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Abstracts 

Regarding the pathogenesis of Alzheimer's disease (AD), increasing evidence 

indicates that activated microglia release neurotoxic inflammatory molecules that impair 

neuronal function, promote neuroinflammation and subsequently bring about neuro

degenerative changes. As now, drugs that potentially dampen microglial activation may 

be beneficial for the treatment of AD . The present study aims to examine the potential 

application of mood stabilizing drug lithium chloride (Liel) and valproic acid (VPA) in 

suppressing microglial activation endpoints using cell culture system supplemented with 

iron at the concentration reported in AD brain tissue. Here, we report for the first time 

that iron-enriched environment increases activity of GSK3 beta, a major kinase contri

buting to neurofibrillary tangle formation in AD . The presence of iron enhances LPS

induced microglial neurotoxicity, which is reversed by Liel and to smaller scales by 

estrogen and VPA, respectively. Neuroprotective effects of these drugs correlate with 

their ability to suppress microglial proinfiammatory potential including a significant lower 

in expression and secretion of TNF alpha and MMP-9. The presence of iron enhances 

the ability of these drugs to reduce secretion of M M P-9, I L -1 beta and nitric oxide from 

activated microglia without affecting MIP-1 alpha levels. We also show that the 

mechanisms of these drugs in suppressing microglial activation additional to increase 

inhibitory phosphorylation of GSK3 beta involve inhibition of NF-kB nuclear translocation. 

Taken together, our results show that Liel and VPA, similar to estrogen, can suppress 

microglial proinflammatory potential. However, it should be note that Liel shows a 

significant overall neuroprotective effects based on our neurotoxicity assay even in the 

presence of iron. Our results further suggest that pharmacological approaches using 

Liel and VPA or a screening for its derivatives that simultaneously manipulate multiple 

targets involved in AD should be of great benefits to AD patients, alternative to the use 

of a single drug oriented towards a single molecular target possess limited ability to 

modify the course of the disease. 
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1. Introduction 

There are two basic forms of Alzheimer's disease (AD). Early-onset AD is a rare 

form of the disease that strikes people younger than age 65 and is linked with genetic 

defects, whereas late-onset AD is more common, generally beginning after age 65 and 

the exact cause is unknown. The neuropathology of AD, considered the most reliable 

definitive diagnosis, has provided the starting point for defining its causes and 

mechanisms. Both the neurofibrillary tangles (N FT) and neuritic plaques have been 

subjected to intensive analyses by structural, biochemical and molecular biological 

approaches. It is established that paired helical filaments (PHF) comprising NFT 

distributed throughout the cortices of patients with AD are highly phosphorylated forms 

of the microtubule-associated protein tau (Mandelkow et ai, 2007). The presence of 

extracellular amyloid deposits at the centers of neuritic plaques has led to the identifi

cation of the amyloid beta protein (AB) and eventually missense mutations in and 

around the AB region of the B-amyloid precursor protein (APP), in addition to mutations 

in presenillin genes, the most common known cause of early-onset AD (Walsh and 

Salkoe , 2004;. 

Within neuritic plaques, increased protein oxidation/nitration and lipid 

peroxidation have been reported, consistent with results from biochemical analysis 

revealing that plaques are rich in iron (Connor and Menzies, 1995; Smith et al., 1997; 

Love!1 et ai, '! 998) . Elevated levels of iron in AD brain are directly neurotoxic and 

contribute to the production and aggregation of AB. The presence of iron responsive 

element within the 5'UTR of the APP transcripts indicates that APP translation will be up

regulated in response to cellular iron influx by a regulatory mechanism similar to iron 

control of ferritin translation (Roger et al., 1999). Iron also facilitates AB aggregation by 

directly binding to AB (Atwood et ai, 2004) . Thus, iron appears to play diverse and 

complex roles in AD pathogenesis that awaited to be explored. 

Recent studies have implicated the role of glycogen synthase kinase-3 (GSK3), 

a serine/threonine protein kinase ubiquitously expressed in the eNS, in AD 

pathogenesis. GSK3 exists in two isoforms, alpha and beta . The beta is pivotal for the 

induction of memory formation, since its over-expression in mice prevents the induction 

of long-term potentiation (LTP) (Lucas et al., 2001; Hooper et ai., 2007). Increased 
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activity of GSK3 beta is involved in amyloid production (Ryder et ai., 2003) and 

mechanism underlying tau hyperphosphorylation (Jope and Roh, 2006). Active GSK3 

beta is detected in neurons with pre-tangle changes (Pei et al. 1999), in the hippo

campus (Blalock et al. 2004) and in the frontal cortex of patients with AD I: Leroy et al . 

2007) . As being necessary for the production of several proinflammatory cytokines 

including interleukin (IL)-1 beta and tumor necrosis factor (TNF) alpha in monocytes 

(Martin, 2005), perhaps GSK3 beta could function in cerebral inflammatory response, 

which is predominately mediated by microglia. 

There is extensive evidence suggesting the key role of inflammatory cytokines as 

a driving force for pathology progress ion in AD . Preclinical studies in animal models 

relevant to AD demonstrated a correlation between early increases in the hippocampal 

levels of proinflammatory cytokines, such as IL-1 beta and TNF alpha, and the loss of 

synaptic function in the hippocampus (M ra k and Griffin , 2005 ; Tuppo and Ari as; 2005). It 

is believed that AB itself is an important initiating factor in AD pathogenesis by 

stimulating microglial activation in its immediate vicinity to release of neurotoxic 

inflammatory molecules that impair neuronal function, promote neuroinfiammation and 

subsequently bring about neurodegenerative changes (Glulian et al ., 1995; McGeer et 

al., 2001 ; Rogers et al. , 2002, Walsrl and Selkoe : 2004). Furthermore, evidence provided 

by studied using inhibitor of glial activation which showed to attenuate AB-induced 

increase in proinflammatory cytokines production improving both the levels of synaptic 

markers in hippocampus and hippocampus-dependent behavioral deficits (Craft et al., 

2004). These findings address a potential link between microglial activation and 

inflammatory processes that play important roles in the pathogenesis of AD and others 

neurodegenerative disorders. As now, agents that potentially dampen microglial 

activation may proof to be useful for the treatment of AD (Hunter et ai., 2004; Seabrook 

et al ., 2006). 

Lithium chloride (LiCI) and valproic acid (VPA), commonly used mood-stabilizing 

drugs for the treatment of bipolar disorder, are GSK3 specific inhibitors. Inhibition of 

GSK3 beta by LiCI ameliorate AB-induced death of primary cortical and hippocampal 

neuronal cultures (Alvarez et aI., 1999) and blocks the accumulation of AB and tau 

phosphorylation in several mouse models (Phiel et al., 2003 ; Parez et a/., 2003; Noble et 
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al., 2005). Similarly, VPA has been shown to protect neurons from AB and glutamate

induced neurotoxic injury (Mark, 1995; Gobbi and Janirl, 2006 ). It was shown that VPA 

possessed an anti-inflammatory effect by attenuating the production of TNF and IL-6 in a 

human monocytic leukemia cells through the inhibition of NF-kB (lchiyama, ~OOO ) . The 

activation of NF-kB leads to inflammatory reaction through its regulatory role in the 

production of cytokines, chemokines, prostaglandin ( O E: 3 hpan(i~ et al. , 19Q1 , Xing et al., 

2007) and matrix metalloproteinases (Han et aI., 1998; . 

Thus, the present study aimed to determine the potential application of GSK3 

inhibitors; LiCI and VPA compared to estrogen, in the presence of iron in suppressing 

microglial activation endpoints that linked between neuroinflammation and progression 

of AD-relevant pathophysiology, Quantitative analyses to be included in this study were 

as follows: transcript expression and protein secretion of inflammatory cytokines (IL 1 

beta, TNF alpha), chemokine (Mlp-1 alpha), inflammatory mediators (nitric oxide, MMP

9), as well as the activation of GSK3 beta and its down stream transcription factor NF

kB. 

2. Materials and Methods 

2.1 Chemicals and reagents 

LiCl, VPA, estrogen, ferric ammonium citrate, lipopolysaccharide (LPS) and other 

reagents related to cell culture were purchased from Sigma, St. Louis, MO, unless 

otherwise stated. 

2.2 Microglial and neuronal cell cultures 

Mouse microglial BV2 and neuroblastoma cells were a kind gift from Dr. James 

R Connor, The Pennsylvania State University, USA. Cells were grown at 37°C in DMEM 

supplemented with penicillin/streptomycin and fetal bovine serum (FBS) . Culture media 

were renewed approximately twice per week. 

2.3 Cell viability assessment 

Cells were plated at a density of 1x1 0
5 

cells/well in 24-well plates in DMEM 

containing 50/0 FBS. The viability of microglial cultures exposed to various concentrations 
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of LiCI or VPA or that of neuroblastoma cells challenged with microglia-conditioned 

media was determined by MTT assay. Briefly, A 10 ul of 0.5 mg/rnl MTT reagent was 

c
added into each well and incubated at 37 C for 2 h. The media were removed and a 100 

ul of DMSO was added to each well. Plates were covered in the dark for 2 h. Then, the 

absorbance at 570 nm was determined uSing a microplate reader. 

2.4 RNA isolation and RT-PCR 

Total RNA at 6 h post-treatment was isolated using TRlzol reagent (Invitrogen), 

according to the manufacturer's protocol. A volume of 2 ug RNA from each sample was 

subjected to reverse transcription (RT) to synthesize 1 st strand cDNA. The RT reaction 

was performed at 42°C for 1 h. Then, AMV enzyme was inactivated at 99°C for 5 min . 

The cDNA samples were subjected to PCR reaction in the presence of Taq DNA poly

merase (Fermentus) and primers specific for IL-1 beta forward (5'- gctatggcaactgtccc

tgaac-3'), reverse (5'-tgagtgacactgccttcctcct-gaa-3') resulting in 200 bp products or 

TNF alpha forward (5'- atccgagatgtggaactggca-3'), reverse (5'- ccggactccgtgatgtctaagt 

-3') resulting in 659 bp products or NIl P-1 alpha Forward (5'- taccagtcccttctctgctctg-3'), 

reverse (5'- ggaggtttgggggttccttg-3') resulting in 348 bp products or inducible nitric 

oxide synthase (iNOS); forward (5'-atcccgaaacgcta-cacttcc-3'), reverse (5'-ggcgaagaa

caatccacaactc-3') resulting in 300 bp products or MMP-9 forward (5'- atccagtttggtgtcg

cggag-3'), reverse (5'- aataggagcgtccctcgaagg-3') resulting in 225 bp products or 

GAPDH; forward (5'-aagctcactggcatggccttcc-3'), reverse (5'-ttggaggccatgtaggccatgag

3') resulting in 311 bp products. The PCR reactions were performed on Perkin-Elmer 

Thermal Cycle as followed: 95 C C for 5 min followed by 35 cycles at 94°C for 1 min, 58

61°C for 1 min, and 72 0 C for 2 min. The amplification products were analyzed on 1.5% 

agarose gel. Band intensity will be quantified by densitometry. 

2.5 Enzyme-linked immunosorbent assay 

The presence of IL-1 beta, TNF alpha and Mip-1 alpha in culture supernatants at 

24 h post-treatment were measured according to the manufacturer's protocol (R&D) . 

Briefly, a 50 ul of assay diluent was added to each well followed by 50 ul of each sample 

or standard to the antibody coated plates. Plates was covered , incubated at room tem
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perature for 2 h, washed 4 times with wash buffer before adding biotinylated antibody 

and incubated at room temperature for additional 2 h. Then, substrate solution was 

added to each well and incubated for 30 min at room temperature. The enzyme reaction 

was stopped by adding stop solution into each well. The absorbance was read on a 

microplate reader using 450 nm as the primary wave length. The concentrations of IL-1 

beta, TNF alpha and Mip-1 alpha in unknown samples was calculated using appropriate 

standard curves. 

2.6 Nitric oxide quantification 

The generation of NO at 24 h post-treatment was determined by measuring 

nitrite accumulation in the cell culture supernatants using Griess reagent (Invitrogen). 

Briefly, 150 ul/well of the nitrite-containing sample were place in 96-well plate, mixed 

with 20 ul of Griess reagent and 130 ul of deionized water and incubated for 30 min at 

room temperature. Optical density was read at 540 nm and compared with a standard 

curve generated in each experiment from known concentration of nitrites. 

2.7 Gelatin zymography 

The presence of MMP-9 in culture supernatant at 24 h post-treatment was 

visualized using gelatin zymography. Briefly, culture supernatant from each condition 

was centrifuged at 1500xg for 15 min to remove cellular debris. Proteins in the 

supernatant were concentrated in centriprep-10 concentrators (Millipore) to approxi

mately 25 fold by centrifugation at 12000xg. Total protein concentration in each con

centrated sample was determined using the BCA protein assay kit (Pierce). Samples (50 

ug/lane) were mixed with 4x non-reducing sample buffer and incubated at room 

temperature for 10 min. Protein samples were separated on 10% SDS-PAGE containing 

1 mg/ml gelatin. Then, the gelatin gels were washed in buffer containing Triton X-1 00 for 

45 min to remove SDS and incubated overnight at 37°C in developing buffer containing 

Tris-base, Tris-HCI, NaCl, CaCI2 and Brij-35. After staining gel with Coomassie blue, the 

gelatinolytic activity of MMP-9 appeared as clear bands against a dark blue background 

of the gels. The relative molecular weights of the clear bands were determined using 

pre-stained protein markers (Pierce). 
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2.8 Western blot analysis 

Protein expressions of total and phosphorylated forms of GSK-3 beta at serine 9 

indicating specific inhibition of this kinase were determined using the rabbit polyclonal 

antibodies (Cell Signaling). Total cells were collected at 1 h following each treatment 

and lysed in lysis buffer containing 1 % Triton-X 100. Total protein content in each 

sample was quantified using BCA protein assay (Pierce). Equal amounts (80 ug) of total 

protein from each sample were mixed with sample buffer containing beta

mercaptoethanol, boiled for 10 min, and separated on 10% SOS-PAGE. Then, proteins 

were transferred to PVDF membranes, blocked in 5% dry milk for 1 h at room 

temperature, rinsed with TBS, and incubated overnight at 4°C in primary antibody 

specific to total form of GSK3 beta (1 :1000). Subsequently, the membranes were 

washed with TBS containing 1 % Tween 20 and incubated in the secondary antibody 

(1 :2000) goat anti-rabbit IgG peroxidase conjugate (Sigma) for 2 h at room temperature. 

Bound antibodies were visualized using SuperSignal West Pico chemiluminescence 

(Pierce) and exposed on CL-X Posture film. The same membranes were washed 

Intensively in TBS-Tween 20 to remove the first primary antibody before incubating in the 

second primary antibody specific to phosphorylation of GSK3 at serine 9 and sub

sequently in HRP conjugated secondary antibody. Then, band intensity of total and 

inhibitory phosphorylated forms of GSK3 beta was determined. 

2.9 NF-kB assay 

To prepare nuclear extracts, cells collected at 4 h post-treatment were washed, 

resuspended in iced cold PBS-PMSF and transferred into a microcentrifuge tube. Cells 

were pelleted at 1500 rpm at 4°C and resuspended in buffer containing 10mM HEPES 

(pH7.9), 1.5mM MgCI2, 10mM KCI, 0.5mM dithiothreitol, and 0.2 mM PMSF, followed by 

vigorous vortex for 15 sec before adding 10% detergent solution and vortexing for 10 

sec. The samples were centrifuged at 14,000 rpm for 2 min. The pelleted nuclei were 

resuspended in buffer containing 20mM HEPES (pH 7.9), 25% glycerol, 420 mM NaCl, 

1.5 Mm MgCI2, 0.2 mM EDTA, 0.5 mM dithiothreitol, and 0.2 mM PMSF and incubated 

for 30 min on ice and nuclear Iysates were centrifuged at 14,000 rpm for 2 min. NF-kb 

activity in supernatants containing solubilized nuclear proteins was measured by a NF
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kb p65ActivELISA kit (Biocarta) according the manufacturer's instruction. The 

absorbance at 405 nm was determined using a microplate reader. 

2.10 Statistical analysis 

All values were expressed as the means ± standard error of means (SEM) of at 

least three independent experiments performed in triplicate. Comparisons were made 

with one-way ANOVA followed by LSD test. The statistical significance was established 

at a level of p<0.05. 

3. Results 

3.1 Cytotoxicity of LiCI and VPA in microglial cultures 

To determine non-toxic concentrations of LiCI and VPA in microglia cultures, 

cells were exposed to either LiCI or VPA at various concentrations for 24 h and cell 

viability was determined by MTT assay. As shown in figure 1, at high concentrations, 

LiCI (20 mM) and VPA (3 .2 mM) weakly induced cell death in microglial cultures. The 

maximum and non-toxic concentrations of LiCI and VPA for microglial cultures were 

obseNed at 10 mM and 1.6 mM, respectively. These concentrations are in a range of 

cell culture applications, as previously reported (Chen et al., 2006; Hashioka et al. , 

2007). Therefore, they were used in the following experiments and compared their anti

inflammatory properties with that of estrogen, which previously shown to exhibit its anti

inflammatory effects in microglial cells at a concentration of 10 nM (Cheepsunthorn et 

al., 2006). 

3.2 Neuroprotective effects of LiCI, VPA and estrogen against microglial neurotoxicity in 

the presence of iron 

In this experiment, microglial BV2 cells were activated by LPS at a concen

tration of 1 ug/ml to produce neurotoxic inflammatory molecules in the presence of LiCI, 

VPA or estrogen. Estrogen treatment seNed as positive control as previously reported 

for its neuroprotective effects (Pozzi et al., 2006 ; Tenenbaum et al., 2007). Cell-free 

supernatants were collected 24 h post-treatment and used to treat cultures of mouse 

neuroblastoma cells for 24 h. The viability of neurons was determined by MTT assay. As 
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shown in figure 2, media from LPS-activated microglia slightly decreased neuronal 

viability, whereas the presence of VPA in the media significantly enhanced this 

neurotoxicity. On the other hands, the presence of Liel in the media from LPS-activated 

microglia compared to estrogen significantly increased neuronal viability. 

Next, two non-toxic concentrations of iron, as determined by MTT assay in 

microglia and neuronal cultures at 24 h of exposure (data not shown),were included in 

the this experiment to determine neuroprotective effect of Liel, VPA and estrogen 

against neurotoxic molecules produced by LPS-activated microglia in the presence of 

iron as seen in AD brain. The concentrations of 100 and 300 ug/ml of iron aitrate 

represented the amount of iron reported in the brain tissues of normal elders and in the 

neuritic plaques of AD patients, respectively (Lovell et al ., 1998). At 24 h, cell-free 

supernatants were collected and used to treat neurons for 24 h. As shown in figure 2, 

media from LPS-activated microglia containing 300 ug/ml of iron significantly decreased 

viability of neuronal cultures. VPA, only when 300 ug/ml of iron was presented, 

increased the viability of neuronal cells exposed to media from LPS-activated microglia. 

Liel significantly increased viability of neurons exposed to media from LPS-activated 

microglia in an iron-dependent manner. Similar to Liel, estrogen increased viability of 

neurons exposed to media from LPS-activated microglia, but not in an iron-dependent 

manner. These results demonstrate that Liel, when compared to VPA and estrogen, is a 

potent neuroprotective agent against neurotoxic substances produced by LPS-activated 

microglia, even in the presence of high concentrations of iron. 

3.3 Liel, VPA and estrogen treatments decrease GSK3 beta activity in cultures of LPS

activated microglia in the presence of iron. 

As shown in previous experiment, the presence of iron enhanced neurotoxicity of 

activated microglia consistent with neuropathological findings in AD brain and such 

effect of iron could be reversed by treatment with Liel, estrogen and somewhat VPA, 

suggesting a possible link between iron, GSK 3 beta activity and microglial 

neurotoxicity. We therefore hypothesized that iron may be one among other factors 

contributing to an increased activity of GSK3 beta, which may, in turn, play important 

role in AD pathogenesis involved microglial activation. To test this hypothesis, the 
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activation state of GSK3 beta in microglial cultures induced by LPS in the presence of 

iron, Liel, VPA or estrogen as described was quantified by the measurement of 

inhibitory phosphorylation of GSK3 beta at serine 9. Accordingly, total cell Iysates 

prepared at 1 h post-treatment were immunoblotted for phosphorylated form of GSK3 

beta at serine 9 and compared to Its total form. As shown in figure 3, in non-activated 

microglial cultures iron decreased, whereas Liel, VPA and estrogen increased, inhibitory 

phosphorylation of GSK3 beta (lane 1-4 from the left). Treatment of microglial cultures 

with LPS did not affect basal levels of phosphorylated GSK3 beta at time point examined 

(lane 5 compared to lane 1). It was found that the presence of iron decreased inhibitory 

phosphorylation of GSK3 beta in activated microglia in a concentration-dependent 

manner (lane 5-7), Liel, VPA and estrogen reversed such effect of iron (lane 9, 10). 

These findings indicate that Iron can increase GSK 3 beta activity in microglia in the 

absence of microglial activation signal such as LPS. Liel compared to VPA and 

estrogen is a potent GSK 3 beta activity in LPS-activated microglia, even in the 

presence of iron . 

3.4 Effects of Liel, VPA and estrogen on microglial inflammatory reaction induced by 

LPS in the presence of iron 

Increasing evidence indicates that microglial activation and inflammatory 

processes play key roles in pathogenesis of AD and others neurodegenerative 

disorders. This set of experiments was aimed to determine whether neuroprotective 

effects of Liel, VPA and estrogen against microglial activation in the presence or 

absence of iron observed in previous experiments could be associated with anti

inflammatory effects of these molecules. To do so, microglial cultures were activated by 

LPS for 6 h in the described conditions and total RNA was isolated to profile the 

expression of inflammatory genes. To be included in this list were IL-1 beta, TNF alpha, 

MIP-1 alpha, iNOS and MMP-9. 

As shown in figure 4A, treatments with LiCI and estrogen significantly 

suppressed LPS-induced transcript expression of IL-1 beta in microglial cultures. When 

compared to LiCI, VPA exhibited minimal effect in reducing transcript levels of IL-1 beta 

despite the fact that both Liel and VPA are known to share the same cellular target. 
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Furthermore, suppressive effects of LiCI and estrogen including that of VPA were 

enhanced by iron. At time pOint examined as shown in figure 4B, treatments with LiCI 

and VPA were more effective than estrogen in suppressing LPS-induced transcript 

expression of TNF alpha in microglial cultures. In the presence of iron, suppressive 

effects of LiCI and VPA were slightly reduced. As shown in figure 4C, in contrast to what 

observed for IL-1 beta and TNF alpha at time point examined treatment with LiCI, VPA or 

estrogen did not suppress LPS-induced expression of chemokine MIP -1 alpha. 

However, it was observed that VPA slightly suppressed transcript levels of MIP-1 alpha, 

whereas LiCI increased rvll P-1 alpha transcript levels. Although it was not statistically 

significant, the presence of iron appeared to reduce suppressive effects of VPA on LPS

induced expression of MIP -1 alpha in microglial cultures. As shown in figure 4D, 

treatment with LiCl, VPA and estrogen suppressed LPS-induced transcript levels of 

iNOS. Suppressive effects of LiCI, VPA and estrogen were dramatically enhanced by 

iron. Treatment with LiCI, VPA and estrogen, as shown in figure 4E, effectively 

suppressed LPS-induced expression of MMP-9 by 50%. Suppressive effects of LiCI, 

VPA and estrogen remained at the same levels, despite the fact that iron synergistically 

increased LPS-induced expression of MMP-9. These findings demonstrate that LiCI and 

VPA suppress microglial inflammatory gene expression associated with their activation 

induced by LPS. Suppressive effects of LiCI are comparable to that of estrogen and are 

more potent than that of VPA. The presence of iron during the treatments appears to 

enhance suppressive effects of LiCI on the expression of IL-1 beta, iNOS and MMP-9. 

The following experiments aimed to determine whether suppressive effects of 

LiCI, VPA and estrogen on the expression of microglial inflammatory genes described in 

previous experiments would lead to a reduction in secretion of their corresponding 

proteins. Cell-free supernatants were collected at 24 h post-treatment for determination 

of IL-1 beta, TNF alpha and MIP-1 alpha by ELISA, or NO by Greiss reaction ; or MMP-9 

by gelatin zymography, as described in the methods. As shown in figure 5A, treatment 

with LiCl , VPA and estrogen significantly suppressed LPS-induced secretion of IL-1 beta 

in microglial cultures. The presence of iron suppressed LPS-induced secretion of IL-1 

beta and enhanced suppressive effects of LiCI, VPA and estrogen on the secretion of IL

1 beta from microglia . These findings were in line with what described for transcript 
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levels of IL-1 beta induced by LPS following treatments of LiCl, VPA and estrogen. At 

time point examined as shown in figure 5B, similar to what observed for transcript 

expression of TNF alpha, treatments with LiCI and VPA were more effective than 

estrogen in suppressing LPS-induced secretion of TNF alpha from microglia. The 

presence of iron did not significantly alter suppressive effects of LiCI, VPA or estrogen. 

As shown In figure SC, unstimulated microglia secreted high levels of MIP-1 alpha into 

the medium. However, treatments with Liel, VPA or estrogen with or without iron had no 

effects on the secretion of MIP-1 alpha induced by LPS. As shown in figure 50, 

treatment with LiCI, VPA and estrogen suppressed LPS-induced production of NO. 

Suppressive effects of LICI, VPA and estrogen were enhanced by 100 ug/ml of iron. As 

shown in figure 5E, LPS induced microglial secretion of MMP-9 and iron further 

enhanced such effect of LPS. Treatments with Liel and estrogen reduced LPS-induced 

secretion of MMP-9, whereas VPA significantly enhanced the secretion. Furthermore, 

suppressive effects of LiCI were enhanced by a higher concentration iron. Thus, at time 

point examined these findings demonstrate that Liel and VPA suppress microglial 

secretion of inflammatory cytokines and mediators associated with their activated state 

induced by LPS with an exception for the secretion of the chemokine MIP-1 alpha. Liel 

compared to VPA and estrogen strongly suppresses the secretion of TNF alpha, nitric 

oxide and MMP-9. The presence of iron during the treatments enhances suppressive 

effect of LiCI on microglial secretion of IL-1 beta, nitric oxide and MMP-9 consistent with 

the reduction in transcript expression of their corresponding transcripts. 

3.S Effects of Liel, VPA and estrogen on NF-kB-mediated microglial inflammatory 

reaction induced by LPS in the presence of iron 

Because the activation of NF-kB is essential for microglial inflammatory reaction, 

the levels of NF-kB p65 subunit in nuclear extract of LPS-activated microglial cultures in 

the presence of LiCI, VPA or estrogen were determined by ELISA. It was found that 

treatment with LPS increased p65 nuclear translocation in microglia. The presence of 

LiCI and VPA reduced nuclear levels of p65 induced by LPS to approximately 50% and 

the greater effect was observed with estrogen. The presence of iron somewhat 

enhanced suppressive effects of VPA, whereas it greatly enhanced the effects of LiCI by 
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decreasing LPS-induced p65 levels to its baseline seen in the untreated control sample, 

as shown in figure 6. These findings suggest that suppressive effects of Liel, VPA and 

estrogen on LPS-induced microglial inflammatory reaction partially involve the inhibition 

of NF-kB nuclear translocation . 
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Figure 1. Cytotoxicity of LiCI and VPA in microglial cultures . Cells plated in 

5
a 24-well culture plates at a density of 1 x1 0 cells per well were treated with indicated 

concentrations of Liel (A) or VPA (8) dissolved directly into the culture medium. Twenty 

four hours later, the cell viability was determined by MTT assay. Values from three inde

pendent experiments performed in triplicate are expressed as mean ± SEM of percent

age of untreated control cultures. *p<O.05 compared with untreated control cultures. 
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Figure 2. Neuroprotective effects of LiCl, VPA and estrogen against LPS induced 

microglial neurotoxicity in the absence or presence of iron. Concentrations of LiCI, VPA 

and estrogen examined were 10 mM, 1.6 mM, 10 nM, respectively. Neuroblastoma cells 

5
seeded in a 24-well culture plates at a density of 1 x 10 cells per well were cultured with 

BV2 microglial conditioned-media as indicated. Twenty-four hours later, the cell viability 

was determined by MTT assay. Values from three independent experiments performed 

in triplicate are expressed as mean ± SEM of percentage of untreated control cultures. *; 

+; @ p<0.05 compared with untreated control cultures, LPS + 100 ug/ml iron, and LPS + 

300 ug/ml iron, respectively. 
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Figure 3. Iron increases GSK3 beta activity in LPS-activated microglial cultures, 

whereas LiCI, VPA and estrogen treatments decrease its activity. Cultures of BV2 

microglial cells were activated by LPS and simultaneously treated with LiCI, VPA or 

estrogen as indicated. One hour later, level of inhibitory phosphorylation of GSK 3 

beta at serine 9 was determined by western blot and compared with that of total form of 

GSK 3 beta as described in Materials and methods. Fold changes from three 

independent experiments are expressed as mean ± SEM of untreated control cultures . *; 

#; +; @ p<0.05 compared with untreated control cultures, LPS, LPS + 100 ug/ml iron, 

and LPS + 300 ug/ml iron, respectively. 
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Figure 4. Effects of LiCI, VPA and estrogen on microglial inflammatory gene 

expressions induced by LPS in the presence of iron. Cultures of BV2 microglial cells 

were activated by LPS and simultaneously treated with LiCl, VPA or estrogen in the 

absence or presence of iron as indicated. Six hours later, transcript levels of IL-1 beta 

(A), TNF alpha (B), MIP-1 alpha (C), iNOS (0) and MMP-9 (E) were determined by RT

PCR and normalized with that of GAPOH. Fold changes from three independent 

experiments are expressed as mean ± SEM of untreated control cultures. *; #; +; @ 

p<0.05 compared with untreated control cultures, LPS, LPS + 100 ug/ml iron, and LPS + 

300 ug/ml iron, respectively. 
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Figure 5. Effects of LiCI, VPA and estrogen on LPS-induced microglial secretion 

of inflammatory cytokines and mediators in the presence of iron. Cultures of BV2 

microglial cells were activated by LPS and simultaneously treated with LiCI, VPA or 

estrogen in the absence or presence of iron as indicated. Twenty-four hours later, the 

presence of IL-1 beta (A) , TNF alpha (B), MIP-1 alpha (C), iNOS (0) and MMP-9 (E) in 

the cell culture media were determined. Values from three independent experiments 

performed in triplicate are expressed as mean ± SEM. *; #; +; @ p<0.05 compared with 

untreated control cultures , LPS . LPS + 100 ug/ml iron, and LPS + 300 ug/ml iron, 

respectively. 
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Figure 6. LiCl, VPA and estrogen treatments decrease NF-kB nuclear 

translocation in cultures of LPS-activated microglia in the presence of iron. Cultures of 

BV2 microglial cells were activated by LPS and simultaneously treated with LiCl, VPA or 

estrogen in the absence or presence of iron as indicated. Four hours later, nuclei were 

isolated to determine the levels of NF-kB p65 by ELISA. Values from three independent 

experiments performed in triplicate are expressed as mean ± SEM. *; #; +; @ p<O.05 

compared with untreated control cultures, LPS, LPS + 100 ug/ml iron, and LPS + 300 

ug/ml iron, respectively. 
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4. Discussion 

As reviewed earlier in this report, several key conditions have been implicated in 

AD neurodegeneration including elevated brain iron levels, aggregation of amyloid 

peptides that initiates amyloid/neuroinflammation cascades and increasing self

assembly of hyperphosphorylated tau leading to the formation of intraneuronal neuro

fibrillary tangles . The present study is, perhaps the first, to report that elevated extra

cellular iron levels increases kinase activity of GSK3 beta, a major kinase phos

phorylating tau. However, the mechanism underlying this observation remains elusive. 

And this finding favors the tau hypothesis by suggesting that dysregulation of brain iron 

homeostasis as reported in aged individuals could contribute to neuronal loss in AD by 

promoting GSK3 beta-mediated tau hyperphosphorylation and eventually tangles 

formation. This finding also validates the relevance and significance of described tissue 

culture model used in this report to study neuropathogenesis in AD . 

Among other trace metals in the brain, iron is, perhaps, a key catalyst in the 

process of amyloid aggregation/compaction (Atwood et aI., 2004) and could possibly 

involve in microglia-mediated neuroinflammation. Studies show that amyloid beta 

peptides attract and activate microglia to increase cell surface expression of 

macrophage-associated markers and secretion of proinflammatory cytokines IL-1 beta, 

TNF alpha; chemokine MIP-1 alpha as well as inflammatory mediators NO and 

metalloproetinases (Rogers ana Lue , 2001). Thus, the appearance of activated 

microglia surrounding iron-rich amyloid plaques and increased levels of inflammatory 

molecules within the plaque areas have led to the concept of self-propagating 

neurotoxic cycle of AD inflammation. We found that iron enhances neurotoxicity of 

activated microglia induced by LPS. This result is unlikely to be a direct effect of iron on 

cultured neurons (data not shown), but it is rather an indirect effect by which iron 

increases secretion of MMP-9 from activated microglia. Supporting evidence includes 

studies showing that MMP-9 induces neuronal apoptosis by regulating the expression of 

TNF-apha, Fas ligand and IL-1 beta (Kiaei et al., 2007; Russo et aI., 2007). High levels of 

TNF-alpha previously shown to increase amyloid production persistently activate 

microglia feeding forward neurotoxic cycle (Blasko et aI., 1999; Takeuchi et ai., 2006). 

MMP-9 also contribute to chronic state of local inflammation by faCilitating the 
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transmigration of leukocytes through microvasculature endothelium (Cross and 

Woodroofe, 1999), which could be enhanced by MIP-1 alpha highly secreted from 

activated microglia. 

Regarding the concept of neuroinflammation in AD, supporting this view are 

reports showing that neuroprotection of nonsteroidal anti-inflammatory drugs (NSAIOs) 

and estrogen correlates with reduction in microglial activation and neuroinflammation in 

post-mortem and various cellular and animal studies relevant to AD (Mackenzie ; 2001; 

Hoozemans et al., 2003; Yan et al ., 2003; Xu et al., 2006; Pozzi et al., 2006; Yun et al ., 

2007). Unfortunately, prospective randomized studies have shown some controversies 

concerning their clinical efficacy and side effects (Hul l et al ., 2006). In this report, using 

anti-inflammatory effects of estrogen as a reference we showed that LiCI and VPA, 

drugs clinically used for the treatment of patients with bipolar disorders, may have 

benefit as a therapeutic alternative to NSAIDs and estrogen when treating neuroinflam

mation in AD. Treatment with LiCI and VPA protected neurons from cytotoxicity of 

activated microglia. Their neuroprotective effects correlate with the suppression of 

microglial proinflammatory potential including the reduction in expression and secretion 

of MMP-9 and TNF alpha. The presence of iron appears to enhance neuroprotective 

effects of LiCI and VPA in reducing secretion of IL-1 beta, NO and MMP-9 suggesting 

the relevance of using these drugs for treating AD. It should be noted that LiCI is 

superior to VPA in protecting cultured neurons from microglial toxicity even under iron

enriched condition. 

Mechanism by which LiCINPA suppress microglial production of cytokines and 

inflammatory mediators includes the prevention of NF-kB nuclear translocation. 

Although, LiCI and VPA reduce NF-kB levels closely to that of control, even in the 

presence of iron, they do not completely inhibit cytokine expressions suggesting that 

multiple NF-kB-independent pathways may be activated during microglial activation and 

actively involved in microglial inflammatory reaction. Recent studies indicate that LiCI 

independently from targeting GSK3 stimulates proliferation of neural progenitors in vitro 

and directly protects neuronal cultures from glutamate toxicity by inhibiting Src tyrosine 

kinase which phosphorylates and activates NMDA receptor and subsequently reducing 
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Ca2+ influx (H ash imoto et aI. , 2003a, b), supporting the regimen of using LiCI for the 

treatment of AD. 

Taken together, our results show that LiCI and VPA, similar to estrogen, can 

suppress microglial proinflammatory potential. However, it should be note that LiCI 

shows a significant overall neuroprotective effects based on our neurotoxicity assay 

even in the presence of iron . Thus, considering the multi-etiological character of AD, our 

results suggest that pharmacological approaches using LiCI and VPA or a screening for 

its derivatives that simultaneously manipulate multiple targets involved in AD should be 

of great benefits to AD patients, alternative to the use of a single drug oriented towards 

a single molecular target possess limited ability to modify the course of the disease. 
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