 2.77-2.70 (m, 2H), 2.57-2.53 (m, 1H), 1.44 (s, 9H). KAA4 was prepared according to the
procedure described for KAA3 by using KAAZ2 as the starting material (Fig. 1C). Using KAA2
(62 mg, 0.13 mmol) afforded KAA4 as a pale-yellow liquid (28 mg, 93%). KAA4: 'H NMR
(400 MHz, chloroform-d) & 3.91 (d, J = 10.1 Hz, 1H), 3.87 (t, J = 5.4 Hz, 2H), 3.78 (s, 3H), 3.48
(d, J=7.0 Hz, 1H), 3.34 (d, J = 7.4 Hz, 1H), 2.99 (dd, J = 4.7, 2.6 Hz, 1H), 2.71 (t, J = 5.4 Hz,
2H), 2.64 (dt, J = 10.6, 5.4 Hz, 2H).



2.4 THP-1 cell toxicity toward neuronal SH-SY5Y cells

Human THP-1 cells were selected as they have been shown to be good models for
studying microglial cytotoxic responses and cytokine secretion (Gouveia et al., 2017; Klegeris et
al., 2005). THP-1 cells were seeded into 24-well plates at a concentration of 5 x 10° cells/ml in
one ml F5 medium. THP-1 cells were then treated with the synthetic compounds KAA1-4, KA,
and PfOH (1-20 uM), or their vehicle (0.2% DMSQ), 15 min prior to activation with LPS (0.2
ng/ml) plus IFN-y (150 U/ml), or their PBS vehicle. LPS and IFN-y were used as potent immune
stimuli to model microglial activation and detect the biological activity of KAAs. At the
concentration used, DMSO alone did not affect any of the parameters studied across the different
cell types. Following 48 h incubation, the viability of THP-1 cells was measured using the MTT
assay. Additionally, 0.5 ml of THP-1 cell supernatant were transferred onto SH-SY5Y cells,
which had been plated 24 h earlier at a concentration of 2 x 10° cells/ml in 0.5 ml F5 medium.
Following a 72 h incubation period in the THP-1 supernatants, the viability of the SH-SY5Y
cells was measured by the MTT assay.

2.5 Cell viability assay

The cell viability assay measures the conversion of MTT to purple formazan by viable
cells. It was performed as described previously by Hansen et al. (1989). Briefly, MTT (0.5
mg/ml) was added to cells in a 24-well plate for one h at 37 °C under a 5% CO, atmosphere.
Dark formazan crystals that had formed were dissolved by adding an equal volume of SDS/DMF
(20% sodium dodecyl sulfate, 50% N,N-dimethyl formamide solution) for three h. 100 pl
aliquots were transferred to 96-well plates and optical densities measured at 570 nm with a
FLUOstar Omega microplate reader (BMG Labtech, Nepean, ON, Canada). The background
absorbance of MTT added to cell culture media was corrected for, and data were normalized to
the absorbance values from wells containing viable unstimulated control cells not exposed to any

of the compounds.

2.6 Measurement of MCP-1 secretion by ELISA
ELISA was used to monitor the secretion of MCP-1, a prototypical pro-inflammatory

chemotactic cytokine that is both secreted and recognized by microglia (Yang et al., 2011). THP-
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1 cells were plated, treated and stimulated for 48 h as described in 2.4. MCP-1 ELISA was

performed according to the manufacturer’s (Peprotech) protocol.

2.7 Measurement of reactive oxygen species secretion by chemiluminescence (CHL)

Differentiated HL-60 cells were chosen to model a microglial respiratory burst response;
these cells have been shown to express a high level of functional NADPH oxidase (Collins et al.,
1978). A previously described chemiluminescence (CHL) assay was carried out with minor
modifications (Gouveia et al., 2017). Prior to experimentation, HL-60 cells were differentiated
by 1.3% DMSO in a six cm dish for five days. HL-60 cells were washed and seeded into 96-well
plates at a concentration of 1 x 10° cells/ml in 0.25 ml phenol red-free DMEM-F12
supplemented with 2% CBS (F2 medium). HL-60 cells were treated with the synthetic KAA1-4
compounds, KA, and PfOH (1-20 uM), or their vehicle (0.2% DMSQ), for 15 min prior to
priming their respiratory burst response with LPS (0.5 ug/mlin PBS) for 24 h. 165 ul of the
medium were removed without disturbing cells and the plates were placed in a FLUOstar Omega
microplate reader. CHL intensity in each well was measured after sequential injections of
luminol (10 mg/ml dissolved in PBS) and fMLP (20 uM dissolved in PBS). fMLP is an
established inducer of respiratory burst response in phagocytes. Viability of HL-60 cells was
assessed by the MTT assay in parallel wells as described in 2.5. CHL was quantified as described
previously and the data were normalized to the signal obtained from LPS-primed and fMLP-
stimulated control cells not exposed to the compounds.

2.8 Measurement of NO secretion

Murine BV-2 microglia were used to study NO secretion because this cell type has been
shown to robustly respond to LPS and other inflammatory stimuli with the upregulated
expression of inducible NO synthase (iNOS). BV-2 cells were seeded into 24-well plates at a
concentration of 2 x 10° cells/ml in 0.5 ml of F5 medium and incubated for 24 h to allow for
their adherence. F5 medium was replaced with a fresh aliquot and cells were treated with
compounds KAA1-6, KA, and PfOH (1-20 uM), or their vehicle (0.2% DMSO), 15 min prior to
activation with LPS (0.2 pug/ml), or its PBS vehicle solution. After 24 h incubation, 50 pl
aliquots of cell-free BV-2 cell supernatant were transferred to 96-well plates and an equal

volume of Griess reagent was added (1% sulfanilamide, 0.1% N-(1-napthyl)ethylenediamine



dihydrochloride, 2.5% phosphoric acid). In this assay, the Griess reagent reacts with nitrite ions,
which are the stable primary breakdown products of NO, thereby causing a colorimetric change
that can be measured at 550 nm (Yoshida and Kasama, 1987). Viability of the BV-2 cells was
assessed by the MTT assay in parallel wells as described in 2.5.

2.9 Aldose reductase inhibition

BV-2 microglial cells were plated as described in 2.8 and incubated with the competitive
AR inhibitor zopolrestat (100 uM), or its vehicle (0.05% DMSO), for 15 min. Cells were then
treated with KAA1 or KAA2 (1-20 uM) for 15 min prior to activation with LPS (0.2 ug/ml), or
its PBS vehicle. After 24 h incubation, 50 ul aliquots of cell-free BV-2 supernatants were
transferred to 96-well plates and the Griess assay was performed. Viability of the BV-2 cells was
assessed by the MTT assay in parallel wells as described in 2.5.

2.10 Statistical analysis

GraphPad Prism software (version 7.0, GraphPad Software Inc., La Jolla, CA, USA) was
used to conduct statistical analyses. The randomized-block design one-way analysis of variance
(ANOVA) followed by Dunnett’s post-hoc test was performed to detect differences between

treatment groups. Significance was established at P < 0.05.

3. Results
3.1 Effect of compounds on THP-1 cytotoxicity toward SH-SY5Y neuronal cells

The ability of the novel KAAS to reduce the secretion of cytotoxins by THP-1 monocytic
cells was studied first. Fig. 2 shows that exposure of neuronal SH-SY5Y cells to the supernatants
from THP-1 cells stimulated with LPS plus IFN-y without KAA (0 uM) causes significant
reduction in viability of neuronal cells when compared to cells exposed to supernatants from
unstimulated THP-1 cells (vehicle). Treatment of THP-1 cells with KAA1-4 prior to cell
stimulation with LPS and IFN-y reduces their cytotoxicity toward SH-SY5Y cells (Fig. 2A-D).
At 20 uM, KAA1-4 reduce THP-1 cytotoxicity toward SH-SY5Y cells by 83%, 72%, 64% and
73%, respectively. Fig. 2E and F demonstrate that KA and PfOH do not have significant effects
on the cytotoxicity of stimulated THP-1 cells toward SH-SY5Y cells. For all concentrations
studied, none of KAA1-4, KA, or PfOH affected the viability of stimulated THP-1 cells (Fig.



3A-F). KAA1-4 were also applied directly to SH-SY5Y cells to investigate whether they affect
neuronal cell viability. At the concentrations studied (up to 20 uM), no significant effects on SH-

SY5Y cell viability were observed according to the MTT assay (data not shown).

3.2 Effect of compounds on secretion of MCP-1 by THP-1 cells

Fig. 4A-D show that treatment of THP-1 cells with KAA1-4 prior to cell stimulation with
LPS and IFN-y significantly reduces secretion of MCP-1, when compared to stimulated THP-1
cells treated with the vehicle only (0 uM). The inhibitory effects of KAAL and KAA3 are
significant at 1 uM and higher, whereas KAA2 and KAAA4 are inhibitory at 5 uM and 20 uM. At
20 uM, KAA1-4 reduce the concentration of MCP-1 in supernatants of stimulated THP-1 cells
by 17%, 40%, 54% and 51%, respectively. Fig. 4E and 4F show that at all concentrations
studied, KA and PfOH have no significant effects on the concentration of MCP-1 in supernatants
of stimulated THP-1 cells. At the concentrations studied, KAA1-4, KA and PfOH do not affect
the viability of stimulated THP-1 cells (Fig. 3A-F).

3.3 Effect of compounds on secretion of reactive oxygen species by primed HL-60 cells

Fig. 5A-D show that treatment of HL-60 cells with KAA1-4 prior to their priming with
LPS and their stimulation with fMLP inhibits the CHL response of cells, when compared to the
CHL response of LPS-primed and fMLP-stimulated HL-60 cells that have been treated with
vehicle only (0 uM). KAAL inhibits the CHL response of primed and stimulated cells at 1 uM
and higher, whereas KAA2-4 are inhibitory at 5 uM and 20 uM. At 20 uM, KAA1-4 reduce the
CHL response of primed and stimulated cells by 50%, 53%, 42% and 34%, respectively. At the
concentrations studied, KA and PfOH have no significant effects on the CHL response of primed
and stimulated cells (Fig. 5E, F). The addition of KAA1-4, KA and PfOH to LPS-primed HL-60
cells just prior to stimulation with fMLP has no significant effects on the CHL response of cells
(data not shown). At the concentrations studied, KAA1-4, KA and PfOH do not affect the
viability of primed and stimulated HL-60 cells (Fig. 6A-F).

3.4 Effect of compounds on secretion of NO by BV-2 microglia
Fig. 7A-D show that treatment of BV-2 microglia with KAA1-4 prior to LPS stimulation

significantly inhibits the secretion of NO, when compared to the LPS-stimulated cells treated



with the vehicle only (0 uM). KAA1 and KAAS significantly inhibit the secretion of NO by cells
at 20 uM, whereas KAA2 and KAAA4 are inhibitory at 5 uM and 20 uM. At 20 uM, KAA1-4
inhibit secretion of NO by 31%, 53%, 27% and 14%, respectively. At the concentrations studied,
PfOH, KAA5 and KAAG have no significant effects on the secretion of NO by BV-2 cells (Fig.
7F-H). Fig. 7E shows that treatment of BV-2 cells with 5 or 20 uM KA prior to LPS stimulation
enhances NO secretion, when compared to LPS-stimulated cells treated with the vehicle only (0
uM). At the concentrations studied, KAA1-6, KA and PfOH do not affect the viability of LPS-
stimulated BV-2 microglia (Fig. 8A-H). Nitrite was not detected in the supernatants of
unstimulated BV-2 cells (data not shown). Detectable secretion of NO was not induced when
KAA1-6, KA and PfOH were applied to BV-2 cells on their own (1 - 20 uM, data not shown).

3.5 Effect of compounds on secretion of NO by BV-2 microglia in the presence of zopolrestat
Fig. 9 illustrates that, similar to the results shown on Fig. 7, treatment of BV-2 cells with
KAA1 or KAA2, prior to cell stimulation with LPS, inhibits their secretion of NO, when
compared to LPS-stimulated cells treated with the vehicle only (0 uM). However, when the cells
are sequentially pre-incubated with the competitive AR inhibitor zopolrestat (100 uM), then
treated with KAA and stimulated with LPS, the inhibitory effects of KAA1 and KAA2 on NO
secretion are abolished (Fig. 9A, B). Cell viability of LPS-stimulated BV-2 microglia was not
affected by pre-incubation of cells with 100 uM zopolrestat followed by LPS-stimulation, nor by
KAAL, KAA2, or zopolrestat at the studied concentrations and combinations (Fig. 10A, B).

4. Discussion

Natural kainoids that bind to KA receptors are usually neurotoxic and are therefore
undesirable candidates to develop AD therapies. However, in the current study, the modifications
made to the kainoid core molecule should prevent KAAL1-6 from acting through KA receptors,
thereby possibly eluding neurotoxic effects (Majik and Mandrekar, 2016). Indeed, the key
interactions between KA and its receptors are well defined (Protein Data Bank identifier: PDB
4E0X; Krogsgaard-Larsen et al., 2015). Compounds KAA1-4 were synthesized as part of a
different research program (Tian and Menard, 2018), yet their low molecular weight and

desirable lipophilic characteristics suggest they may cross the blood-brain barrier. The only



conserved structural elements between the natural kainoids and the KAAs reported here are: the
presence of a carboxyl group at the C2 position of the pyrrolidine ring, and a trans relationship
between the C2-C3 substituents. The C4 alkene substituent of KA is replaced by a simple ketone
(KAAL-5), or its stereochemistry is inverted (KAAG). Two of the novel analogs (KAA2 and
KAAA4) also differ from kainoids at the C3-side chain: the usual carboxymethyl group is replaced
by a 2’-ketobutan-4’-ol sidechain. The nitrogen of the pyrrolidine core is alkylated with a large
polyaromatic group (9-phenylfluorene) in four compounds (KAAL/2/5/6), making these KAAs
much more hydrophobic than KA (cLogPs range from 3.4 to 6.8 in contrast to —0.6 for KA). In
KAAS3 and KAAA4, the nitrogen can participate in hydrogen bonds and/or be protonated. Finally,
compounds PfOH and PfH were tested to ensure that the observed effects are not due to
inadvertent release of the polyaromatic portion of the molecules under physiological conditions;
both were found to be inactive.

Based on the above structural disparity between the novel KAAs and typical kainoids, we
hypothesize that the newly synthesized KAAs do not act through KA receptors. Consistent with
this hypothesis, we observed that KAA1-4 are not toxic to SH-SY5Y cells at the concentrations
studied. In contrast, KA is toxic to SH-SY5Y cells (Cannarsa et al., 2008). In addition, KAA1-4
compounds exhibit a biological activity different from that of KA in each of the assays
performed, further supporting our hypothesis that KA receptors are not the primary target of
these KAAs.

The maximal inhibition exhibited by KAAZ2 is superior to that of KAAL, which suggests
that a relatively polar hydroxylic substituent at C3 of the pyrrolidine ring enhances the affinity of
the compounds for their target. Moreover, the presence of a functional group at the C3 position
and a ketone at the C4 position of the pyrrolidine ring may be essential to the biological activity
of KAAs since KAA5 and KAAG have no effect on the secretion of NO. Our data suggest that
the mechanism of action may differ slightly between the compounds tested, since addition of a
N-phenylfluorenyl group on the pyrrolidine ring of KAAs differentially modulates the inhibitory
activity of KAAs on microglial secretions. For example, removal of the large, lipophilic N-
phenylfluorenyl protecting group from KAAs enhances the inhibitory effect exhibited by the
compound with an ester-containing functional group at C3 (KAA1 versus KAA3), but does not
impact the effect exhibited by the compound with a hydroxylic substituent at the same position
(KAA2 versus KAA4).

10



We hypothesized that the inhibitory activity of KAA1-4 on microglial cells is at least
partially due to AR inhibition because of the structural analogy between KAA1-4 and ethyl 1-
(9H-fluoren-9-yl)-4,5-dioxopyrrolidine-3-carboxylate, which is an established AR inhibitor
(Chemical Abstracts Service identifier: 142774-45-6; Mylari, 1992). This hypothesis is
supported by our data showing that the selective AR inhibitor zopolrestat abolishes the inhibitory
effects of KAAL and KAA2 on microglial NO secretion. Since AR mediates hyperglycemia-
induced oxidative stress, AR inhibitors have been used clinically for treatment of complications
associated with type Il diabetes mellitus (Chatzopoulou et al., 2013). More recently, however,
AR inhibitors have entered the research spotlight as possible therapeutics for inflammatory
disorders such as rheumatoid arthritis, asthma and AD, due to findings that AR produces pro-
inflammatory GS-DHN (Frohnert et al., 2014; Song et al., 2017). Consistent with our data
showing the anti-inflammatory potential of KAAs due to inhibition of MCP-1 secretion, previous
studies have demonstrated that AR inhibitors reduce the secretion of two other inflammatory
cytokines, tumor necrosis factor (TNF)-a and interleukin (IL)-1pB, by BV-2 cells, RAW264.7
macrophages or retinal microglia (Chang et al., 2014; Song et al., 2017; Zeng et al., 2013). AR
activity has been linked to activation of NF-xB as well as upregulated microglial secretion of
MCP-1, reactive oxygen species and NO (Ramana et al., 2004; Song et al., 2017; Zeng et al.,
2013), indicating that the inhibitory effects of KAAs may include downregulation of NF-xB
activity in microglia.

KAAZ1-4 described in this study have the potential to slow down neuroinflammation in
AD by inhibiting microglial cytotoxicity, secretion of MCP-1, reactive oxygen species and NO.
MCP-1 can be secreted by microglia in response to tissue lesions to promote the chemotaxis of
monocytes and other glial cells toward the site of injury for mounting an immune response
(Azizi et al., 2015; Clark and Vissel, 2017). In diseased brains, however, over-activated
microglia secrete MCP-1 at high concentrations that augment the deposition of Ap plaques and
worsen AD pathology (Porcellini et al., 2013). Reactive oxygen species production is increased
in AD due to age-related mitochondrial deterioration and microglial activation (Wang et al.,
2014b). High concentrations of reactive oxygen species hinder a broad spectrum of cellular
processes, which may cause further cellular damage and exacerbation of AD-associated
neurodegeneration. NO is yet another important CNS messenger that has been implicated in the

progression of AD when produced at high concentrations (Azizi et al., 2015; Balez and Ooim,
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2015). The expression of iNOS, which is the enzyme that produces NO, is upregulated in
microglia exposed to harmful stimuli such as Ap. NO causes direct neurotoxicity, similarly to
reactive oxygen species, by disrupting mitochondrial integrity (Azizi et al., 2015; Wang et al.,
2014b).

Elevated levels of NO (Yuste et al., 2015), reactive oxygen species (Cruz-Haces et al.,
2017) and inflammatory cytokines (Viviani et al., 2014) have also been linked to enhanced
excitotoxicity, thereby increasing neuronal death indirectly. Excitotoxicity involves excessive
activation of the neuronal N-methyl-D-aspartate (NMDA) receptors by glutamate leading to a
large calcium influx, which causes loss of mitochondrial and nuclear functions as well as
activation of calcium-dependent proteases (Meldrum and Garthwaite, 1990). Excitotoxicity is
facilitated by microglial NO and reactive oxygen species blocking the reuptake of glutamate,
which increases its concentration in the synaptic cleft (Cruz-Haces et al., 2017; Yuste et al.,
2015). High levels of inflammatory cytokines facilitate glutamate release from glial cells and
enhance excitotoxic neuronal death by modulating the expression, phosphorylation and activity
of NMDA receptors (Viviani et al., 2014).

By inhibiting secretion of cytotoxins and several different microglial inflammatory
mediators, the newly synthesized KAA1-4 have the potential to reduce neuronal death in
neurodegenerative diseases, including AD, which have a strong neuroinflammatory component;
however, further preclinical studies will be required to establish this activity in AD animal
models. Further in vivo testing of the novel KAAs is especially important, as microglial
populations are heterogeneous and they display functional diversity along spatial and temporal
axes (Hanisch, 2013). This could lead to potentially competing physiological effects: the
activation of certain microglial subtypes may be detrimental, while activation of other subtypes
could be beneficial for CNS homeostasis. Current in vitro models of microglial activation cannot
reliably predict clinically beneficial modulators since the gene expression patterns in these
different microglia subtypes are not well characterized at the single-cell level (Silvin and
Ginhoux, 2018). Recent experiments using PLX5622, an inhibitor of colony-stimulating factor 1
receptor that depletes microglia, further illustrate the opposite roles that microglia sometimes
play in neuropathologies. For example, depletion of microglia can avert plaque deposition and
cognitive decline in AD animal models (Dagher et al., 2015; EI-Gamal et al., 2018), or prevent

disruption of the blood-retina barrier during chronic inflammation induced by LPS (Kokona et

12



al., 2018), but it is detrimental in viral encephalitis (Waltl et al., 2018) and prion disease (Carroll
et al., 2018). Pharmacological modulators of microglia functions may have drastically different
clinical effects in neuropathologies depending on the overall role neuroinflammation and
microglia play in each specific case. We posit that the compounds reported herein provide new

tools to investigate the complex functions of microglia in neurodegenerative pathologies.

5. Conclusions

Dysregulated microgliosis contributes to neuroinflammation and neurotoxicity; therefore,
therapeutics that attenuate the adverse activation of microglia could be used to slow down the
progression of AD. In a search for small molecules that can regulate microglial immune
functions, we synthesized a series of compounds based on the core structure of KA. We studied
their effects in three different microglia cell models: THP-1, HL-60 and BV-2 cells, which were
chosen due to their robust responses in four different functional assays measuring secretion of
cytotoxins, the chemokine MCP-1, reactive oxygen species and NO. We show that four of the
eight compounds tested inhibit the above microglial functions at low micromolar concentrations.
By using a selective AR inhibitor we show that the inhibitory action of bioactive KAAs is at
least partially mediated by this enzyme. Such inhibitory effects on microglia can have an indirect
beneficial outcome on neuron survival. Thus, KAA1-4 identified herein may represent novel

candidate molecules for future preclinical studies aimed at developing anti-AD therapeutics.
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Figure 1. Structures of the compounds tested and synthesis of KAA3 and KAA4. (A)
Compounds KAA1-6, KA, PfOH and PfH. KAA1/3/5/6, PfH and PfOH were synthesized as
previously reported (Tian and Menard, 2018). (B) KAA3 was synthesized by removing the Pf
group from KAAL. (C) KAA4 was synthesized by removing the Pf group from KAA2.
Abbreviations used: Dess-Martin periodinane (DMP), dichloromethane (DCM),
hexamethylphosphoramide (HMPA), hydrogenated protecting group (PfH), hydroxylated
protecting group (PfOH), kainic acid (KA), kainic acid analog (KAA), meta-
chloroperoxybenzoic acid (mCPBA), n-butyllithium (nBuLi), palladium/carbon catalyst (Pd/C);
protecting group (Pf), tert-butyl (tBu), tert-butyldimethylsilyl (TBS), tetrahydrofuran (THF).

Figure 2. KAA1-4 inhibit the toxicity of stimulated human monocytic THP-1 cells toward
SH-SY5Y cells. THP-1 cells were treated with KAA1-4 (A-D), KA (E), PfOH (F) or their
vehicle (0.2% DMSO) for 15 min. Cells were then stimulated with LPS (0.2 ng/ml) & IFN-y
(150 U/ml) as indicated on the abscissa. Following 48 h incubation, THP-1 cell supernatant was
transferred to SH-SY5Y cells. Following 72 h exposure to the THP-1 cell supernatants, SH-
SYS5Y cell viability was assessed by the MTT assay. Data from four independent experiments are
presented as mean % of the control cell viability + standard error of the mean (SEM). Control
cells were treated with fresh F5 media instead of THP-1 cell supernatant (data not shown). * P <
0.05, ** P < 0.01 different from vehicle-treated, stimulated cells (0 uM) according to the
randomized block one-way ANOVA followed by Dunnett’s post-hoc test. P and F values for the
main effects of the ANOVA are shown on the graphs.

Figure 3. At the concentrations studied, compounds do not affect the viability of stimulated
human monocytic THP-1 cells. Cells were treated with KAA1-4 (A-D), KA (E), PfOH (F) or
their vehicle (0.2% DMSO) for 15 min. THP-1 cells were then stimulated with LPS (0.2 ng/ml)
& IFN-y (150 U/ml) as shown on the abscissa. Following 48 h incubation, THP-1 cell viability
was assessed by the MTT assay. Data from four independent experiments are presented as mean
% of the unstimulated control cell viability + SEM. Unstimulated control cells were seeded in the
absence of KAAs and solvent (data not shown). * P < 0.05 different from vehicle-treated,
stimulated cells (0 uM) according to the randomized block one-way ANOVA followed by
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Dunnett’s post-hoc test. P and F values for the main effects of ANOVA are shown on the graphs.

Figure 4. KAA1-4 reduce the concentration of MCP-1 in the supernatants of stimulated
human monocytic THP-1 cells. Cells were treated with KAA1-4 (A-D), KA (E), PfOH (F) or
their vehicle (0.2% DMSO) for 15 min. THP-1 cells were then stimulated with LPS (0.2 pg/ml)
& IFN-y (150 U/ml). MCP-1 (ng/ml) was measured in THP-1 cell supernatants following 48 h
incubation. Data from four independent experiments are presented as means + SEM. * P < 0.05,
** P < 0.01 different from vehicle-treated, stimulated cells (0 uM) according to the randomized
block one-way ANOVA followed by Dunnett’s post-hoc test. P and F values for the main effects
of ANOVA are shown on the graphs. The limit of detection of the ELISA is displayed as a
dashed line at 1.1 + 0.2 ng/ml.

Figure 5. KAA1-4 inhibit reactive oxygen species secretion by primed and stimulated
human HL-60 cells in a concentration-dependent manner. DMSO-differentiated cells were
treated with KAA1-4 (A-D), KA (E), PfOH (F) or their vehicle (0.2% DMSO) for 15 min and
then primed with LPS (0.5 pg/ml). Following 24 h incubation, the cells were stimulated with
fMLP (1 uM) and the luminol-dependent chemiluminescence (CHL) was measured. Data from
four independent experiments are presented as mean % CHL intensity of the primed and
stimulated control HL-60 cells £ SEM. Control HL-60 cells were seeded in the absence of
compounds and solvent (data not shown). * P < 0.05, ** P < 0.01 different from vehicle-treated,
stimulated cells (0 uM) according to the randomized block one-way ANOVA followed by

Dunnett’s post-hoc test. P and F values for the main effects of ANOVA are shown on the graphs.

Figure 6. At the concentrations studied, compounds do not affect the viability of primed
and stimulated human HL-60 cells. Cells were treated with KAA1-4 (A-D), KA (E), PfOH (F)
or their vehicle (0.2% DMSO) for 15 min and then primed with LPS (0.2 pg/ml). Following 24 h
incubation, HL-60 cell viability was assessed by the MTT assay. Data from four independent
experiments are presented as mean % of the primed unstimulated control cell viability + SEM.
Control cells were primed with LPS but seeded in the absence of compounds and solvent (data
not shown). No treatment groups were different from vehicle-treated, stimulated cells (0 uM)

according to the randomized block one-way ANOVA followed by Dunnett’s post-hoc test. P and
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F values for the main effects of ANOVA are shown on the graphs.

Figure 7. KAA1-4 reduce nitrite concentration in the supernatant of stimulated murine
BV-2 microglia. Cells were treated with KAA1-4 (A-D), KA (E), PfOH (F), KAAS5 (G), KAAG
(H) or their vehicle (0.2% DMSO) for 15 min and then stimulated with LPS (0.2 pug/ml).
Following 24 h incubation, nitrite (UM) was measured in cell supernatants. Data from four
independent experiments are presented as means + SEM. * P < 0.05, ** P < 0.01 different from
vehicle-treated, stimulated cells (0 uM) according to the randomized block one-way ANOVA
followed by Dunnett’s post-hoc test. P and F values for the main effects of ANOVA are shown
on the graphs. The limit of detection of the Griess assay is displayed as a dashed line at 1.2 + 0.3
uM.

Figure 8. At the concentrations studied, compounds do not affect the viability of stimulated
murine BV-2 microglia. Cells were treated with KAA1-4 (A-D), KA (E), PfOH (F), KAA5
(G), KAAG (H) or their vehicle (0.2% DMSO) for 15 min and then stimulated with LPS (0.2
pg/ml). Following 24 h incubation, BV-2 cell viability was assessed by the MTT assay. Data
from four independent experiments are presented as mean % of the unstimulated control cell
viability £ SEM. Unstimulated control cells were seeded in the absence of compounds and
solvent (data not shown). No statistically significant effects were observed according to the
randomized block one-way ANOVA. P and F values for the main effects of ANOVA are shown

on the graphs.

Figure 9. Zopolrestat abolishes the effects of KAA1 and KAAZ2 on nitrite secretion by
stimulated murine BV-2 microglia. BV-2 cells were preincubated with zopolrestat (100 uM) or
its vehicle (0.05% v/v DMSO) for 15 min. Cells were then treated with KAA1 (A), KAA2 (B) or
their vehicle (0.2% v/v DMSO) for 15 min and stimulated with LPS (0.2 pg/ml). Following 24 h
incubation, the concentration of nitrite (UM) was measured in cell supernatants by the Griess
assay. Data from five independent experiments are presented as means £ SEM. The randomized
block one-way ANOVA and Dunnett’s post-hoc test were used to determine the effects of KAA
treatment in the presence or absence of zopolrestat. * P < 0.05, ** P < 0.01 different from
vehicle-treated, stimulated cells (0 uM). P; and F; values for the main effect of KAA treatment
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alone, and P, and F, values for the main effect of KAA treatment in the presence of zopolrestat..
The limit of detection of the Griess assay is displayed as a dashed line at 0.9 + 0.7 uM.

Figure 10. At the concentrations studied, zopolrestat in combination with KAAL or KAA2
does not affect the viability of stimulated murine BV-2 microglia. Cells were preincubated
with zopolrestat (100 uM) or its vehicle (0.05% v/v DMSO) for 15 min. Cells were then treated
with KAAL (A), KAA2 (B) or their vehicle (0.2% v/v DMSO) for 15 min and stimulated with
LPS (0.2 pg/ml). Following 24 h incubation, BV-2 cell viability was assessed by the MTT assay.
Data from five independent experiments are presented as mean % of the unstimulated control
cell viability + SEM. Control cells were seeded in the absence of compounds and solvent (data
not shown). According to the randomized block one-way ANOVA, there were no significant
effects of KAA in the presence or absence of zopolrestat. P, and F; values for the main effect of
KAA treatment alone, and P, and F; values for the main effect of KAA treatment in the presence
of zopolrestat.
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