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SUMMARY

Microglia is the principal immune cell in the central nervous system. Under
pathophysiological conditions (injury, infection or neurodegeneration) microglia become
activated and proliferate, phagocytose and release pro- and anti-inflammatory cytokines,
growth factors or reactive species; this leads to profound morphological, functional and
gene expression changes that affect the inflammatory mechanism of these cells. Statins
are commonly used in the treatment of high blood cholesterol level. Although statins also
have beneficial effects on inflammation, they have not been thorougly investigated for
their ability to affect microglial function. Rosuvastatin inhibits cholesterol biosynthesis
most efficiently, and it is one of the most commonly prescribed drugs in cardiovascular
therapy. Aspirin, one of the most widely used non-steroidal anti-inflammatory drugs, also
has extensively studied effects on the cardiovascular system.

To reveal further pleiotropic, beneficial effects of rosuvastatin and aspirin on a
number of pro- and anti-inflammatory microglial mechanisms, we performed
morphometric and functional studies relating to cell adhesion and proliferation,
phagocytosis, pro- and anti-inflammatory cytokine production (IL-1f, tumor necrosis
factor-a. (TNF-o) and IL-10, respectively), and analyzed the expression of a number of
inflammation-related genes, including those related to the above functions, in pure
microglial cells. We examined the effects of rosuvastatin (1 uM) and aspirin (0.1 mM and
1 mM) in unchallenged (control) and bacterial lipopolysaccharide (LPS)-challenged
secondary pure microglial cultures.

We found that microglia could be an important therapeutic target of rosuvastatin. In
unchallenged (control) microglia, rosuvastatin inhibited proliferation and cell adhesion,
but promoted microspike formation and elevated the expression of certain anti-
inflammatory genes (Cxcll, Ccl5, MblI2), while phagocytosis or pro- and anti-
inflammatory cytokine production were unaffected. Moreover, rosuvastatin markedly
inhibited microglial activation in LPS-challenged cells by affecting both their
morphology and functions as it inhibited LPS-elicited phagocytosis and inhibited pro-
inflammatory cytokine (IL-1B, TNF-a) production, concomitantly increasing the level of
IL-10, an anti-inflammatory cytokine. Finally, rosuvastatin beneficially and differentially
affected the expression of a number of inflammation-related genes in LPS-challenged
cells by inhibiting numerous pro-inflammatory and stimulating several anti-inflammatory

genes. In an overall similar fashion, aspirin affected microglial morphology and functions



in a dose-dependent manner as it inhibited LPS-elicited microglial activation by
promoting ramification and the inhibition of phagocytosis in both concentrations. Aspirin
strongly reduced the pro-inflammatory IL-1p and TNF-a production, while it increased
the anti-inflammatory 1L-10 level in LPS-challenged cells. Moreover, aspirin
differentially regulated the expression of a number of inflammation-related genes as it
downregulated such pro-inflammatory genes as Nos2, Kngl, IL-78, Ptgs2 or Ccrl, while
it upregulated some anti-inflammatory genes such as IL-10, Csf2, Cxcl1, Ccl5 or Tgfbl.
Since microglial cells could elicit pro-inflammatory responses leading to
neurodegeneration, it is important to attenuate such mechanisms and promote anti-
inflammatory properties, and develop prophylactic therapies. Thus, based on our studies,
the use of rosuvastatin and aspirin could be beneficial in the medication of certain

neurodegenerative disorders.



1. INTRODUCTION
1.1. Roles of microglial cells in the central nervous system

Microglial cells are the resident immune cells in the central nervous system (CNS) and
contribute to 10-12% of its total cell population. They are from the monocyte/macrophage
lineage and belong to the group of mononuclear phagocytes (Ginhoux et al., 2010; Prinz
and Priller, 2014). Microglial cells are the most remarkable sensors that contribute to the
homeostatis of the CNS (Franco and Fernandez-Suarez, 2015). They play important roles
in both physiological and pathophysiologycal conditions such as traumatic injury, stroke,
ischemia or neurodegenerative diseases (Kreutzberg, 1996). Microglial cells enter the
brain during the early embryonic development. From the middle of the first trimester to
the early part of the second trimester blood monocytes invade the CNS and give rise to
the microglia population (Kettenmann et al., 2011). In the healthy intact brain microglial
cells exist in a stable population. After damage to the blood brain barrier (BBB) blood
monocytes are able to enter the brain and transform into microglial cells.

Microglial cells are well known for their functions related to morphological
features. In the healty brain micoglial cells have a ramified morphology. These cells have
small soma with branching cellular processes. This appearance is associated with the
"resting” state (Block and Hong, 2005; Kettenmann et al, 2011). Upon challenges such as
infection, ischemia, trauma, neurodegenerative diseases or altered brain homeostasis
microglia transforms from resting to activated state. The activation leads to rapid and
profound changes in microglial morphology, functions and gene expression. During the
activation microglia reduce their cellular complexity by retracting their processes and turn
into an amoeboid phenotype (Block and Hong, 2005; Kettenmann et al., 2011). In
connection with the morphological features of these cells in vivo, it must be noted that
microglial cells in vitro generally do not show this typical ramified morphology. Under in
vivo conditions, they usually have heterogeneous shapes such as bushy, rod-shaped or bi -
and tripolar spindle-shaped forms with short, thick processes and lamellopodias
(Kettenmann et al., 2011). The morphological changes and reorganization by the
activation can still be imposed and remain noticeable in vitro.

Activated microglial cells are also capable of releasing different types of soluble
factors with inflammatory and immunoregulatory effects. They are able to release
chemoattractive factors which can guide immune cells to the CNS. Further, surface

molecules for cell-cell and cell-matrix interactions such as complement receptors and



major histocompatibility complex (MHC) molecules are also upregulated. Activated
microglial cells also have increased proliferative and phagocytic activity (Block and
Hong, 2005; Kettenmann et al., 2011). Similarly to macrophage cells activated microglial
cells can be divided to subtypes (Franco and Fernandez-Suarez, 2015). M1 type cells are
cytotoxic and exhibit proinflammatory markers and factors such as reactive oxygen and
nitrogen intermediates, proinflammatory cytokines (e.g. IL-1pB, IL-12, 1L-23, TNF-a),
proteolytic enzymes and arachidonic acid metabolites. M2 type cells contribute to repair
and regeneration by expressing anti-inflammatory cytokines such as IL-10,
immunoregulatory molecules and trophic factors such as brain-derived neurotrophic
factor (BDNF) (Stollg and Jander, 1999; Block and Hong, 2005; Franco and Fernandez-
Suarez, 2015). M2 cells also show increased phagocytic capability (Prinz and Priller,
2014). Although such anti-inflammatory mechanisms are essential in protecting the CNS,
activated microglial cells can also be harmful to neurons by eliciting neuroinflammation
that could lead to neurodegeneration (Banati et al., 1993; Gehrmann et al., 1995;
Gonzalez-Scarano and Baltuch, 1999; Streit, 2002; Graeber, 2010; Gresa-Arribas et al.,
2012; Ghosh et al., 2013).

Unregulated and maladapted responses or chronic over-activation could lead to
neurotoxic consequences. Accumulating evidences indicate that microglial cells and
inflammatory responses play crucial role in connection with multiple neurodegenerative
diseases (Long-Smith et al, 2009; Prokop et al., 2013). For example, previous studies
revealed that in Alzheimer's disease (AD) brain microglial cells could be located in the
centre of senile plaques (Stollg and Jander, 1999). The activated and proliferating
microglial cells present around the amyloid deposits activate inflammatory processes
(Arends et al., 2000). Amyloid-beta (Ap) activates the production of proinflammatory
cytokines and mediators such as IL-1p, IL-6, IL-8, TNF-a, the macrophage inflammatory
protein (MIP) - la, nitric oxide (NO), inducible nitric oxide sythase (iNOS) and
glutamate in microglial cells (McGeer and McGeer, 1995, 2003; Arends et al., 2000;
Benveniste et al., 2001). The proinflammatory cytokine IL-1 that promotes the synthesis
of amyloid precursor protein (APP) is overexpressed in the AD brain and therefore
triggers further amyloid production (McGeer and McGeer, 1995, 2003; Akiyama et al.,
2000). Parkinson's disease (PD) can also be characterized by overactive immune response
of the brain (Phani et al., 2011). Previous studies suggested that many proinflammatory
cytokines are upregulated in PD such as IL-1f, IL-2, IL-6, TNF-a (Orr et al., 2004). 1L-1

increases the expression of a-synuclein, the main component of the Lewy-body protein



aggregates; a-synuclein is able to activate further microglial cells to produce superoxide
and increase the concentration of reactive oxigen species (ROS) and reactive nitrogen
species that are the main sources of the oxidative stress responsible for dopaminergic cell
death (McGeer and McGeer, 2004; Block and Hong, 2005; Phani et al., 2011). Microglial
cells also play crucial role in multiple sclerosis (MS). MS is a well-known inflammation-
mediated demyelinating disease (Block and Hong, 2005). During MS an increased
microglial activity can be observed. Microglial cells proliferate and increase lysosomal
activity around the site of demyelinization (Block and Hong, 2005). At the site of the
lesion microglia display increased COX-2 and iNOS expression which in turn promote
the production of neurotoxic prostaglandin E2 (PGE;) and NO. Activated microglial cells
also secrete proteases and TNF-a (Minagar et al., 2002, Muzio et al., 2007). NO and
TNF-o damage oligodendrocytes and the myelin sheet, and contribute to demyelination
(Block and Hong, 2005). Microglial cells are also capable of engulfing myelin (Minagar
et al., 2002). Perivascular microglial cells excert antigen presenting cell function to
myelin-specific T-cells infiltrating the CNS which initiates the progression of MS (Block
and Hong, 2005; Muzio et al., 2007). Pharmacological regulation of microglial functions
may therefore play an important role in the prevention and during the progression of

several neurodegenerative diseases.

1.2. Mechanisms and effects of statins

The 3-hydroxy-3-methyl glutaryl coenzyme A (HMG-CoA) reductase inhibitors
(HMGCRIs), commonly known as statins, are the agents of first choice for the treatment
of high blood cholesterol levels (Wierzbicki et al., 2003; Taylor et al., 2013). They were
discovered in 1975 as natural products of some moulds. These inhibitors can be divided
in two groups: the natural compounds derived from fungal fermentation, and the fully
synthetic compounds (Zipp et al., 2007). Their main biochemical effect is the reduction of
the amount of low-density lipoprotein (LDL) cholesterol, but they can also increase the
amount of high density lipoprotein (HDL) cholesterol and reduce triglyceride
concentration (Wierzbicki et al., 2003). Statins act by blocking the cholesterol synthesis
through inhibition of the enzyme necessary for the production of L-mevalonate. Statins
can bind competitively to the HMGCR displacing its natural substrate HMG-CoA (Zipp
et al., 2007). Inhibition of the first step of cholesterol synthesis also decreases the pools of

intermediate metabolites in the pathway that have crucial metabolic functions (Wierzbicki



et al., 2003; Cordle et al., 2005). The pathway of cholesterol synthesis produces farnesyl-
pyrophosphate (FPP) which can be used for the production of geranylgeranyl-
pyrophosphate (GGPP). Both FPP and GGPP are isoprenoids that are involved in the
post-translational protein modification process called prenylation. Isoprenylated proteins
include nuclear lamins, protein kinases and G-proteins. Prenylation is required for the
assembly of G-protein heterotrimers. Through their effect of isoprenylated G-protein-
mediated signalling, statins regulate a wide range of cellular functions.

The small monomer G-proteins, such as Rho, are also regulated by prenylation.
Small G-proteins are part of many cellular functions including cell growth, transcriptional
regulation, intracellular trafficking, cell motility, phagocytosis and cytoskeleton
rearrangement (Takai et al., 2001; Cordle et al., 2005). The Rho subfamily of small G-
proteins regulates the actin-based cytoskeleton. Activation of RhoA, Rac and Cdc42 leads
to the formation of stress fibres, lamellopodia, filopodia (Corde et al., 2015). GTPases are
also involved in events leading to inflammation (Zipp et al., 2007). RhoA is involved in
inflammatory signal transduction cascades that lead to the synthesis of cytokines and
chemokines (Corde et al., 2015). HMGCRIs are interfering with the process of antigen
presentation. They reduce the MHC |1 class molecules and promote the differentation of
T-cells towards the Tp2 phenotype. They decrease the secretion of pro-inflammatory Tyl
cytokines and increase the anti-inflammatory T2 cytokines. Statins are also target the
Rac-stress kinase pathway and the Rab-dependent pathway of receptor-induced
endocytosis.

Apart from their therapeutic use in cardiovascular diseases, statins may also have
beneficial effects in the CNS (Zipp et al., 2007; van der Most et al., 2009; Famer et al.,
2010). Animal studies have demonstrated that statins attenuate neuroinflammation (Zelcer
et al., 2007) and reduce senile plaques and inflammatory responses (Kurata et al., 2012).
Experiments revealed that statin treatment after brain damage increases neurogenesis and
synaptogenesis (van der Most et al., 2009). Statins induce neuroprotection by promoting
the expression of neurotrophic factors such as BDNF (van der Most et al., 2009). Statins
protect cells and tissues from oxidative damage by reducing the production of ROS (van
der Most et al., 2009). They can induce the beneficial NO production by eNOS while
reducing the NO overexpression by reducing iNOS (van der Most et al., 2009). The
eNOS generation is essential for promoting cerebral blood flow to ischemic regions of the
brain (Zipp et al., 2007).
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Several epidemiological studies suggested that statins reduced the risk of
developing AD by as much as 70% (Jick et al, 2000; Wolozin et al, 2000). The AB
stimulated phagocytosis is dependent on Rac to drive actin polimerization and phagosome
formation (Corde et al., 2015). AP production is increased by high levels of cholesterol.
Lipid rafts are known to be the site of AP production. Raft depletion is suggested to
reduce neuronal AP production in vitro (van der Most et al., 2009). The APP is found
both in and outside of lipid rafts, while the enzyme that converts it into AB only occurs in
rafts. Cholesterol depletion reduces the AB production. Animal models show that statins
reduce leukocyte migration and infiltration to the inflamed tissue by inhibiting the 2
integrin leukocyte function antigene (LFA-1) (van der Most et al., 2009). LFA-1 plays
important role in leukocyte recirculation and tissue infiltration, as well as in the activation
of T-cells by antigen presenting cells. These functions suggest that statins may have an
inportant role in the treatment of MS (van der Most et al., 2009).

Of all the commercially available statins rosuvastatin exhibits the greatest inhibitory
effect on cholesterol biosynthesis. Rosuvastatin is part of the fully synthetic class of
HMGCRIs, relatively hydrophylic compared to other statins, and is anionic in neutral pH
(Kitamura et al., 2008). Uptake studies revealed that organic anion transporting
polypeptides (OATPS) accept rosuvastatin as a substrate (Kitamura et al., 2008). OATPs
are polyspecific anion transporters expressed on the endothelial cell of BBB, the choroid
plexus and other organs (e.g. liver) (Stieger and Gao, 2015). They belong to the
superfamily of solute carriers (Stieger and Gao, 2015). Rosuvastatin is able to transport
through OATP1A2, OATP1B1, OATP1B3 and OATP2B1 transporters (Ho et al., 2006;
Kitamura et al., 2008). While the OATP1B1 and OATP1B3 tranporters show liver-
specific expression, OATP1A2 and OATP2B1 are found at the BBB (Kitamura et al.,
2008; Stieger and Gao, 2015). OATP1A2 is strongly expressed in brain capillary
endothelial cells and has emerged as an important BBB uptake transporter for drugs (Liu
et al., 2015). It transports amphipathic substrates, including bile salts, steroid conjugates,
thyroid hormones, organic dyes and anionic oligopeptides (Liu et al., 2015). Experiments
on MDCKII-WT monolayer cells revealed that OATP1A2 contributes to the transcellular

permeability of rosuvastatin (Liu et al., 2015).

The effective anti-inflammatory and immunomodulatory effets of statins indicate
that these drugs may have beneficial regulatory effects on microglial cells and may be

able to modulate the strong neuroinflammatory processes orchestrated by microglial cells.
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1.3. Mechanisms and effects of aspirin

Aspirin is one of the most widely used medicines worldwide. Aspirin belongs to the
nonsteroidal anti-inflammatory drugs (NSAIDs) and exerts analgesic, anti-inflammatory
and antipyretic effets. It is extensively studied in the cardiovascular system. Its main
action is the ireversible inhibition of cyclooxygenase (COX) enzyme activity by selective
acetylation of the serine residue (Ser530) (Amman and Peskar, 2002; Vane and Botting,
2003). COX is the key enzyme in the conversion of arachidonic acid (AA) to
prostaglandins (PGs) and other lipid mediators that are involved in several physiological
and pathological processes including inflammation (Choi et al, 2009). During the initial
phase of the inflammation prostaglandins play crucial role as local mediators in the
development of inflammatory conditions and promote the activation of proinflammatory
cytokines (Berk et al., 2013). COX-mediated production of inflammatory cytokines and
prostanoids such as prostaglandins (e.g. PGE,, PGI,) and thromboxanes (e.g. TXA,) play
a critical tole in modulating the immune response (Hussain et al, 2012). Aspirin, a COX
inhibitor, modulates the prostanoid-mediated immune regulation (Hussain et al., 2012)
and suppresses the NF-xB-mediated proinflammatory signalling by inhibiting the binding
of NF-xB to TNF-a promoter leading to the downregulation of TNF-o (Marchini et al.,
2005; Hussain et al., 2012; Pettit et al., 2013). Aspirin is able to downregulate other
proinflammatory cytokines released by macrophages such as IL-1p, IL-6, IL-12, IFN-y
(Hussain et al., 2012; Berk et al., 2013). Aspirin modulates the phagocytic capacity and
antigen presenting function in macrophages, and inhibits the MHC | and MHC I
associated antigen presentation in dencritic cells (Hussain et al., 2012). There are two
main isoforms of the COX enzyme. COX-1 considered to be the constitutive isoform that
support beneficial homeostatic function wherease COX-2 can be induced by variety of
inflammatory stimuli and is the main isoform responsible for the PG biosynthesis in
inflammed tissue (Amman and Peskar, 2002; Vane and Botting, 2003).

Previous studies revealed that COX-2 acetylation by aspirin resulting in a
modulated enzymatic activity initiates the generation of new substrates that can interact
with lipoxygenase to genetare aspirin-triggered lipoxins (Amann and Peskar, 2002;
Schror and Rauch, 2015). Aspirin-triggered lipoxins are anti-inflammatory mediators that
inhibit proinflammatory cytokine release by activation of the supressor of cytokine
signalling-2 (SOCS-2) expression (Hussain et al., 2012).
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In the brain both COX-1 and COX-2 are constitutively expressed (Aid and Bosetti,
2011). Under physiological conditions COX-1 is mainly expressed in microglial cells and
COX-2 is found in excitatory terminals and post-synaptic dendrites (Aid and Bosetti,
2011). COX-1 is an important player in several inflammatory actions in the CNS and
upregulated in numerous models of neuroinflammation (Aid and Bosetti, 2011). In AD
brain an increased level of COX-1, COX-2 and PGE; can be observed (Phillis et al.,
2006). COX-1 expressing microglial cells surrounding amyloid plaques in AD (Choi et
al., 2009; Aid and Bosetti, 2011). COX-1 and COX-2 maintain Ap generation through the
interaction between PGE; synthesis and y-secretase activity that modulate AB deposition
and induce neuroinflammation (Phillis et al., 2006). Prevoius studies suggested that COX-
1 inhibitors can reduce the level of amyloid plaques in transgenic models of AD brain
(Sung et al., 2004). COX-1 expressing microglial cells are located in the developing
necrotic core after focal ischemia (Schwab et al., 2000) and COX-1 inhibition reduces the
oxidative stress and neuronal injury after global ischemia (Candelario-Jalil et al., 2003).

These observations suggest that COX-expressing microglial cells play crucial roles
under pathological situations and COX inhibition by aspirin might be beneficial during
the therapy.
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2. SPECIFIC AIMS

Inflammation has a critical role in the progression of neurodegeneration. Microglial
activation results in profound morphological, functional and gene expression changes that
activate both pro- and anti-inflammatory mechanisms that, in turn, not only protect the
nervous tissue but could elicit chronic inflammation leading to the development of
neuropathological conditions. Drugs that are able to alter the excessive microglial
activation might therefore be useful for the prevention and treatment of several
neurodegenerative diseases. Statins are wused for the primary treatment of
hypercholesterolemia albeit their anti-inflammatory effects are also noted. Although a
few previous studies examined the effets of statins on the CNS, these experiments only
used lipophilic statins such as simvastatin or atorvastatin. Rosuvastatin exhibits the
greatest inhibitory effect on cholesterol biosynthesis but its effect on the CNS was not
examined perhaps because of its presumed hydrophylic feature. Since rosuvastatin was
able to enter the brain through specific transporters we decided to investigate its effect on
microglial cells. Aspirin is one of the most commonly used non-steroidal anti-
inflammatory drugs. It also has widespread effects on immune cell functions, but it has
not been extensively studied in microglial cells so we decided to clarify its effects on
CNS immune functions. Therefore, we investigated the pleiotropic effects of rosuvastatin
and aspirin on secondary microglial cultures derived from mixed primary cultures of 18-
day-old embryonic (E18) rat forebrains under control (unchallenged) and bacterial
lipopolysaccharide (LPS)-challenged conditions.

Our specific aims were:

1. To characterize the effects of rosuvastatin and aspirin on the morphological, including
cytoskeletal and immunocytochemical, features of microglial cells;

2. To characterize the effect of rosuvastatin on cell adhesion and proliferation of
microglial cells;

3. To determine if rosuvastatin and aspirin alter microglial phagocytic properties;

4. To determine the effects of rosuvastatin and aspirin on microglial release of both
proinflammatory (IL-1B, TNF-a)) and anti-inflammatory (I1L-10) cytokines;

5. To characterize the effects of rosuvastatin and aspirin on the expression patterns of

inflammation related genes in pure microglial cells.
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3. MATERIALS AND METHODS

3.1. Animals

All animal experiments were carried out in strict compliance with the European Council
Directive (86/609/EEC) and EC regulations (O.J. of EC No. L 358/1, 18/12/1986) regarding
the care and use of laboratory animals for experimental procedures, and followed the
relevant Hungarian and local legislation requirements. The experimental protocols were
approved by the Institutional Animal Welfare Committee of the University of Szeged (I-74-
1I/2009/MAB). The pregnant Sprague-Dawley rats (170-190 g) were kept under standard
housing conditions and fed ad libitum.

3.2. Antibodies

For a thorough characterization of different microglial phenotypes developed in vitro, an
antibody against Ibal, an intracellular actin- and Ca®*-binding protein expressed in the CNS
specifically in macrophages and microglia (Ahmed et al., 2007), was used in our
immunocytochemical and Western blot analyses. The anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody was used as an internal control in Western blot
experiments (Wu et al, 2012). Dilutions of primary and secondary antibodies, and also
incubation times and blocking conditions for each antibody used were carefully tested for
both immunocytochemistry and Western blot analysis. To detect the specificities of the
secondary antisera, omission control experiments (staining without the primary antibody)
were performed. In such cases, no fluorescent or Western blot signals were detected.

3.3. Preparation and maintenance of cell cultures

Pure microglial cells were isolated from mixed primary cortical cell cultures of rat embryos
of either sex by the method we described earlier (Szab6 and Gulya, 2013; Kata et al., 2016).
Sibling embryos obtained from the same pregnancy were processed for culturing together;
each pregnancy was considered as an independent experiment. Briefly, 10-12 fetal rats
(E18) under anesthesia were decapitated and the frontal lobe of the cerebral cortex was
removed, minced with scissors, incubated in 9 ml Dulbecco’s Modified Eagle’s Medium
(DMEM; Invitrogen, Carlsbad, USA) containing 1 g/l D-glucose, 110 mg/l Na-pyruvate, 4
mM L-glutamine, 3.7 g/l NaHCOj3, 10,000 U/ml penicillin G, 10 mg/ml streptomycin
sulfate, 25 ug/ml amphotericin B and 0.25% trypsin for 10 min at 37 °C, and then
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centrifuged at 1,000g for 10 min at room temperature (RT). The pellet was resuspended and
washed twice in 5 ml DMEM containing 10% heat-inactivated fetal bovine serum (FBS;
Invitrogen) and centrifuged for 10 min at 1,000g at RT. The final pellet was resuspended in
2 ml DMEM/10% FBS, after which the cells were plated in the same medium on a poly-L-
lysine-coated culture flask (75 cm?, 12 x 10° cell/flask) and cultured for a number of days
in vitro (DIV) at 37 °C in a humidified air atmosphere supplemented with 5% CO, for the
subsequent generation of pure microglial cell cultures.

Secondary microglial cells were subcloned from mixed primary cultures (DIV7)
maintained in a poly-L-lysine-coated culture flask (75 cm?, 12 x 10° cells/flask) by shaking
the cultures at 100 rpm in a platform shaker for 30 min at 37 °C. Microglia from the
supernatant were collected by centrifugation at 3,000g for 8 min at RT and resuspended in 2
ml DMEM/10% FBS. The cells were seeded 1) in poly-L-lysine-coated Petri dishes (60 mm
x 15 mm; 4 x 10° cells/dish) for Western blot and enzyme-linked immunosorbent assays
(ELISA); 2) in poly-L-lysine-coated coverslips (15 x 15 mm; 2 x 10°cells/coverslip) for
immunocytochemistry, proliferation or phagocytosis assays; or 3) in poly-L-lysine-coated
Petri dishes (60 mm x 15 mm; 1 x 10° cells/dish) for RNA expression and cultured in
DMEM in a humidified atmosphere supplemented with 5% CO; at 37 °C. The medium was
changed on the first day after seeding (subDIV1).

3.4. Cell culture treatments

On the fourth day of subcloning (subDIV4), DMEM was replaced and the expanded pure
microglial cells were treated with either bacterial lipopolysaccharide (LPS; 20 ng/ml final
conc., dissolved in DMEM; Sigma, St. Louis, MO, USA), rosuvastatin (1 uM final conc.,
dissolved in sterile, distilled water; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or
aspirin (0.1 mM (low) and 1 mM (high) final conc., from > 99% acetylsalicylic acid
dissolved in sterile, distilled water; Sigma) alone, or with a combination of LPS +
rosuvastatin, or LPS + aspirin, and the effects were compared in a variety of
morphological and functional tests. LPS treatment served as an immunochallenge.

Eight types of treatment regimens were used: 1) control (unchallenged and
untreated) cultures; 2) LPS-challenged cultures received 20 ng/ml LPS; 3) rosuvastatin
treated cultures received 1 uM rosuvastatin, 4) LPS-challenged + rosuvastatin treated
cultures received 20 ng/ml LPS and 1uM rosuvastatin; 5) aspirin-treated cultures received

0.1 mM aspirin; 6) aspirin-treated cultures received 1 mM aspirin; 7) LPS-challenged +



16

aspirin-treated cultures were challenged with 20 ng/ml LPS and treated with 0.1 mM
aspirin; 8) LPS-challenged + aspirin-treated cultures received 20 ng/ml LPS and 1 mM

aspirin. Depending on the experiments, the treatments lasted for 6, 24, or 72 h at 37 °C.

3.5. Immunocytochemistry

Pure secondary microglial cultures treated with different treatment regimens were fixed on
coverslips with 4% formaldehyde for 5 min and rinsed with 0.05 M phosphate-buffered
saline (PBS) for 2 x 5 min. After permeabilization and blocking of the nonspecific sites in
0.05 M PBS solution containing 5% normal goat serum (Sigma), 1% heat-inactivated
bovine serum albumin (Sigma) and 0.05% Triton X-100 for 30 min at 37 °C, the cells on
the coverslips were incubated overnight in a humidified chamber at 4 °C with rabbit anti-
Ibal polyclonal antibody (1:500 final dilution; Wako, Japan) in the above solution (Szabd
and Gulya, 2013). The cultured cells were washed for 4 x 10 min at RT in 0.05 M PBS, and
then incubated with the Alexa Fluor 568 fluorochrome-conjugated goat anti-rabbit antibody
(1:1,000 final dilution; Invitrogen) in the dark for 3 h at RT. The cells on the coverslip were
washed for 4 x 10 min in 0.05 M PBS at RT, and the nuclei were stained in 0.05 M PBS
solution containing 1 mg/ml polyvinylpyrrolidone and 0.5 pl/ml Hoechst 33258 dye
(Sigma). The coverslips were rinsed in distilled water for 5 min, air-dried and mounted on
microscope slides in Vectashield mounting medium (Vector Laboratories, Burlingame, CA,
USA). Cells were viewed on a Nikon Microphot-FXA epifluorescent microscope (Nikon
Corp., Tokyo, Japan) and photographed with a Spot RT Color CCD camera (SPOT RT/ke,
Diagnostic Instruments, Inc., Sterling Heights, MI, USA).

3.6. Western blot analysis

Cultured microglial cells (subDIV4) were collected through use of a rubber policeman,
homogenized in 50 mM Tris-HCI (pH 7.5) containing 150 mM NaCl, 0.1% Nonidet P40,
0.1% cholic acid, 2 pg/ml leupeptin, 1 pg/ml pepstatin, 2 mM phenylmethylsulfonyl
fluoride and 2 mM EDTA, and centrifuged at 10,000g for 10 min. The pellet was discarded
and the protein concentration of the supernatant was determined (Lowry et al., 1951). For
the Western blot analyses, 5-10 ug of protein was separated on a sodium dodecyl
sulfate/polyacrylamide gel (4%/10% stacking gel/resolving gel), transferred onto Hybond-

ECL nitrocellulose membrane (Amersham Biosciences, Little Chalfont, Buckinghamshire,
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England), blocked for 1 h in 5% nonfat dry milk in Tris-buffered saline (TBS) containing
0.1% Tween 20, and incubated overnight with either a rabbit anti-Ibal polyclonal antibody
(2:1,000 final dilution; Wako) or a mouse anti-GAPDH monoclonal antibody (clone
GAPDH-71.1; 1:20,000 final dilution; Sigma). After 5 rinses in 0.1% TBS-Tween 20, the
membranes were incubated for 1 h with the peroxidase-conjugated goat anti-rabbit
secondary antibody (1:2,000 final dilution; Invitrogen) for Ibal or with the peroxidase-
conjugated rabbit anti-mouse secondary antibody (1:2,000 final dilution; Sigma) for
GAPDH Western blots, and washed 5 times as before. The enhanced chemiluminescence
method (ECL Plus Western blotting detection reagents; Amersham Biosciences) was used

to reveal immunoreactive bands according to the manufacturer's protocol.

3.7. Quantitative determination of in vitro phagocytosis

The fluid-phase phagocytic capabilities of the control and variously treated pure microglial
cell cultures were determined via the uptake of fluorescent microspheres (carboxylate-
modified polystyrene beads, fluorescent yellow-green (Aex ~470 nm; Aem ~505 nm),
aqueous suspension, 2.0 um mean particle size; L4530, Sigma) as described previously
(Szabo and Gulya, 2013). Unchallenged (control) and LPS-challenged pure microglial cell
cultures (subDIV4) with or without rosuvastatin or aspirin treatments were tested for 24 h.
At the end of the treatment period, 1 ul of a 2.5% aqueous suspension of fluorescent
microspheres per ml was added to the culture, which was then incubated for 60 min at 37
°C. The cells were next washed 5 times with 2 ml of PBS to remove dish- or cell surface-
bound residual fluorescent microspheres, and fixed with 4% formaldehyde in PBS. In
another setup, we also determined the number of microglial cell membrane-associated but
not phagocytosed beads. Such negative controls were treated as above with the exception
that microglial cultures with beads were incubated for 60 min at 4 °C. At this temperature,
the number of beads associated with cell surface averaged less than 1 bead per 100 Ibal-
labeled cells, thus the phagocytosis was not considered significant. For measurement of the
phagocytic activity, cells labelled with phagocytosed microbeads and processed for Ibal
immunocytochemistry were counted in 20 random fields in each treatment group (mean =+
S.D.) under a 20 x or 40 x objectives. Statistically significant differences were determined
by two-way ANOVA.



18

3.8. Quantitative determination of IL-1f, IL-10 and TNF-a

For ELISA assays, the supernatants were collected from each treatment and stored at -20
°C. Concentrations of IL-1B, IL-10 and TNF-o were measured with rat-specific ELISA Kits
(eBioscience, Vienna, Austria). The sensitivity of IL-1p (Cat# BMS630), I1L-10 (Cat#
BMS629) and TNF-a (Cat#BMS622) assays was 4 pg/ml, 1.5 pg/ml and 11 pg/ml,
respectively. As stated by the manufacturer, the overall intra- and interassay coefficients of

variation were <10% in both cases for IL-13 and TNF-a, and <5% in both cases for I1L-10.

3.9. Determination of cell adhesion and proliferation

To measure changes in cell adhesion, proliferation and cell viability, the ACEA Real-Time
Cell Analysis (RTCA) system and 16-well E-Plates (Acea Biosciences, Inc., San Diego,
CA, USA) were used. This system measured the electrical impedance of the cells expressed
as cell index in real-time. Briefly, 4 x 10° pure microglial cells in poly-L-lysine-coated Petri
dishes were plated as described above. On the fourth day of culturing, the cells were
trypsinized, centrifuged as above and seeded into gelatin-coated 16-well E-Plates at a
density of 6,000 cells per well. Test doses of LPS and rosuvastatin, either alone or in
combination, were added to the wells before plating. After equilibration at RT for 10 min,
the E-plate was loaded into the RTCA machine and the cell index was measured
continuously for 60 h using the xCELLigence real-time cell analysis system (RTCA DP;
Acea Biosciences) as published earlier (Ozsvari et al., 2010). Cell indices at 24 h were
analyzed for comparison with cell proliferation data. Data analysis was carried out with the
system’s dedicated software (RTCA Software 1.2; Acea Biosciences) and Excel (Microsoft
Corp., Redmond, WA, USA). To estimate the number of surviving/proliferating microglial
cells after treatments, the cells were washed twice with 2 ml PBS to remove cell debris,
treated with 0.25% trypsin solution for 10 min at 37 °C, collected and counted in a Burker

chamber. The number of viable cells was presented as mean + S.D.

3.10. RNA isolation

Total RNA from control and treated pure microglial cells was purified as described
previously (Fabian et al., 2011); columns and wash buffer were from Bioneer (Viral RNA
extraction kit; Daejon, South Korea). Briefly, cells were washed with PBS, incubated in

lysis buffer (RA1; Macherey-Nagel, Diiren, Germany), then collected and mixed with 70%
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ethanol in RNase-free water (Bioneer). The mixture was transferred through columns
(Bioneer) and washed with 350 ul 80% ethanol in diethylpyrocarbonate-treated water, and
then with 600 pul and 300 ul W2 wash buffer (Bioneer). Total RNA was eluted in 50 pl
RNase free-water. One pl RNase inhibitor (Applied Biosystems, Foster City, CA, USA)
was added to the samples. The quality and quantity of the isolated RNA was measured with

NanoDrop1000 Version 3.8.1. (Thermo Scientific, Budapest, Hungary).

3.11. RNA expression

Reverse transcription from 3 pg total RNA in 30 pl was performed with the High
Capacity ¢cDNA Archive Kit (Applied Biosystems) according to the manufacturer’s
protocol. cDNA was diluted to 80 pl with nuclease-free water. The instrumentation
included the Bravo automatic liquid handling system (Agilent Technologies, Inc., Santa
Clara, CA, USA) for polymerase chain reaction (PCR) assay preparation and a
LightCycler 1536 System (Roche Diagnostics Corp., Indianapolis, IN, USA) or a Light
Cycler Nano Instrument (Roche) for cycling (Woudstra et al., 2013). The expression of
116 inflammation-related genes, together with that of 6 control genes (see below), was
measured with Universal Probe Library (UPL) assays using intron-spanning gene-specific
primers (Rat Immune Panel; Avidin Ltd., Szeged, Hungary,

www.avidinbiotech.com/services/gene-expression) and the LightCycler 1536 DNA Probe

Master kit (Roche). Moreover, the expression of certain phagocytosis-related genes such
as the integrin associated protein or cluster of differentiation 47 (Cd47, NM_019195 2),
the engulfment or cell motility protein (Elmol, NM_001108415.1), the scavenger
receptor class B member 1 (Scarbl, NM_031541 1), the plasminogen activator inhibitor-
1 (Serpinel, NM_012620_1), the signal-regulatory protein a (Sirpa, NM_013016_2) and
the vesicle-associated membrane protein 7 (Vamp7, NM_053531_1) were also analyzed
by the Light Cycler Nano Instrument. For the 1536 System, each 2 ul PCR reaction
contained 8 ng cDNA, 0.4 ul LightCycler DNA Probes Master (5x), the corresponding
primer set and UPL probe and the Setup Control. The PCR cycling protocol was as
follows: enzyme activation at 95 °C for 60 sec, 50 cycles of denaturation at 95 °C for 0
sec, and annealing and extension at 60 °C for 30 sec. For the Nano Instrument, each 20 pl
PCR reaction contained 20 ng cDNA, 10 pl Lightcycler DNA Probes Master (5x), the
corresponding primer set and UPL probe and the Setup Control. The PCR protocol was as

follows: enzyme activation at 95 °C for 10 min, 50 cycles of denaturation at 95 °C for 15
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sec, and annealing and extension at 60 °C for 30 sec. Gene expression was normalized to
the average values of clathrin, heavy chain (Cltc, NM_019299.1), Gapdh (M17701.1),
glucuronidase, beta (Gusb, NM_017015.2), hypoxanthine phosphoribosyl transferase 1
(Hprtl, NM_012583.2), phosphoglycerate kinase 1(Pgkl, NM_053291.3) and tubulin,
beta 5 class | (Tubb5, NM_173102.2) expression as endogenous controls and expressed
relative to the unchallenged controls by using the 244 method.

A total of 122 gene-specific assays were run on 3 independent samples from each
condition. Gene expression was analyzed by GraphPad Prism 6 (GraphPad Software, Inc.,
La Jolla, CA, USA). For hierarchical cluster analysis and visualization, the Hierarchical
Clustering Explorer (v3.0) software was used (Human-Computer Interaction Lab.,
University of Maryland, MD, USA; publicly available at
http://www.cs.umd.edu/hcil/multi-cluster/hce3.html). The complete linkage clustering

method was applied with Euclidean distance metric.

3.12. Digital processing and image analysis

Digital images were captured by a Nikon Microphot-FXA epifluorescent microscope
(Nikon Corp., Tokyo, Japan), using a Spot RT Color CCD camera and the Spot RT
software (Spot RT/ke Diagnostic Instruments, Sterling Heights, MI, USA). For the
determination of microglial cell purity, Hoechst 33258-labelled cell nuclei that belonged to
Ibal-immunopositive cells were counted on coverslip-cultured samples. For each culture,
50-100 randomly selected microscope fields were analyzed. In every case, the cultures had,
on average, at least 99 Ibal-positive somata for 100 Hoechst 33258-labelled cell nuclei (>
99% purity for microglial cells). Phagocytosed microspheres on 20 randomly sampled
microscope fields from 3 coverslips for each treatment regimen were counted with the use

of the computer program Imagel (version 1.47; http://rsb.info.nih.gov/ij). For the

measurement of area (;,Lmz), perimeter (um) and transformation index (TI), Ibal-
immunoreactive microglial cell images were converted into binary replicas by using
thresholding procedures implemented by ImageJ and Adobe Photoshop CS5.1 software
(Adobe Systems, Inc., San Jose, CA, USA) as we published earlier (Szab6 and Gulya, 2013;
Szabo et al., 2016). Microglial cell silhouettes were acquired by transforming the raw
digital files of Ibal-immunoreactive cells recorded under fluorescent microscope light to
binary files. The color cell images were transformed into their binary replicas (silhouettes)

by using automatic thresholding procedures (Szab6 and Gulya, 2013; Szabo et al., 2016).
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After the values of cell perimeter (um) and cell area (um?) had been determined, the TI
reflecting the degree of process extension was determined according to the following
formula: [perimeter of cell (um)]®/4n [cell area (nm?)] (Fujita et al., 1996). Color correction
and cropping of the light microscopic images were performed when photomicrographs were
made for publication and assembled for a panel. Gray-scale digital images of the
immunoblots were acquired by scanning the autoradiographic films with a desktop scanner
(Epson Perfection V750 PRO; Seiko Epson Corp., Japan). The images were scanned and
processed at identical settings to allow comparisons of the Western blots from different
samples. The bands were analyzed through the use of Imagel. The immunoreactive
densities of equally loaded lanes were quantified, and all samples were normalized to the
internal GAPDH load controls.

3.13. Statistical analysis

All statistical comparisons were made by using R 3.1.0 for Windows (The R Foundation for
Statistical Computing; Vienna University of Economics and Business, Vienna, Austria).
Results were analyzed with two-way ANOVA, and the Bonferroni correction was used to
establish significance between groups. Values were presented as means = SD; p < 0.05 was

considered significant; *, ** and *** denote p < 0.05, p < 0.01 and p < 0.001, respectively.
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4. RESULTS

All experiments were performed on pure microglial cultures 4 days after seeding
(subDIV4). Immunocytochemistry routinely performed on these secondary cultures
consistently detected a >99% incidence of the Ibal immunopositive microglial cells for
the Hoechst 33258 dye-labeled cell nuclei (Fig. 1).

Fig. 1. Localization of Ibal immunoreactive microglial cells in a pure secondary microglial culture
(subDIV4). The typical purity of the culture is >99%; in this representative photomicrograph of a field of
view the purity is 100% since every Hoechst 33258-labeled cell nuclei (blue) is surrounded by Ibal

immunopositive cytoplasm (red). Scale bar: 50 um.

4.1. Morphological effects of rosuvastatin and aspirin treatments

The morphological changes elicited by rosuvastatin and aspirin in unchallenged (control)
and LPS-challenged pure microglia cultures were documented through the use of Ibal
immunocytochemistry (Fig. 2A-D and Fig. 4A-F) and quantitatively analyzed on binary
silhouettes of individual microglial cells (Fig. 3A-G and Fig. 5A-F). Ibal protein expression
was also monitored during treatments (Fig. 2E and Fig. 4G).

Our experiments with rosuvastatin demonstrated that most of the unchallenged and
untreated (control) microglia displayed ameboid morphology with Tl <3; they had
predominantly ameboid shape, occasionally with small pseudopodia (Fig. 2A, Fig. 3A).
When administered alone for 24 h, rosuvastatin induced the formation of numerous
microspikes (Fig. 2B, Fig. 3B); these slender cytoplasmic projections (filopodia) resulted in
significantly increased perimeter and TI values of these cells (Fig. 3F, G).
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Fig. 2. Rosuvastatin affects microglial cell morphology and Ibal immunoreactivity in pure microglial
cells after various treatments. Representative fluorescent immunocytochemical pictures demonstrate the
typical cellular distribution of Ibal immunoreactivity (red) in (A) control (unchallenged and untreated), (B)
rosuvastatin-treated, (C) LPS-challenged and (D) LSP-challenged + rosuvastatin-treated microglial cells. The
effects of rosuvastatin in unchallenged and LSP-challenged microglia were the most marked. Hoechst 33258-
labeled cell nuclei are shown in blue. Scale bar in A (for all pictures): 50 um. (E), Quantitative Western blot
analysis of Ibal and GAPDH immunoreactivities in pure microglial cell cultures. Protein samples from the
cultures were separated by gel electrophoresis, transferred to nitrocellulose membranes and probed with either
the Ibal or the GAPDH antibody. Gray scale digital images of the immunoblots were acquired by scanning
the autoradiographic films with a desktop scanner. The images were scanned and processed at identical
settings to allow comparisons between the Western blots from different samples. Error bars indicate integrated
optical density values (means + SD) normalized to the internal standard GAPDH. Representative Western blot

pictures are shown below the graphs. Data were analyzed with two-way ANOVA. *p <0.05, **p <0.01.
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Fig.3. Quantitative analysis of microglial morphology in pure microglial cell cultures after various
treatments I. Ibal-positive microglial cells from pure microglial cultures (subDI1V4) were photographed, the
pictures were digitized, and the morphological characteristics were quantitatively analyzed on binary
silhouettes of unchallenged (A), rosuvastatin-treated (B), LPS-challenged (C) and LPS-challenged +
rosuvastatin-treated (D) microglia. Four representative binary silhouettes are shown for each culturing
protocol. Scale bar for all silhouettes: 50 pm. Area (E) in pm? perimeter (F) in um, and TI values (G),
calculated as [perimeter of cell (um)]?/4n[cell area (um?)], are indicated for each digitized cell. Unchallenged
and untreated (control) cells, similarly to LPS-challenged cells, displayed a typical ameboid morpology with

low TI values. Rosuvastatin affected the morphology of both the control and the LPS-challenged microglia (B,
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D). In unchallenged cultures, it promoted microspike formation with a concurrent slight ramification of the
cells (B). In the LPS-challenged + rosuvastatin-treated cultures (D), the microglia became larger and, while
retaining microspikes, also developed thicker processes. Both the rosuvastatin treatment alone and the
combined treatment with LPS resulted in larger perimeter (F) and higher T1 values (G) as compared with both
the unchallenged and the LPS-challenged cultures. (E) Average area (in um’+ S.D.) measurements for
cultured pure microglial cells. (F) Average perimeter (in um + S.D.) measurements for cultured pure
microglial cells. (G) Average TI values (+ S.D.) for cultured pure microglial cells. LPS: 20 ng/ml;
rosuvastatin: 1 pM. For (E-G), error bars indicate means + SD of six replicate measurements from three
independent culturings. Data were analyzed with two-way analysis of variance (ANOVA). **p <0.01, ***p <
0.001.

For example, the average TI in this group increased about 10-fold, to above 19, as
compared with the controls (Fig. 3G). The LPS challenge did not result in any significant
morphometric change (Fig. 2C, Fig. 3C, E-G). However, rosuvastatin treatment in LPS-
challenged cells resulted in a significantly enlarged and more ramified cell form (TI> 7)
with a much larger perimeter value as compared with their respective control values (Fig.
2D, Fig. 3D, E-G), indicating that rosuvastatin profoundly antagonized the morphological
changes characteristic of LPS-induced microglial activation. In relation to the substantially
increased size of the LPS-challenged and rosuvastatin-treated microglia (Fig. 2D, Fig. 3D,
E), their Ibal immunoreactivity was also significantly increased (Fig. 2E, Fig. 3E).

The amount of Ibal immunoreactivity was significantly increased in the aspirin-
treated (low: 2.09 + 0.49; high: 2.22 + 0.75) and the LPS-challenged + aspirin-treated
groups (low: 2.30 + 0.79; high: 2.49 + 0.92) as compared to LPS-challenged values (1.35 +
0.34; Fig. 4G).
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Fig. 4. Aspirin affects microglial morphology and Ibal immunoreactivity in pure microglial cells.
Representative fluorescent immunocytochemical pictures demonstrate the typical cellular distribution of
Ibal immunoreactivity (red) in (A) control (unchallenged and untreated), (B) LPS-challenged, (C) 0.1 mM
aspirin-treated, (D) 1 mM aspirin-treated, (E) LPS-challenged + 0.1 mM aspirin-treated and (F) LPS-
challenged + 1 mM aspirin-treated microglial cells. Hoechst 33258-labeled cell nuclei are shown in blue.
Scale bar in A (for all pictures): 50 um. G, Quantitative Western blot analysis of Ibal and GAPDH
immunoreactivities in pure microglial cell cultures. Protein samples from the cultures were separated by gel
electrophoresis, transferred to nitrocellulose membranes and probed with either the Ibal or the GAPDH
antibody. Gray scale digital images of the immunoblots were acquired by scanning the autoradiographic
films with a desktop scanner. The images were scanned and processed at identical settings to allow
comparisons between the Western blots from different samples. Error bars indicate integrated optical
density values (means + SD) normalized to the internal standard GAPDH. Representative Western blot
pictures are shown beside the graph. Data were analyzed with two-way analysis of variance (ANOVA). *p
< 0.05, **p< 0.01.
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Fig. 5. Quantitative analysis of microglial morphology in pure microglial cell cultures after different
treatments Il. (A-F) lbal-positive microglial cells from pure microglial cultures (subDIV4) were

photographed, the pictures were digitized and the morphological characteristics were quantitatively
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analyzed on binary silhouettes of unchallenged (A), LPS-challenged (B), 0.1 mM aspirin-treated (C), 1 mM
aspirin treated (D), LPS-challenged + 0.1 mM aspirin-treated (E) and LPS-challenged + 1 mM aspirin-
treated (F) microglia. Four representative binary silhouettes are shown for each culturing protocol. Scale
bar for all silhouettes: 50 um. Area (G) in pm?, perimeter (H) in pm, and TI values (1), calculated as
[perimeter of cell (um)]?/4nfcell area (um?)], are indicated for each digitized cell. Unchallenged and
untreated (control) microglia displayed slightly amoeboid/ramified morphology, and neither of the aspirin
treatments changed the control values significantly. LPS challenge resulted in amoeboid morphology with
the accompanying significant morphometric changes. Both aspirin treatments in LPS-challenged cells
resulted in an enlarged and more ramified cell form with a much larger area, perimeter, and Tl value as
compared with the LPS results (B, E, F, G, H, I). In the control and the aspirin-treated cultures, cells
displayed short processes or small pseudopodia with a concurrent slight ramification (A, C, D). In the LPS-
challenged cultures (B), the microglia became smaller and showed amoeboid morphology. Aspirin
treatments in these cells (E, F) resulted in a much larger area (G) but similar perimeter (H) and TI values
(1) as compared the control cultures. (G) Average area (in pm?+ S.D.) measurements for cultured pure
microglial cells. (H) Average perimeter (in pum =+ S.D.) measurements for cultured pure microglial cells. (1)
Average TI values (= S.D.) for cultured pure microglial cells. For (G-1), error bars indicate means + SD of
six replicate measurements from three independent culturing. Data were analyzed with two-way analysis of
variance (ANOVA). *p <0.05, **p < 0.01, ***p < 0.001.

Most of the unchallenged and untreated (control) microglia displayed slightly
amoeboid/ramified morphology with Tl = 6.44 + 5.79; they typically had only a few short
processes (Fig. 4A, Fig. 5A). LPS challenge resulted in a significant change in morphology
(Fig. 4B, Fig. 5B, G-1) as amoeboid morphologies with low TI values (1.37 + 0.17) were
more typical; LPS challenge decreased area, perimeter and Tl values (by 48%, 65% and
78%, respectively) as compared to the controls. When LPS-challenged cells were treated
with aspirin, significantly enlarged and more ramified cells were seen as compared to the
values of the LPS-challenged cells (Fig. 4B, E, F, Fig. 5B, E-1) indicating that aspirin was
able to reverse the morphological changes induced by LPS-challenge. Both aspirin doses
increased the TI values to the control level (low: 5.73 + 2.70; high: 7.36 + 3.48) and
induced ramified morphology with thick processes and microspikes (Fig. 4E, F; Fig. 5E, F).
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4.2. Rosuvastatin inhibits proliferation and cell adhesion

Rosuvastatin significantly inhibited cell proliferation in both unchallenged and LPS-
challenged cultures, by 47.8% and 68.9%, respectively, after a 24 h treatment period (Fig.
6A). We used a 16-well E-Plate-based real-time analysis to determine whether rosuvastatin
affects cell adhesion. Rosuvastatin inhibited cell adhesion in both unchallenged (control)
and LPS-challenged microglia (Fig. 6B). The differences in the levels of inhibition of cell
adhesion between cultures with or without rosuvastatin (unchallenged and LPS-challenged
microglia vs. rosuvastatin-treated and LPS-challenged + rosuvastatin-treated microglia)
were significant by 20 h of culturing and thereafter. This was probably due to the
significantly larger cell populations in the control and LSP-challenged microglial cultures as
compared with those in the rosuvastatin or LPS + rosuvastatin-treated cultures (Fig. 6B),
and to the ability of rosuvastatin to stimulate the formation of microspikes (Fig. 3B, D), i.e.
the actin-based filamentous protrusions implicated in the cell motility, and consequently in

the decreased adhesion of these cells.

Control e LPS (20 ng/ml)
= Rosuvastatin (1 uM) = |PS+Rosuvastatin
—~ 3.0x10° L3
) ) -
S 25x10° 5 " -
5 = b -~
= 6 = -
Z 20x10 3 o
'g 1.5 x10° E 0.5 . i
El 6 = - T
é 1.0 x10° E 0 LI L L 1
S 50x10° z
0 ’O-S L T T T - 1T T -
Control Rosuva- LPS  LPS+ 0 10 20 30 40 50

statin Rosuva- -
statin I'ime (h)

Fig. 6. Rosuvastatin inhibits cell proliferation and decreases cell adhesion. (A) After culturing, the cells
were collected and the number of surviving microglia was determined with a Biirker chamber. Rosuvastatin,
in both unchallenged and LPS-challenged cultures, inhibited cell proliferation and displayed some anti-mitotic
characteristic. LPS treatment did not affect cell proliferation. (B) Real-time monitoring of microglial cell
adhesion after different treatment regimens. The ACEA Real-Time Cell Analysis (RTCA) system and 16-well
E-Plates were used to determine cell indices as described in the Materials and methods section. Normalized
cell index values are plotted as a function of time. In both unchallenged and LPS-challenged cells,
rosuvastatin decreased cell adhesion (blue and red lines, respectively). Error bars indicate means = SD of six
replicate measurements from three independent culturings. Data were analyzed with two-way analysis of
variance (ANOVA). **p < 0.01, ***p < 0.001.
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4.3. Rosuvastatin and aspirin reduce the phagocytic activity in activated microglia

The microglial function is inherently related to its phagocytic activity. In pure microglial
cultures (subDIV4), the control (unchallenged and untreated) microglia exhibited a low
level of fluid-phase phagocytosis (Fig. 7A, E), engulfing only 2.62 + 1.7 beads per cell (n =
91) during rosuvastatin treatment, and only 3.63 + 1.6 beads per cell (n = 60; Fig. 8A, G)
during aspirin treatment. Rosuvastatin did not affect phagocytosis appreciably (Fig. 7B, E)

as the number of phagocytosed microbeads remained low (2.70 + 1.7; n = 50).
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Fig. 7. Rosuvastatin is a potent inhibitor of phagocytosis. Pure microglial cultures (subDIV4) were
maintained and treated with fluorescent microbeads (2 um in diameter) as described in the Materials and
methods 3.7 section (A-D). Ibal-specific fluorescent immunocytochemistry (red: microglia; blue: nucleus;

green: microspheres) on unchallenged (A), rosuvastatin-treated unchallenged cells (B), LPS-challenged cells
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(C) and LPS-challlenged + rosuvastatin-treated microglial cells (D) revealed that rosuvastatin inhibited
phagocytosis in both naive, unchallenged (B) and LPS-challenged cells (D). Scale bar in A (for all pictures) =
50 um. (E) Quantitative analysis of the number of phagocytosed microbeads revealed that LPS dramatically
activated phagocytosis, while rosuvastatin, when present, significantly decreased this microglial function.
Error bars indicate means + SD of six replicate measurements from three independent culturings. Data were
analyzed with two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

As expected, the LPS challenge increased the phagocytic activity of the microglial
cells significantly (Fig.7C, E). On average, the LPS-challenged cells accumulated 25.39 +
11.4 beads per cell (n = 70), and some of the cells engulfed as many as 40 microbeads. In
the LPS-challenged microglia, however, rosuvastatin inhibited phagocytosis drastically, by
nearly 80% (Fig.7D, E), as the fluid-phase phagocytotic activity was returned close to the
level of the control cells (4.67 = 3.9 microbeads per cell; n = 88).

During aspirin treatments, microglial activation was associated with a robust
phagocytic activity as LPS challenge increased phagocytosis significantly to about 350% of
the control level (12.87 + 4.86; n = 58; Fig. 8A, B, G). Aspirin alone did not affect the
phagocytosis appreciably (Fig. 8C, D, G), as the number of phagocytosed microbeads
remained low in both cases (low: 2.72 £ 1.47, high: 3.30 + 1.64; n = 60). However, aspirin
inhibited phagocytosis significantly in LPS-challenged microglia (Fig. 8E, F, G). Aspirin
(0.1 mM or 1 mM) decreased phagocytosis dose-dependently by about 30% (9.20 + 4.25; n
= b55; Fig. 8E, G) and 70% (3.86 + 1.85 microbeads per cell; n = 67; Fig. 8F, G),
respectively, as compared to LPS treatment. As activated microglial cells often damage
neuronal tissue; such a strong inhibition of a proinflammatory action by rosuvastatin and

aspirin could be beneficial in preventing or ameliorating neurodegeneration.
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Fig. 8. Aspirin strongly inhibits phagocytosis. Pure microglial cultures (subDIV4) were maintained and
treated with fluorescent microbeads (2 pm in diameter) as described in the Materials and methods 3.7
section (A-F). Ibal-specific fluorescent immunocytochemistry (red: microglia; blue: nucleus; green:
microspheres) on unchallenged (A), LPS-challenged (B), 0.1 mM aspirin-treated (C), 1 mM aspirin-treated
(D), LPS-challenged + 0.1 mM aspirin-treated (E), and LPS-challenged + 1 mM aspirin-treated (F)
microglia. Scale bar in A (for all pictures) = 50 um. (G) Quantitative analysis of the number of
phagocytosed microbeads revealed that LPS dramatically activated phagocytosis, while aspirin significantly
decreased this microglial function. Error bars indicate means + SD of six replicate measurements from three

independent culturing. Data were analyzed with two-way ANOVA. *p < 0.05, ***p < 0.001.
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4.4. Both rosuvastatin and aspirin decrease proinflammatory and increase anti-

inflammatory cytokine levels

Activated microglia are known to express several pro- and anti-inflammatory cytokines. As
previous studies indicated that statins were able to reduce the inflammatory effect in the
vicinity of atherosclerotic plaques, we presumed that rosuvastatin regulates the amount of
cytokines released by the microglia. Indeed, when the basal levels of the proinflammatory
cytokines IL-1p and TNF-a and the anti-inflammatory cytokine IL-10 in unchallenged
microglia were compared with the levels from rosuvastatin—treated LPS-challenged or
unchallenged cells, a unique regulatory pattern emerged (Fig. 9A-C). The basal level for IL-
1B in unchallenged (control) microglia was 15.00 + 5.6 pg/ml (Fig.9A). Rosuvastatin did
not change this level significantly (9.56 + 13.1 pg/ml). As expected, a 24 h-long LPS
challenge significantly elevated the IL-1B level in the activated microglia, to 156.05 + 63.0
pa/ml. However, when added together with LPS, rosuvastatin significantly inhibited the
development of this elevated IL-1p level, by about 45%, to 86.25 + 49.3 pg/ml.

A similarly strong effect of rosuvastatin was demonstrated on the level of TNF-a,
another proinflammatory cytokine, in LPS-challenged microglial cells (Fig.9B). Two
different treatment times (6 h and 24 h) were used as the TNF-a production responded
quickly to the LPS challenge. The level of TNF-a in the unchallenged (control) and the
rosuvastatin-treated microglia could not be detected, but its level quickly rose, to 906.80 +
281.7 pg/ml in the LPS-challenged cells after 6 h, and the level was still robust after 24 h
(188.19 + 38.6 pg/ml). When rosuvastatin was co-administered to LPS-challenged cells for
either 6 h or 24 h, it significantly inhibited the overproduction of TNF-a, by 39% and 40%,
respectively (Fig. 9B).

More importantly, however, rosuvastatin affected the production of IL-10, an anti-
inflammatory cytokine (Fig.9C). The basal and rosuvastatin-treated levels of IL-10 in the
unchallenged microglia were not significantly different (37.01 + 18.4 pg/ml vs. 75.32 +
35.4 pg/ml), although elevated 1L-10 production was noted after rosuvastatin treatment.
Interestingly, LPS increased the IL-10 protein expression significantly to about 340% of the
level of the unchallenged microglia (125.3 + 25.3 pg/ml pg/ml). When rosuvastatin was co-
administered with LPS, it boosted the IL-10 protein expression even higher, to about 750%
of the basal level (276.84 + 85.6 pg/ml), indicating the very strong anti-inflammatory action

of rosuvastatin.
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Fig.9. Rosuvastatin reduces the pro-inflammatory cytokine IL-1p and TNF-o levels and increases the
anti-inflammatory IL-10 production. After treatments for 6 or 24 h, immunoreactive protein levels (pg/ml +
SD) for IL-1B (A), TNF-a (B) and IL-10 (C) were detected by ELISA. TNF-o production was measured after
6 h and 24 h (B). As expected, pro-inflammatory cytokine production was significantly increased in the LPS-
challenged cells (A, B). Rosuvastatin was a potent inhibitor of this effect for both IL-1B (A) and TNF-a (B).
The level of the anti-inflammatory cytokine I1L-10 was measured after 24 h (C). Rosuvastatin increased the
value of IL-10 both in unchallenged and in LPS-challenged microglia, to 750% of the control level in the latter
case (C). Error bars indicate means + SD of six replicate measurements from three independent culturings.
Data were analyzed with two-way ANOVA. n.d. = not detected. *p< 0.05; ** p< 0.01, ***p< 0.001.

When the basal levels of the proinflammatory cytokines IL-13 and TNF-a and the
anti-inflammatory cytokine IL-10 in unchallenged microglia were compared with the levels
from aspirin-treated LPS-challenged cells, a regulatory pattern similar to that seen after
rosuvastatin treatments emerged (Fig. 10). In the case of IL-1B the basal level in
unchallenged (control) microglia was 22.45 + 11.14 pg/ml (Fig. 10A). Both aspirin
treatments were able to change this level (low: 10.26 + 6.9 pg/ml; high: 10.19 + 6.7 pg/ml).
As expected, LPS challenge significantly elevated the IL-1p level to 336.15 +206.91 pg/ml.
However, co-incubation of LPS and 1 mM aspirin significantly inhibited IL-1p level by
about 50%, to 169.6 + 89.0 pg/ml, while 0.1 mM aspirin decreased it by about 16.5 %, to
280.05 + 100.0 pg/ml (Fig. 10A). A similarly strong effect of aspirin was demonstrated on
the level of TNF-a, another proinflammatory cytokine, in LPS-challenged microglial cells
(Fig. 10C, D). Two different treatment periods (6 h and 24 h) were used as the TNF-a
production responded quickly to the LPS challenge. The level of TNF-a in the control
group could not be detected, but its level quickly rose, to 1135.88 + 276.30 pg/ml in the
LPS-challenged cells after 6 h, and the level was still elevated after 24 h (189.92 + 82.20
pg/ml). Aspirin treatments (0.1 mM and 1 mM) resulted in small, detectable TNF-a levels
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for both doses (27.69 + 6.47 pg/ml and 29.23 + 3.87 pg/ml after 6 h, while 8.24 + 3.14
pag/ml and 9.09 + 1.03 pg/ml after 24 h). When aspirin was co-administered to LPS-
challenged cells for either 6 h or 24 h, it inhibited the production of TNF-a significantly in
both doses: 1 mM aspirin decreased the TNF-a level by about 25% (to 863.42 + 157.40
pg/ml after 6 h) and 50% (96.79 + 14.70 pg/ml after 24 h), and 0.1 mM aspirin inhibited its
level only after 6 h by about 16% (to 946.95 + 84.74 pg/ml) (Fig. 10C, D).
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Fig.10. Aspirin reduces the pro-inflammatory cytokine IL-1p and TNF-a levels and increases the
anti-inflammatory IL-10 production. After treatments for 6 or 24 h, immunoreactive protein levels
(pg/ml £+ SD) for IL-1B (A), TNF-a (C, D) and IL-10 (B) were detected by ELISA. TNF-a production was
measured after 6 h and 24 h (C, D). As expected, pro-inflammatory cytokine production was significantly
increased in the LPS-challenged cells (A, C, D). Aspirin (1 mM) inhibited this effect for both IL-1p (A) and
TNF-a (C, D). The level of the anti-inflammatory cytokine IL-10 was measured after 24 h (B). Aspirin (0.1
mM and 1 mM) did not increase the level of IL-10 in unchallenged cultures but strongly increased it in
LPS-challenged cultures (to 115% and 130% of the control values, respectively) (B). Error bars indicate
means = SD of six replicate measurements from three independent culturing. Data were analyzed with two-
way ANOVA. n.d. = not detected. *p < 0.05; **p < 0.01, ***p < 0.001.
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Aspirin also affected the production of IL-10, an anti-inflammatory cytokine (Fig.
10B). When administered alone to unchallenged cells it decreased the IL-10 levels.
However, LPS challenge increased the basal IL-10 level (24.98 + 10.40 pg/ml) significantly
(134.0 £ 32.85 pg/ml). When aspirin was co-administered with LPS, the IL-10 protein
expression was further increased as compared to the LPS challenged value (low: 309.47 +
27.49 pg/ml, high: 280.95 + 90.91 pg/ml).

These data indicate that both rosuvastatin and aspirin have strong overall anti-
inflammatory effects, the result of a combination of a strong inhibition of pro-inflammatory
cytokine production and a similarly strong activation of anti-inflammatory cytokine
synthesis, in LPS-challenged (activated) microglia.

4.5. The effects of rosuvastatin and aspirin on the expression of inflammation-

related genes

When the profound morphological and functional effects of rosuvastatin and aspirin on
the pro- and anti-inflammatory capabilities of the microglia had become apparent, we set
out to analyze the effects of these treatments on the expression of 116 inflammation-
related genes in unchallenged and LPS-challenged pure microglial cells. For the
rosuvastatin experiments the hierarchical cluster analysis of 75 such genes is summarized
in Fig. 11, and the genes with 47 of the the most noteworthy and significant expression
changes in response to treatment are listed in Table 1. For the aspirin experiments the
hierarchical cluster analysis of 46 such genes is summarized in Fig. 12, and those with the
most noteworthy and significant expression changes in response to the treatments are
summarized in Table 2.

Our analysis indicated that treatment with 1 uM rosuvastatin in unchallenged and
LPS-challenged microglia could induce either the upregulation or the downregulation of a
number of genes. The levels of expression of selected inflammation-related genes (for
example, Ccl24, Ccrl, IL-11, Cxcll, Ccl4, Ccl5, Hspbl, TGFb-2 and MbI2) are
highlighted in Fig. 13.
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Fig. 11 Hierarchical cluster analysis of inflammation related genes 1. Cells (subDIV4) were cultured
with or without LPS for 24 h in the presence or absence of rosuvastatin. Rosuvastatin: 1 uM; LPS: 20
ng/ml; LPS + rosuvastatin: LPS (20 ng/ml) + rosuvastatin (1 pM). For hierarchical cluster analysis and
visualization, the Hierarchical Clustering Explorer (v3.0) software was used. The complete linkage
clustering method was applied with Euclidean distance metric. The heat map depicts expression values
relative to control samples on a log, scale (overexpression: red, repression: green and no change: black).

Missing values are indicated in gray.
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Fig. 12. Hierarchical cluster analysis of inflammation related genes I1. Cells (subDIV4) were cultured
with or without LPS for 24 h in the presence or absence of aspirin. Aspirin: 0.1 mM or 1 mM; LPS: 20
ng/ml; LPS + aspirin: LPS (20 ng/ml) + aspirin (0.1 mM or 1 mM). For hierarchical cluster analysis and
visualization, the Hierarchical Clustering Explorer (v3.0) software was used. The complete linkage
clustering method was applied with Euclidean distance metric. The heat map depicts expression values
relative to control samples on a log, scale (overexpression: red, repression: green and no change: black).

Missing values are indicated in grey.
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Some of these genes responded to rosuvastatin in unchallenged or challenged cells, or
were affected by the LPS challenge. The genes upregulated by the LPS challenge included
those coding for chemokine ligands 1, 2, 4, 5, 9, 19 and 24 (Cxcll = 111.6-fold, Ccl2 =
34.5-fold, Ccl4 = 17.6-fold, Ccl5 = 147.0-fold, Cxcl9 = 118.2-fold, Ccl19 = 5.2-fold and
Ccl24 = 24.6-fold), IL-11 (1111 = 19.3-fold), IL-23 receptor (1123r = 246.6-fold) and
mannose-binding lectin (protein C) 2 receptor (Mbl2 = 33.2-fold). Only a few genes were
downregulated by the LPS challenge, the most affected one being that of the myosin
regulatory light chain 2 (Myl2 = -4.4-fold). Rosuvastatin treatment in unchallenged cells
affected fewer, but similarly important microglial genes involved in pro- and anti-
inflammatory processes. The genes upregulated by rosuvastatin included Cxcll (7.0-fold;
Fig. 13D), Ccl5 (6.6-fold; Fig. 13F), and, most importantly, Mbl2 (126.2-fold; Fig. 131), a
crucial factor in the development of innate immunity (Worthley et al., 2005). Rosuvastatin
was in general a weak inhibitor of the expression of inflammatory genes as it
downregulated only a few genes, notably the anti-inflammatory interleukin-10 (1110 = -4.0-
fold) and the proinflammatory chemokine (C-C motif) receptor 1(Ccrl = -2.9-fold). When
rosuvastatin was applied to LPS-challenged cultures (Table 1, Figs. 11, 13), a more
complex picture emerged. Some of the LPS-upregulated genes were inhibited by
rosuvastatin, as seen in the case of Ccl24, where a substantial, 73.5% decrease in gene
expression was observed, down from the 24.5-fold increase after LPS treatment to a 6.5-
fold increase (Fig. 13A), or in the case of Ccrl, where a 49.5% decrease in gene expression
was detected (Fig. 13B). Interestingly, rosuvastatin alone did not exhibit a strong effect on
these latter genes, but only in those cells activated by LPS (Fig. 13C, D). Other genes were
regulated synergistically by rosuvastatin when applied to LPS-challenged microglia. For
example, Cxcll and Ccl4 were both further upregulated by rosuvastatin in LPS-challenged
cells (Fig. 13D, E). Some of the genes related to inflammation were not affected by the LPS
challenge, but reacted weakly to rosuvastatin, as seen in Hspbl gene expression (Fig. 13G,

H), where a 2.8-fold increase was detected.
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Fig. 13. Relative expression levels of various inflammation-related genes identified by real-time PCR in
pure microglia cells treated with rosuvastatin. The cells (subDIV4) were cultured with or without LPS for
24 h in the presence or absence of rosuvastatin. The extraction of total RNA and the real-time PCR are
described in the Materials and methods section. The transcription levels of the chemokine ligand 24 (Ccl24,
A), the chemokine receptor 1 (Ccrl, B), IL-11 (C), the chemokine (CXC motif) ligand 1 (or melanoma
growth-stimulating activity, alpha), (Cxcll, D), the chemokine ligand 4 (Ccl4, E), the chemokine ligand 5
(Ccl5, F), the heat shock protein 1 (Hspbl, G), the transforming growth factor beta (TGFf-2, H) and the
mannose-binding lectin (protein C) 2 (Mbl2, ) are shown in unstimulated (control), LPS-challenged and LPS-
challenged + rosuvsatatin-treated cells. For some pro-inflammatory genes, rosuvastatin inhibited their
expression which was upregulated in LPS-challenged cells. In connection with Cxcl1, Ccl4 and Ccl5, the
combined treatment revealed synergistic effects between rosuvastatin and LPS for Cxcl1, Ccl4 and Ccl5.
Rosuvatatin increased the levels of expression of Hspbl, TGF-# and Mbl2. Relative expression levels (on a
log, scale) = SD from at least four separate experimentsare shown for each condition. Data were analyzed
with two-way ANOVA. *p<0.05, **p<0.01, ***p<0.001
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Table 1. Differentially expressed transcripts in rosuvastatin-treated pure microglial cells with or without
LPS challenge

Gene Name Rosuva- LPS LPS+
NCBI Reference Sequence ID statin Rosuva-
RGD ID statin

Cxcll Chemokine ligand 1 (melanoma growth- stimulating +7.05 +111.55 +394.01
activity, alpha)
NM_030845.1, RGD ID 619869

Csf3 Colony stimulating factor 3 +2.9 +310.7 +321.7
NM_017104.1 (old), NM_017104.2, RGD 1D2426

123r Interleukin 23 receptor +2.12 +246.56 +268.81
XM_001072576.2, RGD ID 1586368

Ccls Chemokine ligand 5 +6.56 +146.97 +241.56
NM_031116.3, RGD ID 69069

Nos2 Nitric oxide synthase +1.82 +169.95 +135.48
U26686.1, RGD ID 3185

Cxcl9 Chemokine ligand 9 +3.82 +118.20 +100.95
NM_145672.4, RGD ID 628798

1112b Interleukin 12B +1.7 +42.0 +87.7
NM_022611.1, RGD 1D628704

Cxcl2 Chemokine ligand 2 +1.2 +75.4 +67.3
NM_053647.1, RGD 1D70069

I11a Interleukin 1 alpha +1.1 +45.3 +57.0
NM_017019.1, RGD 1D2890

Ccl4 Chemokine ligand 4 +3.33 +17.65 +51.0
NM_053858.1, RGD ID 620441

Cxcl5 Chemokine ligand 5 (also known as Cxcl6) +1.1 +54.9 +43.4
NM_022214.1, RGD 1D708540

Ccl2 Chemokine ligand 2 +2.34 +34.49 +33.27
NM_031530.1, RGD ID 3645

Ccl7 Chemokine ligand 7 -1.4 +12.4 +14.4
NM_001007612.1, RGD 1D1359152

Ccl3 Chemokine ligand 3 -1.3 +9.1 +11.4
NM_013025.2, RGD 1D3647

116 Interleukin 6 -1.1 +5.6 +8.4
M26744.1, RGD 1D2901

111 Interleukin 11 -1.99 +19.28 +7.40
NM_133519.4, RGD ID 621475

Ptgs2 Prostaglandin endoperoxide synthase 2 -1.2 +11.8 +7.2
NM_017232.3, RGD 1D620349

Ccl19 Chemokine ligand 19 +2.39 +5.21 +6.87
NM_001108661.1, RGD ID 1310336

Mbl2 Mannose-binding lectin 2 +126.17 +33.22 +6.46
NM_022704.2, RGD ID 67380

Ccl24 Chemokine ligand 24 +1.65 +24.55 +6.51
NM_001013045.1, RGD ID 1310245

Cxcl10 Chemokine ligand 10 +1.8 +4.5 +5.5
NM_139089.1, RGD 1D620209

1122ra2 Interleukin 22 receptor, alpha 2 +1.1 +2.5 +4.0
NM_001003404.1, RGD 1D1303169

1110 Interleukin 10 -3.97 +3.08 +2.69
NM_012854.2, RGD ID 2886

H1rn Interleukin 1 receptor antagonist -2.19 +3.76 +2.63
NM_022194.2, RGD ID 621159

Tlr2 Toll-like receptor 2 -1.5 +1.8 +2.1
NM_198769.2, RGD I1D735138
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Cerl Chemokine receptor 1 -2.89 +3.88 +1.96
NM_020542.2, RGD ID 708446

Traf2 Tnf receptor-associated factor 2 +1.6 +1.9 +1.6
NM_001107815.2, RGD 1D1310457

Mknk1 MAP kinase-interacting serine/threonine kinase 1 +1.4 +1.6 +1.5
NM_001044267.1, RGD 1D1559603

CD47 Cluster of differentiation 47 -1.1 +1.3 +1.4
NM_019195.2, RGD ID 2308

Pla2g4a Phospholipase A2, group IVA (cytosolic, Ca-dependent) -1.7 +1.7 +1.3
NM_133551.2, RGD 1D67366

TIr7 Toll-like receptor 7 -1.2 +1.8 +1.3
EF032637.1, RGD 1D1563357

Ddit3 DNA-damage-inducible transcript 3 -1.3 +1.7 +1.3
NM_001109986.1, RGD ID62391

1118rap Interleukin 18 receptor accessory protein +1.2 +1.7 +1.2
XM_003750691.2, RGD ID727867

Hmgnl High-mobility group nucleosome binding domain 1 +1.6 +1.2 +1.0
NM_001013184.1, RGD 1D1307761

Scarbl Scavenger receptor class B, member 1 +1.1 -1.3 +1.0
NM_031541.1, RGD 1D2302

Jun Jun proto-oncogene +1.2 -1.8 -1.1
NM_021835.3, RGD 1D2943

Hspbl Heat shock protein 1 +2.79 -1.04 -1.19
NM_031970.3, RGD ID 61306

Hc Clathrin, heavy chain +1.0 +1.1 -1.3
NM_019299.1, RGD 1D2364

Tgfb3 Transforming growth factor, beta 3 +1.2 -1.9 -1.4
NM_013174.2, RGD 1D3851

Elmol Engulfment and cell motility 1 -1.0 -1.7 -1.6
NM_001108415.1, RGD 1D1308182

Prkca Protein kinase C, alpha +1.3 -2.1 -1.7
NM_001105713.1, RGD 1D3395

1110rb Interleukin 10 receptor, beta -1.4 -1.1 -1.9
NM_001107111.1, RGD ID1560373

Tgfbrl Transforming growth factor, beta receptor 1 -1.2 -2.5 -2.0
NM_012775.2, RGD 1D3852

Sirpa The signal-regulatory protein a -15 -2.7 -2.8
NM_013016.2, RGD 1D3449

TIr5 Toll-like receptor 5 -1.2 -3.0 -2.9
FJ750588.1, RGD 1D631351

Ccl11 Chemokine ligand 11 -1.2 -1.4 -3.0
NM_019205.1, RGD 1D3644

Myl2 Myosin, light polypeptide 2 -1.3 -4.4 -5.2
NM_001035252.1 (old), NM_001035252.2,
RGD ID1564245

The National Center for Biotechnology Information (NCBI) Reference Sequence Database can be retrieved

at http://www.ncbi.nlm.nih.gov/refseq/. A description of a gene function (RGD ID) can be found in The Rat
Genome Database 2015 (Shimoyama et al., 2015) at http://rgd.mcw.edu/. Data are expressed as fold-change

over the expression of unchallenged and untreated (control) microglial cells. Treatments had different
effects on inflammation-related genes. LPS mostly induced the upregulation of genes as compared with the
untreated control microglia. Rosuvastatin alone also had some effects on these genes. Combined treatment
demonstrated that rosuvastatin had different effects on LPS-activated microglia cells: inhibited the effect of
LPS on certain genes (e.g. Ccl24, Ccrl, Kngl, Nos2, 1111), while it had a synergistic effect with LPS on

others (e.g. Cxcll, Ccl4, 1123r). Note that in Fig. 13 relative expression levels in log, scale are used.
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The analysis of experiments that involved aspirin indicated that treatments with 0.1
mM or 1 mM aspirin in unchallenged and LPS-challenged microglia could induce either the
upregulation or the downregulation of a number of inflammation-related genes. The genes
upregulated by the LPS challenge included those coding for chemokine ligands 1, 2, 4, 5, 7,
9 (Cxcl1l = 84.30-fold, Ccl2 = 16.95-fold, Ccl4 = 9.80-fold, Ccl5 = 38.26-fold, Cxcl5 =
33.19, Cxcl9 = 73.44-fold,) IL-1PB (Z/1p = 24.70-fold), IL-6 receptor (116 = 7.57-fold) and
nitric oxide synthase (Nos2 = 369.22-fold). Only a few genes were downregulated by the
LPS challenge, including Tgfb2 (-1.73-fold), Sirpa (-2.42-fold), TlIr5 (-3.42-fold) and MyI2
(-4.46-fold).

The levels of expression of some inflammation-related genes strongly downregulated
by aspirin are highlighted in Fig. 14. Aspirin treatment in unchallenged cells affected fewer,
but similarly important microglial genes involved in pro- and anti-inflammatory processes.
In unchallenged cells the genes downregulated by aspirin (0.1 mM or 1 mM) included the
anti-inflammatory DNA damage inducible transcript 3 (Ddit =-1.43-fold, and -1.79-fold),
the interleukin 1 receptor antagonist (l11rn = -1.37-fold; -1.44-fold), the proinflammatory
IL6 (116 = -1.23-fold; -1.55-fold) and the proinflammatory chemokine (C-C motif) receptor
1(Ccrl = -1.42-fold, -1.44-fold). When aspirin was co-administered to LPS-challenged
cultures (Table 2), a more complex picture emerged. Some of the LPS-upregulated genes
were inhibited by aspirin, as seen in the case of Ccrl (Fig. 14A), IL1-rn (Fig. 14B) or Nos2
(Fig. 14D). Kngl (Fig. 14C), a proinflammatory gene was downregulated by both aspirin
treatments following LPS challenge. Other genes were further upregulated by aspirin when
applied to LPS-challenged microglia such as the proinflammatory Ccl4 or the chemokine
Ccl5 or Csf2 (Table 2).
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Fig. 14. Relative expression levels of various inflammation-related genes identified by real-time PCR
in pure microglia cells treated with aspirin. The transcription levels of the chemokine receptor 1 (Ccrl,
A), the interleukin 1 receptor antagonist (IL-1rn, B), the kininogen 1 (Kngl, C) and the nitric oxide
synthase (Nos2, D) genes are shown in unchallenged (control), LPS-challenged and LPS-challenged +
aspirin-treated cells. Except for Kngl, these proinflammatory genes were upregulated in LPS-challenged
cells but were all strongly inhibited by both doses of aspirin. Relative expression levels (on a log, scale) +
SD from at least 3 separate experiments are shown for each condition. Data were analyzed with two-way
ANOVA. *p <0.05, **p < 0.01, ***p < 0.001.
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Table 2. Differentially expressed transcripts in aspirin-treated pure microglial cells with or without
LPS challenge

Gene

Name
NCBI Reference Sequence ID
RGD ID

LPS

Aspirin
0.1 mM

Aspirin
1mM

LPS+
Aspirin
0.1 mM

LPS+
Aspirin
1 mM

Ccl2

Chemokine ligand 2
NM_031530.1
RGD ID 3645

+16.95

+1.14

+1.70

+20.92

+21.35

Ccl3

Chemokine ligand 3
NM_013025.2
RGD ID 3647

+11.33

-1.01

-1.31

+18.41

+24.79

Ccl4

Chemokine ligand 4
NM_053858.1
RGD ID 620441

+9.80

-1.05

+1.06

+17.68

+29.80

Ccl5

Chemokine ligand 5
NM_031116.3
RGD ID 69069

+38.26

+1.02

+1.35

+84.12

+62.69

Ccl7

Chemokine ligand 7
NM_001007612.1
RGD ID 1359152

+11.48

-1.14

+1.50

+10.82

+11.82

Cerl

Chemokine receptor 1
NM_020542.2
RGD ID 708446

+4.51

-1.42

144

+2.16

+1.29

Cxcll

Chemokine ligand 1 (melanoma growth-
stimulating activity, alpha)
NM_030845.1

RGD ID 619869

+84.30

-1.51

+4.11

+43.46

+246.78

Cxcl2

Chemokine ligand 2
NM_053647.1
RGD ID 70069

+69.02

-1.37

+1.73

+63.70

+60.07

Cxcl5

Chemokine ligand 5 (Cxcl6)
NM_022214.1
RGD ID 708540

+33.19

+1.41

+2.11

+34.89

+46.37

Cxcl9

Chemokine ligand 9
NM_145672.4
RGD ID 628798

+73.44

+1.40

+1.22

+86.22

+68.51

Cxcl10

Chemokine ligand 10
NM_139089.1
RGD ID 620209

+2.83

-1.30

-1.24

+3.93

+3.21

Csfl

Colony stimulating factor-1
AF515736.1
RGD 1D621063

+1.31

-1.49

-1.03

+1.48

+1.30

Csf2

Colony stimulating factor-2
XM_001074265.1(old)
NM_053852.1

RGD 1D621065

+10.01

+1.20

-1.00

+20.66

+14.84

Csf3

Colony stimulating factor 3
NM_017104.1 (old), NM_017104.2
RGD ID 2426

+305.58

+1.23

+4.96

+282.90

+278.46

Ddit3

DNA-damage inducible transcript 3
NM_001109986.1
RGD ID 62391

+1.25

-1.43

-1.79

+1.14

+1.04

11

Interleukin 1 beta
NM_031512.2
RGD ID 2891

+24.70

+1.18

+1.62

+19.88

+22.98

l11rap

Interleukin 1 receptor accessory protein
NM_012968.1
RGD 1D2893

+1.97

-1.02

+1.06

+2.30

+2.08
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I11irn

Interleukin 1 receptor antagonist
NM_022194.2
RGD ID 621159

+2.83

-1.37

144

+2.02

+1.64

116

Interleukin 6
M26744.1
RGD ID 2901

+7.57

-1.23

-1.55

+10.82

+7.22

1110

Interleukin 10
NM_012854.2
RGD ID 2886

+8.47

+2.01

+1.04

+6.28

+11.87

1118

IFN-gamma-inducing factor (IL-18)
AY077842.1
RGD ID 2889

+2.24

+1.63

-1.29

+1.90

+2.03

Kngl

Kininogen 1
NM_012696.2
RGD ID 2980

+1.04

-1.36

-1.55

-2.75

-2.82

Nos2

Nitric oxide synthase
U26686.1
RGD ID 3185

+369.22

-1.28

+1.78

+73.06

+51.21

Pla2g4a

Phospholipase A2, group IVA (cytosolic,
calcium-dependent)

NM_133551.2

RGD ID 67366

+1.73

-1.33

-1.16

+1.66

+1.07

Ptgs2

Prostaglandin endoperoxide synthase 2
NM_017232.3
RGD ID 620349

+16.83

-1.33

+2.14

+11.76

+12.55

Sirpa

The signal-regulatory protein a
NM_013016.2
RGD ID 3449

-2.42

-1.22

+1.04

-2.84

-2.63

Tgfbl

Transforming growth factor, beta 1
NM_021578.2
RGD ID 69051

-1.21

+1.05

-1.10

+1.25

+1.34

Tgfb2

Transforming growth factor, beta 2
NM_031131.1
RGD ID 70491

-1.73

-1.15

-1.43

-1.47

-2.41

TIr2

Toll-like receptor 2
NM_198769.2
RGD ID 735138

-1.03

-1.49

-1.22

+1.63

+1.63

TIr7

Toll-like receptor 7
EF032637.1
RGD ID 1563357

+2.71

+1.05

-1.36

+1.79

+2.21

The National Center for Biotechnology Information (NCBI) Reference Sequence Database can be retrieved at

http://www.ncbi.nlm.nih.gov/refsea/. A description (Shimoyama et al., 2015) of a gene function (RGD ID) can

be found in The Rat Genome Database 2015 at http://rgd.mcw.edu/. Data are expressed as fold-change over the

expression of unchallenged and untreated (control) microglial cells. Treatments had different effects on

inflammation-related genes. Most of the genes were upregulated by LPS challenge. Aspirin, either alone or in

combination with LPS, had differential effects on the expression of certain genes. For example, aspirin

treatment downregulated Tgfb2, Kngl or Ddit3, while upregulated other genes such as Csf3, IL-10 and CxCI1 in

unchallenged cells. In LPS-challenged microglia, aspirin inhibited IL1rn, Ccrl, Kngl, Nos2, while it had a

synergistic effect with LPS on others (e.g. Cxcl5, Ccl4, Csf2). Note that in Fig. 13 relative expression levels in

log, scale are used.
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5. DISCUSSION

We carried out a complex quantitative investigation of the morphological, functional and
gene expression characteristics of pure microglial cells of embryonic origin after either
rosuvastatin or aspirin treatment in unstimulated or LPS-challenged cultures, and
highlighted the complex beneficial effects of both drugs that make them excellent
candidates for preventive neuroinflammatory therapy with well-balanced properties of
enhanced anti-inflammatory and subdued proinflammatory effects. Although microglial
cells prepared from embryonic nervous tissue may differ from those of the adult brain in
certain characteristics (Floden and Combs, 2006), they are nevertheless similarly responsive
to immunological (LPS) challenge and suitable for morphological, functional and gene
expression studies. When activated, the microglia display both pro- and anti-inflammatory
properties as they can be polarized along a continuum toward a detrimental (M1) or a
beneficial (M2) state in the injured CNS (Kroner et al., 2014). Inflammation that is
mediated, and perhaps enhanced, by the microglia has been implicated in a number of
neuropathological conditions, ranging from acute injuries (Loane and Byrnes, 2010) and
chronic inflammatory conditions (Gay, 2007; Napoli and Neumann, 2010) to
neurodegenerative diseases (Long-Smith et al., 2009; Prokop et al., 2013).

Statins are commonly used for the treatment of high blood cholesterol levels (Burg
and Espenshade, 2011). They are classified on the basis of their lipid-lowering efficacy and
their lipophilic/hydrophilic nature (Hamelin and Turgeon, 1998; Jones et al., 1998;
Davidson, 2002; Schachter, 2005); while lipophilic statins penetrate the cell membrane,
hydrophilic statins such as rosuvastatin (Crestor; AstraZeneca Pharmaceuticals, LP,
Wilmington, DE, USA) are transported through the blood-brain barrier via multiple
transporters, including the family of organic anion-transporting polypeptides (Kitamura et
al., 2008; Abbott et al., 2010). Rosuvastatin exhibits the greatest inhibitory effect on
cholesterol biosynthesis (McTaggart et al., 2001) and most favorably alters the high-density
lipoprotein profile among statins (Asztalos et al., 2007); it was the fourth highest-selling
prescription drug in the USA in 2013 (http://www.drugs.com/stats/top100/2013/sales).

Although their main action is to block cholesterol synthesis, other effects of statins,
including those on the regression of atherosclerotic coronary lesions, are also important
(Wierzbicki et al., 2003). Expecting similarly beneficial effects on the microglia, we
determined how rosuvastatin modulates both pro- and anti-inflammatory actions by

affecting numerous morphological, functional and gene expression parameters in pure
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microglial cultures. These cultures provide a unique opportunity to study these functional
and expression parameters without the significant influence of any contaminating cell types.
Our microglial cultures were > 99% pure, a crucial factor when the levels of secreted pro-
and anti-inflammatory peptides or gene expression levels are measured, as other cell types
in the CNS are also capable of expressing such peptides (Gruol et al., 2014).

Our studies revealed the effects of rosuvastatin on various quantitative morphological
properties of the microglia. Rosuvastatin affected the area, perimeter and Tl profoundly in
both unchallenged and LPS-challenged cells. It generally promoted microspike formation
and increased the cell perimeter and TI through ramification. Concomitantly with the
increase in cell area in both unchallenged and LPS-challenged cells, rosuvastatin affected
the synthesis of Ibal, a protein that is implicated in actin cytoskeleton remodeling (Sasaki et
al., 2001; Ohsawa et al., 2004). As expected, LPS treatment caused microglia activation that
resulted in a low TI, but the combined treatment with LPS + rosuvastatin inhibited this
activation through the development of microspikes and the cells becoming more ramified.
Rosuvastatin strongly inhibited microglia proliferation and adhesion as it significantly
decreased the number of cells in both naive and LPS-challenged cultures. Although the
precise mechanisms are not known, statins are able to inhibit mitosis through cell cycle
arrest in G1 (Yang et al., 2008) and G2/M (Gao et al., 2012). As rosuvastatin displays some
anti-mitogenic effect, its regular use may prove beneficial in lowering the risks of a number
of cancer types (Simon et al., 2012). To quantify cell adhesion, we used the cell index value
(Atienza et al., 2005; Jarvis et al., 2011). Our finding that rosuvastatin lowered cell
adhesion in both unchallenged and LPS-challenged cells is in harmony with previous
reports on the ability of statins to decrease the expression of cell adhesion molecules
(Weber et al., 1997; Wierzbicki et al., 2003).

We also examined how rosuvastatin altered fluid-phase phagocytosis. Phagocytosis is
crucial in both the normal and the pathologic CNS as it efficiently eliminates foreign
materials, apoptotic cells and cell debris (Kettenmann et al., 2011), and alteration of this
clearance function could be harmful (Hickman and EI Khoury, 2014; Lue et al., 2014). For
example, proinflammatory phenotypes are linked to the phagocytic activity, and the
blocking of phagocytosis may prevent some forms of inflammatory neurodegeneration, and
might therefore be beneficial during infection, trauma, ischemia, neurodegeneration and
aging (Neher et al., 2011; He et al.,, 2014). LPS is a strong activator of microglial
phagocytosis (Nakamura, 2002; Lund et al., 2006; Szabo and Gulya, 2013). In our study,

rosuvastatin inhibited phagocytosis completely in the LPS-challenged microglia, while it
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was ineffective in inhibiting the basal-level phagocytosis in unchallenged cells, indicating
that rosuvastatin is a potent inhibitor of this function only in proinflammatory situations.

Cytokines, important immunomodulators in the normal functioning of the CNS, can
be released, among others, by the microglial cells. Cytokines can also be harmful: previous
studies have shown that neurodegeneration originating through neuroinflammation is often
elicited by activated microglia (McGeer and McGeer, 2003, 2010) through the release of
different proinflammatory cytokines and chemokines (Hanisch, 2002). High levels of IL-1p
could be observed, for instance, in the vicinity of amyloid plaques of AD patients (McGeer
et al., 1993; Lindberg et al., 2005; Ghosh et al., 2013), where activated microglia
accumulate (Rodriguez et al., 2014). Previous studies also suggested that statins reduce the
levels of some of the proinflammatory cytokines (Lindberg et al., 2005; Nakamichi et al.,
2006; Veillard et al., 2006) and increase the anti-inflammatory cytokine 1L-10 (Schonbeck
and Libby, 2004). As expected, both pro- (IL-1B, TNF-a) and anti-inflammatory cytokines
(IL-10) were increased in LPS-challenged cells as compared with the unchallenged
(control) group. Rosuvastatin did not significantly affect the basal cytokine levels in
unchallenged microglia, but strongly inhibited the levels of the proinflammatory cytokines
IL-1p and TNF-a when tested in LPS-challenged cells. Besides the inhibition of these pro-
inflammatory agents, rosuvastatin exerted a direct anti-inflammatory effect by elevating the
level of IL-10 in both unchallenged and LPS-challenged cells. Effects of rosuvastatin on
such diverse immune mechanisms of microglia as phagocytosis and cytokine production
indicated a strong likelihood of its involvement in many other immune system-wide
functions and possible effects on inflammation-related genes.

We demonstrated that rosuvastatin, LPS and their combination had differential effects
on the expression of inflammation-related genes. Several genes were upregulated after LPS
challenge, confirming its strong proinflammatory effects on the microglia. Rosuvastatin
itself, and in combination with LPS, displayed different effects on gene expression.
Although rosuvastatin was not able to decrease all the LPS-upregulated genes, it suppressed
the pro-inflammatory effects of LPS on some genes such as Ccl24 or Ccrl. Ccl24 is a
chemokine that can readily be upregulated by proinflammatory cytokines or microbial
stimulus such as LPS (Watanabe et al., 2002). Ccrl is implicated in MS and experimental
autoimmune encephalomyelitis (EAE). Previous studies suggested that Ccrl could be
upregulated in EAE (Rottman et al., 2000), and the microglia expressed Ccrl around the
demyelinating plaques, making Ccrl antagonists or inhibitors possible targets for the

development of an effective therapy for MS (Hesselgesser et al., 1998; Eltayeb et al., 2007).



50

Rosuvastatin additionally increased the expression of certain other genes. Its general
effects on the microglia were predominantly anti-inflammatory. The gene most upregulated
by rosuvastatin was Mbl2, which is important in innate immunity (Worthley et al., 2005; Ip
et al., 2009) and involved in the stimulation of phagocytosis (Stuart et al., 2005). Hspb1 was
also upregulated by rosuvastatin. Hspbl is a heat-shock protein with strong anti-apoptotic
potential that regulates the cytoskeleton dynamics through F-actin stabilization (Concannon
et al., 2003). Cxcll has been reported to be an anti-inflammatory protein with a
neuroprotective role (Omari et al., 2009). Additional chemokine genes such as Ccl2 (El
Khoury et al., 2007; EI Khoury and Luster, 2008), Cxcl1 (Bosivert et al., 2006) and Ccl5
were all upregulated in our studies and implicated in microglia recruitment to areas of
inflammation. Although Ccl5 has been demonstrated to induce proinflammatory
mechanisms (Skuljec et al., 2011), it has also been shown to ameliorate AD-like pathology
by recruiting microglia to B-amyloid deposits (Lee et al., 2012) and to protect against
neuronal injury (Campbell et al., 2013; Lim and Mochetti, 2015).

We also examined if aspirin was able to exert similar effects on microgial cells. As
being one of the most commonly used drugs, it is noted for its strong anti-inflammatory
actions. It acetylates the active site of the enzyme COX, and irreversibly blocks the
conversion of arachidonic acid to prostanoid (Vane and Botting, 2003). Apart from its
classical beneficial role in cardiovascular diseases, however, aspirin may also be beneficial
in neuroinflammation-related disorders given that appropriate target cells, the microglia, are
present in the nervous tissue.

Aspirin reversed the morphological effects of LPS-induced microglia activation
through the increase of the area, perimeter and TI values; the combined treatment with LPS
also inhibited this activation through the development of microspikes and inducing the cells
to become more ramified. Aspirin also affected the synthesis of Ibal protein (Oshawa et al.,
2004; Szabo et al., 2016). Similarly to rosuvastatin, aspirin inhibited phagocytosis in the
LPS-challenged microglia only, while it did not affect the basal phagocytotic activity in
unchallenged cells, a physiological microglial function crucial for maintaining a healthy
CNS.

LPS is the main ligand for Toll-like receptor 4 (TLR4). TLR4-induced signalling
activates the NF-xB and MAPK pathways leading to the production of proinflammatory
cytokines (Fuentes et al., 2016; Korneev et al., 2017). Aspirin inhibits the production of
proinflammatory cytokines through the suppression of LPS-induced NF-kB and MAPK
pathways in microglial cells (Cianciulli et al., 2016; Sun et al., 2017; Yang et al., 2014).
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NF-kB activity is suppressed in the cytoplasm with an inhibitory IxkB protein. The
phosphorylation and degradation of 1kB activates NF-kB and allows to the NF-kB dimer to
translocate to the nucleus and activate target genes such as IL-/ and TNF-a (Sun et al,
2017; Yang et al, 2014). LPS-stimulated degradation of IkB could be strongly inhibited by
aspirin (Yang et al, 2014). The anti-inflammatory property is mediated by inhibition of
several members of MAPK family, e.g. p38 MAPK and ERK1/2 (Jung et.al, 2009; Li et al.,
2017); according to recent data, aspirin enhances the inhibition of p38 MAPK and ERK
phosphorylation in BVV2 microglial cells (Yang et al., 2014).

Previous studies demonstrated a strong relationship between cytokines and
neurodegenerative diseases through the activation of microglia (McGeer and McGeer,
2010). Microglial cells activated by p-amyloid deposits produce toxic mediators and pro-
inflammatory cytokines such as IL-1p, IL-6, TNF-a and enzymes such as iNos that could
result in chronic inflammation (Benveniste et al, 2001). High level of IL-1B could be
observed in the vicinity of amyloid plaques of AD patients (McGeer et al., 1993) that could
also be responsible for plague accumulation (Akiyama et al., 2000). COX-2 is also
increased in AD patients (Akiyama et al., 2000). Similarly to the findings for AD, previous
studies also suggested that activated microglia was associated with neuronal loss during PD
due to the activation of cytokines, COX-2 and iNos expression (Orr et al., 2002; Phani et
al., 2012). Increased levels of TNF-o and NO could cause demyelination in MS (Minagar et
al., 2002). As expected, both pro- (IL-1p, TNF-a) and anti-inflammatory (IL-10) cytokines
were increased in LPS-challenged microglia as compared with the unchallenged cells.
Aspirin did not significantly affect the basal cytokine levels in unchallenged cells, but
effectively reduced the levels of the proinflammatory cytokines IL-1 and TNF-o when
tested in LPS-challenged microglia. Besides the inhibition of these proinflammatory agents,
aspirin was also able to elevate the anti-inflammatory IL-10 in LPS-challenged cells. Thus,
aspirin is remarkably beneficial as it concomitantly decreased proinflammation- but
increased anti-inflammation-related mechanisms in immunochallenged cells.

We also demonstrated that aspirin, LPS and their combination had differential effects
on the expression of several inflammation-related genes in pure microglial cells. Some of
these genes encode markers that can be related to different microglia subtypes proposed as
M1 or M2 phenotypes (Moehle and West, 2015; Orihuela et al., 2016). In this context, for
example, the proinflammatory IL-/p, IL-6, IL-18, Cxcl9, TNF-a, Cxcl10, and the
chemokine Ccl5, genes encode M1 markers, while the anti-inflammatory IL-10 and the

proinflammatory Tgfb2 genes are M2 markers (Franco and Fernandez-Suarez, 2015). In an
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LPS-based animal model for PD, a Rho kinase inhibitor reversed the inflammatory M1 to
anti-inflammatory M2 microglia, decreased NF-xB activation, and inhibited IL-12 and
TNF-a. generation (He et al., 2016), demonstrating a protective effect against LPS-mediated
dopamine degeneration. It must be noted, however, that the concept of M1/M2 polarization
of microglia cells is not universally accepted and needs reassessment (Martinez and
Gordon, 2014; Ransohoff, 2016). Our study demonstrated that several genes were
upregulated after LPS challenge, confirming its strong proinflammatory effects on
microglia. Aspirin, both alone and in combination with LPS, displayed different effects on
microglial gene expression. It suppressed the proinflammatory effects of LPS on some
genes such as Ccrl and Nos2. It may be of importance that Ccrl was previously associated
with both MS and EAE (Rottman et al., 2000) and Ccrl protein was localized around the
demyelinating plaques (Eltayeb et al., 2007). In our experiment (Fig. 14A) both aspirin
doses decreased Ccrl expression. Multiple studies concluded that Nos2 has a central role in
inflammatory reactions and pathogenesis of certain neurodegenerative diseases (Galea and
Feinstein, 1999; Akiyama et al., 2000; Block and Hong, 2005). Thus, downregulating Nos2
expression could be crucial for possible future therapies. We demonstrated that aspirin
inhibited Nos2 expression significantly in LPS-challenged microglia. Kininogen (Kngl) is
well known for its proinflammatory properties (Stewart et al., 1997; Sharma and Yusof,
1998) as it increases the release of inflammatory cytokines and affects the formation of
inflammatory exudate and pain (Ueno and Ohishi, 2003). Aspirin also increased the
expression of genes that were predominantly anti-inflammatory e.g. IL-10, Tgfbl or Ccl5.
For example, 1L-10 is a well known anti-inflammatory cytokine that limits the production
of proinflammatory cytokines including IL-1a and -8, IL-6, IL-12, IL-18, and TNF-o
(Couper et al., 2008). Previous studies showed that Tgfbl had a protective effect against
excitotoxicity and the loss of this protein resulted in neurodegeneration (Brionne et al.,
2003). Ccl5 was also upregulated due to aspirin treatment similarly to that of rosuvastatin,.
Upregulation of such anti-inflammatory genes in the prevention or amelioration of
neurodegenerative disorders could prove beneficial.

In summary, both rosuvastatin and aspirin elicit strong responses to microglial
functions in vitro. They inhibit the harmful proinflammatory signals and significantly
enhance the beneficial anti-inflammatory actions after LPS challenge in pure microglial
cells. Their pleiotropic beneficial effects include the robust inhibition of phagocytosis and

the synthesis of proinflammatory cytokines combined with a very strong stimulation of anti-
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inflammatory cytokine production, and a beneficial differential expression of a number of
inflammation-related genes. In connection with rosuvastatin we also observed some anti-
mitogenic effect. As activated microglia often damage neuronal tissues or cause chronic
inflammation by excessive cytokine production combined with high level of phagocytosis,
effective inhibition of proinflammatory actions by these drugs could be an important
prophylactic therapy in preventing or ameliorating neuroinflammation and thus
neurodegeneration. Our data indicate that both rosuvastatin and aspirin beneficially regulate
microglia, cells that could be a target in treating or preventing neurodegenerative disorders.
Given the large population who receives aspirin for pain medication and prevention of a
number of pathologic conditions or rosuvastatin for lipid-lowering treatment, to study the
interactions of theses drugs with the nervous system is even more important. Early
observations revealed that NSAIDs could reduce the risk of AD (McGeer et al., 1996;
Stewart et al., 1997), a notion that has not been proven in randomised controlled trials
assessing the efficacies of aspirin, steroidal and non-steroidal anti-inflammatory drugs in
AD (Jaturapatporn et al., 2012). Previous studies also suggested that statins may reduce the
risk of dementia (Jick et al., 2000). As the effects of aspirin on selected morphological,
functional and gene expression characteristics of microglia are very similar to that of
rosuvastatin, and these drugs are frequently prescribed together for a number of
cardiovascular illnesses, their extended use may have contributed to the lower than
expected incidence of AD (Schrijvers et al., 2012). Thus, the individual and combined
effects of aspirin and rosuvastatin on microglial functions should be further analyzed for a
prophylactic therapeutic approach in neurodegenerative disorders. Microglial cells could

therefore be a novel, specific therapeutic targets in fighting neurodegenerative disorders.
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6. CONCLUSION

We characterized the morphological, functional and immunomodulatory effects of
rosuvastatin and aspirin in pure secondary microglial cells derived from mixed primary
cortical cultures of embryonic (E18) rat forebrains.

Analyzing Ibal immunoreactivity and binary silhouettes of microglia we
determined the morphological changes of microglial cells by measuring their TI values.
LPS-induced activation resulted in low TI (T1 < 2) but both rosuvastatin and aspirin were
able to inhibit this effect and increased the cell size, filopodia and microspike
development of microglial cells (T1 > 6).

The quantitative analysis of the engulfed fluorescent microspheres revaled that both
rosuvastatin and aspirin inhibited the LPS-induced phagocytosis by more than 50%.

We used enzyme-linked immunosorbent assay to determine the amount of pro-
inflammatory and anti-inflammatory cytokine level released by microglia. Although LPS
treatment elevated the proinflammatory IL-1p (over 150 pg/ml) and TNF-a (over 900
pa/ml) levels, both drugs significantly reduced the levels of these cytokines by about 20-
50%. Rosuvastatin and aspirin were also able to increase the anti-inflammatory 1L-10
production in LPS-activated cells from 25-40 pg/ml to 280-310 pg/ml as compared to
unchallenged (control) cells.

Rosuvastatin and aspirin also affected the expression patterns of certain genes. We
analyzed the effects of these treatments on 116 inflammation related genes in the
unchallenged and LPS-induced pure microglial cells. Both drugs induced either the
upregulation or the downregulation of a number of genes. Rosuvastatin was able to
supress the proinflammatory effects of LPS on some genes such as Ccl24 or Ccrl, and
upregulated anti-inflammatory genes such as Cxcll or Hspbl, while aspirin
downregulated proinflammatory genes such as IL-6, Ccrl or Nos2 and upregulated the

anti-inflammatory Ccl5.

In summary the main findings of this study are:

1. TI values revealed that both rosuvastatin and aspirin promoted ramified microglial
morphology with Tl > 6, and both drugs were able to antagonize the morphological
changes characteristic of LPS-induced microglial activation (T1 < 2);

2. Rosuvastatin inhibited the cell proliferation by 40-60% and decreased the adhesion of

microglial cells;



55

3. Both rosuvastatin and aspirin were able to reduce the LPS-induced robust phagocytic
activity but they did not affect to the basal (physiological) phagocytosis;

4. Rosuvastatin and aspirin had strong overall anti-inflammatory effect as they inhibited
the proinflammatory cytokines (IL-1p, TNF-a) and stimulated the anti-inflammatory
IL-10 in activated microglial cells;

5. Analysis of the gene expression patterns revealed that both rosuvastatin and aspirin
had various effects on a large number of inflammation-related genes in pure microglial
cells. Out of the 116 inflammation related genes rosuvastatin significantly changed the
expression pattern of 47 genes, while aspirin altered significantly the expression level
of 30 genes. They inhibited several proinflammatory genes such as Ccrl, Ccl24, IL-6
or Nos2, while they upregulated other genes such as the anti-inflammatory Cxcl1, Ccl5
or IL-10.
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Abstract—Microglial activation results in profound morpho-
logical, functional and gene expression changes that affect
the pro- and anti-inflammatory mechanisms of these cells.
Although statins have beneficial effects on inflammation,
they have not been thoroughly investigated for their ability
to affect microglial functions. Therefore the effects of
rosuvastatin, one of the most commonly prescribed drugs
in cardiovascular therapy, either alone or in combination with
bacterial lipopolysaccharide (LPS), were profiled in pure
microglial cultures derived from the forebrains of 18-day-
old rat embryos. To reveal the effects of rosuvastatin on a
number of pro- and anti-inflammatory mechanisms, we per-
formed morphometric, functional and gene expression stud-
ies relating to cell adhesion and proliferation, phagocytosis,
pro- and anti-inflammatory cytokine (IL-1p, tumor necrosis
factor a (TNF-o) and IL-10, respectively) production, and the
expression of various inflammation-related genes, including
those related to the above morphological parameters and cel-
lular functions. We found that microglia could be an impor-
tant therapeutic target of rosuvastatin. In unchallenged
(control) microglia, rosuvastatin inhibited proliferation and
cell adhesion, but promoted microspike formation and ele-
vated the expression of certain anti-inflammatory genes
(Cxcl1, Ccl5, Mbl2), while phagocytosis or pro- and anti-
inflammatory cytokine production were unaffected. More-
over, rosuvastatin markedly inhibited microglial activation
in LPS-challenged cells by affecting both their morphology
and functions as it inhibited LPS-elicited phagocytosis and
inhibited pro-inflammatory cytokine (IL-1p, TNF-a) produc-
tion, concomitantly increasing the level of IL-10, an anti-
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Abbreviations: AD, Alzheimer’s disease; Cd, cluster of differentiation;
CNS, central nervous system; DIV, days in vitro; DMEM, Dulbecco’s
Modified Eagle’s Medium; E18, embryonic day 18; EAE, experimental
autoimmune encephalomyelitis; ELISA, enzyme-linked immunosorbent
assay; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase (EC 1.2.1.12); Iba1, ionized calcium-binding adaptor
molecule 1; IL, interleukin; LPS, bacterial lipopolysaccharide; MS,
multiple sclerosis; PBS, phosphate-buffered saline; RT, room
temperature; S.D., standard deviation; subDIV, subcloned days
in vitro; TBS, Tris-buffered saline; Tl, transformation index; TNF-a,
tumor necrosis factor o.
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0306-4522/© 2015 The Authors. Published by Elsevier Ltd. on behalf of IBRO.

inflammatory cytokine. Finally, rosuvastatin beneficially
and differentially affected the expression of a number of
inflammation-related genes in LPS-challenged cells by
inhibiting numerous pro-inflammatory and stimulating sev-
eral anti-inflammatory genes. Since the microglia could elicit
pro-inflammatory responses leading to neurodegeneration, it
is important to attenuate such mechanisms and promote anti-
inflammatory properties, and develop prophylactic therapies.
By beneficially regulating both pro- and anti-inflammatory
microglial functions, rosuvastatin may be considered as a
prophylactic agent in the prevention of inflammation-related
neurological disorders. © 2015 The Authors. Published by
Elsevier Ltd. on behalf of IBRO. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0)).

Key words: anti-inflammation, gene expression, lipopolysac-
charide, phagocytosis, pro-inflammation, rosuvastatin.

INTRODUCTION

Microglia, the main immune cells in the central nervous
system (CNS), are derived from the monocyte/macrophage
lineage (Ginhoux et al., 2010). They play important roles
in both physiological and pathophysiological conditions
such as traumatic injury, stroke, ischemia or neurodegen-
erative diseases (Kreutzberg, 1996). In response to activa-
tion, the microglia transform from a resting state to an
activated form, during which profound morphological and
functional changes take place, such as process retraction,
proliferation, phagocytosis and cytokine expression
(Gehrmann et al., 1995; Kreutzberg, 1996; Hanisch, 2002;
Luo and Chen, 2012). Although such anti-inflammatory
mechanisms are essential in protecting the CNS, activated
microglial cells can also be harmful to neurons by eliciting
neuroinflammation that could lead to neurodegeneration
(Banati et al., 1993; Gehrmann et al., 1995; Gonzalez-
Scarano and Baltuch, 1999; Streit, 2002; Graeber, 2010;
Gresa-Arribas etal., 2012; Ghosh et al., 2013). In Alzheimer’s
disease (AD), for example, the microglia produce pro-
inflammatory factors such as interleukin-1§ (IL-1B) around
the amyloid plaques, and these factors may themselves
become important components of the AD pathology because
of their ability to increase the expression of amyloid precursor
protein (Cordle and Landreth, 2005; Ghosh et al., 2013).
Accumulating evidence indicates that a sequence of
events contributes to the development and progression
of AD, including oxidative stress, inflammation, and
altered cholesterol metabolism (Gamba et al., 2015).
Oxidative stress may be crucial in the development of

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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neuroinflammation as oxidized cholesterol could act as a
link connecting peripheral hypercholesterolemia to altered
cholesterol metabolism in the brain (Gamba et al., 2015).
Cholesterol modulates the processing of amyloid precur-
sor protein and the production of B-amyloid peptides
(Shobab et al., 2005), while removing cholesterol amelio-
rates the production these peptides in animal models
(Bodovitz and Klein, 1996; Simons et al., 1998).

Statins  (3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors) are the agents of first choice for
the treatment of high cholesterol levels (Taylor et al.,
2013). Although their main effects are related to the lipid
metabolism (inhibition of cholesterol synthesis, reduction
of the levels of low-density lipoproteins and triglycerides,
and stimulation of the expression of high-density lipopro-
teins), they also strongly modulate inflammatory cells
around atherosclerotic plaques (Wierzbicki et al., 2003;
Burg and Espenshade, 2011). Apart from their therapeu-
tic use in cardiovascular diseases, statins may also have
beneficial effects in the CNS (Zipp et al., 2007; van der
Most et al., 2009; Famer et al., 2010) as animal studies
have demonstrated that statins attenuate neuroinflamma-
tion (Zelcer et al., 2007) and reduce senile plaques and
inflammatory responses (Kurata et al., 2012).

Interestingly, in spite of being an obvious target for
statins, microglial cells have not been at the focus of
statin research. There have only been a few studies to
demonstrate that under in vitro circumstances the
microglia respond to statins such as atorvastatin and
simvastatin (Lindberg et al., 2005; Nakamichi et al.,
2006). In the present study, we investigated the effects
of rosuvastatin, the most widely used and arguably the
most effective statin (Nissen et al., 2006; Nicholls et al.,
2011), on cultured pure microglia cells derived from mixed
cultures of 18-day-old embryonic (E18) rat forebrains
under control (unstimulated) and bacterial lipopolysac-
charide (LPS)-stimulated conditions (Nakamura et al.,
1999; Lund et al., 2006; Gresa-Arribas et al., 2012). To
reveal the effects of rosuvastatin on a number of
pro- and anti-inflammatory mechanisms, we performed
morphometric, functional and gene expression studies
relating to cell adhesion and proliferation, phagocytic
capability, pro- and anti-inflammatory cytokine (IL-1p,
tumor necrosis factor o (TNF-a) and IL-10, respectively)
production, and the expression of various inflammation-
related genes, including those related to the above mor-
phological parameters and cellular functions.

EXPERIMENTAL PROCEDURES
Animals

All animal experiments were carried out in strict
compliance with the European Council Directive
(86/609/EEC) and EC regulations (O.J. of EC No. L
358/1, 18/12/1986) regarding the care and use of
laboratory animals for experimental procedures, and
followed the relevant Hungarian and local legislation
requirements. The experimental protocols were
approved by the Institutional Animal Welfare Committee
of the University of Szeged (I-74-11/2009/MAB). The
pregnant Sprague—Dawley rats (45 rats, 170-190 g)

were kept under standard housing conditions and fed
ad libitum.

Antibodies

For a thorough characterization of different microglial
phenotypes developed in vitro, an antibody against
ionized calcium-binding adaptor molecule 1 (lba1), an
intracellular actin- and Ca2+-binding protein expressed
in the CNS specifically in macrophages and microglia
(Ahmed et al., 2007), was used in our immunocytochem-
ical and Western blot analyses. The anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody was
used as an internal control in Western blot experiments
(Wu et al., 2012). Dilutions of primary and secondary anti-
bodies, and also incubation times and blocking conditions
for each antibody used were carefully tested for both
immunocytochemistry and Western blot analysis. To
detect the specificities of the secondary antisera, omis-
sion control experiments (staining without the primary
antibody) were performed. In such cases, no fluorescent
or Western blot signals were detected.

Cell cultures

Pure microglial cells were isolated from mixed primary
cortical cell cultures of rat embryos of either sex by the
method we described earlier (Szabo and Gulya, 2013).
Sibling embryos obtained from the same pregnancy were
processed for culturing together; each pregnancy was
considered as an independent experiment. Briefly,
10-12 fetal rats (E18) under anesthesia were decapitated
and the frontal lobe of the cerebral cortex was removed,
minced with scissors, incubated in 9 ml Dulbecco’s Modi-
fied Eagle’s Medium (DMEM,; Invitrogen, Carlsbad, USA)
containing 1 g/l p-glucose, 110 mg/l Na-pyruvate, 4 mM
L-glutamine, 3.7 g/ NaHCO3;, 10,000 U/ml penicillin G,
10 mg/ml streptomycin sulfate, 25 ug/ml amphotericin B
and 0.25% trypsin for 10 min at 37 °C, and then cen-
trifuged at 1000g for 10 min at room temperature (RT).
The pellet was resuspended and washed twice in 5 ml
DMEM containing 10% heat-inactivated fetal bovine
serum (FBS; Invitrogen) and centrifuged for 10 min at
1000g at RT. The final pellet was resuspended in 2 ml
DMEM/10% FBS, after which the cells were plated in
the same medium on a poly-L-lysine-coated culture flask
(75 cm?, 12 x 10° cell/flask) and cultured at 37 °C in a
humidified air atmosphere supplemented with 5% CO.,,
in one or other of the following ways: (1) in poly-L-lysine-
coated coverslips (15 x 15 mm; 2 x 10° cells/coverslip)
for immunocytochemistry; (2) in poly-L-lysine-coated Petri
dishes (60 mm x 15 mm; 4 x 10° cells/dish) for Western
blot analyses and enzyme-linked immunosorbent assay
(ELISA) studies; or (3) in a poly-L-lysine-coated culture
flask (75cm? 12 x 10° cells/flask) for the subsequent
generation of pure microglial cell cultures.

Secondary microglial cells were subcloned from
mixed primary cultures (DIV7) maintained in a poly-L-
lysine-coated culture flask (75 cm?, 12 x 10° cells/flask)
by shaking the cultures at 100 rpm in a platform shaker
for 30 min at 37 °C. Cultures from the same pregnancy
were kept separate. Microglia from the supernatant
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were collected by centrifugation at 3000g for 8 min at
RT and resuspended in 2 ml DMEM/10% FBS. The cells
were seeded at a density of 4 x 10° cells/Petri dish for
Western blots or 2 x 10° cells/coverslip/Petri dish for
immunocytochemistry, proliferation or phagocytosis
assays, and cultured in DMEM in a humidified
atmosphere supplemented with 5% CO, at 37 °C. The
medium was changed on the first day after seeding
(subDIV1). Immunocytochemistry routinely performed on
the pure microglial cultures four days after seeding
(subDIV4) consistently detected a >99% incidence of
the Iba1-immunopositive microglial cells for the Hoechst
33258 dye-labeled cell nuclei.

Cell culture treatments

On the fourth day of subcloning (subDIV4), DMEM was
replaced and the expanded pure microglial cells were
treated for 24 h with either LPS (20 ng/ml final conc.,
dissolved in DMEM; Sigma, St. Louis, MO, USA) or
rosuvastatin (1 uM final conc., dissolved in sterile,
distilled water; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) alone, or with a combination of LPS
+ rosuvastatin, and the effects were compared in a
variety of morphological and functional tests. LPS
treatment served as an immunochallenge. Four types of
treatment regimens were used: (1) control
(unchallenged and untreated) cultures; (2) LPS-
challenged cultures received 20ng/ml LPS; (3)
rosuvastatin-treated cultures were stimulated with 1 uM
rosuvastatin; (4) LPS-challenged + rosuvastatin-treated
cultures received both drugs in the indicated doses.
Depending on the experiments, the treatments lasted for
6, 24 or 72 h at 37 °C.

Cell adhesion and proliferation

To measure changes in cell adhesion and proliferation
and cell viability, the ACEA Real-Time Cell Analysis
(RTCA) system and 16-well E-Plates (Acea
Biosciences, Inc., San Diego, CA, USA) were used.
This system measured the electrical impedance of the
cells expressed as cell index in real time. Briefly,
4 x 10° pure microglial cells in poly-L-lysine-coated Petri
dishes were plated as described above. On the fourth
day of culturing, the cells were trypsinized, centrifuged
as above and seeded into gelatin-coated 16-well
E-Plates at a density of 6000 cells per well. Test doses
of LPS and rosuvastatin, either alone or in combination,
were added to the wells before plating. After
equilibration at RT for 10 min, the E-plate was loaded
into the RTCA machine and the cell index was
measured continuously for 60h wusing the cell
microelectronic sensing technique with the xCELLigence
real-time cell analysis system (RTCA DP; Acea
Biosciences) as we published earlier (Ozsvari et al.,
2010). Cell indices at 24 h were analyzed for comparison
with cell proliferation data. Data analysis was carried out
with the system’s dedicated software (RTCA Software
1.2; Acea Biosciences) and Excel (Microsoft Corp., Red-
mond, WA, USA). To estimate the number of surviving/
proliferating microglial cells after treatments, the cultures

were washed twice with 2 ml phosphate-buffered saline
(PBS) to remove cell debris, treated with 0.25% trypsin
solution for 10 min at 37 °C, collected and counted in a
Burker cell counting chamber. The number of viable cells
was presented as mean + S.D.

Immunocytochemistry

Pure microglial cultures treated with different treatment
regimens were fixed on coverslips with 4%
formaldehyde for 5 min and rinsed with 0.05 M PBS for
2 x 5min. After permeabilization and blocking of the
nonspecific sites in 0.05 M PBS solution containing 5%
normal goat serum (Sigma), 1% heat-inactivated bovine
serum albumin (Sigma) and 0.05% Triton X-100 for
30min at 37°C, the cells on the coverslips were
incubated overnight in a humidified chamber at 4 °C
with rabbit anti-lba1 polyclonal antibody (1:500 final
dilution; Wako, Japan), a microglia-specific actin-binding
protein, in the above solution as we described
previously (Szabo and Gulya, 2013). The cultured cells
were washed for 4 x 10 min at RT in 0.05M PBS, and
then incubated with the Alexa Fluor 568 fluorochrome-
conjugated goat anti-rabbit antibody (1:1000 final dilution;
Invitrogen) in the dark for 3 h at RT. The cells on the cov-
erslip were washed for 4 x 10 min in 0.05 M PBS at RT,
and the nuclei were stained in 0.05M PBS solution
containing 1 mg/ml polyvinylpyrrolidone and 0.5 ul/ml
Hoechst 33258 dye (Sigma). The coverslips were rinsed
in distilled water for 5 min, air-dried and mounted on
microscope slides in Vectashield mounting medium (Vec-
tor Laboratories, Burlingame, CA, USA). Cells were
viewed on a Nikon Microphot-FXA epifluorescent micro-
scope (Nikon Corp., Tokyo, Japan) and photographed
with a Spot RT Color CCD camera (SPOT RT/ke,
Diagnostic Instruments, Inc., Sterling Heights, MI, USA).

Western blot analysis

Cultured microglial cells (subDIV4) were collected
through use of a rubber policeman, homogenized in
50 mM Tris—HCI (pH 7.5) containing 150 mM NaCl,
0.1% Nonidet P40, 0.1% cholic acid, 2 ug/ml leupeptin,
1 pug/ml pepstatin, 2 mM phenylmethylsulfonyl fluoride
and 2 mM EDTA, and centrifuged at 10,000g for 10 min.
The pellet was discarded and the protein concentration
of the supernatant was determined (Lowry et al., 1951).
For the Western blot analyses, 5-10 pug of protein was
separated on an SDS polyacrylamide gel (4—10% stack-
ing gel/resolving gel), transferred onto Hybond-ECL nitro-
cellulose membrane (Amersham Biosciences, Little
Chalfont, Buckinghamshire, England), blocked for 1 h in
5% nonfat dry milk in Tris-buffered saline (TBS) contain-
ing 0.1% Tween 20, and incubated overnight with either
a rabbit anti-lba1 polyclonal antibody (1:1000 final dilu-
tion; Wako) or a mouse anti-GAPDH monoclonal antibody
(clone GAPDH-71.1; 1:20,000 final dilution; Sigma). After
five rinses in 0.1% TBS—Tween 20, the membranes were
incubated for 1 h with the peroxidase-conjugated goat
anti-rabbit secondary antibody (1:2000 final dilution; Invit-
rogen) for Iba1 or with the peroxidase-conjugated rabbit
anti-mouse secondary antibody (1:2000 final dilution;
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Sigma) for GAPDH Western blots, and washed five times
as before. The enhanced chemiluminescence method
(ECL Plus Western blotting detection reagents; Amersham
Biosciences) was used to reveal immunoreactive bands
according to the manufacturer’s protocol.

In vitro phagocytosis

The fluid-phase phagocytotic capabilities of the control
and variously treated pure microglial cell cultures were
determined via the uptake of fluorescent microspheres
(carboxylate-modified polystyrene beads, fluorescent
yellow-green (lex ~470 nm; Aem ~505nm), aqueous
suspension, 2.0 um mean particle size; L4530, Sigma)
as we described previously (Szabo and Gulya, 2013).
Unstimulated (control) and LPS-stimulated pure microglial
cell cultures (subDIV4) with or without rosuvastatin were
tested for 24 h. At the end of the treatment period, 1 pl
of a 2.5% aqueous suspension of fluorescent micro-
spheres per ml was added to the culture, which was then
incubated for 60 min at 37 °C. The cells were next washed
five times with 2 ml of PBS to remove dish- or cell surface-
bound residual fluorescent microspheres, and fixed with
4% formaldehyde in PBS. In another setup, we also deter-
mined the number of microglial cell membrane-associated
but not phagocytosed beads. Such negative controls were
treated as above with the exception that microglial cul-
tures with beads were incubated for 60 min at 4 °C. At this
temperature, the number of beads associated with cell
surface averaged less than 1 bead per 100 Iba1-labeled
cells, thus the phagocytosis was not considered signifi-
cant. For measurement of the phagocytotic activity, cells
labeled with phagocytosed microbeads and processed
for Iba1 immunocytochemistry were counted in 20
random fields in each treatment group (mean + S.D.)
under a 20x or 40x objective. Statistically significant
differences were determined by a two-way ANOVA.

Determination of IL-1p, IL-10 and TNF-«

For ELISA assays, the supernatants were collected from
each treatment and stored at —20 °C. Concentrations of
IL-1B, IL-10 and TNF-o were measured with rat-specific
ELISA kits (eBioscience, Vienna, Austria). The
sensitivity of IL-1p (Cat4 BMS630), IL-10 (Cat#
BMS629) and TNF-o (Cat#BMS622) assays was
4 pg/ml, 1.5 pg/ml and 11 pg/ml, respectively. As stated
by the manufacturer, the overall intra- and interassay
coefficients of variation were <10% in both cases for
IL-1B and TNF-a0, and <5% in both cases for IL-10.

RNA isolation

Total RNA from control and treated pure microglial cells
was purified as described previously (Fabian et al.,
2011); columns and wash buffer were from Bioneer (Viral
RNA extraction kit; Daejon, South Korea). Briefly, cells
were washed with PBS, incubated in lysis buffer (RA1;
Macherey-Nagel, Diren, Germany), then collected and
mixed with 70% ethanol in RNase-free water (Bioneer).
The mixture was transferred through columns (Bioneer)
and washed with 350yl 80% ethanol in diethyl

pyrocarbonate-treated water, and then with 600 pl and
300 wl W2 wash buffer (Bioneer). Total RNA was eluted
in 50 ul RNase free-water. One pl RNase inhibitor
(Applied Biosystems, Foster City, CA, USA) was added
to the samples. The quality and quantity of the isolated
RNA were measured with NanoDrop1000 Version 3.8.1.
(Thermo Scientific, Budapest, Hungary).

RNA expression

Reverse transcription from 3 ng of total RNA in 30 pl was
performed with the High-Capacity cDNA Archive Kit
(Applied Biosystems) according to the manufacturer’s
protocol. cDNA was diluted to 80 pl. The instrumentation
included the Bravo automatic liquid handling system
(Agilent Technologies, Inc., Santa Clara, CA, USA) for
polymerase chain reaction (PCR) assay preparation and
a LightCycler 1536 System (Roche Diagnostics Corp.,
Indianapolis, IN, USA) or a Light Cycler Nano
Instrument (Roche) for cycling (Woudstra et al., 2013).
The expression of 116 inflammation-related genes,
together with that of six control genes (see below), was
measured with Universal Probe Library assays using
intron-spanning gene-specific primers (Rat Immune
Panel; Avidin Ltd., Szeged, Hungary, www.avidin-
biotech.com/services/gene-expression) and the LightCy-
cler 1536 DNA Probe Master kit (Roche). Moreover, the
expression of certain phagocytosis-related genes such
as the integrin-associated protein or cluster of differentia-
tion 47 (Cd47, NM_019195_2), the engulfment or cell
motility protein (E/mo1, NM_001108415.1), the scavenger
receptor class B member 1 (Scarb1, NM_031541_1), the
plasminogen activator inhibitor-1 (Serpine1,
NM_012620 1), the signal-regulatory protein o (Sirpa,
NM_013016_2) and the vesicle-associated membrane
protein 7 (Vamp7, NM_053531_1) were also analyzed,
by the Light Cycler Nano Instrument. For the 1536 Sys-
tem, each 2 ul PCR reaction contained 8 ng of cDNA,
0.4 pl Lightcycler DNA Probes Master (5x), the corre-
sponding primer set and UPL probe and the Setup Con-
trol. The PCR cycling protocol was as follows: enzyme
activation at 95 °C for 60 s, 50 cycles of denaturation at
95 °C for 0's, and annealing and extension at 60 °C for
30 s. For the Nano Instrument, each 20 ul PCR reaction
contained 20 ng cDNA, 10 ul Lightcycler DNA Probes
Master (5x), the corresponding primer set and UPL probe
and the Setup Control. The PCR protocol was as follows:
enzyme activation at 95 °C for 10 min, 50 cycles of denat-
uration at 95 °C for 15 s, and annealing and extension at
60 °C for 30 s. Gene expression was normalized to the
average values of clathrin, heavy chain (Cltc,
NM_019299.1), glyceraldehyde-3-phosphate-dehydrogen
ase (Gapdh, M17701.1), glucuronidase, beta (Gusb,
NM_017015.2), hypoxanthine phosphoribosyltransferase
1 (Hprt1, NM_012583.2), phosphoglycerate kinase 1
(Pgk1, NM_053291.3), and tubulin, beta 5 class | (Tubb5,
NM_173102.2) expression as endogenous controls and
expressed relative to the unstimulated controls by using
the 2724C method. A total of 122 gene-specific assays
were run on four independent samples from each condi-
tion. Student’s t-test and a two-way ANOVA were applied
for the analysis of significance where p < 0.05 was
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considered significant. For hierarchical cluster analysis
and visualization, the Hierarchical Clustering Explorer
(v3.0) software was used (publicly available at http://
www.cs.umd.edu/hcil/multi-cluster/hce3.html). The com-
plete linkage clustering method was applied with Eucli-
dean distance metric.

Image analysis and statistics

Digital images were captured by a Nikon Microphot-FXA
epifluorescent microscope (Nikon Corp., Tokyo, Japan),
using a Spot RT Color CCD camera and the Spot RT
software (Spot RT/ke Diagnostic Instruments, Sterling
Heights, MI, USA). For the determination of microglial
cell purity, Hoechst 33258-labeled cell nuclei that
belonged to Iba1-immunopositive cells were counted on
coverslip-cultured samples. For each culture, 50-100
randomly selected microscope fields were analyzed. In
every case, the cultures had, on average, at least 99
Iba1-positive somata for 100 Hoechst 33258-labeled
cell nuclei (>99% purity for microglial cells).
Phagocytosed microspheres on 20 randomly sampled
microscope fields from three coverslips for each
treatment regimen were counted with the use of the
computer program Imaged (version 1.47; http://rsb.info.
nih.gov/ij). For the measurement of area (um?),
perimeter (um) and transformation index (TI), Iba1-
immunoreactive microglial cell images were converted
into binary replicas by using thresholding procedures
implemented by ImageJ and Adobe Photoshop CS5.1
software (Adobe Systems, Inc., San Jose, CA, USA)
as published by Szabo and Gulya (2013). Tl was deter-
mined according to Fujita et al. (1996) by using the fol-
lowing formula: [perimeter of cell (um)]?/4x [cell area
(um?)]. Color correction and cropping of the light micro-
scopic images were performed when photomicrographs
were made for publication and assembled for a panel.
Gray-scale digital images of the immunoblots were
acquired by scanning the autoradiographic films with a
desktop scanner (Epson Perfection V750 PRO; Seiko
Epson Corp., Japan). The images were scanned and
processed at identical settings to allow comparisons of
the Western blots from different samples. The bands
were analyzed through the use of ImagedJ. The
immunoreactive densities of equally loaded lanes were
quantified, and all samples were normalized to the inter-
nal GAPDH load controls.

All statistical comparisons were made by using R
3.1.0 for Windows (The R Foundation for Statistical
Computing; Wirtschafts-Universitadt, Wien, Austria).
Results were analyzed with a two-way ANOVA, and the
Bonferroni correction was used to establish significance
between groups. Values were presented as mean + S.
D.; p < 0.05 was considered significant; , ™ and ™
denote p < 0.05, p < 0.01 and p < 0.001, respectively.

RESULTS
Rosuvastatin affects microglial morphology

The morphological changes elicited by rosuvastatin in
unchallenged (control) and LPS-challenged pure

microglia cultures were documented through the use of
Iba1 immunocytochemistry (Fig. 1A-D) and quantitatively
analyzed on binary silhouettes of individual microglial
cells (Fig. 2A-G). Iba1 protein expression was also
monitored during treatments (Fig. 1E). Most of the
unchallenged and untreated (control) microglia displayed
ameboid morphology with Tl <3; they had a
predominantly ameboid shape, occasionally with small
pseudopodia (Figs. 1A and 2A). When administered
alone for 24 h, rosuvastatin induced the formation of
numerous microspikes (Figs. 1B and 2B); these slender
cytoplasmic projections (filopodia) resulted in significantly
increased perimeter and Tl values of these cells (Fig. 2F,
G). Quantitative analysis showed that the average Tl in
this group increased about 10-fold, to above 19, as
compared with the controls (Fig. 2G). The LPS challenge
did not result in any significant morphometric change
(Figs. 1C and 2C, E-G). However, rosuvastatin treatment
in LPS-challenged cells resulted in a significantly
enlarged and more ramified cell form (Tl > 7) with a
much larger perimeter value as compared with their
respective control values (Figs. 1D and 2D, E-G),
indicating that rosuvastatin profoundly antagonized the
morphological changes characteristic of LPS-induced
microglial activation. In relation to the substantially
increased size of the LPS-challenged and rosuvastatin-
treated microglia (Figs. 1D and 2D, E), their Iba1
immunoreactivity was also significantly increased
(Figs. 1E and 2E).

Rosuvastatin inhibits proliferation and cell adhesion
in both unchallenged and LPS-challenged microglia

Rosuvastatin significantly inhibited cell proliferation in
both unchallenged and LPS-challenged cultures, by
47.8% and 68.9%, respectively, after a 24-h treatment
period (Fig. 3A). We used a 16-well E-Plate-based real-
time analysis to determine whether rosuvastatin affects
cell adhesion. Rosuvastatin inhibited cell adhesion in
both unchallenged (control) and LPS-challenged
microglia (Fig. 3B). The differences in levels of inhibition
of cell adhesion between cultures with or without
rosuvastatin ~ (unchallenged and LPS-challenged
microglia vs. rosuvastatin-treated and LPS-challenged
+ rosuvastatin-treated microglia) were significant by
20 h of culturing and thereafter, probably due to the
significantly larger cell populations in the control and
LSP-challenged microglial cultures as compared with
those in the rosuvastatin or LPS + rosuvastatin-treated
cultures (Fig. 3B), and to the ability of rosuvastatin to
stimulate the formation of microspikes (Fig. 2B, D), i.e.
the actin-based filamentous protrusions implicated in the
cell motility, and consequently in the decreased
adhesion of these cells.

Rosuvastatin reduces phagocytotic activity in
LPS-challenged cells

The microglial function is inherently related to its
phagocytotic activity. In pure microglial cultures
(subDIV4), the control (unchallenged and untreated)
microglia exhibited a low level of fluid-phase
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Fig. 1. Rosuvastatin affects microglial cell morphology and Iba1 immunoreactivity in pure microglial cells after various treatments. Pure microglia
cell cultures (subDIV4) were maintained as described in Experimental procedures. (A-D) Representative fluorescent immunocytochemical pictures
demonstrate the typical cellular distribution of Iba1 immunoreactivity (red) in (A) control (unchallenged and untreated), (B) rosuvastatin-treated, (C)
LPS-challenged and (D) LSP-challenged + rosuvastatin-treated microglial cells. The effects of rosuvastatin in unchallenged and LSP-challenged
microglia were the most marked. Hoechst 33258-labeled cell nuclei are shown in blue. Scale bar in A (for all pictures): 50 um. (E) Quantitative
Western blot analysis of Iba1 and GAPDH immunoreactivities in pure microglial cell cultures. Protein samples from the cultures were separated by
gel electrophoresis, transferred to nitrocellulose membranes and probed with either the Iba1 or the GAPDH antibody. Gray-scale digital images of
the immunoblots were acquired by scanning the autoradiographic films with a desktop scanner. The images were scanned and processed at
identical settings to allow comparisons between the Western blots from different samples. Error bars indicate integrated optical density values
(mean + SD) normalized to the internal standard GAPDH. Representative Western blot pictures are shown below the graphs. Data were analyzed
with a two-way analysis of variance (ANOVA). ‘p < 0.05, "p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Quantitative analysis of microglial morphology in pure microglial cell cultures after various treatments. Pure microglial cell cultures (subDIV4)
were maintained as described in the Experimental procedure. (A-D) Iba1-positive microglial cells from pure microglial cultures (subDIV4) were
photographed, the pictures were digitized and the morphological characteristics were quantitatively analyzed on binary silhouettes of unchallenged
(A), rosuvastatin-treated (B), LPS-challenged (C) and LCS-challenged + rosuvastatin-treated (D) microglia. Four representative binary silhouettes
are shown for each culturing protocol. Scale bar for all silhouettes: 50 um. Area (E) in um?, perimeter (F) in pm, and Tl values (G), calculated as
[perimeter of cell (um)]%/4xcell area (um?)], are indicated for each digitized cell. Unchallenged and untreated (control) cells, similarly to LPS-
challenged cells, displayed a typical ameboid morphology with low Tl values. Rosuvastatin affected the morphology of both the control and the LPS-
challenged microglia (B, D). In unchallenged cultures, it promoted microspike formation with a concurrent slight ramification of the cells (B). In the
LPS-challenged + rosuvastatin-treated cultures (D), the microglia became larger and, while retaining microspikes, also developed thicker
processes. Both the rosuvastatin treatment alone and the combined treatment with LPS resulted in larger perimeter (F) and higher Tl values (G) as
compared with both the unchallenged and the LPS-challenged cultures. (E) Average area (in pm? + S.D.) measurements for cultured pure
microglial cells. (F) Average perimeter (in um + S.D.) measurements for cultured pure microglial cells. (G) Average Tl values (+ S.D.) for cultured
pure microglial cells. LPS: 20 ng/ml; rosuvastatin: 1 uM. For (E-G), error bars indicate mean + SD of six replicate measurements from three
independent culturings. Data were analyzed with a two-way analysis of variance (ANOVA). ”p < 0.01; ***p < 0.001.
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Fig. 3. Rosuvastatin inhibits cell proliferation and decreases cell adhesion. Pure microglial cultures (subDIV4) were maintained and treated as
described in Experimental procedures section. (A) After culturing, the cells were collected and the number of surviving microglia was determined
with a Blrker chamber. Rosuvastatin, in both unchallenged and LPS-challenged cultures, inhibited cell proliferation and displayed a strong anti-
mitotic characteristic. LPS treatment did not affect cell proliferation. (B) Real-time monitoring of microglial cell adhesion after different treatment
regimens. The ACEA Real-Time Cell Analysis (RTCA) system and 16-well E-Plates were used to determine cell indices as described in
Experimental procedures section. Normalized cell index values are plotted as a function of time. In both unchallenged and LPS-challenged cells,
rosuvastatin decreased cell adhesion (blue and red lines, respectively). Error bars indicate mean + SD of six replicate measurements from three
independent culturings. Data were analyzed with a two-way analysis of variance (ANOVA). "p < 0.01; mp = 0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

phagocytosis (Fig. 4A, E), engulfing only 2.62 + 1.7
beads per cell (n = 91). Rosuvastatin did not affect the
phagocytosis appreciably (Fig. 4B, E), the number of
phagocytosed microbeads remaining low (2.70 + 1.7;
n = 50). As expected, the LPS challenge increased the
phagocytotic activity of the microglial cells significantly
(Fig. 4C, E). On average, the LPS-challenged cells
accumulated 25.39 + 11.4 beads per cell (n = 70), and
some of the cells engulfed as many as 40 microbeads.
In the LPS-challenged microglia, however, rosuvastatin
inhibited the phagocytosis drastically, by nearly 80%
(Fig. 4D, E) as the fluid-phase phagocytotic activity was
returned close to the level of the control cells (4.67
+ 3.9 microbeads per cell; n = 88). As activated
microglial cells often damage neuronal tissue, such a
strong inhibiton of a pro-inflammatory action by
rosuvastatin could be beneficial in preventing or
ameliorating neurodegeneration.

Rosuvastatin concomitantly decreases
pro-inflammatory and increases anti-inflammatory
cytokine levels

Activated microglia are known to express several pro- and
anti-inflammatory cytokines, while statins are able to

reduce the inflammatory effect in the vicinity of
atherosclerotic  plaques. We therefore expected
rosuvastatin to regulate the amount of cytokines

released by the microglia. Indeed, when the basal levels
of the pro-inflammatory cytokines IL-13 and TNF-o and
the anti-inflammatory cytokine IL-10 in unchallenged
microglia were compared with the levels from
rosuvastatin-treated LPS-challenged or unchallenged
cells, a unique regulatory pattern emerged (Fig. 5). The
basal level for IL-1B in unchallenged (control) microglia
was 15.00 + 5.6 pg/ml (Fig. 5A). Rosuvastatin did not
change this level significantly (9.56 + 13.1 pg/ml). As
expected, a 24 h-long LPS challenge significantly

elevated the IL-1B level in the activated microglia, to
156.05 + 63.0 pg/ml. However, when added together
with  LPS, rosuvastatin significantly inhibited the
development of this elevated IL-1f level, by about 45%,
to 86.25 + 49.3 pg/ml. A similarly strong effect of
rosuvastatin was demonstrated on the level of TNF-o,
another pro-inflammatory cytokine, in LPS-challenged
microglial cells (Fig. 5B). Two different treatment times
(6h and 24 h) were used as the TNF-o production
responded quickly to the LPS challenge. The level of
TNF-o0 in the unchallenged (control), rosuvastatin-
treated microglia could not be detected, but its level
quickly rose, to 906.80 + 281.7 pg/ml in the LPS-
challenged cells after 6 h, and the level was still robust
after 24h (188.19 + 38.6 pg/ml). When rosuvastatin
was co-administered to LPS-challenged cells for either
6 h or 24 h, it significantly inhibited the production of
TNF-a, by 39% and 40%, respectively (Fig. 5B).

Moreover, rosuvastatin affected the production of
IL-10, an anti-inflammatory cytokine (Fig. 5C). The basal
and rosuvastatin-treated levels of IL-10 in the
unchallenged microglia were not significantly different
(37.01 £ 18.4 pg/ml vs. 75.32 + 35.4 pg/ml), although
elevated IL-10 production was noted after rosuvastatin
treatment. Interestingly, LPS increased the IL-10 protein
expression significantly to about 340% of the level of the
unchallenged microglia (125.3 + 25.3 pg/ml  pg/ml).
When rosuvastatin was co-administered with LPS, it
boosted the IL-10 protein expression even higher, to
about 750% of the basal level (276.84 + 85.6 pg/ml),
indicating the very strong anti-inflammatory action of
rosuvastatin.

Rosuvastatin affects the expression of
inflammation-related genes

When the profound morphological and functional effects
of rosuvastatin on the pro- and anti-inflammatory
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Fig. 4. Rosuvastatin is a potent inhibitor of phagocytosis. Pure microglial cultures (subDIV4) were maintained and treated with fluorescent
microbeads (2 um in diameter) as described in Experimental procedures section. Iba1-specific fluorescent immunocytochemistry (red: microglia;
blue: nucleus; green: microspheres) on unchallenged (A), rosuvastatin-treated unchallenged cells (B), LPS-challenged cells (C) and LPS-
challenged + rosuvastatin-treated microglial cells (D) revealed that rosuvastatin inhibited phagocytosis in both naive, unchallenged (B) and LPS-
challenged cells (D). Scale bar in A (for all pictures) = 50 um. (E) Quantitative analysis of the number of phagocytosed microbeads revealed that
LPS dramatically activated phagocytosis, while rosuvastatin when present significantly decreased this microglial function. Error bars indicate mean
+ SD of six replicate measurements from three independent culturings. Data were analyzed with a two-way ANOVA. p < 0.05, ~'p < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

capabilities of the microglia had become apparent, we
set out to analyze the effects of rosuvastatin on the
expression of 122 inflammation-related genes in
unchallenged and LPS-challenged pure microglial cells.
The hierarchical cluster analysis of 75 such genes is
summarized in Fig. 6, and the genes with 47 of the
most noteworthy and significant expression changes in
response to treatment are listed in Table 1. The results
of the analysis indicated that treatment with 1 puM
rosuvastatin in unchallenged and LPS-challenged
microglia could induce either the upregulation or the

downregulation of a number of genes. Levels of
expression of selected inflammation-related genes (for
example, Ccl24, Ccr1, IL-11, Cxcl1, Ccl4, Ccl5, Hspb1,
TGFb-2 and MbI2) are highlighted in Fig. 7. Some of
these genes responded to rosuvastatin in unchallenged
or challenged cells, or were affected by the LPS
challenge. The genes upregulated by the LPS challenge
included those coding for chemokine ligands 1, 2, 4, 5,
9, 19 and 24 (Cxcl1 = 111.6-fold, Ccl2 = 34.5-fold,
Ccl4 = 17.6-fold, Ccl5 = 147.0-fold, Cxcl9 = 118.2-
fold, Ccl19 = 5.2-fold and Ccl24 = 24.6-fold), IL-11
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Fig. 5. Rosuvastatin reduces the pro-inflammatory cytokine IL-1B and TNF-a levels and increases the anti-inflammatory IL-10 production. Pure
microglial cultures (subDIV4) were maintained and treated as described in Experimental procedures section. After treatments for 6 or 24 h,
immunoreactive protein levels (pg/ml £ S.D.) for IL-1f (A), TNF-a (B) and IL-10 (C) were detected by ELISA. TNF-a production was measured after
6 h and 24 h (B). As expected, pro-inflammatory cytokine production was significantly increased in the LPS-challenged cells (A, B). Rosuvastatin
was a potent inhibitor of this effect for both IL-1B (A) and TNF-a (B). The level of the anti-inflammatory cytokine IL-10 was measured after 24 h (C).
Rosuvastatin slightly increased the level of IL-10 both in unchallenged and in LPS-challenged microglia, to 750% of the control level in the latter
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ANOVA. n.d. = not detected. p < 0.05; "p < 0.01; ~'p < 0.001.

(111 = 19.3-fold), IL-23 receptor (/I23r = 246.6-fold)
and mannose-binding lectin (protein C) two receptor
(Mbl2 = 33.2-fold). Only a few genes were downregulated
by the LPS challenge, the most affected one being that of
the myosin regulatory light chain 2 (Myl2 = —4.4-fold).
Rosuvastatin treatment in unchallenged cells affected
fewer, but similarly important microglial genes involved in
pro- and anti-inflammatory processes. The genes
upregulated by rosuvastatin included Cxc/1 (7.0-fold;
Fig. 7D), the anti-inflammatory Ccl5 (6.6-fold; Fig. 7F),
and, most importantly, Mb/2 (126.2-fold; Fig. 71), a
crucial factor in the development of innate immunity
(Worthley et al., 2005). Rosuvastatin was in general a
weak inhibitor of the expression of inflammatory genes
as it downregulated only a few genes, notably the anti-
inflammatory interleukin-10 (//70 = —4.0-fold) and the
pro-inflammatory chemokine (C—C motif) receptor 1
(Ccr1 = —2.9-fold). When rosuvastatin was applied to
LPS-challenged cultures (Table 1, Figs. 6 and 7), a more
complex picture emerged. Some of the LPS-upregulated
genes were inhibited by rosuvastatin, as seen in the case
of Ccl24, where a substantial, 377% decrease in gene
expression was observed, down from the 24.5-fold
increase after LPS treatment to a 6.5-fold increase
(Fig. 7A), or in the case of Ccr1, where a 198% decrease
in gene expression was detected (Fig. 7B). Interestingly,
rosuvastatin alone did not exhibit a strong effect on these
latter genes, but only when activated by LPS (Fig. 7C, D).
Other genes were regulated synergistically by rosuvas-
tatin when applied to LPS-challenged microglia. For
example, Cxcl1 and Ccl4 were both further upregulated
by rosuvastatin in LPS-challenged cells (Fig. 7D, E).
Some of the genes related to inflammation were not
affected by the LPS challenge, but reacted weakly to
rosuvastatin, as seen in Hspb1 gene expression
(Fig. 7G, H), where a 2.8-fold increase was detected.

DISCUSSION

We carried out a quantitative investigation of the complex
morphological, functional and gene expression

characteristics of pure microglial cells of embryonic
origin after rosuvastatin treatment in unstimulated and
LPS-challenged cultures, and highlighted the complex
beneficial effects of rosuvastatin that make it an
excellent candidate for preventive neuroinflammatory
therapy with well-balanced properties of enhanced anti-
inflammatory and subdued pro-inflammatory effects.

Although microglial cells prepared from embryonic
nervous tissue may differ from those of the adult brain
in certain characteristics (Floden and Combs, 2006), they
are nevertheless similarly responsive to immunological
(LPS) challenge and suitable for morphological, functional
and gene expression studies. When activated, the micro-
glia display both pro- and anti-inflammatory properties as
they can be polarized along a continuum toward a detri-
mental (M1) or a beneficial (M2) state in the injured
CNS (Kroner et al., 2014). Inflammation that is mediated,
and perhaps enhanced, by the microglia has been impli-
cated in a number of neuropathological conditions, rang-
ing from acute injuries (Loane and Byrnes, 2010) and
chronic inflammatory conditions (Gay, 2007; Napoli and
Neumann, 2010) to neurodegenerative diseases (Long-
Smith et al., 2009; Prokop et al., 2013).

Statins are commonly used in the treatment of high
blood cholesterol levels (Burg and Espenshade, 2011).
They are classified on the basis of their lipid-lowering effi-
cacy and their lipophilic/hydrophilic nature (Hamelin and
Turgeon, 1998; Jones et al.,, 1998; Davidson, 2002;
Schachter, 2005); while lipophilic statins penetrate the cell
membrane, hydrophilic statins such as rosuvastatin
(Crestor; AstraZeneca Pharmaceuticals, LP, Wilmington,
DE, USA) are transported through the blood—brain barrier
via multiple transporters (Kitamura et al., 2008; Abbott
et al., 2010; Ellis et al., 2013) or ATP-binding cassette
efflux transporters in microglia (Gibson et al., 2012).
Rosuvastatin exhibits the greatest inhibitory effect on
cholesterol biosynthesis (McTaggart et al., 2001) and
most favorably alters the high-density lipoprotein profile
among statins (Asztalos et al., 2007); it was the fourth
highest-selling prescription drug in the USA in 2013
(http://www.drugs.com/stats/top100/2013/sales).
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Fig. 6. Hierarchical cluster analysis of inflammation-related genes.
Pure microglial cultures (subDIV4) were maintained and treated as
described in Experimental procedures section. The cells (subDIV4)
were cultured with or without LPS for 24 h in the presence or absence of
rosuvastatin. Rosuvastatin: 1 pM; LPS: 20 ng/ml; LPS + rosuvastatin:
LPS (20 ng/ml) + rosuvastatin (1 uM). For hierarchical cluster analysis
and visualization, the Hierarchical Clustering Explorer (v3.0) software
was used. The complete linkage clustering method was applied with
Euclidean distance metric. The heat map depicts expression values
relative to control samples on a log, scale (overexpression: red,
repression: green and no change: black). Missing values are indicated
in gray. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Although their main action is to block cholesterol synthe-
sis, other effects of statins, including those on the regres-
sion of atherosclerotic coronary lesions, are also
important (Wierzbicki et al., 2003). Expecting similarly
beneficial effects on the microglia, we determined how
rosuvastatin modulates both pro- and anti-inflammatory
actions by affecting numerous morphological, functional
and gene expression parameters in pure microglial cul-
tures. These cultures provide a unique opportunity to
study these functional and expression parameters without
the significant influence of any contaminating cell types.
Our secondary microglial cultures were >99% pure, a
crucial factor when levels of secreted pro- and anti-
inflammatory peptides or gene expression levels are mea-
sured, as other cell types in the CNS are also capable of
expressing such peptides (Gruol et al., 2014).

Our studies revealed the effects of rosuvastatin on
various quantitative morphological properties of the
microglia. Rosuvastatin affected the area, perimeter and
Tl profoundly in both unchallenged and LPS-challenged
cells. It generally promoted microspike formation and
increased the cell perimeter and Tl through ramification.
Concomitantly with the increase in cell area in both
unchallenged and LPS-challenged cells, rosuvastatin
affected the protein synthesis of Iba1, a protein that is
implicated in actin cytoskeleton remodeling (Sasaki
et al.,, 2001; Ohsawa et al., 2004). As expected, LPS
treatment caused microglia activation that resulted in a
low TI, but the combined treatment with LPS + rosuvas-
tatin inhibited this activation through the development of
microspikes and the cells becoming more ramified.

Rosuvastatin strongly inhibited microglia proliferation
and adhesion as it significantly decreased the number of
cells in both naive and LPS-challenged cultures.
Although the precise mechanisms are not known, statins
are able to inhibit mitosis through cell cycle arrest in G1
(Yang et al., 2008) and G2/M (Gao et al., 2012). As rosu-
vastatin displays a weak anti-mitogenic effect, its regular
use may prove helpful in lowering the risks of a number
of cancer types (Simon et al., 2012). To quantify cell adhe-
sion, we used the cell index value (Atienza et al., 2005;
Jarvis et al., 2011). Our finding that rosuvastatin lowered
cell adhesion in both unchallenged and LPS-challenged
cells is in harmony with previous reports on the ability of
statins to decrease the expression of cell adhesion mole-
cules (Weber et al., 1997; Wierzbicki et al., 2003).

We also examined how rosuvastatin altered fluid-
phase phagocytosis. Phagocytosis is crucial in both the
normal and the pathologic CNS as it efficiently
eliminates foreign materials, apoptotic cells and cell
debris (Kettenmann et al., 2011), and alteration of this
clearance function could be harmful (Hickman and El
Khoury, 2014; Lue et al.,, 2015). For example, pro-
inflammatory phenotypes are linked to the phagocytic
activity, and the blocking of phagocytosis may prevent
some forms of inflammatory neurodegeneration, and
might therefore be beneficial during infection, trauma,
ischemia, neurodegeneration and aging (Neher et al.,
2011; He et al., 2014). LPS is a strong activator of micro-
glial phagocytosis (Nakamura, 2002; Lund et al., 2006;
Szabo and Gulya, 2013). In our study, rosuvastatin
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Table 1. Differentially expressed transcripts in rosuvastatin-treated pure microglial cells with or without LPS challenge

Gene Name, NCBI reference sequence ID, RGD ID Rosuvastatin LPS LPS + Rosuvastatin

Cxcl1 Chemokine ligand 1 (melanoma growth-stimulating activity, alpha) +7.05 +111.55 +394.01
NM_030845.1, RGD ID 619869

Csf3 Colony-stimulating factor 3 +2.9 +310.7 +321.7
NM_017104.1 (old), NM_017104.2, RGD ID 2426

1123r Interleukin 23 receptor +2.12 +246.56 +268.81
XM_001072576.2, RGD ID 1586368

Ccl5 Chemokine ligand 5 +6.56 +146.97 +241.56
NM_031116.3, RGD ID 69069

Nos2 Nitric oxide synthase +1.82 +169.95 +135.48
U26686.1, RGD ID 3185

Cxcl9 Chemokine ligand 9 +3.82 +118.20 +100.95
NM_145672.4, RGD ID 628798

112b Interleukin 12B +1.7 +42.0 +87.7
NM_022611.1, RGD ID 628704

Cxcl2 Chemokine ligand 2 +1.2 +75.4 +67.3
NM_053647.1, RGD ID 70069

Ma Interleukin 1 alpha +1.1 +45.3 +57.0
NM_017019.1, RGD ID 2890

Ccl4 Chemokine ligand 4 +3.33 +17.65 +51.0
NM_053858.1, RGD ID 620441

Cxcl5 Chemokine ligand 5 (also known as Cxcl6) +1.1 +54.9 +43.4
NM_022214.1, RGD ID 708540

Ccl2 Chemokine ligand 2 +2.34 +34.49 +33.27
NM_031530.1, RGD ID 3645

Ccl7 Chemokine ligand 7 —-1.4 +12.4 +14.4
NM_001007612.1, RGD ID 1359152

Ccl3 Chemokine ligand 3 -1.3 +9.1 +11.4
NM_013025.2, RGD ID 3647

116 Interleukin 6 —-1.1 +5.6 +8.4
M26744.1, RGD ID 2901

111 Interleukin 11 —1.99 +19.28 +7.40
NM_133519.4, RGD ID 621475

Ptgs2 Prostaglandin endoperoxide synthase 2 —-1.2 +11.8 +7.2
NM_017232.3, RGD ID 620349

Ccl19 Chemokine ligand 19 +2.39 +5.21 +6.87
NM_001108661.1, RGD ID 1310336

Mbl2 Mannose-binding lectin 2 +126.17 +33.22 +6.46
NM_022704.2, RGD ID 67380

Ccl24 Chemokine ligand 24 +1.65 +24.55 +6.51
NM_001013045.1, RGD ID 1310245

Cxcl10 Chemokine ligand 10 +1.8 +4.5 +5.5
NM_139089.1, RGD ID 620209

1122ra2 Interleukin 22 receptor, alpha 2 +1.1 +2.5 +4.0
NM_001003404.1, RGD ID 1303169

110 Interleukin 10 -3.97 +3.08 +2.69
NM_012854.2, RGD ID 2886

I1M1rn Interleukin 1 receptor antagonist —-2.19 +3.76 +2.63
NM_022194.2, RGD ID 621159

TIr2 Toll-like receptor 2 -1.5 +1.8 +21
NM_198769.2, RGD ID 735138

Ccer1 Chemokine receptor 1 —2.89 +3.88 +1.96
NM_020542.2, RGD ID 708446

Traf2 Tnf receptor-associated factor 2 +1.6 +1.9 +1.6
NM_001107815.2, RGD ID 1310457

Mknk1 MAP kinase-interacting serine/threonine kinase 1 +1.4 +1.6 +1.5
NM_001044267.1, RGD ID 1559603

CD47 Cluster of differentiation 47 —-1.1 +1.3 +1.4
NM_019195.2, RGD ID 2308

Pla2g4a Phospholipase A2, group IVA (cytosolic, Ca-dependent) -1.7 +1.7 +1.3
NM_133551.2, RGD ID 67366

TIr7 Toll-like receptor 7 -1.2 +1.8 +1.3

EF032637.1, RGD ID 1563357

(continued on next page)
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Table 1 (continued)

Gene Name, NCBI reference sequence ID, RGD ID Rosuvastatin LPS LPS + Rosuvastatin

Ddit3 DNA-damage-inducible transcript 3 -1.3 +1.7 +1.3
NM_001109986.1, RGD ID 62391

1M18rap Interleukin 18 receptor accessory protein +1.2 +1.7 +1.2
XM_003750691.2, RGD ID 727867

Hmgn1 High-mobility group nucleosome-binding domain 1 +1.6 +1.2 +1.0
NM_001013184.1, RGD ID 1307761

Scarb1 Scavenger receptor class B, member 1 +1.1 -1.3 +1.0
NM_031541.1, RGD ID 2302

Jun Jun proto-oncogene +1.2 -1.8 -11
NM_021835.3, RGD ID 2943

Hspb1 Heat shock protein 1 +2.79 —1.04 -1.19
NM_031970.3, RGD ID 61306

Hc Clathrin, heavy chain +1.0 +1.1 -1.3
NM_019299.1, RGD ID 2364

Tgfb3 Transforming growth factor, beta 3 +1.2 -1.9 —-1.4
NM_013174.2, RGD ID 3851

Elmo1 Engulfment and cell motility 1 -1.0 1.7 -1.6
NM_001108415.1, RGD ID 1308182

Prkca Protein kinase C, alpha +1.3 2.1 -1.7
NM_001105713.1, RGD ID 3395

1110rb Interleukin 10 receptor, beta —-1.4 —-1.1 -1.9
NM_001107111.1, RGD ID 1560373

Tgfbr1 Transforming growth factor, beta receptor 1 -1.2 —2.5 -2.0
NM_012775.2, RGD ID 3852

Sirpa The signal-regulatory protein a -1.5 —2.7 —2.8
NM_013016.2, RGD ID 3449

TIr5 Toll-like receptor 5 —-1.2 -3.0 —-2.9
FJ750588.1, RGD ID 631351

Ccl11 Chemokine ligand 11 —-1.2 —1.4 -3.0
NM_019205.1, RGD ID 3644

Myl2 Myosin, light polypeptide 2 -1.3 —4.4 -5.2

NM_001035252.1 (old), NM_001035252.2,
RGD ID 1564245

The National Center for Biotechnology Information (NCBI) Reference Sequence Database can be retrieved at http://www.ncbi.nlm.nih.gov/refseq/. A description of a gene
function (RGD ID) can be found in The Rat Genome Database 2015 (Shimoyama et al., 2015) at http://rgd.mcw.edu/. Data are expressed as fold-change over the expression
of unchallenged and untreated (control) microglial cells. Treatments had different effects on inflammation-related genes. LPS mostly induced the upregulation of genes as
compared with the untreated control microglia. Rosuvastatin alone also had some effects on these genes. Combined treatment demonstrated that rosuvastatin had different
effects on LPS-activated microglia cells: inhibited the effect of LPS on certain genes (e.g. Ccl24, Ccr1, Kng1, Nos2, lI11), while it had a synergistic effect with LPS on others

(e.g. Cxcl1, Ccl4, 1123r).

inhibited phagocytosis completely in the LPS-challenged
microglia, while it was ineffective in inhibiting the basal-
level phagocytosis in unchallenged cells, indicating that
rosuvastatin is a potent inhibitor of this function only in
pro-inflammatory situations and does not alter the normal
clearance of cell debris in a healthy tissue. Thus, rosuvas-
tatin could be helpful when excess microglial activity could
harm the nervous tissue.

Cytokines, important immunomodulators in the normal
functioning of the CNS, can be released, among others,
by the microglial cells. Cytokines can also be harmful:
previous studies have shown that neurodegeneration
originating through neuroinflammation is often elicited by
activated microglia (McGeer and McGeer, 2003, 2010)
through the release of different pro-inflammatory cytoki-
nes and chemokines (Hanisch, 2002). High levels of
IL-1B could be observed, for instance, in the vicinity of
amyloid plaques of AD patients (McGeer et al., 1993;
Lindberg et al., 2005; Ghosh et al., 2013), where activated
microglia accumulate (Rodriguez et al., 2014). Previous
studies also suggested that statins reduce levels of some
of the pro-inflammatory cytokines (Lindberg et al., 2005;

Nakamichi et al., 2006; Veillard et al., 2006) and increase
the anti-inflammatory cytokine IL-10 (Schonbeck and
Libby, 2004). As expected, both pro- (IL-1B, TNF-a) and
anti-inflammatory cytokines (IL-10) were increased in
LPS-challenged cells as compared with the unchallenged
(control) group. Rosuvastatin did not significantly affect
the basal cytokine levels in unchallenged microglia, but
strongly inhibited levels of the pro-inflammatory cytokines
IL-18 and TNF-o when tested in LPS-challenged cells.
Besides the inhibition of these pro-inflammatory agents,
rosuvastatin exerted a direct anti-inflammatory effect by
elevating the level of IL-10 in both unchallenged and
LPS-challenged cells.

Effects of rosuvastatin on such diverse immune
mechanisms of microglia as phagocytosis and cytokine
production indicated a strong likelihood of its
involvement in many other immune system-wide
functions and possible effects on inflammation-related
genes. We demonstrated that rosuvastatin, LPS and
their combination had differential effects on the
expression of inflammation-related genes. Several
genes were upregulated after LPS challenge, confirming
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Fig. 7. Relative expression levels of various inflammation-related genes identified by real-time PCR in pure microglia cells. Pure microglial cultures
(subDIV4) were maintained and treated as described in Experimental procedures section. The cells (subDIV4) were cultured with or without LPS for
24 h in the presence or absence of rosuvastatin. The extraction of total RNA and the real-time PCR are described in Experimental procedures
section. The transcription levels of the chemokine ligand 24 (Ccl24, A), the chemokine receptor 1 (Ccr1, B), IL-11 (C), the chemokine (CXC motif)
ligand 1 (or melanoma growth-stimulating activity, alpha), (Cxcl/1, D), the chemokine ligand 4 (Ccl4, E), the chemokine ligand 5 (Ccl5, F), the heat
shock protein 1 (Hspb1, G), the transforming growth factor beta (TGFfI-2, H) and the mannose-binding lectin (protein C) 2 (Mbl2, |) are shown in
unstimulated (control), LPS-challenged and LPS-challenged + rosuvastatin-treated cells. For some pro-inflammatory genes, rosuvastatin inhibited
their expression which was upregulated in LPS-challenged cells. In connection with Cxcl1, Ccl4 and Ccl5, the combined treatment revealed
synergistic effects between rosuvastatin and LPS for Cxcl1, Ccl4 and Ccl5. Rosuvastatin increased levels of expression of Hspb1, TGF-f and Mbl2.
Relative expression levels (on a log, scale) = SD from at least four separate experiments are shown for each condition. Data were analyzed with a
two-way ANOVA. 'p < 0.05; "p < 0.01; "'p < 0.001.

its strong pro-inflammatory effects on the microglia.
Rosuvastatin itself and in combination with LPS
displayed different effects on gene expression. Although
rosuvastatin was not able to decrease all the LPS-
upregulated genes, it suppressed the pro-inflammatory
effects of LPS on some genes such as Ccl24 or Ccr1.
Ccl24 is a chemokine that can readily be upregulated by
pro-inflammatory cytokines or microbial stimulus such
as LPS (Watanabe et al., 2002). Ccr1 is implicated in mul-
tiple sclerosis (MS) and experimental autoimmune
encephalomyelitis (EAE). Previous studies suggested

that Ccr1 could be upregulated in EAE (Rottman et al.,
2000), and the microglia expressed Ccr1 around the
demyelinating plaques, making Ccr1 antagonists or inhibi-
tors possible targets for the development of MS-therapy
(Hesselgesser et al., 1998; Eltayeb et al., 2007).
Rosuvastatin additionally increased the expression of
certain genes. lts general effects on microglia were
predominantly anti-inflammatory. The gene most
upregulated by rosuvastatin was Mb/2, which is important
in innate immunity (Worthley et al., 2005; Ip et al., 2009)
and involved in the stimulation of phagocytosis (Stuart
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et al., 2005). Hspb1 was also upregulated by rosuvas-
tatin. Hspb1 is a heat-shock protein with strong
anti-apoptotic potential that regulates the cytoskeleton
dynamics through F-actin stabilization (Concannon
et al., 2003). Cxcl1 has been reported to be an anti-
inflammatory protein with a neuroprotective role (Omari
et al.,, 2009). Additional chemokine genes such as Ccl2
(El Khoury et al., 2007; El Khoury and Luster, 2008),
Cxcl1 (Bosivert et al., 2006) and Ccl5 were all upregulated
in our studies and implicated in microglia recruitment to
areas of inflammation. Although Ccl5 has been demon-
strated to induce pro-inflammatory mechanisms (Skuljec
et al.,, 2011), it has also been shown to ameliorate
AD-like pathology by recruiting microglia to B-amyloid
deposits (Lee et al., 2012). The expression of a number
of phagocytosis-related gene was also tested. For
example, Mb/2 was upregulated in rosuvastatin-treated
microglia in a seemingly contradictory action, while
several other genes known to be involved in phagocytosis
were inhibited, as expected from the phagocytosis
essays, by rosuvastatin (for example Myl2 (—1.27), Sirpa
(—=1.50), ElImo1 (—1.05), or CD47 (—1.07)). Although the
overall downstream effect in the microglia is a strong inhi-
bition of phagocytosis upon rosuvastatin treatment, it
remains to be seen as to what intracellular signalization
is activated to affect these genes or how these genes
interact to elicit this particular cell response.

In summary, rosuvastatin elicits robust changes in the
microglial functions in vitro as it potently inhibits the
harmful pro-inflammatory signals and significantly
enhances the beneficial anti-inflammatory actions of
pure microglial cells after LPS challenge. Its effects
include anti-mitogenic and anti-phagocytic action, strong
inhibition of the synthesis of pro-inflammatory cytokines
paralleled by a very strong stimulation of anti-
inflammatory cytokine production, and a beneficial
differential expression of a number of inflammation-
related genes. As activated microglia often damage
neuronal tissues by excessive cytokine and chemokine
production and phagocytosis, the strong inhibition of
such pro-inflammatory action by rosuvastatin illustrates
an advantageous effect of this drug. Thus, rosuvastatin
may be used prophylactically to inhibit pro-inflammatory
and activate anti-inflammatory mechanisms of the
microglia in order to reduce neuroinflammation and
consequently neurodegeneration substantially. The
microglia could therefore be a novel, specific therapeutic
target in the fight against neurodegenerative disorders.
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ARTICLE INFO ABSTRACT

Aspirin, one of the most widely used non-steroidal anti-inflammatory drugs, has extensively studied effects on
the cardiovascular system. To reveal further pleiotropic, beneficial effects of aspirin on a number of pro- and
anti-inflammatory microglial mechanisms, we performed morphometric and functional studies relating to phago-
cytosis, pro- and anti-inflammatory cytokine production (IL-1p, tumor necrosis factor-a (TNF-«) and IL-10, re-
spectively) and analyzed the expression of a number of inflammation-related genes, including those related to
the above functions, in pure microglial cells. We examined the effects of aspirin (0.1 mM and 1 mM) in un-
challenged (control) and bacterial lipopolysaccharide (LPS)-challenged secondary microglial cultures. Aspirin af-
fected microglial morphology and functions in a dose-dependent manner as it inhibited LPS-elicited microglial
activation by promoting ramification and the inhibition of phagocytosis in both concentrations. Remarkably, as-
pirin strongly reduced the pro-inflammatory IL-1$ and TNF-a production, while it increased the anti-inflamma-
tory IL-10 level in LPS-challenged cells. Moreover, aspirin differentially regulated the expression of a number of
inflammation-related genes as it downregulated such pro-inflammatory genes as Nos2, Kngl, IL1f, Ptgs2 or Ccrl,
while it upregulated some anti-inflammatory genes such as IL10, Csf2, Cxcll, Ccl5 or Tgfbl. Thus, the use of as-
pirin could be beneficial for the prophylaxis of certain neurodegenerative disorders as it effectively ameliorates
inflammation in the brain.
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processes are strongly associated with the development of Alzheimer’s
disease (AD; Akiyama et al., 2000; McGeer and McGeer, 2004), Parkin-
son’s disease (PD; Phani et al.,, 2012; Shin et al., 2015) and multi-

1. Introduction

Microglia is the principal immune cell in the central nervous sys-
tem (CNS). Under pathophysiological conditions such as injury, in-
fection or neurodegeneration (Kettenmann et al., 2011; Kreutzberg,
1996) microglia become activated that proliferate, phagocytose and
release pro- and anti-inflammatory cytokines, growth factors or reac-
tive species (Gehrmann et al., 1995; Hanisch, 2002; Kreutzberg, 1996;
Luo and Chen, 2012; Smith et al.,, 2012). Neuroinflammatory

ple sclerosis (MS; Minagar et al., 2002; Muzio et al., 2007). In AD,
for example, p-amyloid accumulation leads to the production of cy-
tokines (IL-1f, IL-6, TNF-a) and the activation of nitric oxide synthase
(Nos) gene through the nuclear transcription factor kappa B (NF-xB)
signaling pathway (Medeiros et al., 2007). IL-1p in turn increases the
expression of amyloid precursor protein (Ge and Lahiri, 2002), while
increased expression of TNF-a is reported for both MS

Abbreviations: AD, Alzheimer’s disease; Cd, cluster of differentiation; CNS, central nervous system; COX, cyclooxygenase (prostaglandin-endoperoxide synthase, EC 1.14.99.1); DIV,
days in vitro; DMEM, Dulbecco’s Modified Eagle’s Medium; E18, embryonic day 18; ELISA, enzyme-linked immunosorbent assay; ERK1/2, extracellular-regulated kinase 1/2; FBS, fetal

bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12); Ibal, ionized calcium binding adaptor molecule 1; IL, interleukin; IxB, inhibitor of kB; LPS, bacterial

lipopolysaccharide; MS, multiple sclerosis; NF-kB, nuclear transcription factor kappa B; NO, nitrogen oxide; Nos, nitrogen oxide synthase (EC 1.14.13.39); NSAID, non-steroidal anti-in-
flammatory drug; p38-MAPK, p38 mitogen-activated protein kinase; PCR, polymerase chain reaction; PD, Parkinson’s disease; PBS, phosphate-buffered saline; RT, room temperature;
SEM, standard error of mean; SDS, sodium dodecyl sulfate; subDIV, subcloned days in vitro; TBS, Tris-buffered saline; TI, transformation index; TLR4, Toll-like receptor 4; TNF-a, tumor

necrosis factor a.
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and PD (Minagar et al., 2002). Strong anti-inflammatory mechanisms
can also lead to the development of neurodegenerative diseases
(Gehrmann et al., 1995; Ghosh et al.,, 2013; Gonzalez-Scarano and
Baltuch, 1999; Graeber, 2010; Streit, 2002).

Aspirin (acetylsalicylic acid) is one of the most commonly used
non-steroidal anti-inflammatory drugs (NSAIDs). By inhibiting the en-
zyme cyclooxygenase (COX; prostaglandin-endoperoxide synthase, EC
1.14.99.1) it blocks the conversion of arachidonic acid to prostanoids
(Vane and Botting, 2003). Apart from its well known beneficial anti-in-
flammatory effects in the cardiovascular system (Amann and Peskar,
2002) and its role in anti-cancer therapy (Cuzick et al., 2014), it also has
widespread effects on immune cell functions such as NO production, cy-
tokine (e.g. IL-1p, IL-6, IL-8, TNF-a) and adhesion molecule expression
(Hussain et al., 2012). Its anti-inflammatory function is based on the
inhibition of the NF-kB signaling pathway (Amann and Peskar, 2002),
while its neuroprotective effect in the injured brain is linked to COX-2
inhibition; overexpression of COX-2 is indicative of neuronal damage
(Berk et al., 2013; Strauss, 2008). Although aspirin has not been exten-
sively studied in microglia, its anti-inflammatory actions are recently re-
ported (Medeiros et al., 2013; Wang et al., 2011; Yang et al., 2014).

In the present study we investigated the pleiotropic effects of aspirin
on secondary, pure microglial cultures derived from mixed primary cul-
tures of 18-day-old embryonic (E18) rat forebrains under control (un-
challenged) and bacterial lipopolysaccharide (LPS)-challenged condi-
tions (Gresa-Arribas et al., 2012; Kata et al., 2016; Lund et al., 2006). To
reveal the effects of aspirin on pro- and anti-inflammatory mechanisms,
we performed quantitative morphometric, functional and gene expres-
sion studies relating to phagocytic capability, pro- and anti-inflamma-
tory cytokine production (IL-1f, TNF-a, and IL-10, respectively) and the
expression of various genes related to inflammation. A preliminary re-
port on the effects of aspirin on pure microglial cultures was presented
in poster form (Kata and Gulya, 2014).

2. Material and methods
2.1. Animals

All animal experiments were carried out in strict compliance with
the European Council Directive (86/609/EEC) and EC regulations (O.J.
of EC No. L 358/1, 18/12/1986) regarding the care and use of lab-
oratory animals for experimental procedures, and followed the rele-
vant Hungarian and local legislation requirements. The experimental
protocols were approved by the Institutional Animal Welfare Com-
mittee of the University of Szeged (I-74-11/2009/MAB). The pregnant
Sprague-Dawley rats (170-190 g) were kept under standard housing
conditions and fed ad libitum.

2.2. Antibodies

For a thorough characterization of different microglial phenotypes
developed in vitro, an antibody against the ionized calcium binding
adaptor molecule 1 (Ibal), an intracellular actin- and Ca2*-binding pro-
tein expressed in the CNS specifically in macrophages and microglia
(Ahmed et al., 2007), was used in our immunocytochemical and West-
ern blot analyses. The anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody was used as an internal control in Western blot ex-
periments (Wu et al., 2012). Antibody dilutions, incubation times and
blocking conditions were tested for both immunocytochemistry and
Western blot analysis. To detect the specificities of the secondary an-
tisera, staining without the primary antibody was performed. In such
cases, no fluorescent or Western blot signals were detected.
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2.3. Cell cultures

Pure microglial cells were isolated from mixed primary cortical cell
cultures of rat embryos of either sex by the method we described ear-
lier (Kata et al., 2016; Szabo and Gulya, 2013). Sibling embryos ob-
tained from the same pregnancy were processed for culturing together;
each pregnancy was considered as an independent experiment. Briefly,
10-12 fetal rats (E18) under anesthesia were decapitated and the frontal
lobe of the cerebral cortex was removed, minced with scissors, incu-
bated in 9 ml Dulbecco’s Modified Eagle’s Medium (DMEM; Invitro-
gen, Carlsbad, USA) containing 1 g/1 D-glucose, 110 mg/1 Na-pyruvate,
4 mM L-glutamine, 3.7 g/1 NaHCO;, 10,000 U/ml penicillin G, 10 mg/
ml streptomycin sulfate, 25 pg/ml amphotericin B and 0.25% trypsin
for 10 min at 37 °C, and then centrifuged at 1000 g for 10 min at room
temperature (RT). The pellet was resuspended, washed twice in 5 ml
DMEM containing 10% heat-inactivated fetal bovine serum (FBS; Invit-
rogen) and centrifuged for 10 min at 1000 g at RT. The final pellet was
resuspended in 2 ml DMEM/10% FBS, after which the cells were plated
in the same medium on a poly-L-lysine-coated culture flask (75 cm?,
12 x 10° cell/flask) and cultured for a number of days in vitro (DIV)
at 37 °C in a humidified air atmosphere supplemented with 5% CO,, in
one or other of the following ways: 1) in poly-L-lysine-coated coverslips
(15 x 15 mm; 2 x 10°cells/coverslip) for immunocytochemistry; 2) in
poly-L-lysine-coated Petri dishes (60 mm x 15 mm; 4 x 10° cells/dish)
for Western blot and enzyme-linked immunosorbent assays (ELISA); or
3) in a poly-L-lysine-coated culture flask (75 cm?, 12 x 10° cells/flask)
for the subsequent generation of pure microglial cell cultures.

Secondary microglial cells were subcloned from mixed primary cul-
tures (DIV7) maintained in a poly-L-lysine-coated culture flask (75 cm?,
12 x 106 cells/flask) by shaking the cultures at 100 rpm in a platform
shaker for 30 min at 37 °C. Microglia from the supernatant were col-
lected by centrifugation at 3000 g for 8 min at RT and resuspended in
2 ml DMEM/10% FBS. The cells were seeded at a density of 4 x 10°
cells/Petri dish for Western blots or 2 x 10° cells/coverslip/Petri dish
for immunocytochemistry or phagocytosis assays, and cultured in
DMEM in a humidified atmosphere supplemented with 5% CO, at 37 °C.
The medium was changed on the first day after seeding (subDIV1).

2.4. Cell culture treatments

The aspirin concentrations used in our study are comparable to the
therapeutic plasma salicylate levels for pain relief, inhibition of platelet
aggregation or anti-inflammation (Higgs et al., 1987). On the fourth day
of subcloning (subDIV4), DMEM was replaced and the expanded pure
microglial cells were treated with either bacterial lipopolysaccharide
(LPS; 20 ng/ml final conc., dissolved in DMEM; Sigma, St. Louis, MO,
USA) or aspirin (0.1 mM (low) and 1 mM (high) final conc., from >99%
acetylsalicylic acid dissolved in sterile, distilled water; Sigma) alone, or
with a combination of LPS + aspirin, and the effects were compared in
a variety of morphological and functional tests. LPS treatment served
as an immunochallenge. Six types of treatment regimens were used:
1) control (unchallenged and untreated) cultures; 2) LPS-challenged
cultures received 20 ng/ml LPS; 3) aspirin-treated cultures received
0.1 mM aspirin; 4) aspirin-treated cultures received 1 mM aspirin; 5)
LPS-challenged + aspirin-treated cultures were challenged with 20 ng/
ml LPS and treated with 0.1 mM aspirin; 6) LPS-challenged + as-
pirin-treated cultures were challenged with 20 ng/ml LPS and received
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1 mM aspirin. Depending on the experiments, the treatments lasted for
6 or 24 h at 37 °C.

2.5. Immunocytochemistry

Pure secondary microglial cultures treated with different treatment
regimens were fixed on coverslips with 4% formaldehyde for 5 min and
rinsed with 0.05 M phosphate-buffered saline (PBS) for 2 x 5 min. After
permeabilization and blocking of the nonspecific sites in 0.05 M PBS so-
lution containing 5% normal goat serum (Sigma), 1% heat-inactivated
bovine serum albumin (Sigma) and 0.05% Triton X-100 for 30 min at
37 °C, the cells on the coverslips were incubated overnight in a humid-
ified chamber at 4 °C with rabbit anti-Ibal polyclonal antibody (1:500
final dilution; Wako, Japan) in the above solution (Kata et al., 2016).
The cultured cells were washed for 4 x 10 min at RT in 0.05 M PBS,
and then incubated with the Alexa Fluor 568 fluorochrome-conjugated
goat anti-rabbit antibody (1:1000 final dilution; Invitrogen) in the dark
for 3 h at RT. The cells on the coverslip were washed for 4 x 10 min in
0.05 M PBS at RT, and the nuclei were stained in 0.05 M PBS solution
containing 1 mg/ml polyvinylpyrrolidone and 0.5 pl/ml Hoechst 33258
dye (Sigma). The coverslips were rinsed in distilled water for 5 min,
air-dried and mounted on microscope slides in Vectashield mounting
medium (Vector Laboratories, Burlingame, CA, USA).

2.6. Western blot analysis

Cultured microglial cells (subDIV4) were collected through use of a
rubber policeman, homogenized in 50 mM Tris-HCl (pH 7.5) contain-
ing 150 mM NacCl, 0.1% Nonidet P40, 0.1% cholic acid, 2 pg/ml le-
upeptin, 1 ug/ml pepstatin, 2 mM phenylmethylsulfonyl fluoride and
2 mM EDTA, and centrifuged at 10,000g for 10 min (Kata et al., 2016;
Szabo and Gulya, 2013). The pellet was discarded and the protein con-
centration of the supernatant was determined (Lowry et al., 1951).
For the Western blot analyses, 5-10 pg of protein was separated on
a sodium dodecyl sulfate/polyacrylamide gel (4%/10% stacking gel/
resolving gel), transferred onto Hybond-ECL nitrocellulose membrane
(Amersham Biosciences, Little Chalfont, Buckinghamshire, England),
blocked for 1 h in 5% nonfat dry milk in Tris-buffered saline (TBS)
containing 0.1% Tween 20, and incubated overnight with either a rab-
bit anti-Ibal polyclonal antibody (1:1000 final dilution; Wako) or a
mouse anti-GAPDH monoclonal antibody (clone GAPDH-71.1; 1:20,000
final dilution; Sigma). The membranes were rinsed 5 times in 0.1%
TBS-Tween 20 and incubated for 1 h with the peroxidase-conjugated
goat anti-rabbit secondary antibody (1:2000 final dilution; Invitrogen)
for Ibal or with the peroxidase-conjugated rabbit anti-mouse secondary
antibody (1:2000 final dilution; Sigma) for GAPDH Western blots, then
washed 5 times as before. The enhanced chemiluminescence method
(ECL Plus Western blotting detection reagents; Amersham Biosciences)
was used to reveal immunoreactive bands according to the manufac-
turer’s protocol.

2.7. Invitro phagocytosis

The fluid-phase phagocytic capabilities of the control and variously
treated pure microglial cell cultures were determined via the uptake of
fluorescent microspheres (carboxylate-modified polystyrene beads, flu-
orescent yellow-green (Aex ~ 470 nm; Aem ~ 505 nm), aqueous suspen-
sion, 2.0 pm mean particle size; L4530, Sigma) as we described pre-
viously (Szabo and Gulya, 2013; Szabo et al., 2016). Unchallenged
(control) and LPS-challenged pure microglial cell cultures (subDIV4)
with or without aspirin treatments
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were tested for 24 h. At the end of the treatment period, 1 pl of a 2.5%
aqueous suspension of fluorescent microspheres per ml was added to
the culture, which was then incubated for 60 min at 37 °C. The cells
were next washed 5 times with 2 ml of PBS to remove dish- or cell
surface-bound residual fluorescent microspheres, and fixed with 4%
formaldehyde in PBS. In another setup, we also determined the num-
ber of cell membrane-associated but not phagocytosed beads. Such neg-
ative controls were treated as above with the exception that microglial
cultures with beads were incubated for 60 min at 4 °C. At this tem-
perature, the number of beads associated with cell surface averaged
less than 1 bead/100 Ibal-labeled cells, thus the phagocytosis was not
considered significant. For measurement of the phagocytotic activity,
cells labelled with phagocytosed microbeads and processed for Ibal im-
munocytochemistry were counted in 20 random fields in each treatment
group (mean + SEM) under a 20x or 40x objective. Statistically signifi-
cant differences were determined by two-way ANOVA.

2.8. Determination of IL-1f, IL-10 and TNF-a

Our protocols for ELISA assays were described previously (Kata et
al., 2016). Briefly, the supernatants were collected from each treat-
ment and stored at —20 °C. Concentrations of IL-1p, IL-10 and TNF-«
were measured with rat-specific ELISA kits (eBioscience, Vienna, Aus-
tria). The sensitivity of IL-1f (Cat# BMS630), IL-10 (Cat# BMS629) and
TNF-a (Cat#BMS622) assays was 4 pg/ml, 1.5 pg/ml and 11 pg/ml, re-
spectively. As stated by the manufacturer, the overall intra- and interas-
say coefficients of variation were <10% in both cases for IL-1p and
TNF-a, and <5% in both cases for IL-10.

2.9. RNA isolation

Total RNA from control and treated pure microglial cells was puri-
fied as described previously (Fabian et al., 2011); columns and wash
buffer were from Bioneer (Viral RNA extraction kit; Daejon, South Ko-
rea). Briefly, cells were washed with PBS, incubated in lysis buffer (RA1;
Macherey-Nagel, Diiren, Germany), then collected and mixed with 70%
ethanol in RNase-free water (Bioneer). The mixture was transferred
through columns (Bioneer) and washed with 350 pl 80% ethanol in di-
ethylpyrocarbonate-treated water, and then with 600 pl and 300 pl W2
wash buffer (Bioneer). Total RNA was eluted in 50 pl RNase free-wa-
ter. One pl RNase inhibitor (Applied Biosystems, Foster City, CA, USA)
was added to the samples. The quality and quantity of the isolated RNA
was measured with NanoDrop1000 Version 3.8.1. (Thermo Scientific,
Budapest, Hungary).

2.10. RNA expression

Reverse transcription from 3 pg total RNA in 30 pl was performed
with the High Capacity cDNA Archive Kit (Applied Biosystems) accord-
ing to the manufacturer’s protocol as described previously (Kata et al.,
2016). cDNA was diluted to 80 pul with nuclease-free water. The instru-
mentation included the Bravo automatic liquid handling system (Agi-
lent Technologies, Inc., Santa Clara, CA, USA) for polymerase chain re-
action (PCR) assay preparation and a LightCycler 1536 System (Roche
Diagnostics Corp., Indianapolis, IN, USA) or a Light Cycler Nano In-
strument (Roche) for cycling (Woudstra et al., 2013). The expression of
116 inflammation-related genes, together with that of 6 control genes
(see below), was measured with Universal Probe Library assays using
intron-spanning gene-specific primers (Rat Immune Panel; Avidin Ltd.,
Szeged, Hungary, www.avidinbiotech.com/custom-pathways/) and the
LightCycler 1536 DNA Probe Master kit (Roche). Moreover, the ex-
pression of certain
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phagocytosis-related genes such as the integrin associated protein or
cluster of differentiation 47 (Cd47, NM_019195_2), the engulfment or
cell motility protein (Elmol, NM_001108415.1), the scavenger recep-
tor class B member 1 (Scarbl, NM_031541_1), the plasminogen activa-
tor inhibitor-1 (Serpinel, NM_012620_1), the signal-regulatory protein
a (Sirpa, NM_013016_2) and the vesicle-associated membrane protein 7
(Vamp7, NM_053531_1) were also analyzed by the Light Cycler Nano In-
strument. For the 1536 System, each 2 pl PCR reaction contained 8 ng
cDNA, 0.4 pl LightCycler DNA Probes Master (5x), the corresponding
primer set and UPL probe and the Setup Control (Kata et al., 2016).
The PCR cycling protocol was as follows: enzyme activation at 95 °C for
60 s, 50 cycles of denaturation at 95 °C for 0 s, and annealing and ex-
tension at 60 °C for 30 s. For the Nano Instrument, each 20 pl PCR reac-
tion contained 20 ng cDNA, 10 pl Lightcycler DNA Probes Master (5x),
the corresponding primer set and UPL probe and the Setup Control. The
PCR protocol was as follows: enzyme activation at 95 °C for 10 min, 50
cycles of denaturation at 95 °C for 15 s, and annealing and extension at
60 °C for 30 s. Gene expression was normalized to the average values
of clathrin, heavy chain (Cltc, NM_019299.1), Gapdh (M17701.1), glu-
curonidase, beta (Gusb, NM_017015.2), hypoxanthine phosphoribosyl-
transferase 1 (Hprtl, NM_012583.2), phosphoglycerate kinase 1(Pgkl,
NM_053291.3), and tubulin, beta 5 class I (Tubb5, NM_173102.2) ex-
pression as endogenous controls and expressed relative to the unchal-
lenged controls by using the 24 method.

A total of 122 gene-specific assays were run on 3 independent sam-
ples from each condition. Student’s t-test and two-way ANOVA were ap-
plied for the analysis of significance where p < 0.05 was considered sig-
nificant. Gene expression was analyzed by GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA, USA). For hierarchical cluster analysis and
visualization, the Hierarchical Clustering Explorer (v3.0) software was
used (Human-Computer Interaction Lab., University of Maryland, MD,
USA; publicly available at http://www.cs.umd.edu/hcil/multi-cluster/
hce3.html). The complete linkage clustering method was applied with
Euclidean distance metric.

2.11. Image analysis and statistics

Digital images were captured by a Nikon Microphot-FXA epifluores-
cent microscope (Nikon Corp., Tokyo, Japan), using a Spot RT Color
CCD camera and the Spot RT software (Spot RT/ke Diagnostic In-
struments, Sterling Heights, MI, USA). For the determination of mi-
croglial cell purity, Hoechst 33258-labelled cell nuclei that belonged
to Ibal-immunopositive cells were counted on coverslip-cultured sam-
ples. For each culture, 50-100 randomly selected microscope fields
were analyzed. In every case, the cultures had, on average, at least
99 Ibal-positive somata for 100 Hoechst 33258-labelled cell nuclei
(>99% purity for microglial cells). Phagocytosed microspheres on 20
randomly sampled microscope fields from 3 coverslips for each treat-
ment regimen were counted with the use of the computer program
ImageJ (version 1.47; http://rsb.info.nih.gov/ij). For the measurement
of area (um?), perimeter (um) and transformation index (TI), Ibal-im-
munoreactive microglial cell images were converted into binary replicas
by using thresholding procedures implemented by ImageJ and Adobe
Photoshop CS5.1 software (Adobe Systems, Inc., San Jose, CA, USA)
as we published earlier (Kata et al., 2016; Szabo and Gulya, 2013;
Szab6 et al., 2016). TI was determined (Fujita et al., 1996) accord-
ing to the following formula: [perimeter of cell (um)]%/4n [cell area
(um?)]. Color correction and cropping of the light microscopic im-
ages were performed when photomicrographs were made for publi-
cation and assembled for a panel. Gray-scale digital images of the
immunoblots were acquired by scanning the autoradiographic films
with  a  desktop scanner and  processed at identi-
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cal settings to allow comparisons of the Western blots from different
samples. The bands were analyzed through the use of ImageJ. The im-
munoreactive densities of equally loaded lanes were quantified, and all
samples were normalized to the internal GAPDH load controls.

All statistical comparisons were made by using R 3.1.0 for Win-
dows (The R Foundation for Statistical Computing; Vienna University of
Economics and Business, Vienna, Austria). Results were analyzed with
two-way ANOVA, and the Bonferroni correction was used to establish
significance between groups. Values were presented as means + SEM;
p < 0.05 was considered significant; *, ** and *** denote p < 0.05,
p < 0.01 and p < 0.001, respectively.

3. Results
3.1. Aspirin regulates microglial morphology in vitro

Microglial morphology was analyzed on pure microglial cultures
4 days after seeding (subDIV4). Immunocytochemistry routinely per-
formed on these secondary cultures consistently detected a >99% in-
cidence of the Ibal immunopositive microglial cells for the Hoechst
33258 dye-labeled cell nuclei (Fig. 1). The morphological changes
elicited by aspirin treatments in unchallenged and LPS-challenged pure
microglia cultures (Fig. 2A-F) were quantitatively analyzed on binary
silhouettes of individual microglial cells (Fig. 3A-I). Ibal protein ex-
pression was also monitored during treatments (Fig. 2G). The amount of
Ibal immunoreactivity was significantly increased in the aspirin-treated
(low: 2.09 + 0.17; high: 2.22 + 0.26) and the LPS-challenged + as-
pirin-treated groups (low: 2.30 + 0.29; high: 2.49 + 0.32) as compared
to LPS-challenged values (1.35 + 0.14; Fig. 2G). Most of the unchal-
lenged and untreated (control) microglia displayed slightly amoeboid/
ramified morphology with TI = 6.44 + 1.33; they typically had only a
few short processes (Figs. 2A, 3A). LPS challenge resulted in a signifi-
cant change in morphology (Figs. 2B, 3B, G-I) as amoeboid morpholo-
gies with low TI values (1.37 + 0.03) were more typical; LPS challenge
decreased area, perimeter and TI values (by 48%, 65% and 78%, re-
spectively) as compared to the controls. When LPS-challenged cells were
treated with aspirin, significantly enlarged and more ramified cells were
seen as compared to the values of the LPS-challenged cells (Figs. 2B,
E, F, 3B, E-I) indicating that aspirin was able to reverse the morpho-

Fig. 1. Localization of Ibal immunoreactive microglial cells in a pure secondary mi-
croglial culture (subDIV4).The typical purity of the culture is >99%; in this representative
photomicrograph of a field of view the purity is 100% since every Hoechst 33258-labeled
cell nuclei (blue) is surrounded by Ibal immunopositive cytoplasm (red). Scale bar: 50 pm.
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Fig. 2. Aspirin affects microglial morphology and Ibal immunoreactivity in pure microglial cells.Pure microglia cell cultures (subDIV4) were maintained as described in the Methods
section. (A-F) Representative fluorescent immunocytochemical pictures demonstrate the typical cellular distribution of Ibal immunoreactivity (red) in A) control (unchallenged and
untreated), B) LPS-challenged, C) 0.1 mM aspirin treated, D) 1 mM aspirin treated, E) LPS-challenged + 0.1 mM aspirin-treated and F) LPS-challenged + 1 mM aspirin-treated microglial
cells. Hoechst 33258-labeled cell nuclei are shown in blue. Scale bar in A (for all pictures): 50 pm. G, Quantitative Western blot analysis of Ibal and GAPDH immunoreactivities in pure
microglial cell cultures. Protein samples from the cultures were separated by gel electrophoresis, transferred to nitrocellulose membranes and probed with either the Ibal or the GAPDH
antibody. Gray scale digital images of the immunoblots were acquired by scanning the autoradiographic films with a desktop scanner. The images were scanned and processed at identical
settings to allow comparisons between the Western blots from different samples. Error bars indicate integrated optical density values (means + SEM) normalized to the internal standard
GAPDH. Representative Western blot pictures are shown beside the graph. Data were analyzed with two-way analysis of variance (ANOVA). *p < 0.05, **p < 0.01.

logical changes induced by LPS-challenge. Both aspirin doses increased
the TI values to the control level (low: 5.73 + 0.56; high: 7.36 + 0.61)
and induced ramified morphology with thick processes and microspikes
(Figs. 2E, F; 3E, F).

3.2. Aspirin inhibits increases in LPS-induced phagocytosis by microglia

Unchallenged and untreated microglia exhibited a low level of
fluid-phase phagocytosis engulfing only 3.63 + 0.21 beads per cell
(n = 60; Fig. 4A, G). As expected, microglial activation was associ-
ated with robust phagocytic activity as LPS challenge increased phago-
cytosis significantly to about 350% of the control level (12.87 + 0.65;
n = 58; Fig. 4A, B, G). Aspirin alone did not affect the phagocyto-

sis appreciably (Fig. 4C, D, G), as the number of

phagocytosed microbeads remained low in both cases (low: 2.72 + 1.19,
high: 3.30 + 0.22; n = 60). However, aspirin inhibited phagocytosis
significantly in LPS-challenged microglia (Fig. 4E, F, G). Aspirin
(0.1 mM or 1 mM) decreased phagocytosis dose-dependently by about
30% (9.20 + 0.59; n = 55; Fig. 4E, G) and 70% (3.86 + 0.23 mi-
crobeads per cell; n = 67; Fig. 4F, G), respectively, as compared to LPS
treatment.

3.3. Aspirin strongly influences both pro- and anti-inflammatory cytokine
levels

Activated microglia express several inflammatory cytokines. When
the basal levels of the pro-inflammatory cytokines IL-1p and TNF-a
and the anti-inflammatory cytokine IL-10 in unchallenged mi-
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Fig. 3. Quantitative analysis of microglial morphology in pure microglial cell cultures after different treatments.Pure microglial cell cultures (subDIV4) were maintained as described in the
Methods section. (A-F) Ibal-positive microglial cells from pure microglial cultures (subDIV4) were photographed, the pictures were digitized and the morphological characteristics were
quantitatively analyzed on binary silhouettes of unchallenged (A), LPS-challenged (B), 0.1 mM aspirin treated (C), 1 mM aspirin treated (D), LPS-challenged + 0.1 mM aspirin-treated
(E) and LPS-challenged + 1 mM aspirin-treated (F) microglia. Four representative binary silhouettes are shown for each culturing protocol. Scale bar for all silhouettes: 50 pm.

Area (G) in um?  perimeter (H) in pm, and TI values (I), calculated as [perimeter of cell (um)]®/4n[cell area  (um?)], are
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indicated for each digitized cell. Unchallenged and untreated (control) microglia displayed slightly amoeboid/ramified morphology, and neither of the aspirin treatments changed the
control values significantly. LPS challenge resulted in amoeboid morphology with the accompanying significant morphometric changes. Both aspirin treatments in LPS-challenged cells
resulted in an enlarged and more ramified cell form with a much larger area, perimeter, and TI value as compared with the LPS results (B, E, F, G, H, I). In the control and the aspirin
treated cultures, cells displayed short processes or small pseudopodia with a concurrent slight ramification (A, C, D). In the LPS-challenged cultures (B), the microglia became smaller and
showed amoeboid morphology. Aspirin treatments in these cells (E, F) resulted in a much larger area (G) but similar perimeter (H) and TI values (I) as compared the control cultures.
(G) Average area (in pm? + SD) measurements for cultured pure microglial cells. (H) Average perimeter (in pm + SEM) measurements for cultured pure microglial cells. (I) Average TI
values (+SEM) for cultured pure microglial cells. For (G-I), error bars indicate means + SEM of 6 replicate measurements from 3 independent culturing. Data were analyzed with two-way

analysis of variance (ANOVA). *p < 0.05, **p < 0.01, < 0.001.
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Fig. 4. Aspirin strongly inhibits phagocytosis.Pure microglial cultures (subDIV4) were maintained and treated with fluorescent microbeads (2 pm in diameter) as described in the Methods
section. Ibal-specific fluorescent immunocytochemistry (red: microglia; blue: nucleus; green: microspheres) on unchallenged (A), LPS-challenged (B), 0.1 mM aspirin treated (C), 1 mM
aspirin treated (D), LPS-challenged + 0.1 mM aspirin-treated (E), and LPS-challenged + 1 mM aspirin-treated (F) microglia. Scale bar in A (for all pictures) = 50 pm. (G) Quantitative
analysis of the number of phagocytosed microbeads revealed that LPS dramatically activated phagocytosis, while aspirin significantly decreased this microglial function. Error bars indicate

means + SEM of 6 replicate measurements from 3 independent culturing. Data were analyzed with two-way ANOVA. *p < 0.05, ***p < 0.001.

croglia were compared with the levels from aspirin-treated LPS-chal-
lenged cells, a unique regulatory pattern emerged (Fig. 5). In the case
of IL-18 the basal level in unchallenged (control) microglia was
22.45 + 2.87 pg/ml (Fig. 5A). Both aspirin treatments were able to
change this level (low: 10.26 + 2.62 pg/ml; high: 10.19 + 2.23 pg/ml).
As expected, LPS challenge significantly elevated the IL-1f level to
336.15 + 51.72 pg/ml. However, co-incubation of LPS and 1 mM as-
pirin significantly inhibited IL-18 level by about 50%, to
169.6 + 19.42 pg/ml, while 0.1 mM aspirin decreased it by about
16.5%, to 280.05 + 25.0 pg/ml (Fig. 5A).

A similarly strong effect of aspirin was demonstrated on the level
of TNF-o, another pro-inflammatory cytokine, in LPS-challenged mi-
croglial cells (Fig. 5C, D). Two different treatment periods (6 h and
24 h) were used as the TNF-o production responded quickly to the

LPS challenge. The level of TNF-« in the control group could not be de-
tected, but its level quickly rose, to 1187 + 94.12 pg/ml in the LPS-chal-
lenged cells after 6 h, and the level was still elevated after 24 h
(189.92 + 27.4 pg/ml). Aspirin treatments (0.1 mM and 1 mM) resulted
in small, detectable TNF-a levels for both doses (27.69 + 2.89 pg/ml
and 29.23 + 1.73 pg/ml after 6h, while 8.24 +1.81 pg/ml and
9.09 + 0.6 pg/ml after 24 h). When aspirin was co-administered to
LPS-challenged cells for either 6 h or 24 h, it inhibited the production of
TNF-«a in both cases, but only the high aspirin concentration decreased
the TNF-a level significantly by about 25% (to 844.76 + 67.11 pg/ml
after 6 h) and 50% (96.79 + 6.02 pg/ml after 24 h) (Fig. 5C, D).
Aspirin also affected the production of IL-10 (Fig. 5B). LPS chal-
lenge increased the basal IL-10 level (24.98 + 3.47 pg/ml) signifi-
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Fig. 5. Aspirin reduces the pro-inflammatory cytokine IL-13 and TNF-« levels and increases the anti-inflammatory IL-10 production.Pure microglial cultures (subDIV4) were maintained
and treated as described in the Methods section. After treatments for 6 or 24 h, immunoreactive protein levels (pg/ml + SD) for IL-1f (A), TNF-«a (C, D) and IL-10 (B) were detected by
ELISA. TNF-a production was measured after 6 h and 24 h (C, D). As expected, pro-inflammatory cytokine production was significantly increased in the LPS-challenged cells (A, C, D).
Aspirin (1 mM) inhibited this effect for both IL-1p (A) and TNF-a (C, D). The level of the anti-inflammatory cytokine IL-10 was measured after 24 h (B). Aspirin (0.1 mM and 1 mM) did
not increase the level of IL-10 in unchallenged cultures but strongly increased it in LPS-challenged cultures (to 115% and 130% of the control values, respectively) (B). Error bars indicate
means + SEM of 6 replicate measurements from 3 independent culturing. Data were analyzed with two-way ANOVA. n.d. = not detected. *p < 0.05; **p < 0.01, ***p < 0.001.

cantly (134.0 + 9.9 pg/ml). When aspirin was co-administered with
LPS, the IL-10 protein expression was further increased as compared
to the LPS challenged value (low: 309.47 +12.29 pg/ml, high:
280.95 + 30.3 pg/ml). Aspirin administered alone to unchallenged cells
had no significant effects on the microglial IL-10 levels.

3.4. Aspirin affects the expression of inflammation-related genes

We analyzed the effects of aspirin on the expression of 116 in-
flammation-related genes in unchallenged and LPS-challenged pure mi-
croglial cells with or without aspirin treatment. The hierarchical clus-
ter analysis of 46 such genes is summarized in Fig. 6, and those with
the most noteworthy and significant expression changes in response
to the treatments are listed in Table 1. The genes upregulated by
the LPS challenge included those coding for chemokine ligands 1, 2,
4, 5, 7, 9 (Cxcll = 84.30-fold, Ccl2 = 16.95-fold, Ccl4 = 9.80-fold,
Ccl5 = 38.26-fold, Cxcl5 = 33.19, Cxcl9 = 73.44-fold,) IL-1B
(Il1p = 24.70-fold), IL-6 receptor (Il6 = 7.57-fold) and nitric oxide syn-
thase (Nos2 = 369.22-fold). Only a few genes were downregulated by
the LPS challenge, including Tgfb2 (—1.73-fold), Sirpa (—2.42-fold),
Tlr5 (— 3.42-fold) and Myl2 (—4.46-fold).

The levels of expression of some inflammation-related genes strongly
downregulated by aspirin are highlighted in Fig. 7. Aspirin treatment
in unchallenged cells affected fewer, but similarly impor-

tant microglial genes involved in pro- and anti-inflammatory processes.
In unchallenged cells the genes downregulated by aspirin (0.1 mM
or 1mM) included the interleukin 1 receptor antagonist
(llirn = —1.37-fold; —1.44-fold), the anti-inflammatory DNA damage
inducible transcript 3 (Ddit = —1.43-fold, and —1.79-fold), the pro-in-
flammatory IL6 (II6 = —1.23-fold; —1.55-fold) and the pro-inflam-
matory chemokine (C-C motif) receptor 1(Ccrl = —1.42-fold,
—1.44-fold). When aspirin was co-administered to LPS-challenged cul-
tures (Table 1), a more complex picture emerged. Some of the LPS-up-
regulated genes were inhibited by aspirin, as seen in the case of Ccrl
(Fig. 7A), IL1rn (Fig. 7B) or Nos2 (Fig. 7D). Kngl (Fig. 7C), a pro-inflam-
matory gene was downregulated by both aspirin treatments following
LPS challenge. Other genes were further upregulated by aspirin when
applied to LPS-challenged microglia such as Ccl5 or Csf2, or the pro-in-
flammatory Ccl4 (Table 1).

4. Discussion

Microglial activation results in profound morphological, functional
and gene expression changes that activate both pro- and anti-inflam-
matory mechanisms (Kroner et al., 2014) that in turn not only pro-
tect the nervous tissue but can elicit chronic inflammation that could
lead to the development of neuropathological conditions (Jones and
Thomsen, 2013; Long-Smith et al, 2009). Aspirin, one of
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Fig. 6. Hierarchical cluster analysis of inflammation related genes.Pure microglial cultures (subDIV4) were maintained and treated as described in the Methods section. Cells (subDIV4)
were cultured with or without LPS for 24 h in the presence or absence of aspirin. Aspirin: 0.1 mM or 1 mM; LPS: 20 ng/ml; LPS + aspirin: LPS (20 ng/ml) + aspirin (0.1 mM or 1 mM).
For hierarchical cluster analysis and visualization, the Hierarchical Clustering Explorer (v3.0) software was used. The complete linkage clustering method was applied with Euclidean
distance metric. The heat map depicts expression values relative to control samples on a log, scale (overexpression: red, repression: green and no change: black). Missing values are

indicated in grey.

the most commonly used drugs, is noted for its strong anti-inflamma-
tory actions. It acetylates the active site of the enzyme COX, and irre-
versibly blocks the conversion of arachidonic acid to prostanoid (Vane
and Botting, 2003). Apart from its classical beneficial role in cardiovas-
cular diseases, however, aspirin may be beneficial in neuroinflamma-
tion-related disorders given that appropriate target cells, the microglia,
are present in the nervous tissue.

In the present study we investigated the complex pleiotropic, ben-
eficial effects of aspirin on the modulation of inflammation by quan-

titatively analyzing numerous morphological, functional (phagocytosis,
cytokine release) and gene expression parameters in pure, secondary
microglial cultures. As our cultures were >99% pure, they provided a
unique opportunity to study these functional and expression parameters
without the significant influence of any contaminating cell types. This
is a crucial factor when, for example, the levels of secreted pro- and
anti-inflammatory peptides or gene expression levels are measured, as
other cell types in the CNS are also capable of expressing such genes
(Gruol et al., 2014).
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Table 1
Differentially expressed transcripts in aspirin-treated pure microglial cells with or without LPS challenge.

Name
NCBI Reference Sequence ID Aspirin Aspirin LPS + Aspirin LPS + Aspirin
Gene RGD ID LPS 0.1 mM 1 mM 0.1 mM 1 mM

Ccl2 Chemokine ligand 2 +16.95 +1.14 +1.70 +20.92 +21.35
NM_031530.1
RGD ID 3645

Ccl3 Chemokine ligand 3 + 11.33 —1.01 —-1.31 +18.41 +24.79
NM_013025.2
RGD ID 3647

Ccl4 Chemokine ligand 4 +9.80 -1.05 +1.06 +17.68 +29.80
NM_053858.1
RGD ID 620441

Ccl5 Chemokine ligand 5 +38.26 +1.02 +1.35 +84.12 +62.69
NM_031116.3
RGD ID 69069

Ccl7 Chemokine ligand 7 +11.48 -1.14 +1.50 +10.82 +11.82
NM_001007612.1
RGD ID 1359152

Cerl Chemokine receptor 1 +4.51 —1.42 -1.44 +2.16 +1.29
NM_020542.2
RGD ID 708446

Cxcll Chemokine ligand 1 (melanoma growth-stimulating +84.30 -1.51 +4.11 +43.46 +246.78
activity, alpha)
NM_030845.1
RGD ID 619869

Cxcl2 Chemokine ligand 2 +69.02 -1.37 +1.73 +63.70 +60.07
NM_053647.1
RGD ID 70069

Cxcl5 Chemokine ligand 5 (Cxcl6) +33.19 +1.41 +2.11 +34.89 +46.37
NM_022214.1
RGD ID 708540

Cxcl9 Chemokine ligand 9 +73.44 +1.40 +1.22 +86.22 +68.51
NM_145672.4
RGD ID 628798

Cxcl10 Chemokine ligand 10 +2.83 —=1.30 —-1.24 +3.93 +3.21
NM_139089.1
RGD ID 620209

Csfl Colony stimulating factor-1 +1.31 -1.49 -1.03 +1.48 +1.30
AF515736.1
RGD ID621063

Csf2 Colony stimulating factor-2 +10.01 +1.20 -1.00 +20.66 +14.84
XM_001074265.1(old)
NM_053852.1
RGD ID621065

Csf3 Colony stimulating factor 3 +305.58 +1.23 +4.96 +282.90 +278.46
NM_017104.1 (old), NM_017104.2
RGD ID 2426

Ddit3 DNA-damage inducible transcript 3 +1.25 —-1.43 -1.79 +1.14 +1.04
NM_001109986.1
RGD ID 62391

mnp Interleukin 1 beta +24.70 +1.18 +1.62 +19.88 +22.98
NM_031512.2
RGD ID 2891

Il1rap Interleukin 1 receptor accessory protein +1.97 —1.02 +1.06 +2.30 +2.08
NM_012968.1
RGD 1D2893

I1rn Interleukin 1 receptor antagonist +2.83 -1.37 —1.44 +2.02 +1.64
NM_022194.2
RGD ID 621159

116 Interleukin 6 +7.57 —-1.23 —-1.55 +10.82 +7.22
M26744.1
RGD ID 2901

1n1o Interleukin 10 +8.47 +2.01 +1.04 +6.28 +11.87
NM_012854.2
RGD ID 2886

118 IFN-gamma-inducing factor IL-18 +2.24 +1.63 -1.29 +1.90 +2.03
AY077842.1
RGD ID 2889

Kngl Kininogen 1 +1.04 -1.36 -1.55 —-2.75 —2.82
NM_012696.2
RGD ID 2980

Nos2 Nitric oxide synthase +369.22 —-1.28 +1.78 +73.06 +51.21
U26686.1
RGD ID 3185
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Name
NCBI Reference Sequence ID
RGD ID

Gene LPS

Aspirin
0.1 mM

Aspirin
1 mM

LPS + Aspirin
0.1 mM

LPS + Aspirin
1 mM

Pla2g4a Phospholipase A2, group IVA (cytosolic, calcium- +1.73
dependent)

NM_133551.2

RGD ID 67366

Prostaglandin endoperoxide synthase 2
NM_017232.3

RGD ID 620349

The signal-regulatory protein a
NM_013016.2

RGD ID 3449

Transforming growth factor, beta 1
NM_021578.2

RGD ID 69051

Transforming growth factor, beta 2
NM_031131.1

RGD ID 70491

Toll-like receptor 2

NM_198769.2

RGD ID 735138

Toll-like receptor 7

EF032637.1

RGD ID 1563357

Ptgs2 +16.8

Sirpa —2.42
Tgfbl -1.21
Tgfb2 -1.73
Tlr2

—1.03

Tlr7 +2.71

3

-1.33 -1.16 +1.66 +1.07

—1.33 +2.14 +11.76 +12.55

—-1.22 +1.04 —2.84 —2.63

+1.05 -1.10 +1.25 +1.34

—-1.15 —-1.43 —1.47 -241

—1.49 —-1.22 +1.63 +1.63

+1.05 -1.36 +1.79 +2.21

The National Center for Biotechnology Information (NCBI) Reference Sequence Database can be retrieved at http://www.ncbi.nlm.nih.gov/refseq/. A description of a gene function (RGD
ID) can be found in The Rat Genome Database 2015 (Shimoyama et al., 2015) at http://rgd.mcw.edu/. Data are expressed as fold-change over the expression of unchallenged and untreated
(control) microglial cells. Treatments had different effects on inflammation-related genes. Most of the genes were upregulated by LPS challenge. Aspirin, either alone or in combination
with LPS, had differential effects on the expression of certain genes. For example, aspirin treatment downregulated Tgfb2, Kngl or Ddit3, while upregulated other genes such as Csf3, IL10
and CxCl1I in unchallenged cells. In LPS-challenged microglia, aspirin inhibited IL1rn, Ccrl, Kngl, Nos2, while it had a synergistic effect with LPS on others (e.g. Cxcl5, Ccl4, Csf2).

Aspirin reversed the morphological effects of LPS-induced microglia
activation through the increase of the area, perimeter and TI values; the
combined treatment with LPS also inhibited this activation through the
development of microspikes and inducing the cells to become more ram-
ified. Aspirin also affected the protein synthesis of Ibal, a Ca%*-binding
protein that is implicated in actin cytoskeleton remodeling (Ohsawa et
al., 2004; Szabo et al., 2016).

LPS is a potent activator of microglial phagocytosis (Kata et al.,
2016; Lund et al., 2006; Szabo and Gulya, 2013; Szabo et al., 2016),
a crucial factor both in normal and pathologic functions of the CNS
(Kettenmann et al., 2011). Alteration of this function could be harm-
ful (Hickman and El Khoury, 2014; Lue et al., 2015). Pro-inflamma-
tory phenotypes are associated with increased phagocytic activity, and
blocking of phagocytosis may prevent some forms of inflammatory neu-
rodegeneration; this may be beneficial under different neuropatholog-
ical conditions (He et al., 2014; Neher et al., 2011). Aspirin inhibited
phagocytosis in the LPS-challenged microglia only, while it did not in-
hibit the basal phagocytotic activity in unchallenged cells, a physiologi-
cal microglial function crucial for the healthy CNS.

LPS is the main ligad for Toll-like receptor 4 (TLR4). TLR4-in-
duced signalling activates the NF-kB and MAPK pathways leading to
the production of pro-inflammatory cytokines (Fuentes et al., 2016;
Korneev et al., 2017). Aspirin inhibits the production of pro-inflam-
matory cytokines through the suppression of LPS-induced NF-kB and
MAPK pathways in microglial cells (Cianciulli et al., 2016; Sun et al.,
2017; Yang et al., 2014). NF-kB activity is suppressed in the cyto-
plasm with an inhibitory IkB protein. The phosphorylation and degra-
dation of IkB activates NF-kB and allows to the NF-kB dimer to translo-
cate to the nucleus and activate target genes such as IL13 and TNF-a
(Sun et al.,, 2017; Yang et al.,, 2014). LPS-stimutated degradation of
IkB could be strongly inhibited by aspirin (Yang et al., 2014). Anti-in-
flammatory property is mediated by inhibition of several members
of MAPK family, e.g., p38 MAPK and ERK1/2 (Jung et al., 2009;
Li et al, 2017); according to recent data, aspirin enhances the
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inhibition of p38-MAPK and ERK phosphorylation in a microglial cell
line (Yang et al., 2014).

Cytokines are important to the normal and pathologic immunomod-
ulatory functions of the microglia. Previous studies demonstrated a
strong relationship between cytokines and neurodegenerative diseases
(McGeer and McGeer, 2010; Smith et al., 2012). Microglial cells acti-
vated by p-amyloid deposits produce toxic mediators and pro-inflamma-
tory cytokines such as IL-1p, IL-6, TNF-a and iNos that could result in
chronic inflammation (Benveniste et al., 2001). High level of IL-1f could
be observed in the vicinity of amyloid plaques of AD patients (McGeer et
al., 1993) that could be responsible for plaque accumulation (Akiyama
et al., 2000). COX-2 is also increased in AD patients (Akiyama et al.,
2000). Recent attempts have been made to ameliorate neuroinflamma-
tion through the suppression of microglial activation both in vivo and in
vitro (Lim et al., 2015; Wang et al., 2011; Yang et al., 2016). Similarly
to the findings for AD, previous studies also suggested that activated mi-
croglia could be associated with neuronal loss during PD due to the acti-
vation of cytokines, COX-2 and iNos expression (Orr et al., 2002; Phani
et al., 2012) or increased levels of TNF-o and nitrogen oxide could cause
demyelination in MS (Minagar et al., 2002).

As expected, both pro- (IL-1p, TNF-a) and anti-inflammatory (IL-10)
cytokines were increased in LPS-challenged microglia as compared with
the unchallenged cells. Aspirin did not significantly affect the basal
cytokine levels in unchallenged cells, but strongly reduced the lev-
els of the pro-inflammatory cytokines IL-1f and TNF-a when tested in
LPS-challenged microglia. Besides the inhibition of these pro-inflamma-
tory agents, aspirin was also able to elevate the anti-inflammatory IL-10
in LPS-challenged cells. Thus, aspirin is remarkably beneficial as it con-
comitantly decreased pro-inflammation-related cytokines but increased
anti-inflammation-related cytokine peptides in immunochallenged cells.

We also demonstrated that aspirin, LPS and their combination had
differential effects on the expression of several inflammation-related
genes in pure microglial cells. Some of these genes encode
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Fig. 7. Relative expression levels of various inflammation-related genes identified by real-time PCR in pure microglia cells.Pure microglial cultures (subDIV4) were maintained and treated
as described in the Methods section. The transcription levels of the chemokine receptor 1 (Ccrl, A), the interleukin 1 receptor antagonist (IL1rn, B), the kininogen 1 (Kngl, C) and the
nitric oxide synthase (Nos2, D) genes are shown in unchallenged (control), LPS-challenged and LPS-challenged + aspirin-treated cells. Except for Kngl, these pro-inflammatory genes were
upregulated in LPS-challenged cells but were all strongly inhibited by both doses of aspirin. Relative expression levels (on a log, scale) + SEM from at least 3 separate experiments are
shown for each condition. Data were analyzed with two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

markers that can be related to different microglia subtypes proposed
as M1 or M2 phenotypes (Moehle and West, 2015; Orihuela et al.,
2016). In this context, for example, the pro-inflammatory IL1p, IL6,
IL18, Cxcl9, TNF-a, Cxcl10, and the chemokine Ccl5, genes encode M1
markers, while the anti-inflammatory IL10 and the pro-inflammatory
Tgfb2 genes are M2 markers (Franco and Fernandez-Suarez, 2015). In an
LPS-based animal model for Parkinson’s disease, a Rho kinase inhibitor
reversed the inflammatory M1 to anti-inflammatory M2 microglia, de-
creased NF-kB activation, and inhibited IL-12 and TNF-« generation (He
et al., 2016), demonstrating a protective effect against LPS-mediated
dopaminergic degeneration. It must be noted, however, that the concept
of M1/M2 polarization of microglia cells is not universally accepted and
needs reassessment (Martinez and Gordon, 2014; Ransohoff, 2016).
Our study demonstrated that several genes were upregulated after
LPS challenge, confirming its strong pro-inflammatory effects on mi-
croglia. Aspirin, both alone and in combination with LPS, displayed dif-
ferent effects on microglial gene expression. It suppressed the pro-in-
flammatory effects of LPS on some genes such as Ccrl and Nos2. It
may be of importance that Ccrl was previously associated with both
MS and experimental autoimmune encephalomyelitis (Rottman et al.,
2000) and Ccrl protein was localized around the demyelinating plaques
(Eltayeb et al., 2007). In our experiment (Fig. 7A) both aspirin doses
decreased  Ccrl expression. Multiple  studies suggested
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that Nos2 has a central role in inflammatory reactions and pathogenesis
of certain neurodegenerative diseases (Akiyama et al., 2000; Block and
Hong, 2005; Galea and Feinstein, 1999). Thus, downregulating Nos2 ex-
pression could be crucial for possible future therapies. We showed that
aspirin inhibited Nos2 expression significantly in LPS-challenged mi-
croglia. Kininogen (Kngl) is well known for its pro-inflammatory prop-
erties (Sharma and Yusof , 1998; Stewart et al., 1997) as it increases the
release of inflammatory cytokines and affects the formation of inflam-
matory exudate and pain (Ueno and Oh-ishi, 2003).

Aspirin also increased the expression of genes that were predomi-
nantly anti-inflammatory e.g. IL10, Tgfb1 or Ccl5. IL-10 is a well known
anti-inflammatory cytokine that limits the production of pro-inflamma-
tory cytokines including IL-la and -, IL-6, IL-12, IL-18, and TNF-a
(Couper et al., 2008). Previous studies showed that Tgfbl had a pro-
tective effect against excitotoxicity and the loss of this protein resulted
in neurodegeneration (Brionne et al., 2003). Ccl5 was also upregulated
in our studies. Although Ccl5 was demonstrated to induce pro-inflam-
matory mechanisms (Skuljec et al., 2011), it was also shown to ame-
liorate AD-like pathology by recruiting microglia to f-amyloid deposits
(Lee et al., 2012) and to protect against neuronal injury (Campbell et
al., 2013; Lim and Mocchetti, 2015). Upregulation of such anti-inflam-
matory genes in neurodegenerative disorders could be beneficial.
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As activated microglia often damage neuronal tissues (Hong et al.,
2016; Lui et al., 2016) or cause chronic inflammation by excessive cy-
tokine production combined with high level of phagocytosis, effective
inhibition of pro-inflammatory actions by aspirin could be an important
prophylactic therapy in preventing neuroinflammation and thus neu-
rodegeneration. Our data indicate that aspirin beneficially regulates mi-
croglia, cells that could be targets in treating or preventing neurodegen-
erative disorders. With respect to the large population who receives as-
pirin for pain medication or prevention of a number of pathologic con-
ditions, to study the interactions of this drug with the nervous system
is even more important. Early observations revealed that NSAIDs could
reduce the risk of AD (McGeer et al., 1996; Stewart et al., 1997), a no-
tion that has not been proven in randomised controlled trials assessing
the efficacies of aspirin, steroidal and non-steroidal anti-inflammatory
drugs in AD (Jaturapatporn et al., 2012). However, we recently demon-
strated that rosuvastatin, a new generation 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitor regulated microglial pro- and anti-in-
flammatory functions very favorably (Kata et al., 2016). As the effects of
aspirin on selected morphological, functional and gene expression char-
acteristics of microglia are very similar to that of rosuvastatin, and these
drugs are frequently prescribed together for a number of cardiovascu-
lar illnesses, their extended use may have contributed to the lower than
expected incidence of AD (Schrijvers et al., 2012). Thus, the individual
and combined effects of aspirin and rosuvastatin on microglial functions
should be further analyzed for a prophylactic therapeutic approach in
neurodegenerative disorders.

5. Conclusion

Aspirin elicits strong responses to microglial functions in LPS-chal-
lenged pure microglial cells. The most important pleiotropic beneficial
effects of aspirin are 1) the robust inhibition of phagocytosis in activated
microglia, 2) the inhibition of synthesis of pro-inflammatory cytokines
combined with a very strong stimulation of anti-inflammatory cytokine
production, and 3) the beneficial differential expression of a number
of inflammation-related genes. Such beneficial regulation of microglial
functions could point to the possible benefits of aspirin therapy in cer-
tain neuroinflammatory and neurodegenerative diseases.
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