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Oral Porphyromonas gingivalis Infections Increase the Risk 
of Alzheimer’s Disease: A Review
Yuwen Fua / Xin Xub / Yu Zhangb / Peng Yueb / Yuxin Fanb / Meixiao Liub / Jingjing Chenb / Aihua Liuc /  
Xiufeng Zhangd / Fukai Baoe

Summary: Periodontal disease (PD) and Alzheimer’s disease (AD) are inflammatory diseases affecting the adult popula-
tion of the world. PD is mainly caused by infection with Porphyromonas gingivalis (P. gingivalis) and by the synergistic ac-
tion of various microorganisms. These microorganisms penetrate into the subgingival tissue and cause bacteremia, 
leading to disruption of the homeostasis of the internal environment of the body. Virulence factors known as gingipains, 
which are cysteine proteases and other toxins, including fimbria and lipopolysaccharides (LPS), are strongly associated 
with periodontitis and other systemic inflammation. PD has a known polymicrobial aetiology, and patients who eventu-
ally develop sporadic AD tend to have recurrent infections before a clinical diagnosis of dementia. AD, the most common 
neurodegenerative disease, is characterised by poor memory and specific hallmark proteins. An increasing number of 
studies have shown that periodontal pathogens are increasingly associated with this form of dementia. Many articles 
have shown that P. gingivalis infections directly increase the risk of PD and may indirectly lead to the development of AD. 
However, these links and probable pathogenesis remain to be explored. The aim of this review was to explore whether 
P. gingivalis periodontal infection is associated with AD and to provide possible mechanisms of association.
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Periodontitis is highly prevalent in humans, affecting nearly 
50% of the population around the world. The cause of mul-

tiple microbial infections of chronic periodontitis is the host’s 
subgingival pathological biota; this triggers hard/soft tissue de-
struction which progresses with age.48 Furthermore, the dys-
biotic oral biofilm constituents can affect the function of the 
brain, which may lead to depression and the development of 
dementia.21 Neurodegenerative diseases are defined as inher-

ited, sporadic and age-related disorders characterised by cog-
nitive decline, especially in memory and learning. These disor-
ders are often associated with problems of mental functioning 
(dementias) or movement (ataxias).60 Periodontitis is closely 
associated with not only oral diseases but also with general 
health. Porphyromonas gingivalis (P. gingivalis) is an asaccha-
rolytic Gram-negative (G-) anaerobic bacillus that produces 
major virulence factors known as gingipains. Gingipains are 
cysteine proteases consisting of arginine-gingipain A (RgpA), 
arginine-gingipain B (RgpB), and lysine-gingipain (Kgp);27,39 
these are well-known key pathogens of periodontitis, associ-
ated with multiple systemic diseases such as diabetes mellitus 
and Alzheimer’s disease (AD).28 

Consecutive surveys described biochemical, microbiologi-
cal and morphological characteristics of oral microorganisms, 
deepening our understanding of bacterial adherence to the 
tooth surface.7,65 The human oral microbiome is highly diverse, 
harboring an estimated number of 700 bacterial species.7,28 
Age-related changes, including the reduction of salivary flow, 
insufficient oral care, systemic comorbidities, or multiple med-
ications, are likely to impact the composition of the oral micro-
organisms and the appearance of oral diseases. Changes in diet 
and oral hygiene habits are accompanied by pathological 
changes in the oral microorganisms, and periodontal patho-
gens with greater acid production and acid resistance become 
dominant.54,64 Bacterial species may vary considerably be-
tween individuals, even between different sites in the same 
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individual, but remain relatively stable. The oral cavity is a di-
verse environment with many distinct surfaces, topographies, 
and microenvironments, so that the microbial population at 
each ecological site will vary depending on nutrition, pH, host 
defense factors, and other variables.27 Thus, an individual with 
poor oral hygiene will accumulate a mature biofilm on oral sur-
faces, which will lead to gingivitis and periodontitis.

Periodontal disease (PD), as a bacterial disease, causes an 
immune and inflammatory response in the host, involving in-
nate and adaptive signaling mechanisms, including the recruit-
ment of cells from the systemic circulation (plasma cells, mac-
rophages, and T- and - lymphocytes). These then permeate 
the gingival soft tissues,43 leading to connective-tissue and 
bone degeneration and necrosis, and finally clinical signs.27 
The host’s defense failure in the gingival tissues causes the key 
inflammatory microorganism P. gingivalis to colonise the sub-
gingival area and then spread to other, distant organs.49,54

AD is a type of chronic progressive encephalopathy. It starts 
with unnoticeable changes in the brain, then gradually devel-
ops into symptoms such as poor memory, cognitive decline 
and language problems as soon as neurons have been dam-
aged or partly destroyed by specific hallmark proteins.28 

Traditionally, it has been thought that the physical blood-
brain barrier (BBB) and the absence of the lymphatic system in 
the brain produces an immunologically privileged situation, 
since low-level molecules are essential for antigen presenta-
tion.57 It is necessary to emphasise that the BBB can maintain 
the isolation of the central nervous system and avoid the chal-
lenge of abnormal immunity.26 Thus, during the course of neu-
rodegenerative disorders, the brain is more dependent on the 
resident central nervous system, rather than recruitment of 
peripheral adaptive immune surveillance cells to identify and 
respond to invading pathogens. While astrocytes and neurons 
have the ability to respond to infection, microglia are the main 
guardians of a healthy brain.61 The central nervous system is 
highly protected by the BBB, which consists of pericytes, astro-
cytes, and microvascular endothelial cells, and the BBB con-
trols the molecules entering and exiting the brain.29 However, 
bacteria can infiltrate the BBB through many mechanisms, in-
cluding transcellular and paracellular pathways (Fig 1).19 Pe-
ripheral infection can activate amyloid-beta (A ), which acti-
vates microglia in the central nervous system, thereby 
promoting the development of AD neurodegeneration.26 This 
is why many studies have claimed that gingipains and/or LPS 
of P. gingivalis can be found in brain cells.

Undoubtedly, human polymorphic genes do affect host sus-
ceptibility to disease, but these genes also affect pathogen sur-
vival and proliferation.33 Thus, P. gingivalis is a prime example 
of a pathogen that survives by adapting to the host’s challeng-
ing inflammatory environment. 

Amyloid-beta (A ) plaque causes senile plaque (SP) and hy-
perphosphorylated Tau (p-Tau), which binds to neurofibrillary 
tangles (NFTs), all of which are important diagnostic and neu-
ropathological markers in AD. Intra- and extra-cellularly, in in-
vivo and in-vitro animal models, both A  and p-Tau can act as 
toxins.15,45 A second factor in AD is infection/inflammation of 
the brain, in which the key pathogen P. gingivalis appears to 
play an important role in chronic periodontitis. Brain inflam-

mation in the form of activated microglia is the third major his-
topathological feature, but does not play a role in the neuro-
pathological diagnosis of AD.15 Increasing pathological A  
deposits activate glial cells (astrocytes and microglia), macro-
phages, and lymphocytes, which in turn release numerous in-
flammatory mediators such as cytokines, neurotransmitters, 
chemokines, and reactive oxygen species (ROS). Reactive as-
trocytes and microglia induce neuronal apoptosis and BBB 
dysfunction. Furthermore, aging is another major risk factor for 
AD and is associated with increased glial reactivity, which may 
increase the brain’s susceptibility to injury and disease.66

P. GINGIVALIS PERIODONTAL INFECTION 

Periodontitis is characterised as a low-grade systemic disease 
with the presence of gingival oedema, congestion, erythema, 
periodontal pockets, and loss of bone and soft tissue support-
ing the teeth, 29,30 as well as release of pro-inflammatory cyto-
kines into the systemic circulation, and an increase of C-reac-
tive protein (CRP).11 PD is known to have multiple microbial 
aetiologies, and patients who eventually develop sporadic AD 
tend to have recurrent infections before clinical diagnosis of 
dementia. Multiple clinical,54 epidemiological,3 and molecular 
studies52,57 have shown that P. gingivalis infection-associated 
chronic inflammation is related to increased risk of AD and 
other forms of dementia. The main reason may be that P. gingi-
valis and its toxins, such as high levels of LPS within the host, 
leads to tissue destruction and bone loss by inducing the im-
mune response and production of pro-inflammatory mole-
cules, chemokines, and cytokines, such as interleukin-1  (IL-
1 ), interleukin-6 (IL-6), tumor necrosis factor-  (TNF- ), and 
inducible nitric oxide synthase (iNOS), while decreasing the 
expression of anti-inflammatory mediators, including interleu-
kin-10 (IL-10), arginase-1, and interleukin-4 (IL-4).10,16,25,33 

These pro-inflammatory cytokines enhance the pool of inflam-
matory mediators in the brain. That is, active microglia, which 
are the first brain cells that respond to systemic inflammation, 
lead to confusion and dementia. P. gingivalis lipopolysaccha-
ride is almost the smooth type (called LPS-1),40,68 consisting of 
three regions: lipid A, O polysaccharide, and R polysaccharide. 
P. gingivalis has an additional arsenal that infiltrates into differ-
ent organs, inhibits phagocytosis, destroys tissues and alveolar 
bone, and affects complement-related channels, while trans-
ducing the occurrence of a pro-inflammatory signal cascade.

Inflammation is the body’s biological response to various 
cellular and tissue damage caused by biological, chemical, and 
physical factors. If the activity of stimulators and the mechan-
isms for the proper development of inflammation are disregu-
lated, the body can still be signaled by health hazards and tran-
sition from a state of acute to chronic inflammation.17 
However, Emery et al14 and Riviere et al52 suggested that a 
strong statistical association exists between the presence of 
stimulators and chronic inflammation, which means the body 
will not undergo progressive inflammation without a stimula-
tor. P. gingivalis and its LPS were found at higher frequency in 
autopsied brain tissues of patients who died of AD; however, 
they were not found in normal human brain tissues.26 This can 
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be conclusive evidence of a connection between these two dis-
eases. The bacterial endotoxin LPS is a major inducer of inflam-
mation causing chronic neuroinflammation, A  accumulation/
deposition, and cognitive impairment.37 P. gingivalis infection 
may be associated with exacerbation of AD pathology, rather 
than affecting the onset of AD.

The immune invasion strategy of P. gingivalis is not only of 
great significance in PD but is also related to systemic diseases, 
because P. gingivalis and its virulence factors can penetrate 
many organs. When doing this, P. gingivalis and/or its products, 
as well as any inflammatory mediators produced in the blood, 
can reach other, distant organs in the body. With routine dental 
surgery, including tooth extraction, gingivectomy, flap surgery, 
and even flossing and brushing, oral cavity bacteria enter the 
systemic circulation.13,51 P. gingivalis and its LPS are potent ini-
tiators of inflammatory signaling in the periphery and in the 
brain, which have direct and early effects on memory.

PD may be an important source of systemic inflammatory 
molecules, exacerbating the inflammatory response in organs. 
There are two different possible pathways by which pathogens 
can enter the brain from the mouth. The first is through the 
systemic circulation. Inflammatory processes in periodontal 
tissue can reach the brain through the circulatory system and 
circumventricular organs with pro-inflammatory cytokines, but 
bacterial contact with brain tissue does not occur. However, 
once bacteria are in the brain, pro-inflammatory molecules can 
directly increase the expression levels of a panel of pro-inflam-
matory cytokines or indirectly activate glial cells by modulating 
the secretion of additional pro-inflammatory cytokines.10 The 
second pathway is neural. Periodontal bacteria or bacterial 
molecules can enter the central nervous system either through 
the blood stream (hematogenous routes) or via peripheral 
nerves.10,24 On the other hand, the intramural periarterial 

drainage pathway (IPAD), is only involved in the removal of sol-
utes from the brain parenchyma along the basement mem-
brane of arterial smooth muscle cells.1,38 This may be a new 
pathway for pathogens to enter the brain. Clearance of LPS by 
the IPAD and glymphatic system likely employs the same path-
way that A  uses to exit the brain.1 LRP1 is the primary trans-
porter of A  efflux from the BBB, while RAGE can transport A  
from the circulation into the brain (Fig 1).32 Therefore, activa-
tion of LRP1 and inhibition of RAGE can reduce A  entry into 
the brain. 

On the other hand, P. gingivalis is also equipped with two 
types of gingipains, Kgp and arginine-specific Rgp, which are 
distinguished by the specificity of their cleavage sites. Gin-
gipains are large proteins (180 kD) encoded by kgp or rgpA 
genes, containing a signal peptide, N-terminal pro-fragment, 
Kgp or Rgp catalytic domain, and a C-terminal multi-domain 
hemagglutinin/adhesin (HA1-HA4) region.33 Kgp and Rgp are 
cysteine proteases attached to the surface of bacteria or se-
creted into the environment.45 P. gingivalis is the only bacterium 
that produces gingipains, an endopeptidase that is responsible 
for 85% of its proteolytic activity. Gingipains are known to play 
an important role in the progression of PD by causing inflamma-
tion and destruction of periodontal tissue; they play an impor-
tant role in bacterial-mediated host cell responses and subse-
quent intracellular signaling in infected cells.41

In in-vitro culture, P. gingivalis causes AD-like neurodegen-
eration in neurons and continues to express active gingipains 
by the following mechanism: P. gingivalis can invade and sur-
vive in neurons and produce intra-neuronal gingipains with pro-
teolytic activity, resulting in AD-related neurodegeneration.12,45

In order to evaluate whether the capsulated strains of P. gin-
givalis display different capacities of inducing cognitive impair-
ment, Díaz-Zúñiga et al9 quantified Rgp and Kgp gingipain 

Fig 1  The structure of the BBB and different 

brain tissues through the BBB. The BBB con-
tains three main parts, which are endothelial 
cells, pericytes, and astrocytes. Bacterial 
toxins enter the brain through transcellular 
and paracellular pathways. Receptors for 
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will accumulate and become extracellularly 
insoluble senile plaques outside the neural 
cells. 
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is dysregulated during the progression of the disease, espe-
cially at an early stage.63 In addition, recent methylome-wide 
association studies (MWAS) in humans supports the notion that 
abnormal DNA methylation is associated with AD.35

A current hypothesis suggests that P. gingivalis infection 
plays a role in AD pathogenesis by secreting gingipains to pro-
mote neuronal damage. Dominy et al12 found that immune re-
activity (IR) to gingipains was significantly higher in AD brains 
than in brains of non-AD control individuals. In addition, P. gin-
givalis DNA was identified in AD brains and the cerebrospinal 
fluid (CSF) of living subjects diagnosed with probable AD, sug-
gesting that CSF P. gingivalis DNA may serve as a differential 
marker to diagnose AD. Genetic polymorphisms in genes of the 
innate immune system in essential immune pathways may 
lead to defective clearance of P. gingivalis and gingipains from 
the brain, resulting in low-level infection as well as chronic and 
neuroinflammation in susceptible individuals.

A recent study found P. gingivalis genomic DNA and LPS at 
high frequencies in autopsied brain tissues of patients who 
died of AD; however, they were not found in normal human 
brain tissues,51 which was significant evidence that P. gingivalis 
is a vital pathway in AD.

In recent studies on AD, apolipoprotein E (ApoE) has been 
found to be a lipid transporter in the peripheral and central 
nervous systems.31 ApoE lipoprotein particles bind to various 
cell surface receptors, maintain cell membrane homeostasis 
and repairing damage in the brain. Taking into account the 
prevalence and relative risk, the apolipoprotein gene allele 4 
(ApoE 4) is the strongest genetic risk factor for late-onset AD.59 
This distinction is important, given that ApoE 4 acts as a sus-
ceptibility gene interacting with environmental risk factors, 
such as a sub-gingival pathobiome responsible for PD, which 
may enhance its biological function in favour of AD.4,5,59,69 
ApoE 4 promotes the pathogenesis of AD by regulating multi-
ple pathways, including but not limited to metabolism, A  pep-
tide aggregation and toxicity, Tau disease, lipid transport, syn-
aptic plasticity, vascular integrity, mitochondrial function, and 
nerve inflammation.4

Above all, ApoE 4 is the only major susceptibility gene for 
late-onset AD. However, the genetic architecture of late-onset 
AD is far from fully understood. Zhao et al69 described the bio-
chemical and biological characterisation of ApoE and ApoE-
receptors in the central nervous system. They also discussed 
the mechanisms and evidence for the different roles of ApoE 
receptors and ApoE isoforms in AD pathogenesis, with particu-
lar emphasis on the preclinical and clinical investigations re-
lated to A  pathology. 

Rokad et al53 and Singhrao et al56 first provided a proof-of-
concept that P. gingivalis following bacteremia can translocate 
from its oral niche to the brain. Furthermore, peripheral inflam-
mation was found to negatively affect BBB integrity. In addi-
tion, P. gingivalis entry was directly related to the innate im-
mune responses that a) had an impact on intracerebral 
inflammation in the form of ROS and b) complement activa-
tion. These are important findings that outweigh the inability 
to assess A  pathology in this periodontitis-AD model.

In the case of ApoE-/- experimental P. gingivalis oral infec-
tion in ApoE mice, the host releases large amount of IL-10 in the 

genes in hippocampal tissue by qRT-PCR. They found that both 
genes were detected in the hippocampus, but no differences 
were found among the different serotypes. Olsen et al45 dem-
onstrated the presence of gingipains in over 90% of postmor-
tem AD brains, with gingipains localised to the cytoplasm of 
neurons. Although different serotypes of P. gingivalis can enter 
the brain, its particular capsular types play a central role in the 
onset of chronic inflammation and cognitive impairment in-
duced by short-term oral infection.

Oral infection of wild-type mice with P. gingivalis resulted in 
the production of gingipains as well as p-Tau in neurons, which 
were not seen in uninfected mice.42 Furthermore, P. gingivalis 
has been shown to secrete other components associated with 
periodontitis that may also affect cognitive function.

GENETIC FACTORS LINKING PERIDONTAL  
DISEASE TO ALZHEIMER’S DISEASE

Some studies have analysed the relationship between the 
P. gingivalis-host interactome and the genes identified in ge-
nome-wide association studies (GWAS) to determine the way 
genes integrate PD and AD. They studied conditions using 
GWASdb data (p < 1E-03) and in some cases from the NCBI/EBI 
GWAS database (p < 1E-05).6 Harding et al20 analysed the rela-
tionship between the P. gingivalis-host interactome and the 
genes identified in a genome-wide association study (GWAS) to 
determine how the genes link PD to AD. With periodontitis 
gene expression or P. gingivalis, microarrays were compared to 
microarray datasets from the AD hippocampus and/or from ca-
rotid artery plaques; the results demonstrated that host genes 
of the P. gingivalis interactome were statistically significantly 
enriched in GWAS genes related to cognitive impairment, AD, 
and dementia. The P. gingivalis-host interactome was also en-
riched in GWAS genes according to the more stringent NCBI-EBI 
database for AD, atherosclerosis, and T2DM.20 The deregulated 
genes in periodontitis tissue or P. gingivalis-infected macro-
phages also matched those in the AD hippocampus or athero-
sclerotic plaques.2 Together, these data suggested important 
gene/environment interactions between P. gingivalis and sus-
ceptibility genes or changes in gene expression under condi-
tions where PD is a concomitant factor. In the stimulation and 
maintenance of inflammation, epigenetic pathways are of par-
ticular interest due to their upstream regulation. Epigenetic 
modifications result in chemical changes in DNA and related 
proteins that lead to chromatin remodeling and inactivation or 
activation of gene transcription. These changes promote the 
development and maintenance of cancer, autoimmune and 
inflammatory diseases, including PD and AD.11,47 Therefore, 
understanding of the modification of epigenetic mechanisms 
may help to gain insight into the key regulatory pathways of 
genes involved in the maintenance of chronic inflammation. 
Thus, the role of DNA and histone modifications, as major epi-
genetic regulators in periodontitis, have been described, where 
gene expression is influenced by DNA methylation.36 It has also 
been demonstrated that the chronic inflammation of periodon-
titis may be related to abnormal DNA methylation in gingival 
tissue. In AD, it has been found that the epigenetic mechanism 
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serum. However, Poole et al50 found that the bacteria them-
selves still spread to the brain and encounter microglia, which 
become activated as a result. It is noteworthy that P. gingivalis 
was detected in the brain microglia and hippocampal capillar-
ies of ApoE-/- mice from the P. gingivalis infection group, which 
means P. gingivalis invasion of ApoE-/- induced complement 
activation in mouse brains.24 Poole et al50 also showed that 
P. gingivalis was able to enter the ApoE-/- brain and contribute 
to the development of AD inflammatory pathology through 
mechanisms involving cytokines, acute phase proteins, and the 
complement cascade, in which neurons are attacked.

Likewise, findings by Olsen et al46 on mono-infection ApoE-/- 
mice infected with P. gingivalis suggested that increased car-
bonyl protein-related oxidative stress is present in their cere-
bral microvasculature following induction of experimental 
periodontitis and post-atherosclerotic lesion appearance. Ex-
acerbation of vascular pathological changes may be a plausible 
factor in reducing adequate oxygen supply to the brain.

All of these studies provided feasible ideas to test the ge-
netic factors of P. gingivalis infection in AD.

ACTIVATION OF GLIAL CELLS AND 
LEPTOMENINGEAL CELLS BY P. GINGIVALIS IN AD

Microglia make up 10% of the total number of brain cells. As-
trocytes and microglia are CNS-resident immune cells that can 
perform both detrimental (activation of neurotoxic immune 
responses) and beneficial (reduction of immune responses) 
functions. Peripheral infections could activate already-primed 
microglia within the CNS, which contributes to the develop-
ment of neurodegeneration in AD.55,62

Neuroinflammation, including microglial activation, astro-
cyte and neuronal involvement, is an inflammatory response in 
the CNS in response to injury or infection and accumulates in 
glial cells. During this process, chemokines, complement, cyto-
kines, pattern-recognition receptors (PRRs), and cellular and 
molecular immune factors, may activate microglia and astro-
cytes, which are thought to contribute to the development of 
neurodegenerative diseases such as AD.22

Chronic systemic exposure to P. gingivalis LPS has been re-
ported to induce AD-like phenotypes, including those medi-
ated by microglia.66 Microglia-mediated neuroinflammation is 
a key factor in AD pathology, not a consequence of the dis-
ease. One possible mechanism for P. gingivalis infection in AD 
is that P. gingivalis in the brain promotes chronic neuroinflam-
mation, in which reactive astrocytes and activated microglia 
actively produce inflammatory mediators, enhancing A  pro-
duction. Accumulation of the latter leads to Tau hyperphos-
phorylation, which constitutes the histopathological hallmark 
of AD.33 Microglia can “remember” a previous inflammatory 
challenge and become tolerant or trained to toxins such as 
LPS. Liu et al34 reported that P. gingivalis-derived LPS activates 
microglia to produce pro-inflammatory mediators through 
toll-like 2 receptors (TLR-2).

As mentioned above, P. gingivalis can produce a unique 
class of cysteine proteases termed gingipains, consisting of Kgp 
and Rgp, which are major factors involved in bacterially medi-
ated host-cell responses and the subsequent intracellular sig-
naling in infected cells. Therefore, Liu et al33 proposed that Kgp 
and Rgp are involved in the cellular activation of microglia after 
brain infection. It is thought that Kgp and Rgp may limit mi-
croglia-mediated neuroinflammation through proteolytic deg-
radation of pro-inflammatory cytokines. Kgp and Rgp together 

Fig 2  Schematic diagram of periodontal 
bacterial inflammatory signal transduction 
through leptomeningeal cells to microglia in 
the brain. During chronic periodontitis, IL-1  

periodontal bacterial components (including 
LPS and gingipains) activate RANKL and TLRs 
located on the surface of the leptomeningeal 
cells. These factors in turn activate senescent-
type microglia in the brain. After cell activation, 
senescent-type microglia secrete pro-inflam-
matory molecules, such as IL-1 , which lead  
to increased A accumulation. In addition, 
IL-1  secreted by activated senescent-type 
microglia also accelerates the formation of 
tangles through tau hyperphosphorylation. 
These pathological features of AD may impair 
neuronal function and promote cognitive 
deficits.
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promote the migration of microglia to the infected site and in-
duce neuroinflammation after infiltrating the brain.33

In the in-vivo experiments performed by Liu et al,34 
CX3CR1+/GFP mice were used to assess the migration of mi-
croglia towards the P. gingivalis injection site. It has been re-
ported that microglia in the brain express significantly higher 
levels of CX3CR1 than do macrophages.23 In the present study, 
the majority of CX3CR1-positive cells that accumulated around 
the sites of injected urethane and atropine (1.7 g/kg and 
0.4 mg/kg, respectively) had process-bearing morphologies. 
Therefore, it is thought that brain-resident microglia can be 
distinguished from infiltrating macrophages by counting bright 
CX3CR1-positive cells bearing processes. Furthermore, pro-
cess-bearing bright CX3CR1-positive cells clustered around the 
injection site were negative for Ki,67 but only a few CX3CR1-
positive cells with spindle shapes, probably infiltrating macro-
phages, were positive for Ki.67 These observations suggested 
that the accumulation of cells around the injection site were 
primarily associated with cell migration.

In addition, P. gingivalis infection also induced microglia to 
produce pro-inflammatory cytokines and additional A . P. gin-
givalis infection of microglia significantly increased the mRNA 
expression of pro-inflammatory mediators, including TNF- , 
IL-6, and iNOS, but not anti-inflammatory mediators, including 
IL-10, arginase-1, and IL-4.10,16,26,34 These pro-inflammatory 
mediators play significant roles in A  formation. A  plaques 
can eventually be surrounded by glial cells with dysfunctional 
homeostatic control and thus acquire a pro-inflammatory phe-
notype that amplifies neuronal damage.

Similarly, recent studies have shown that leptomeningeal 
cells play an important role in transducing systemic inflamma-
tory signals to the brain-resident microglia that initiate neuro-
inflammation. Leptomeningeal cells express both TLR-2 and 
TLR-4, the receptors of P. gingivalis LPS, and transmit signals 
from systemic immune cells to microglia in the brain.35 P. gingi-
valis LPS may activate leptomeningeal cells, triggering the di-
rect release of inflammatory molecules into the brain, which 
activate microglia in the brain. Using an in-vitro mouse model, 
Liu et al35 found that leptomeningeal cells can transmit inflam-
matory signals from peripheral macrophages to brain-resident 
microglia in response to stimulation by P. gingivalis LPS. 

Taken together, P. gingivalis LPS and gingipains can contrib-
ute to AD by activating microglia and astrocytes, inducing them 
to release cytokines and influencing the migration of microglia. 
These factors enhance A  production and Tau hyperphosphor-
ylation, which constitute the histopathological hallmarks of AD. 

In this cascade, leptomeningeal cells may play an important 
role in transducing systemic inflammatory signals to the brain-
resident microglia (Fig 2).

IMMUNE RESPONSES TO ORAL P. GINGIVALIS IN AD

As mentioned above, microglia and astrocytes play an eminent 
role in the immune system of the CNS. The brain is less depen-
dent on recruiting peripheral adaptaive immune-surveillance 
cells and more dependent on resident CNS cells to identify and 
respond to invading pathogens. However, outside the BBB, in 

periodontitis and related conditions, dysbiosis as a cause of 
inflammation is achieved by manipulating the host’s adaptive 
immune system, including cellular immunological re-
sponses.8,46 Strong peripheral inflammation caused by bacter-
ial infection leads to peripheral leukocyte (macrophages, T-
cells, and neutrophils) infiltration of the CNS, which shares 
several functional features with microglia. Leukocytes express 
TLRs and can be activated by abnormal proteins or pathogen-
associated molecular patterns (PAMPs; pathogens replicate and 
release their component molecules).10,18,62 Therefore, the 
acute neuroinflammatory response is beneficial, repairing 
damaged areas of the brain and helping restore brain homeo-
stasis. However, if the inflammatory response is uncontrolled 
and chronic, long-term activation is characterised by the mi-
croglia releasing pro-inflammatory mediators, increased oxida-
tive and nitrosative stress; thus, the inflammatory cycle contin-
ues and contributes to neurodegenerative diseases such as 
AD.10,25 When the threshold concentration of bacteria and/or its 
immunogenic components is reached, the classical innate im-
mune signaling pathway is initiated via TLR-2 and TLR-4 mech-
anisms, inevitably leading to cytokine release by microglia. 

Chronic release of cytokines ultimately alters BBB permea-
bility and reduces the outflow of A  from the CNS into the sys-
temic circulation. This means A  increases in brain tissues and 
becomes a pathological change in terms of AD. In this pathway, 
P. gingivalis LPS is an important contributor, because pattern 
recognition receptors (PRR), such as TLRs, are expressed by 
glial cells and PAMPs can trigger antibacterial responses in mi-
croorganisms. P. gingivalis LPS stimulates TLR-2 or -4, as well 
as CD14, and sends a signal to the nucleus via the MyD88 path-
way, triggering a cascade of events involving increased expres-
sion of pro-inflammatory cytokines.10,25

By preventing immune cells from entering the brain, P. gingiva-
lis can affect BBB permeability and block local IFN-  responses in 
AD. The lack of adaptive immune cells in AD neuropathology 
means that P. gingivalis infection in the brain may lead to impaired 
clearance of insoluble amyloids and induce immunosuppression.

P. gingivalis has many surface membranes, enzymes and 
capsular proteins that inhibit neutrophil recruitment of chemo-
kines (signaling proteins or a cell-secreted family of small cyto-
kines) by cleaving CD14 and immune-cell receptors (receptor 
activator of NF- b ligand, RANKL), eroding cells, or inducing 
subversive cross-talk signaling between TLR-2 and other innate 
immune receptors, such as the C5aR anaphylatoxin receptor.44

The level of periodontal inflammation and immune re-
sponses might be used to assess risk factors for developing sys-
temic diseases; this implies that identifying P. gingivalis infec-
tion might aid in the diagnosis of periodontitis-associated 
systemic diseases. Hirai et al24 aimed to identify P. gingivalis 
antigens that are specifically recognised by serum immunoglob-
ulin G (IgG), which is present in large amounts in periodontitis 
patients vs healthy individuals. Using enzyme-linked immuno-
sorbent assays (ELISA) to measure the serum IgG-antibody level 
against periodontal pathogens, those authors determined hu-
moral immunological responses against periodontal pathogens. 
Periodontal bacterial infections are known to induce humoral 
immunological responses and increase serum IgG-antibody lev-
els against pathogens. As their results showed, serum IgG anti-
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body levels against P. gingivalis indicate the level of periodontal 
inflammation; these levels are appropriate markers for screen-
ing patients with periodontitis. Furthermore, they found that 
periodontitis patients had the highest recombinant Rgp among 
the antigens expressed in P. gingivalis.

However, serum IgG levels for periodontal pathogens are 
not tested during a clinical examination. One of the reasons is 
that the use of antigens in the media from sonicated prepar-
ations of cultured pathogens can lead to nonspecific immune 
responses with IgG antibodies. Another reason is the difficulty 
in standardising the bacterial antigens in ELISA. This assay is a 
potentially useful lab method for finding a new approach to 
studying P. gingivalis infection in AD.24

P. gingivalis alone is not responsible for periodontal disease, 
systemic diseases or dementia, nor are periodontitis and its re-
lated systemic diseases the effect of a single bacterial species. 
Hence, other factors influencing PD or AD should be considered.

THREE-WAY RELATIONSHIPS AMONG  
P. GINGIVALIS  INFECTION, AD, AND AGE

The incidence of AD increases exponentially with age, from 3% 
in the 65- to 74-year-old age group to nearly 50% in the 
85-year-plus age group. Furthermore, nutrition and its subse-
quent impact on oral health are often overlooked and should 
be a priority. Although oral health may be less important com-
pared with the management of other diseases related to old 
age, it is clear that poor oral health may cause or aggravate 
other diseases. It follows that the currently increasing numbers 
of elderly with inadequate dental care are entering the high-
risk group for AD. Comparing times of onset, PD appears after 
the age of 30 years, while late-onset AD begins at over 80 years. 
Therefore, as shown by Singhrao et al,58 established chronic 
periodontal pathogens (such as P. gingivalis) have enough time 
to use blood-borne pathways to enter the brain. A retrospec-
tive study conducted by Chen et al6 found a strong link be-
tween chronic PD (exposure of around 10 years) and AD, and 
this correlated with a prospective laboratory-based study in 
which circulating antibodies of oral bacteria were associated 
with a cognitive deficit 10 years later. This suggested that the 
10-year lag in chronic periodontitis is plausible as a risk factor 
for sporadic AD. Why is there a long lag period? It is possible 
that during aging, initial weakening of the protective BBB oc-
curs, which makes it easier for bacteria to enter the brain. Alter-
natively, unlike the oral cavity, which contains a range of differ-
ent bacterial systems, such as supra- and subgingival plaque, 
and develops a chronic infection only a few weeks later, the 
healthy brain may be slow to respond to nominally virulent 
(seronegative) P. gingivalis in younger human hosts because 
they have healthy immune systems.59 It is necessary to empha-
sise protective barriers such as the BBB which keep the CNS 
sequestered and protect against abnormal immune challenges 
(entry of toxins and associated cells that detoxify foreign pro-
teins) early in life.

Ding et al10 found that the escape latency between day-1 
infected P. gingivalis mice and control mice did not differ statis-
tically significantly, and P. gingivalis infection had no statisti-

cally significant effect on cognition in young mice. However, on 
days 2, 3, and 4, the escape latency of the middle-aged P. gingi-
valis infected mice differed statistically significantly from the 
control group. P. gingivalis infection obstructed the spatial 
memory and learning abilities of the middle-aged mice. In ad-
dition, the mean mRNA expression levels of TNF-  in the brain 
tissue of middle-aged P. gingivalis-infected mice were higher 
compared with controls. However, no statistically significant 
effect on TNF-  mRNA levels was observed in the young mouse 
group. Likewise, IL-6 and IL-1  mRNA levels were only in-
creased in middle-aged P. gingivalis-infected mice, but not in 
young mice.10 Overall, the levels of all of the three pro-inflam-
matory cytokines were statistically significantly higher in mid-
dle-aged P. gingivalis-infected mice than in control mice. In 
contrast, the concentration of IL-6, IL-1 , and TNF-  did not 
differ between the two groups of young mice, suggesting that 
P. gingivalis infection may increase the expression of pro-in-
flammatory cytokines IL-6, IL-1 , and TNF-  in the brain tis-
sues, which promotes neuroinflammation of middle-aged 
mice.10,16,25,33 The expression of these cytokines showed differ-
ences between middle-aged and young mice. Chronic systemic 
inflammatory processes promoted the transformation of mi-
croglia and astrocytes into anti-inflammatory cell types in 
young rats, whereas a pro-inflammatory cell phenotype was 
detected in middle-aged rats. Furthermore, age strongly affects 
the barrier functions of leptomeningeal cells through age-de-
pendent differential microglial responses during chronic sys-
temic inflammation.67

Aging-induced chronic inflammation may result from these 
differences between young and middle-aged mice. This puts 
additional stress on the brain neurons of older mice, making 
them more vulnerable to infection. Therefore, it is necessary to 
consider the effect of aging on neuroinflammation.

CONCLUSION AND OUTLOOK

PD, caused by P. gingivalis, is a chronic persistent inflammatory 
response triggered by subgingival bacterial biofilm, which re-
sults in chronic inflammatory destruction of the gingival con-
nective tissue attached to the root surface, cementum, and 
adjacent alveolar bone. The immune invasion strategy of P. gin-
givalis is not only important in PD, but is also implicated in 
other systemic diseases when the bacterium and its virulence 
factors enter systemic organs.

Neuroinflammation is so pivotal that scientists question 
whether AD is an infectious disease. In this complex interaction 
of different players, microglia appear to be important in the 
host defense against invasion by the key periodontal pathogen 
P. gingivalis.

Proteostasis (Tau and/or A  plaques) is a central component 
of pathology in AD. AD is characterised by the accumulation of 
intracellular neurofibrillary tangles, which are composed of 
extracellular deposits of the microtubule binding protein Tau 
and A  fibrils assembled into pairs of spirals and straight fila-
ments. P. gingivalis may co-evolve with the host’s immune de-
fense development strategies to overcome the host’s protec-
tive barriers and modulate the host’s defense systems to its 
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own advantage. This is attributed to the ability of P. gingivalis 
to endure inflammation and exploit it for its own survival and 
maintenance.

Future studies are needed to clarify the exact pathway and 
mechanisms of P. gingivalis infections and AD, and to identify 
effective treatments. Early diagnosis and treatment of PD is 
crucial to retard disease progression.
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