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ABSTRACT 25 

Background: Glycogen synthase-3 kinase (GSK3) is one of the major contributors of tau 26 

hyperphosphorylation linked to neurofibrillary tangles (NFTs) in Alzheimer’s disease (AD).  27 

Objectives: To determine a mechanism of GSK-3β activation by two periodontal bacteria 28 

consistently confirmed in AD autopsied brains. 29 

Methods: Porphyromonas. gingivalis FDC381 and Actinomyces naeslundii ATCC10301 30 

(designated An) conditioned media were collected. IMR-32 cells were challenged for 48h with 31 

the conditioned media alongside P. gingivalis (ATCC33277) ultrapurified lipopolysaccharide 32 

(LPS) designated Pg.LPS under established cell culture conditions either, alone or combined. 33 

Gene expression, and protein analyses for GSK-3β were carried out.  34 

Results: qPCR demonstrated that GSK-3β gene was over-expressed in IMR-32 cells treated 35 

with Pg.LPS with a 2.09 fold change (p=0.0005) whilst An treated cells demonstrated 1.41 fold 36 

change (p=0.004). Western blotting of the cells challenged with Pg.LPS (p=0.01) and An 37 

conditioned medium (p=0.001) demonstrated the 37 kDa band for each treatment with variable 38 

intensity across the medium control. Immunohistochemistry with the GSK-3β of the IMR-32 39 

cells challenged with Pg.LPS and An alone demonstrated cytoplasmic and nuclear localisation.  40 

Conclusions: Exposure to various bacterial factors up-regulated the gene expression of GSK-41 

3β. Western blotting for GSK-3β confimed the presence of the cleaved fragment by Pg.LPS 42 

(37 kDa band p=0.01) and An conditioned medium (37 kDa band p=0.001). Immunostaining 43 

demonstrated both cytoplasmic and nuclear localisation of GSK-3β. Therefore, Pg.LPS and an 44 

unknown factor from the An conditioned medium mediated GSK-3β activation via its 45 

transcriptionally active, cleaved, fragment. These virulence factors in the body appear to be 46 

detrimental to brain health.  47 

 48 

KEYWORDS 49 

Alzheimer’s disease, Actinomyces naeslundii, LPS, Porphrymonas gingivalis, glycogen 50 

synthase-3 kinase (GSK-3β), inflammation 51 

  52 



3 
 

INTRODUCTION 53 

Porphyromonas gingivalis, and Actinomyces naeslundii are bacteria associated with 54 

periodontal disease which have been shown to spread to the brain tissue of patients with 55 

Alzheimer’s disease (AD). Glycogen synthase-3 kinase (GSK-3) is a metabolic enzyme that 56 

regulates and controls multiple physiological processes in the human body including the 57 

inflammatory response triggered by bacteria1, 2. It has 2 isoforms, GSK3-α and GSK3-β. The 58 

GSK-3β form is abundant in the brain where it is found mainly in the neurons. Over-activity 59 

of GSK-3β in AD is associated with the death of neurons. GSK-3β belongs to a class of kinase 60 

enzymes that catalyse several substrates, which usually need to be pre-phosphorylated by other 61 

kinases1. GSK-3β kinase is one of the major contributors of tau hyperphosphorylation linked 62 

to neurofibrillary tangle (NFT) formation in AD3. AD is a neurodegenerative disorder, and the 63 

most prevalent example of dementia. AD can manifest in two forms either as familial (less 64 

common) or sporadic (most common). Individuals with AD clinically display behavioural and 65 

memory associated symptoms which are correlated with hallmark proteins in post-mortem 66 

brain tissue sections4, 5. These hallmark lesions are amyloid-beta (Aβ) plaques and abnormally 67 

phosphorylated tau protein binding to NFTs6, 7. The cause of this neurodegenerative disease 68 

remains unknown but a multi-domain aetiology is implicated8, 9. Drug based therapy to slow 69 

down deteriorating memory in the early stages of AD is emerging, however, researchers have 70 

yet to find a more adequate treatment for controlling the various aspects for this debilitating 71 

disease. Further investigations into the many risk factors involved with the aetiology of AD are 72 

still necessary10.  73 

A number of published articles have reported the detection of several oral bacteria related to 74 

periodontal disease including spirochetes, Porphyromonas gingivalis and Actinomyces 75 

naeslundii in AD autopsy brain tissue11-14 with/without next generation sequencing 76 

methodologies; and to a lesser extent in age related control brains15. P. gingivalis, 77 

lipopolysaccharide (LPS), located in its outer membrane has also been detected in AD brains16. 78 

The rationale for exploring the role of bacterial virulence factors (P. gingivalis, LPS and A. 79 

naeslundii) cleaving GSK-3β comes from our ongoing laboratory investigations with specific 80 

interest in periodontal disease pathogens that have been documented in literature for their 81 

definitive detecion in autopsied AD brains11-15. Recently, there has been more acceptance 82 

amongst AD researchers for having an inflammatory cause8 with a possible infectious origin 83 

in the context of host’s dysbiotic microbiomes17, 18. An infectious component further correlates 84 

with peripheral inflammation (cytokines in blood) from pathogens like P. gingivalis and its 85 
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LPS which negatively impact brain health during life19, 20. This increase in pro-inflammatory 86 

cytokines associates with blood-brain barrier damage during ageing, which eventually 87 

contributes to overall cognitive decline21. A. naeslundii is a Gram-positive, bacillus found 88 

typically in the oral biofilms of healthy individuals22. This bacterium is largely seen as an 89 

avirulent saprophyte, gaining its nutrients from decaying organic material 23. This explains its 90 

prevalence in patients with poor oral health. 91 

A. naeslundii is also one of the early colonisers of the oral biofilm and is one of the few Gram-92 

positive bacteria that have two different types of fimbriae. Type one fimbriae allow A. 93 

naeslundii to adhere to tooth surfaces. Type two fimbriae allow A. naeslundii to adhere to β 94 

linked galactose and galactosamine containing glycoproteins, which are typically found on 95 

bacterial and epithelial cell surfaces24. A. naeslundii can also change the pH of its environment 96 

to hinder the growth of competing bacteria by releasing ammonia to control the acidic pH25. 97 

Our in-house studies confirm that P. gingivalis benefits from the control in acidic pH as it 98 

prefers a neutral to slightly alkaline pH range. Another feature of A. naeslundii is that like P. 99 

gingivalis, it is able to become pathogenic (dysbiosed) and cause actinomycosis separately, and 100 

periodontitis under the influence of P. gingivalis. Noble et al.26 associated the serum IgG titres 101 

of A. naeslundii to be higher in AD patients’ blood serum. P. gingivalis on the other hand is a 102 

Gram-negative bacterium and is considered as the keystone pathogen of periodontitis27 and 103 

Actinomyces species are residents of this subgingival dysbiosed biofilm28, 29. This has helped 104 

to formulate the hypothesis that both P. gingvalis and A. naeslundii have the ability to co-105 

aggregate in highly inflammophilic environments, which may be an explanation for both of 106 

these microbes to co-exist in the periodontal pockets and brains of AD patients. The present 107 

study aimed to widen the concept  that virulence factors of oral bacteria may be detrimental to 108 

brain health; and that P. gingivalis infection alone may be insufficient to cause AD and that 109 

multispecies of oral microbes and/or their virulence factors alone may contribute to this 110 

complex degenerative disease. Thus, in the present study we  introduce the dual role of P. 111 

gingvalis and A. naeslundii virulence in order to investigate the mechanism of GSK-3β 112 

activation by periodontal bacterial factors in vitro as a step towards a multispecies pathogenic 113 

bacterial co-operation under inflammophilic conditions contributing to direct and downstream 114 

chronic neuroinflammation in AD. 115 

 116 

 117 

 118 



5 
 

MATERIALS AND METHODS 119 

 120 

P. gingivalis conditioned medium as a source of crude virulence facors  121 

P. gingivalis (FDC381) was cultured in-house under anaerobic conditions to density of 5×109 122 

per mL in Tryptone Soya Broth (TSB) supplemented with hemin (5 µg/mL final concentration, 123 

Sigma-Aldrich UK), and menadione (1 µg/mL final concentration). The liquid broth in 15 mL 124 

culture tubes (loosened lids) were degassed by placing them into anaerobic jars (Thermo 125 

Scientific™ Oxoid™ AnaeroJar™ 2.5L) with an anaerobic sachet (Thermo 126 

Scientific™ Oxoid™ AnaeroGen™ 2.5L Sachet). The anaerobic jars were placed in an 127 

incubator set at 37°C for 24 hours prior to need. The next day, the degassed TSB was directly 128 

innoculated with a single colony of P. gingivalis from a culture previously grown on a blood 129 

agar plate into separate degassed 10 mL aliquots. The broth cultures, with loosened lids, were 130 

placed into an anaerobic jar containing an anaerobic sachet (details above). The lids (on 131 

anaerobic jars) were speedily secured and placed in an incubator set at 37°C for 48 h.    132 

Following growth, the liquid culture was centrifuged at 20238g at 4°C for 30 min to pellet the 133 

bacterial cells. The supernatant containing the virulence factors was collected and aliquoted for 134 

storage at -80°C until needed for exposure to cells (IMR-32 cells) under cell culture conditions.  135 

 136 

A. naeslundii  conditioned medium as a source of crude virulence facors  137 

A. naeslundii (ATCC10301) culture on Vegitone agar plates was obtained as a gift from the 138 

University of Central Lancashire, Preston, UK, microbiological culture collection. A 139 

subculture was prepared by taking a loop-full of the inoculum (from an A. naeslundii colony) 140 

onto TSB-blood agar plates as for P. gingivalis preferred growth conditions and incubated at 141 

37°C into anaerobic jars with an anaerobic sachet as for P. gingivalis liquid culture above for 142 

48 h. Following the growth of A. naeslundii colonies on solid medium, a loopful of a single 143 

colony was taken and inoculated into sterile, degassed P. gingivalis preferred TSB liquid 144 

medium and incubated at 37°C under anaerobic (anaerobic sachet) conditions for 48 h. 145 

Following growth, the conditioned medium containing crude virulence factors was separated 146 

from the bacterial cells by centrifugation as mentioned above for P. gingivalis. The supernatant 147 

was then collected. Aliquots were prepared in pre-labelled sterile tubes and stored at -80 °C 148 

until needed for their exposure to IMR-32 cells.  149 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjulYeuuYnhAhULvxoKHeuqCGQQjhx6BAgBEAM&url=https%3A%2F%2Fwww.thermofisher.com%2Forder%2Fcatalog%2Fproduct%2FAG0025A&psig=AOvVaw2YvzO7bBrI1Y1TciZ7ywMH&ust=1552921403901539
https://www.fishersci.co.uk/shop/products/oxoid-anaerogen-2-5l-sachet/10269582
https://www.fishersci.co.uk/shop/products/oxoid-anaerogen-2-5l-sachet/10269582
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Cell culture: Exposure of cells to various treatments  150 

Source of IMR-32 cell line  151 

The IMR-32 cell line CCL-127™was obtained from American Type Culture Collection 152 

(ATCC) (https://www.atcc.org/products/ccl-127). According to 153 

(https://www.atcc.org/products/ccl-127), the estblished IMR-32 cell line is  from a confirmed 154 

neuropathology diagnosis of neuroblastoma occurring in a 13-month-old Caucasian male. 155 

IMR-32 cells were cultured either in 6 well plates (for total RNA isolation) or flasks (T25) for 156 

cell lysates (Nunc, ThermoFisher) and on glass coverslips for immunostaining in six well 157 

plates. IMR-32 cells were cultured in the presence of Dulbeco’s Modified Eagle’s minimal 158 

essential medium (DMEM), supplemented with 10% foetal calf serum, 4 mM glutamine, 2 mM 159 

sodium pyruvate, and with and without 0.1 mM penicillin/streptomycin (Invitrogen). All flasks 160 

and 6 well plates were incubated at 37ºC in a humidified atmosphere of 5% CO2, 95% air. 161 

Following an initial overnight growth in DMEM, the IMR-32 cells were cultured either under 162 

standard cell culture conditions or exposed to control medium (1 in 5 dilution of sterile TBS in 163 

DMEM), and  P. gingivalis and A. naeslundii virulence factors alone (diluted 1 in 5 in 164 

penicillin/streptomycin antibiotic free DMEM). P. gingivalis 33277 ultrapure LPS was 165 

purchased from InVivogen Europe https://www.invivogen.com/lps-pg. A stock solution of the 166 

ultrapure LPS was prepared in sterile water at 1mg/mL. IMR-32 cells were exposed to the 167 

ultrapure LPS at 1µg/mL final concentration diluted in penicillin/streptomycin antibiotic free 168 

DMEM. P. gingivalis LPS either alone or combined with P. gingivalis FDC381 conditioned 169 

medium and separately A. naeslundii conditioned medium combined with P. gingivalis LPS 170 

were also tested on IMR-32 cells for 48 hours. Following treatments, the cells cultured in flasks 171 

were detached using cell scrapers and the liquid was transferred into a 15 mL centrifuge tube 172 

and centrifuged at 376g for 5 min. The supernatant was discarded, and the pellets were retained 173 

to prepare total RNA extraction or cell lysates. Following treatments, the cells on glass 174 

coverslips were washed free of any cell culture related protein with sterile PBS (1x3 washes) 175 

and fixed in 10% formaldehyde at 4°C overnight and washed in fresh PBS over the weekend 176 

prior to immunostaining.  177 

 178 

 179 

 180 

https://www.atcc.org/products/ccl-127
https://www.invivogen.com/lps-pg
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Gene expression of control and treated IMR-32 cells  181 

Total RNA extraction 182 

Total RNA from the control and treated IMR-32 cell line was extracted using the TRIzol 183 

reagent (Invitrogen) and purified by the RNeasy Mini Kit (Qiagen) according to the 184 

manufacturer’s instructions.The on-column DNase digestion was performed with the DNase-185 

free DNase set (Qiagen) to eliminate genomic DNA contamination.Total RNA was suspended 186 

in 30 μl RNase-free water and the quantity and quality of RNA was evaluated by a Nanodrop 187 

One spectrophotometer (Thermo Scientific) and an Agilent Bioanalyzer.   188 

Primer sets used for qPCR analysis 189 

The primers used for the qPCR analysis were previously published30, 31, 32 and are listed in 190 

Table 1. 191 

Quantitative or real time polymersase chain reaction (qPCR)  192 

One microgram of total RNA was used to generate complementary DNA (cDNA) in a 20 µl 193 

reaction by the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The 194 

cDNA was diluted 1:5 and 2 µl used in the qPCR reaction with 600 nM of each specific primer 195 

and 5 µl of PowerUp SYBR Green Master Mix (Applied Biosystems) in a 10 µl volume 196 

reaction per each gene separately. The qPCR was performed using a ViiA7 Real-time PCR 197 

System (Applied Biosystems) and data were analysed by QuantStudio Real-Time PCR 198 

software The expression levels determined by qPCR are based on relative quantification; of 199 

two reference genes, beta-actin (ACTB) and beta2-microglobulin (B2M).  200 

The specificity of each primer set was evaluated by a melt curve that revealed a single peak  201 

which confirmed a single product was amplified. Each sample was analysed in triplicates and 202 

the expression of GSK-3β was determined using the 2- ΔΔCt method33. Using this method, the 203 

fold-changes were obtained in gene expression, which were normalized to an internal control 204 

gene (B2M),  relative to a control IMR-32 sample designated medium control.  205 

 206 

Cell lysate preparation  207 

The medium of treated cells in flasks (T25) was withdrawn and the cells adhered to the flasks 208 

were washed twice with 5 mL phosphate buffered saline (PBS pH 7.5), detached using cell 209 
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scrapers, suspended in PBS and then transferred into 15 mL sterile, Falcon tubes and 210 

centrifuged at 376g for 10 min. After draining off excess PBS, the cell pellet was lysed in 250 211 

µL volume of lysis buffer (RIPA buffer, pH 8.0: containing 50 mM Tris, 150 mM NaCl, 5 mM 212 

EDTA, 0.5% Sodium deoxycholate, 0.5% (v/v) NP-40 and 1% sodium dodecyl sulphate. 1/100 213 

final of phenylmethanesulphonyl or PMSF and 5mM dithiothreitol, 5% protease inhibitor 214 

cocktails 2 and 3 (Sigma-Aldrich, UK). The cells were vortex mixed and incubated on ice. The 215 

lysed cell mixture was transferred into pre-labelled sterile Eppendorf tubes and centrifuged at 216 

20238g  for 20 min (Sigma 1-14 microfuge). The liquid phase was withdrawn, transferred into 217 

new pre-labelled 1.5 mL Eppendorf centrifuge tubes, and used to determine total protein 218 

following the Bradford protein assay34. All cell lysates were stored at -80°C until needed for 219 

electrophoresis and Western blotting. 220 

 221 

Protein assay 222 

The total protein concentration was determined using the Coomassie Blue protein Assay 223 

(Sigma-Aldrich, UK)34. Briefly, protein concentration was obtained from a standard curve 224 

prepared using 100-400 µg/mL BSA diluted in lysis buffer. Following the addition of the 225 

Coomassie Blue reagent to all standards and test samples, absorbance was measured at 595 nm 226 

wavelength using a Jenway 7315 spectrophotometer. The unknown concentration of the 227 

samples was calculated by comparing the absorbance values with the standard curve. The 228 

lysates were stored at -80°C until needed for western blotting.  229 

 230 

Western blot analysis of cell lysates 231 

All lysates from the IMR-32 cell line (under standard cell culture conditions and exposure to 232 

control medium and other treatements (1 in 5 dilution of sterile TBS, and  P. gingivalis, A. 233 

naeslundii virulence factors, purified P. gingivalis LPS (1µg/mL), and combined P. gingivalis 234 

LPS with P. gingivalis FDC381 conditioned medium and separately with A. naeslundii 235 

conditioned medium) were separated by SDS-PAGE on precast 12% mini-protean TGX stain-236 

free linear gels (BioRad Laboratories, USA). Protein ladder, (PageRuler Plus, 26619, from 237 

Thermo Scientific) was loaded in the first well of each gel. All samples (10µg) of total protein 238 

in Laemmli reducing sample buffer containing 0.3% mercaptoethanol (Alfa Aesar) was 239 

electroblotted onto polyvinylidine difluoride (PVDF) membranes, as previously described by  240 
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Poole et al.16 and Kanasingam et al.35. The membranes were incubated overnight in rabbit anti- 241 

GSK-3β Abcam UK[Y174] (ab32391) antibody diluted 1/5000 in PBS/5% milk overnight on 242 

a rotary device at 4°C. The next day, membranes were washed (3 x15 min) in PBS containing 243 

0.25% tween 20 and then were incubated in the secondary detection antibody goat anti-rabbit  244 

Abcam UK (ab205718) conjugated to horse raddish peroxidase diluted 1/10 000 in 5% w/v 245 

skimmed milk/PBS for 2 hours at room temperature. After the incubation, the membranes were 246 

washed again (3 x 15 min) in PBS containing 0.25% tween 20 followed by the detection of any 247 

positive bands using the enhanced super signal west Pico Plus® chemiluminescent substrate 248 

reagent (Thermo Scientific), as per supplier’s instructions. The specific signal from the protein 249 

on the membranes was visualised using a ChemicDoc® (Bio-Rad, UK) and images were 250 

captured with Image Lab® Software Version 6.0.1. A final step included staining the the 251 

membrane with India ink (Windsor & Newton) to determine the amount of protein transferred 252 

onto the membrane(s) as a loading control as previouly reported16, 35. Densitometry was carried 253 

out on the bands using the Image J software, and the resulting data was normalised to the 254 

loading control. 255 

 256 

IMR-32 cells : GSK3-β Immunohistochemistry 257 

Following formalin stabilization of endogenous proteins (10% formaldehyde at 4°C overnight, 258 

washes in PBS), peroxidase activity was quenched using 0.3% H2O2 in 0.1M PBS, pH 7.2, for 259 

30 min. No antigen retrieval was carried out. Following thorough washings of cells in PBS, 260 

non-specific antibody binding was controlled by 30 min incubation in blocking buffer solution 261 

containing 0.1% normal goat serum (Vectastain kit, PK 4002) in 1x PBS containing 0.02% 262 

tween 20.  263 

Negative controls 264 

The negative control included omission the primary antibody by substituting it with the block 265 

buffer solution.  266 

Test coverslips 267 

The primary antibody rabbit anti-GSK3β purchased from Abcam UK [Y174] (ab32391) was 268 

diluted 1/5000 in block solution and applied to the cells (all treatments and controls). All 269 

coverslips were incubated overnight at 4°C in a humidity chamber. The next day, the coverslips 270 

were washed (1x3) for 5 min each in PBS before re-incubating the cells in the secondary detection 271 

antibody from Vectastain kit for rabbit peroxidase IgG kit (PK 4002) (Vector Laboratories, UK), 272 
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according to the suppliers’ instructions. The detection was completed using the DAB Peroxidase 273 

Kit (SK 4100). Except for the control cells, which were lightly counterstained in haematoxylin 274 

to make cells visible for imaging reasons, the treated cells were not counterstained. This was 275 

to be able to establish any nuclear staining of GSK-3β within the IMR-32 cells. The coverslips 276 

with cells were mounted onto prelabelled microscope glass slides. Examination of the cells and 277 

image capture were carried out using the Nikon Eclipse E200 Microscope and DS-L2 v.441 278 

Software (Nikon, UK). 279 

 280 

Statistical analysis 281 

Fold change in the expression of GSK-3β by qPCR analysis of IMR-32 cells across controls 282 

IMR-32 std cell culture conditions (std TC), medium control, and test conditions P. gingivalis 283 

FDC381 conditioned medium alone (Pg.381), A. naeslundii conditioned medium alone (An), 284 

P. gingivalis 33277 ultrapure LPS alone (Pg.LPS), Pg.381+A. naeslundii combined 285 

(Pg.381+An) and P. gingivalis 33277 LPS+A. naeslundii combined (Pg.LPS+An). A two 286 

variant T-test (T-Test) was carried out using the Excel programme. A p value, less than or equal 287 

to ≤0.05 was considered significant.  288 

For the densitometry of western bloting bands (47 kDa and 37 kDa), the data was evaluated 289 

using the Statistical Package for the Social Sciences (SPSS version 29.0.1.0). The ANOVA 290 

test was conducted based on the null hypothesis (where a p value, less than or equal to ≤0.05 291 

was considered significant) that there was no difference between the band densities.  292 

 293 

RESULTS 294 

 295 

Molecular Biology: GSK-3β gene expression 296 

The expression level of B2M gene was the most stable when compared to ACTB gene within 297 

all samples and therefore B2M was selected as a reference gene for the qPCR analysis of GSK-298 

3β in IMR-32 cells across the various treatments (Fig.1).  299 

The IMR-32 cells treated with P. gingivalis conditioned medium (bar labeled as IMR32-Pg381) 300 

showed GSK-3β gene expression was down regulated by qPCR analysis as compared with the 301 

expression of the B2M gene. GSK-3β was marginally over-expressed in IMR-32 A. naeslundii 302 
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conditioned medium treated cells (labelled as IMR-32 An, fold-change 1.41) over both control 303 

conditions (IMR-32 std TC), and in comparison, with the med control. IMR-32 Pg.LPS showed 304 

GSK-3β gene expression was up regulated by qPCR analysis with a 2.09-fold change (Fig. 1). 305 

The fold changes (up/down regulated) identified by qPCR as compared with the B2M gene 306 

were statistically significant as a result of the P. gingivalis conditioned medium alone treated 307 

cells (IMR-32 Pg381, p = 0.025) and A. naeslundii conditioned medium alone (IMR-32 An, p 308 

= 0.004); Pg.LPS treated cells p = 0.0005 and P. gingivalis conditioned medium combined with 309 

A. naeslundii conditioned medium (IMR-32 Pg381+An, p = 0.005) and Pg.LPS combined with 310 

A. naeslundii conditioned medium treated cells (IMR-32 Pg.LPS+An p = 0.02) over the med 311 

control treatment according to the two variant T-Test (Fig. 1). 312 

 313 

Western blotting: Rabbit anti-GSK-3β antibody 314 

Western blot analysis in samples from controls (lanes 1-2 labelled IMR-32 std TC and IMR-315 

32 TSB) and treatment lane 3 labelled IMR-32 Pg381 (Fig. 2), demonstrated an abundant and 316 

a very strong band around the 47 kDa molecular weight size corresponding to the native GSK-317 

3β protein. This band was moderately strong in the lanes loaded with A. naeslundii conditioned 318 

medium (IMR-32 An), and in lanes labelled as IMR-32 Pg381+An and IMR-32 Pg.LPS+An. 319 

The band corresponding to 47 kDa size was very weak in the lane loaded with IMR-32 Pg.LPS. 320 

Distinct low molecular weight bands around the 37 kDa molecular weight size were observed 321 

albeit weak in lanes labelled P. gingivalis 381, but more strongly in lanes A. naeslundii, and P. 322 

gingivalis 33277 LPS, and P. gingivalis 33277 LPS (Fig. 2).  323 

GSK-3β densitometry 324 

There was no statistical difference between the control cultures (standard cell culture 325 

designated IMR-32 std TC, and medium control designated IMR-32 TSB  (p = 0.816). 326 

47 kDa band 327 

The 47 kDa band: across med control (IMR-32 TSB), versus IMR-32 Pg381 conditioned 328 

medium was not statistically significant (p = 0.692) (Fig 2A). All other treatments including 329 

IMR-32 An conditioned medium (p = 0.001); IMR-32 Pg.LPS (p = 0.001); IMR-32 Pg381+An 330 

(p = 0.01); Pg.LPS + An (p = 0.01) compared to IMR-32 TSB were statistically significant at 331 

the ≤0.05 level.  332 
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37 kDa band 333 

Statistically the results for the GSK-3β 37 kDa band across medium control (IMR-32 TSB), 334 

versus al IMR-32 Pg381 conditioned medium (p = 0.369) was not significant. The IMR-32 An 335 

conditioned medium (p = 0.001), IMR-32 Pg.LPS (p = 0.01), IMR-32 Pg381+An  combined 336 

(p = 0.035), Pg.LPS+An combined (p = 0.001) were statistically significant (Fig. 2A). 337 

 338 

Immunohistochemistry 339 

The negative controls where the primary antibody was omitted remained negative in all 340 

variables (Fig. 3A) 341 

Test coverslips IMR-32 cells GSK-3β immunostaining: 342 

Comparing with the negative control (Fig. 3A) with GSK-3β immunostatining, the protein was 343 

expressed by IMR-32 cells under all treatment conditions. Under standard culture conditions, 344 

IMR-32 cells demonstrated strong intracellular cytoplasmic localisation of GSK-3β (Fig. 3B).  345 

Cells exposed to A. naeslundii (An) conditioned medium alone demonstrated both cytoplasmic 346 

and weaker nuclear immunolocalization (Fig. 3C arrows). Cells treated with Pg.LPS (Fig. 3D) 347 

demonstrated weaker cytoplasmic staining compared to standard cell culture conditons, but the 348 

GSK-3β staining was also observed within the nucleus (Fig. 3D arrows).  349 

 350 

DISCUSSION 351 

The present study, examined the gene expression of GSK-3β at transcription level by qPCR. 352 

This was followed by examining the translation of  GSK-3β at the protein level by western 353 

blotting and its cellular localisation by immunohistochemistry in IMR 32 cells. The qPCR 354 

results indicated that the ultrapure P. gingivalis LPS and an unknown factor from A. naeslundii.  355 

conditioned medium up-regulated the GSK-3β gene expression. Western blotting indicated that 356 

the native 47 kDa band size GSK-3β was being transcribed. However, the effect of the P. 357 

gingivalis LPS for example, as observed on the native GSK-3β was a cleavage product 358 

predominantly around 37 kDa band size. Immunohistochemistry of the GSK-3β failed to 359 

demonstrate any nuclear staining in the cells cultured under standard cell culture or the medium 360 

control conditions. However, P. gingivalis LPS treated IMR-32 cells demonstrated both 361 

intracellular and nuclear localisation of the protein suggesting that the cleaved fragment of 362 
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GSK-3β was responsible for its nuclear localisation. A previous report of qPCR data from the 363 

same P. gingivalis LPS treatment of IMR-32 cells19 had indicated that the metabolic enzyme 364 

GSK-3β was not only up-regulated, but was also activated, which in turn, had intiated the 365 

transcription of a number of downstream transcription factors (FOXO1, STAT1, STAT3, 366 

CREB1, EGR2, IRF1, FOS, RELA, NFKB1), kinases (AKT1, PIK3R1, GSK3B, PCK1, 367 

CSF1R, IRAK1, JAK2, MAPK3K1, IKBKB, INSR), and other receptors and associated 368 

proteins (VCAM1, MYD88, CD40, TNFRSF1A, IGF1R, PTGER1, HRH3), and cytokines 369 

(TNFA, IL1B, CSF1, CSF2, IL6, IL8 and IL17A). The present study agreed with the increased 370 

expression of the GSK-3β, but the main differences were the appearance of a native and a 371 

cleaved protein of the GSK-3β by western blotting. Furthermore, immunohistochemical 372 

analysis demonstrated the truncated protein entered the nucleus leading to the suggestion that 373 

it was transcriptionally active for switching on downstream transcription factors, kinases and 374 

various proteins described elsewhere19.  375 

This implies that the GSK-3β enzyme is adversely and directly, effected by the P. gingivalis 376 

LPS virulence factor and possibly by an unknown factor of A. naeslundii. Bacterial factors 377 

playing a role in altering the pathophysiology of brain cells in additional ways to just being 378 

potent immune modulators of inflammatory cells [36] in the body is an important concept. This 379 

widens the concept that P. gingivalis infection alone is not sufficient to cause AD and that 380 

multispecies of microbes and their virulence factors contribute to this complex 381 

neurodegenerative disease process. This information is another step towards establishing a 382 

multispecies pathogenic bacterial co-operation under inflammophilic conditions that is 383 

contributing to direct and downstream chronic neuroinflammation in AD via GSK-3β gene 384 

activation.  385 

P. gingivalis is the most widely studied periodontal disease bacterium in the laboratory. To this 386 

end P. gingivalis LPS exists in at least two known forms, O-LPS and A-LPS. The A-LPS shows 387 

heterogeneity in which two isoforms of LPS differentiated by LPS(1435/1449) and LPS(1690), which 388 

appear responsible for tissue specific immune signaling pathways activation and increased 389 

virulence37-39.  P. gingivalis can subvert hosts’ innate immune system via its ability to change 390 

its LPS1435/1449 and/or LPS1690 composition. This may enable P. gingivalis to overcome the local 391 

pro-inflammatory environment of the AD brain. P. gingivalis virulence factors play a role in 392 

AD pathophysiology of hallmark protein deposition (Aβ plaques and NFTs) as previously 393 

reported by Dominiy et al.14, and Illievski et al.40 and in innate immune activation as reported 394 

by Poole et al.41. 395 
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P. gingivalis has a plethora of virulence factors42 of which LPS, gingipains, fimbriae, 396 

hemagglutinins, and outer membrane vesicles are of major importance. LPS is located in the 397 

outer membrane of Gram-negative bacteria and is a potent stimulator of host’s innate immune 398 

signal transduction pathways in a tissue/cell specific manner43. Gingipains overall constitutes 399 

a much higher proportion of the virulence factors in conditioned medium followed by LPS16. 400 

Since gingipains is a bacterial enzyme known to cleave proteins like tau14, which in turn, is 401 

highly associated with the formation of NFTs ex vivo as demonstrated by Kanasingham et al.44. 402 

The present study eliminates a role for gingipains activity in cleaving GSK-3β for two reasons. 403 

Firstly, if this was the case, a more definitve 37 kDa band of GSK-3β would have been expected 404 

in the western blot for IMR-32 cells challenged with Pg381 conditioned medium alone. 405 

Secondly, despite the gingipains and LPS antibody epitopes being close together on the outer 406 

membrane of the bacterium, both ultrapure and regular P. gingivalis LPS that are available 407 

commercially are free of gingipains catalytic activity.  408 

The present study demonstated that the dual bacterial virulence factors were responsible for 409 

cleaving the GSK-3β protein and this was statistically significant for A. naeslundii conditioned 410 

medium and P. gingivalis LPS. GSK-3β is a metabolic enzyme that regulates and controls 411 

multiple physiological processes in the human body and one of these could be to protect hosts’ 412 

immune responses from being subverted by pathogenic bacteria2. For the bacteria, this could 413 

be a strategy to dampen the host’s innate immune response for survival of the infecting 414 

microbe.  415 

The present study suggests that the cleaveage process is a mechanism for GSK-3β to enter the 416 

nucleus and thereby mediate transcription of the GSK-3β gene. GSK-3β gene activation was 417 

documented by Bahar et al.20 in their P. gingivalis orally infected obese and diabetic mouse 418 

model, but at the time, its mechanism was not investigated. The present study has helped to 419 

understand the mechanism of GSK-3β gene activation and was confirmed by the statistically 420 

significant, 2-fold change in its increased expression as identified by qPCR for P. gingivalis 421 

LPS as compared with the B2M gene. This up-regulation appears to show two bands one at the 422 

expected 47 kDa band size and a truncated 37 kDa. This is illustrated by figure 1, whereby the 423 

Pg.LPS bar, shows a weak 47 kDa band. With regard to the qPCR data where a 2-fold up-424 

regulation of the gene is recorded, it is plausible to suggest that the native 47 kDa band protein 425 

is being cleaved as fast as it is being manufactured by the host’s cell. However, in the Pg.LPS 426 

and An combined treated cells, GSK-3β 47 kDa band is very clearly present. This suggests 427 

there is a compensatory effect in the rate at which the GSK-3β is being cleaved when the 428 
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virulence factors of these two microbes are combined. This may be a step towards a 429 

multispecies pathogenic bacterial co-operation under inflammophilic conditions contributing 430 

to direct and downstream chronic neuroinflammation in AD.  431 

Literature suggests that A. naeslundii can play a coordinator role, for late and early dental 432 

biofilm colonizers due to them possessing receptors that allow for their adherence to other 433 

biofilm bacteria22. Biofilms are defined as aggregations of microorganisms attached to each 434 

other and to surfaces enclosed in self secreted extracellular polymeric substance (EPS)45-47. A. 435 

naeslundii is a strong candidate for co-aggregating48, and directly assisting in high mutualistic 436 

interactions with P. gingivalis. Under our laboratory conditions, A. naeslundii grew in the P. 437 

gingivalis preferred growth medium at anaerobic conditions and incubation temperature 438 

(37ºC); and secreted extra EPS confirming their harmonious existence as biofilm bacteria. 439 

These results agree with Yailing et al.49, who also found that 37°C and anaerobic conditions 440 

were standard when working with the vast majority of Actinomyces, including A. naeslundii. 441 

The ability to adapt to changing environments makes A. naeslundii a facultatively anaerobic 442 

bacterium.  443 

P. gingivalis with A. naeslundii have been detected in AD brains12, 13, by next generation 444 

sequencing and by immunohistochemistry15 methodologies. Further investigations to observe 445 

their ability to live together within a natural biofilm are lacking. The present study confirms 446 

that P. gingivalis and A. naeslundii can grow together both in vitro and in clinical biofilms in 447 

the form of plaque and calculus, thereby causing periodontal disease28, 29. It is therefore, 448 

plausible to suggest that when oral health becomes inadequately managed, these two bacteria 449 

facilitate each other’s entry into the AD patients brain13. Moreover, P. gingivalis in its keystone 450 

pathogen role, creates an inflammophilic environment for selection of its co-species and by 451 

doing so, exerts control over any competing microbial species39.  452 

The rationale for choosing the IMR-32 cells was due to their innate immune responses being 453 

very close to those reported in the human brain50. Nevertheless, they are an undifferentiated 454 

neuroblastoma cell line with 2 different phenotypes51. Despite their undifferentiated status, in 455 

this study they have provided a simpler model over a complex in vivo animal model where 456 

much of the related work has been performed by us and others confirming that GSK-3β 457 

activation has been implicated in the NFT formation in mice19, 40. However, such in vivo studies 458 

have not clarified a specific bacterial product or the mechanism by which the GSK-3β becomes 459 

activated. In comparison this cell culture model has provided a clear explanation  for a pathway 460 
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to GSK-3β activation by bacterial virulence factors from A. Naeslundii and in particular P. 461 

gingivalis LPS.  462 

 463 

Conclusions  464 

The observation that A. naeslundii and P. gingivalis grew unaffected and confluently in P. 465 

gingivalis preferred growth medium at anaerobic conditions in the laboratory was taken in 466 

support of a temporal and spatial dwelling of these microbes within the sub-gingival biofilm. 467 

During dysbiosis, these two bacteria can act as putative pathogens and are known to be the 468 

aetiological agents of periodontal disease. 469 

P. gingivalis LPS and an unknown factor in  A. naeslundii conditioned medium mediated GSK-470 

3β activation via its transcriptionally active, cleaved, fragment. This highlights an important 471 

concept that the virulence factors of oral bacterial factors in the body may be detrimental to 472 

brain health. Better understandings of GSK-3β mediated inflammatory signaling and 473 

development of inhibitors for combating infection, could provide a new dawn of treatment for 474 

bacterial involvement in neurodegenerative diseases. In the meantime, maintaining adequate 475 

oral health is of vital importance throughout life and especially in old age.  476 
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Figures and Legends:  644 

Table 1. Primer sets used for qPCR analysis for the genes of interest were previously 645 

published and are cited accordingly 646 

Gene and the 
references used 
for the primers 
for qPCR 
analysis 

 

Forward: 5’-3’ 

 

Reverse: 5’-3’ 

ACTB (beta-
actin)  

Cavalcanti et al. 29 

 

5’-TTCCTTCCTGGGCATGGAGT – ‘3  

 

 

5’-TACAGGTCTTTGCGGATGTC - ‘3  

B2M 
(b2microglobulin) 

Shrout et al.30 

 

5’ -GCCGTGTGAACCATGTGACTTT –3’ 

 

 

5’ - CCAAATGCGGCATCTTCAAA – 3’  

 

GSK-3β  

Chen et al.31 

 

5ʹ-ATTTTCCAGGGGATAGTG GTGT-3ʹ  

 

 

5ʹ-GGTCGGAAGACCTTAGTCCAAG-3ʹ 

 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 



22 
 

Figure 1. GSK-3β q-PCR analysis  657 

 658 

 659 

 660 

Fig. 1 Figure 1 q-PCR analysis: There is a statistically significant difference in the IMR32 661 

mRNA fold change (number within each black bar represents fold change) in the expression of 662 

GSK-3β by q-PCR analysis (N=3) across the medium control and IMR-32 An (p = 0.004) and 663 

IMR-32 PgLPS (p = 0.0005) as analyzed by the two variant T-Test.  664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 



23 
 

Figure 2: IMR-32 cell lysate Western blotting - GSK-3β antibody 672 

 673 

  674 

Figure 2 675 

Immunoblot of the IMR-32 cell lysate (protein at 10 µg per lane) with anti-GSK-3β antibody.  676 

Distinct bands around the 47 kDa molecular weight size corresponding to GSK-3β in lanes 677 

with the prefix IMR-32 std TC (std cont) and then IMR-32 TSB (med cont), IMR-32 Pg381, 678 

IMR-32 An, IMR-32 Pg.LPS, IMR-32 Pg381+An and IMR-32 Pg.LPS+An. A 37 kDa was 679 

observed more clearly in lanes with the prefix IMR-32 Pg381, IMR-32 An, IMR-32 Pg.LPS, 680 

IMR-32 Pg381+An and IMR-32 Pg.LPS+An. 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 
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Fig. 2A: Densitometric analysis of the cell lysate immunoblotted with anti-GSK-3β antibody. 689 

All error bars represent standard error of mean. 690 

 691 

 692 

 693 

 694 

 695 

 696 

Figure 2A: Statistical analysis of the results for the 47 and 37 kDa bands. There was no 697 

statistical difference between the control cultures prefixed with IMR-32 std cont (std TC) and 698 

IMR-32 med cont (TSB) (p = 0.816).  699 

The 47 kDa band: across med control vs all treatment conditions IMR-32 Pg381 conditioned 700 

med (p = 0.692); IMR-32 An conditioned medium (p = 0.001); IMR-32 Pg.LPS (p = 0.001); 701 

IMR-32 Pg381+An (p = 0.01); Pg.LPS + An (p = 0.01). 702 
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The 37 kDa band: across med control vs all treatment conditions IMR-32 Pg381 conditioned 703 

med (p = 0.369); IMR-32 AN conditioned medium (p = 0.001); IMR-32 Pg.LPS ((p = 0.01); 704 

IMR-32 Pg381+An (p = 0.035); and, Pg.LPS+An (p = 0.001). 705 

 706 

 707 

 708 

Figure 3: IMR 32 cells : GSK3-β Immunohistochemistry 709 

 710 

 711 

Figure 3: GSK-3β immunostaining of IMR-32 cells: Comparing with the negative control (Fig. 712 

3A) GSK-3β is expressed by IMR-32 cells under control and all treatment conditions. Under 713 

standard culture conditions (Fig. 3B), IMR-32 showed strong cytoplasmic localisation of GSK-714 

3β. A.naeslundii virulence factors demonstrated strong GSK3-β immunostaining in the 715 

cytoplasm (Fig. 3C) with a hint of nuclear staining in some cells (Fig. 3C arrows).  Cells treated 716 
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with Pg.LPS (Fig. 3D) predominantly demonstrated nuclear staining (Fig. 3D, arrows) and 717 

weaker cytoplasmic staining.   718 

 719 


