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Abstract

Aim: To assess whether periodontitis is associated with cognitive decline and its pro-

gression as well as with certain blood-based markers of Alzheimer's disease.

Materials and Methods: Data from a 2-year follow-up prospective cohort study

(n = 101) was analysed. Participants with a previous history of hypertension and aged

≥60 years were included in the analysis. All of them received a full-mouth periodontal

examination and cognitive function assessments (Addenbrooke's Cognitive Examina-

tion (ACE) and Mini-Mental State Examination [MMSE]). Plasma levels of amyloid

beta (Aβ)1-40, Aβ1-42, phosphorylated and total Tau (p-Tau and t-Tau) were deter-

mined at baseline, 12 and 24 months.
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Results: Periodontitis was associated with poor cognitive performance (MMSE:

β = �1.5 [0.6]) and progression of cognitive impairment (hazard ratio [HR] = 1.8; 95%

confidence interval: 1.0–3.1). Subjects with periodontitis showed greater baseline levels

of p-Tau (1.6 [0.7] vs. 1.2 [0.2] pg/mL, p < .001) and Aβ1-40 (242.1 [77.3] vs. 208.2 [73.8]

pg/mL, p = .036) compared with those without periodontitis. Concentrations of the lat-

ter protein also increased over time only in the periodontitis group (p = .005).

Conclusions: Periodontitis is associated with cognitive decline and its progression in

elderly patients with a previous history of hypertension. Overexpression of p-Tau

and Aβ1-40 may play a role in this association.
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Clinical Relevance

Scientific rationale for study: The contribution of periodontitis to cognitive impairment and its

progression has been described in the literature. However, the potential contribution of well-

known plasma biomarkers of Alzheimer's disease to this link is missing.

Principal findings: Periodontitis is associated with cognitive decline and its progression in elderly

individuals with a previous history of hypertension. p-Tau and Aβ1-40 may play a key role in this

relationship.

Practical implications: Our study highlights the need for periodontal care in elderly subjects suffering

from common chronic conditions such as hypertension to reduce the risk of cognitive dysfunction.

1 | INTRODUCTION

Dementia is a common public health problem and is characterized by a

decline in multiple cognitive domains sufficiently severe to affect social

or occupational function. It is estimated that approximately 55 million

people worldwide have dementia, and this number is expected to

increase to 78 million by 2030 (Gauthier et al., 2021). It has a substan-

tial impact on the patient's quality of life, as it is considered as one of

the most disabling neurological conditions in the world (Feigin

et al., 2019). Although Alzheimer's disease (AD) is the most common

cause of dementia in the elderly, followed by vascular dementia (VD), it

is suggested that both aetiologies are indeed related and that most

patients have a mixed dementia (Arvanitakis et al., 2019). AD is charac-

terized pathologically by brain atrophy, accumulation of amyloid beta

(Aβ) peptides in the brain parenchyma (senile plaques) and blood ves-

sels (amyloid angiopathy) as well as aggregation of the microtubule-

stabilizing protein Tau (neurofibrillary tangles [NFTs]) (Huang &

Mucke, 2012). Vascular-mediated cognitive impairment/dementia

results from either localized larger cerebrovascular territory injury

(ischaemic or haemorrhagic in nature) or cumulative cerebral small ves-

sel disease such as lacunar infarcts and microbleeds (Bir et al., 2021).

In the last decade, growing evidence of modifiable risk factors for

dementia has emerged. One of these factors is hypertension, a well-

known vascular disorder that has been shown to increase the risk of

dementia (Ou et al., 2020). Hypertension is a major risk factor for cere-

brovascular disease and thereby for VD. Traditionally, AD has been

thought to be a primary neurodegenerative condition and not of vascular

origin. However, several studies support the view that vascular factors

and disorders such as hypertension may be involved in AD, which may

be considered as a vasocognopathy where the cause points towards

impaired cerebral perfusion (de La Torre, 2004). With regard to the

mechanisms underlying the association between high blood pressure

(BP) and dementia, it is speculated that cerebrovascular dysfunction and

damage produced by midlife hypertension impairs the vascular clearance

of brain Aβ, resulting in amyloid accumulation in cerebral blood vessels

and cognitive decline (Iadecola, 2014). Hence, subjects with high BP

might be considered as a high-risk population to suffer cognitive decline.

Periodontitis, a highly prevalent chronic, oral, immune-mediated

inflammatory infectious disease characterized by hard and soft peri-

odontal tissue destruction, increases the risk of cognitive decline in the

elderly (Iwasaki et al., 2016; Kaye et al., 2010; Nilsson et al., 2018). The

potential contribution of periodontitis to certain AD-like features, such

as neuroinflammation, cerebral Aβ deposits, elevated brain phosphory-

lated Tau (p-Tau) levels, neurodegeneration as well as cognitive impair-

ment and behavioural/functional changes, has been described (Díaz-

Zúñiga et al., 2020; Dominy et al., 2019; Ilievski et al., 2018). Similarly,

periodontitis has been associated with hypertension, being one of the

main mechanisms of the increased systemic pro-inflammatory state

posed by this oral disease that could partially contribute to a rise in BP

(Muñoz Aguilera et al., 2021). Therefore, it is reasonable to hypothesize

that the presence of periodontitis could be associated with cognitive

decline and its progression in a population at high risk of dementia (due

to ageing combined with hypertension) and that Tau protein and Aβ

peptides might play a significant role in this relationship.

The aim of the present study was to investigate the contribution of

periodontitis to cognitive decline and its progression in older individuals
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with a history of hypertension. The longitudinal changes over 2 years of

follow-up in certain circulating biomarkers of AD were also explored.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

The present study is a secondary analysis using data from the SANTI-

AGO study, which is a prospective cohort study with a mean follow-up

of 2 years carried out between 2015 and 2019 in Galicia (Spain) (L�opez-

Dequidt, 2019). Originally, in the SANTIAGO study, elderly subjects of

both genders with a diagnosis of hypertension (at least 5 years of disease

evolution) aged ≥60 years were recruited from two primary care centres

in A Estrada and Porto do Son and referred for a detailed cognitive, neu-

roimaging and periodontal examination to the University Clinical Hospital

of Santiago de Compostela (n = 101). The primary aim of the SANTIAGO

study was to investigate the longitudinal association between cerebral

microangiopathy phenotypes and cognitive decline in a high-vascular-risk

population (i.e., elderly hypertensive subjects). Arterial hypertension was

defined as BP ≥ 140/90 mmHg in two determinations or taking anti-

hypertensive medication. The following exclusion criteria were applied in

the SANTIAGO study: (a) <10 teeth present (periodontal examination

unreliable) (Vázquez-Reza et al., 2023); (b) previous history of cerebro-

vascular disease, cardiovascular disease, dementia, malignancy or other

severe medical condition; (c) periodontal treatment in the last year;

(d) active infectious/inflammatory diseases (e.g., HIV, hepatitis, chronic

bronchitis, inflammatory bowel disease, rheumatoid arthritis, allergies or

asthma); (e) treatment with systemic antibiotics, corticosteroids and/or

immunosuppressive agents within 3 months prior to periodontal exami-

nation and (f) not able to give consent.

The SANTIAGO study was conducted in accordance with the

World Medical Association Declaration of Helsinki (2013) and

approved by the Ethics Committee of the Servizo Galego de Saúde

(protocol #2016/399). Written informed consent was obtained from

all included participants. Moreover, the present study was performed

following the Strengthening the Reporting of Observational Studies in

Epidemiology (STROBE) guidelines (von Elm et al., 2008).

2.2 | BP assessment

Ambulatory BP monitoring over 24 h was performed in all partici-

pants. The mean 24-h systolic blood pressure and diastolic blood pres-

sure values were recorded using a calibrated and validated SpaceLabs

90207 device (SpaceLabs Inc., USA). The number and type of anti-

hypertensive medications and BP control were also recorded.

2.3 | Cognitive function assessment

Cognitive function was evaluated at three time points (baseline,

12 and 24 months) using the Spanish version of the Addenbrooke's

Cognitive Examination (ACE) (García-Caballero et al., 2006) and the

Mini-Mental State Examination (MMSE) (Folstein et al., 1975).

The maximum score of the ACE is 100 points, of which 30 points cor-

respond to the MMSE included in seven domains (orientation to time

[5 points], orientation to place [5 points], three word registration

[3 points], attention and calculation [5 points], three-word recall

[3 points], language [8 points] and visual construction [1 point]). ACE

is distributed over six cognitive domains: orientation (10 points),

attention (8 points), memory (35 points), verbal fluency (14 points),

language (28 points) and visuospatial skills (5 points). Cognitive decline

was defined as an ACE score ≤68/74 points (taking into account

education level: low vs. medium/high) or MMSE score ≤24 points.

Progressive cognitive decline was defined as a reduction over the

follow-up in ACE or MMSE scores of ≥3 points.

2.4 | Periodontal examination

The periodontal examination has been described in detail elsewhere

(Leira, Rodríguez-Yáñez, et al., 2019). The periodontal calibration was

performed by a single calibrated periodontist (YL). The calibration

was completed before the start of the study at the Periodontology

Unit of the Faculty of Odontology (University of Santiago de Compos-

tela) using 10 non-study patients suffering from moderate or severe

periodontitis. Intra-examiner reliability was assessed by the intra-class

correlation coefficients (for pocket depth [PD] and attachment loss

[AL]), which were >0.75 for both parameters, thereby demonstrating a

good degree of reliability in the measurements (Leira, Rodríguez-

Yáñez, et al., 2019). In the present study, the following periodontal

parameters were evaluated in all teeth (except third molars): (a) PD,

measured from the free gingival margin to the bottom of the sulcus or

pocket; (b) AL, measured from the cemento-enamel junction to the

bottom of the sulcus or pocket and (c) the number of teeth present

(excluding third molars and retained roots). All measurements were

recorded at six sites per tooth (mesio-buccal, disto-buccal, mid-buccal,

mesio-lingual, disto-lingual and mid-lingual), using a sterile mouth mir-

ror and with a calibrated University of North Carolina periodontal

probe (UNC 15; Hu-Friedy, Chicago, IL, USA).

The presence of periodontitis was defined according to the Centers

for Disease Control and Prevention–American Academy of Periodontol-

ogy consensus for epidemiologic studies. Accordingly, a periodontitis

case was defined as one showing at least two interproximal sites with

AL ≥ 3 mm and at least two interproximal sites with PD ≥ 4 mm (not on

the same tooth) or one site with PD ≥ 5 mm (Eke et al., 2012).

2.5 | Other covariates

Socio-demographic data recorded and used in the present analysis

included age, gender and educational level (low was defined as those

participants who dropped out of school before age 14). Body weight

was measured to the nearest 1 kg, and height was recorded to the

nearest centimetre. Body mass index was calculated with the formula:

weight (kg)/height (m)2. Vascular risk factors that have been associ-

ated with increased risk of dementia were also recorded: previous
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history of smoking (current smoker or former smoker with less than

1 year), alcohol consumption (>300 g of alcohol/week), history of dia-

betes (glycated haemoglobin [HbA1c] ≥6.5%, glycaemia ≥200 mg/dL

in symptomatic patients, baseline glycaemia ≥126 mg/dL in two

determinations or glycaemia after oral glucose tolerance test

≥200 mg/dL or under anti-diabetic medication) and dyslipidaemia

(total cholesterol >250 mg/dL or low-density lipoprotein [LDL] choles-

terol >130 mg/dL or under lipid-lowering medication).

2.6 | Laboratory analysis

Fasting blood samples were obtained in the morning at the same time

as the periodontal assessment and interview. Briefly, 2 mL of venous

blood was collected from the antecubital fossa by venepuncture using

a 20-gauge needle with a 2-mL syringe. Blood samples were allowed

to clot at room temperature, and after 1 h, serum was separated by

centrifugation (15 min at 3000g at 4�C); then 0.5 mL of extracted

serum was immediately transferred to 1.5-mL aliquots. Each aliquot

was stored at �80�C until required for analysis. For plasma samples,

the same procedure was used with the difference that no clotting

needed to be done and EDTA vacutainers were used to collect blood.

Standard biochemical parameters were determined at baseline from

serum samples, which included levels of lipid fractions (total choles-

terol [mg/dL], high-density lipoprotein [HDL, mg/dL] and LDL

[mg/dL]), HbA1c (%) and inflammatory markers such as fibrinogen

(mg/dL), erythrocyte sedimentation rate (mm/h) and leukocytes

(�109/L). In addition, plasma biomarkers of AD were determined at

three time points (baseline, 12 and 24 months) including Aβ1-40
(pg/mL), Aβ1-42 (pg/mL), Aβ42:40 (pg/mL), p-Tau181 (pg/mL) and total

Tau (t-Tau) (pg/mL) by an automated chemiluminescent enzyme

immunoassay technique (Lumipulse G600II, Fujirebio). Functional sen-

sitivity for plasma Aβ1-40, Aβ1-42 and p-Tau181 was 0.44, 0.43 and

0.261 pg/mL, respectively. The values for coefficient of variation were

between 2.6% and 4.6% for plasma Aβ1-40, between 4.0% and 5.6%

for plasma Aβ1-42 and between 2.3% and 3.9% for plasma p-Tau181.

All determinations were performed in an independent laboratory

blinded to clinical data (standard biochemistry at Central Laboratory of

the Clinical University Hospital of Santiago de Compostela and neurode-

generation biomarkers at Clinical Neurosciences Research Laboratory of

the same hospital). Clinical investigators were unaware of the laboratory

results until the end of the study.

2.7 | Statistical analysis

The Kolmogorov–Smirnov test was applied to check for normality.

Data are reported as mean values ± standard deviation if the variable

is normally distributed, and as median (P25, P75) in case of

non-normal distribution. Categorical variables are expressed as per-

centages (%). The statistical tests used to compare data were the inde-

pendent t-test, Mann–Whitney test and χ2 test. Intra- and inter-group

comparisons between periodontitis and non-periodontitis groups

were performed by analysis of variance for repeated measures. Logis-

tic and linear regression models were created to test the associations

between periodontitis and its clinical parameters with cognitive func-

tion and biomarkers of AD. Multivariate Cox proportional hazards

regression analyses were used to determine the risk of progression in

cognitive decline in periodontitis and non-periodontitis cohorts. All

regression models were adjusted for potential confounders identified

during univariate analyses. All statistical analyses were performed

using SPSS version 24.0 (IBM Corp., Armonk, NY, USA) and R soft-

ware version 4.0.5 (Lucent Technologies, NJ, USA). The level of statis-

tical significance was set at p < .05.

3 | RESULTS

3.1 | Main characteristics of study population
according to periodontal status

The prevalence of periodontitis was 62.4%. Baseline characteristics of

participants stratified by periodontal status are shown in Table 1. Peri-

odontitis participants showed increased concentrations of serum HDL

in comparison with non-periodontitis individuals. There were more

current smokers in the periodontitis group than in the periodontally

healthy group. Furthermore, 22.1% of participants had cognitive

decline, of which 85.7% were diagnosed with periodontitis compared

with 14.3% who had a healthy periodontium (p = .006). As expected,

the periodontal status of participants was worse in terms of higher PD

and AL in participants with periodontitis compared with subjects with

a healthy periodontium. No statistically significant differences were

observed for the rest of socio-demographic, clinical or biochemical

variables as well as in vascular risk factors. No differences were noted

for anti-hypertensive medication (Table 1). All participants were under

anti-hypertensive treatment for at least 5 years. More than half of

individuals in each group were taking more than one anti-

hypertensive drug (perio: 66.7% vs. non-perio: 60.5%, p = .177). The

mean number of anti-hypertensives consumed did not differ between

groups (1.9 [0.8] vs. 1.8 [0.9], p = .435). The percentage of individuals

showing well-controlled BP was similar in the periodontitis and non-

periodontitis groups (46.0% vs. 39.5%, p = .655).

3.2 | Cross-sectional association between
periodontitis and its clinical parameters with cognitive
function

Overall, participants with periodontitis showed worse cognitive perfor-

mance than periodontally healthy subjects at baseline (Figure 1). Particu-

larly, lower MSME scores were found in the periodontitis participants in

comparison to subjects without periodontitis (Figure 1b). However, no

statistically significant differences were found for ACE (Figure 1a).

Linear regression analysis revealed that periodontitis (categorical

variable) was associated with poor MMSE scores (Table 2). Clinical

periodontal parameters were only associated with lower

CARBALLO ET AL. 1447
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MSME scores. Logistic regression analysis using data from the SANTI-

AGO study confirmed that subjects with increased PD were

almost two times more likely to have cognitive decline (odds ratio

[OR]adjusted = 1.9; 95% confidence interval [CI]: 1.1–3.0, p = .025).

3.3 | Association between periodontitis and its
clinical parameters with blood-based biomarkers
of AD

Results showed that subjects with periodontitis had increased periph-

eral levels of Aβ1-40 (mean difference = 33.9 [16.0] pg/mL, p = .036)

and p-Tau (mean difference = 0.4 [0.1], p <.001) compared with peri-

odontally healthy individuals (Figure 2a,d). No statistically significant dif-

ferences were found for Aβ1-42, Aβ42:40 and t-Tau (Figure 2b,c,e).

Linear regression models showed that periodontitis was associated

with elevated concentrations of plasma p-Tau (β coefficientadjusted = 0.3

[0.1], p = .016) (Table 3). No other relevant associations were seen for

the rest of the biomarkers.

When the levels of biomarkers of neurodegeneration were com-

pared between groups during the 2-year follow-up period, a statistically

significant progressive increase was observed for Aβ1-40, which was more

evident in the periodontitis group (Table 4; Figure 2a). No other differ-

ences were found for the rest of biomarkers at any of the time points.

TABLE 1 Chief characteristics of
study population (n = 101).

Variable Periodontitis (n = 63) No periodontitis (n = 38) p-Value

Socio-demographic variables

Age (years) 71.6 (5.4) 70.0 (4.7) .120

Females, n (%) 41 (65.1) 19 (50.0) .149

Low education level, n (%) 39 (61.9) 22 (57.9) .306

Clinical variables

SBP (mmHg) 122.3 (11.3) 124.1 (12.0) .545

DBP (mmHg) 69.5 (7.6) 72.0 (9.6) .227

BMI (kg/m2) 30.1 (4.5) 31.2 (5.0) .243

Anti-hypertensive drugs, n (%)

ACE inhibitors 15 (23.8) 7 (18.4) .525

ARBs 41 (65.1) 26 (68.4) .486

Calcium channel blockers 28 (44.5) 12 (31.6) .362

Beta-blockers 5 (7.9) 7 (18.4) .131

Diuretics 32 (50.8) 13 (34.2) .184

Vascular risk factors

Current smokers, n (%) 17 (27.0) 3 (7.9) .022

Alcohol consumption, n (%) 4 (6.3) 6 (84.2) .124

Diabetes, n (%) 22 (34.9) 15 (39.5) .674

Dyslipidaemia, n (%) 47 (74.6) 28 (73.7) .918

Biochemical parameters

HbA1c (%) 6.8 (1.5) 6.6 (1.2) .510

Leukocytes (�109/L) 7.9 (2.2) 7.4 (1.9) .275

Total cholesterol (mg/dL) 196.2 (40.5) 192.9 (37.8) .684

HDL (mg/dL) 62.2 (19.5) 54.2 (15.3) .039

LDL (mg/dL) 111.4 (36.1) 114.3 (32.9) .690

Fibrinogen (mg/dL) 424.7 (90.4) 437.9 (66.5) .448

ESR (mm/h) 15 (7.0, 35.0) 12.0 (7.0, 25.5) .404

Clinical periodontal parameters

PD (mm) 3.7 (1.0) 2.8 (0.8) <.001

AL (mm) 4.1 (1.1) 3.2 (1.2) .001

Number of teeth present 21.5 (3.7) 22.8 (4.2) .109

Note: Bold denotes p < .05.

Abbreviations: ACE, angiotensin-converting enzyme; AL, attachment loss; ARB, angiotensin II receptor

blocker; BMI, body mass index; DBP, diastolic blood pressure; HbA1c, glycated haemoglobin; HDL, high-

density lipoprotein; LDL, low-density lipoprotein; PD, pocket depth; SBP, systolic blood pressure.
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3.4 | Association between periodontitis and
progression of cognitive decline

Over the 2-year follow-up period, participants with periodontitis showed

progressive poorer cognitive performance in ACE and MMSE scores

(both p < .001). This decline in the scores was observed at both 12 and

24 months when compared with baseline for both cognitive tests

(Table 4). When the groups were compared at each time point, statisti-

cally significant differences were found only at 12 months for the ACE.

Progression in cognitive impairment was seen in 16.9% of the

participants, of whom 83.3% had periodontitis compared with 16.7%

without periodontitis (p = .049). Cox proportional hazards regression

analysis showed that the presence of periodontitis at baseline was

associated with increased risk of progression in cognitive decline (haz-

ard ratio [HR]adjusted = 1.9; 95% CI: 1.1–3.3, p = .027) (Figure 3).

4 | DISCUSSION

Results from this study confirmed that periodontitis increases the risk

of cognitive decline and its progression in a population at high risk of

developing dementia. Moreover, for the first time we showed that

periodontitis was associated with increased peripheral levels of p-Tau

and Aβ1-40.

In the last decade, several population-based studies have sug-

gested a relationship between periodontitis and poor cognitive func-

tion (Kamer et al., 2012; Shin et al., 2016; Sung et al., 2019). Results

from our analysis using data from a cohort of elderly hypertensive

subjects confirmed that participants with periodontitis were more

F IGURE 1 Cognitive test performance of study population at
baseline: (a) Addenbrooke's Cognitive Examination (ACE); (b) Mini-
Mental State Examination (MMSE).

TABLE 2 Association between periodontitis and its clinical
parameters with cognitive performance.

ACE MMSE

Periodontitis �2.5 (2.6) �1.5 (0.6)*

PD �2.1 (1.2) �0.6 (0.3)*

AL �1.5 (1.0) �0.3 (0.2)

Note: β coefficients (SE) adjusted for age, gender, smoking habit and high-

density lipoprotein.

Abbreviations: AL, attachment loss; ACE, Addenbrooke's Cognitive

Examination; MMSE, Mini-Mental State Examination; PD, pocket depth.

*p < .05.

F IGURE 2 Plasma levels of Alzheimer's disease biomarkers at each time point (baseline, 12 and 24 months): (a) amyloid beta (Aβ)1-40 (pg/mL);
(b) Aβ1-42 (pg/mL); (c) Aβ42:40 (pg/mL); (d) phosphorylated Tau (p-Tau) (pg/mL) and (e) total Tau (t-Tau) (pg/mL).
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likely to show worse performance in a number of cognitive tests than

those without periodontitis. Indeed, PD, which is a measure of current

periodontitis, is positively associated with a poor outcome in MMSE

(β = �0.6, p < .05). Accordingly, a cross-sectional relationship was

found between periodontitis and cognitive decline (OR = 1.9,

p = .025). This finding is supported by the positive relationship found

between periodontitis and increased plasma levels of p-Tau (β = 0.3,

p = .026). On one hand, p-Tau is a key component of NFTs in AD

pathology. With the recent advent of blood-based biomarkers related

to AD, it is now possible to measure Tau protein in plasma (Ashton

et al., 2020). Initially, it was found that p-Tau181 was increased in AD

patients compared with cognitively normal subjects (Mielke

et al., 2018; Tatebe et al., 2017; Yang et al., 2018). Moreover,

recent investigations have shown that plasma p-Tau181 accurately

could identify patients with abnormal Aβ- and Tau-PET scans

and distinguish AD dementia from other forms of dementia

(Janelidze et al., 2020; Thijssen et al., 2020). In addition, p-Tau181 has

been described as a predictor of AD progression, showing a high degree

of accuracy in non-demented subjects (Janelidze et al., 2020). Based on

all these studies, plasma p-Tau181 may be considered a useful diagnostic

and prognostic biomarker of AD. On the other hand, results from several

preclinical investigations have shown detrimental effects of experimental

periodontitis (mainly induced by Porphyromonas gingivalis infection) on

Tau (Díaz-Zúñiga et al., 2020; Ilievski et al., 2018; Tang et al., 2021), thus

supporting our findings. For example, oral application of P. gingivalis in

wild-type C57BL mice promoted the formation of NFTs of p-Tau

(ser396) in the hippocampus (Ilievski et al., 2018). Another experiment

demonstrated that P. gingivalis injected intravenously induced Tau

hyperphosphorylation at p-Tau181 in the hippocampus by triggering a

systemic inflammatory response and neuroinflammation in wild-type

Sprague–Dawley rats (Tang et al., 2021). Palatal injections of different

serotypes of P. gingivalis (K1 and K2) in rats also increased p-Tau levels in

TABLE 3 Cross-sectional association
between periodontitis and its clinical
parameters with levels of biomarkers of
Alzheimer's disease.

Periodontitis p-Value PD p-Value AL p-Value

Aβ1-40 (pg/mL) 32.3 (17.6) .071 �4.9 (8.2) .555 �5.9 (7.0) .397

Aβ1-42 (pg/mL) �22.8 (19.8) .253 �0.1 (9.1) .990 �2.3 (7.8) .766

Aβ42:40 (pg/mL) �0.1 (0.1) .145 �0.0 (0.0) .871 �0.0 (0.0) .721

p-Tau (pg/mL) 0.3 (0.1) .016 0.1 (0.1) .073 0.0 (0.0) .344

t-Tau (pg/mL) �99.3 (130.9) .450 �22.1 (60.3) .715 �9.9 (51.2) .847

Note: β coefficients (SE) adjusted for age, gender, smoking habit and high-density lipoprotein. Bold

denotes p < .05.

Abbreviations: AL, attachment loss; Aβ1-40, amyloid beta 1–40; Aβ1-42, amyloid beta 1–42; Aβ42:40, ratio
amyloid beta 1–42/1–40; PD, pocket depth; p-Tau, phosphorylated Tau; t-Tau, total Tau.

TABLE 4 Longitudinal changes of
biomarkers of Alzheimer's disease and
cognitive performance according to
periodontal status.

Group Biomarker Baseline 12 months 24 months p-Value

Periodontitis Aβ1-40 (pg/mL) 242.1 (77.3)a 272.5 (122.6) 294.4 (141.1)b,c .005

No periodontitis 208.2 (73.8) 264.1 (72.9) 266.1 (46.8) .043

Periodontitis Aβ1-42 (pg/mL) 77.6 (70.2) 85.9 (132.3) 91.1 (66.8) .053

No periodontitis 93.8 (114.7) 91.6 (87.7) 62.5 (10.4) .288

Periodontitis Aβ42:40 (pg/mL) 0.4 (0.3) 0.3 (0.4) 0.3 (0.2) .907

No periodontitis 0.5 (0.4) 0.4 (0.4) 0.2 (0.0) .092

Periodontitis p-Tau (pg/mL) 1.6 (0.7)a 1.6 (0.6) 1.9 (1.0) .309

No periodontitis 1.2 (0.2) 1.3 (0.4) 1.3 (0.4) .994

Periodontitis t-Tau (pg/mL) 318.2 (546.3) 289.1 (545.9) 504.7 (763.8) .170

No periodontitis 398.4 (594.0) 378.8 (591.9) 55.3 (43.6) .620

Group Cognitive test Baseline 12 months 24 months p-Value

Periodontitis ACE 75.2 (13.9) 74.1 (14.2)a,b 71.7 (15.1)b <.001

No periodontitis 79.7 (9.5) 80.0 (8.8) 80.7 (10.3) .516

Periodontitis MMSE 26.3 (3.1)a 26.7 (2.6)b 25.0 (3.1)b <.001

No periodontitis 27.6 (1.7) 27.3 (1.9) 26.7 (2.6) .253

Note: Bold denotes p < .05.

Abbreviations: ACE, Addenbrooke's Cognitive Examination; Aβ1-40, amyloid beta 1–40; Aβ1-42, amyloid

beta 1–42; Aβ42:40, ratio amyloid beta 1–42/1–40; MMSE, Mini-Mental State Examination; p-Tau,

phosphorylated Tau; t-Tau, total Tau.
aStatistically significant between-groups difference for the same category (baseline, 12 or 24 months).
bStatistically significant within-group difference from the reference category (baseline).
cStatistically significant within-group difference from the reference category (12 months).
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the hippocampus (Díaz-Zúñiga et al., 2020). Recently, a landmark study

showed that the load of certain subtypes of P. gingivalis endotoxins, so-

called gingipains (i.e., Kgp and RgpB), correlated with Tau load in AD

brains (Dominy et al., 2019). Furthermore, in the hippocampus of AD

patients, one of these gingipains (RgpB) was co-localized with Tau tan-

gles (Dominy et al., 2019). In vitro experiments from the same study also

showed that gingipains are capable of fragmenting Tau, demonstrating a

direct damage to this protein (Dominy et al., 2019). In line with all of

these experimental findings, clinical data support an association between

serum antibodies against P. gingivalis and the cerebrospinal fluid (CSF)

t-Tau (Laugisch et al., 2018).

Findings from our prospective cohort study confirmed that in

participants with periodontitis the risk of progression in cognitive

decline was almost two times higher than in those without periodonti-

tis (HR = 1.9, p = .027). Over the 2 years of follow-up, a statistically

significant elevation in circulating Aβ1-40 was observed mainly in the

periodontitis group. Therefore, it could be speculated that as cognitive

function declines, Aβ1-40 plasma levels increase. On the contrary, no

significant changes were noticed for Aβ1-42 or Tau (both phosphory-

lated and total). Previous reports have suggested that in AD brains,

Aβ1-42 is deposited first and constitutes the predominant form in

senile plaques, while Aβ1-40 is deposited later in the disease process

(Iwatsubo et al., 1995; Younkin, 1995). In a longitudinal, population-

based study, higher baseline plasma levels of Aβ1-40 but not Aβ1-42
were associated with an increased risk of dementia (van Oijen

et al., 2006). In the early 1990s, de La Torre (2004) proposed that spo-

radic AD is a vascular disorder rather than a primary neurodegenera-

tive disease, caused mainly by chronic hypoperfusion often seen in

vascular risk factors such as hypertension. In vitro and in vivo experi-

ments have suggested direct toxic effects of Aβ1-40 on the blood

vessel wall (Niwa, Carlson, et al., 2000; Niwa, Younkin, et al., 2000).

Indeed, Aβ1-40 but not Aβ1-42 causes cerebrovascular dysfunction

through the production of reactive-oxygen species (Niwa, Carlson,

et al., 2000; Niwa, Younkin, et al., 2000). Experimental data from our

group showed that P. gingivalis lipopolysaccharide-induced periodonti-

tis produced increased circulating levels of Aβ1-40 in systemically

healthy Sprague–Dawley rats (Leira, Iglesias-Rey, et al., 2019). These

findings were confirmed in a clinical study including otherwise healthy

periodontitis cases and controls without periodontitis, where an associa-

tion was found between periodontitis and increased serum Aβ1-40 (Leira

et al., 2020). It has been suggested that hypertension could exacerbate

Aβ-induced cerebro-microvascular damage in AD, worsening the disease

and accelerating its progression (Yao et al., 2023). Therefore, based on

our findings, it could be hypothesized that in patients with vascular risk

factors such as hypertension, periodontitis could contribute to reduced

Aβ-vascular clearance, thus increasing the risk of developing AD. Further

mechanistic studies are needed to confirm our hypothesis.

The present study has a number of limitations worth mentioning.

The main shortcoming of our study is the utilization of blood-derived

biomarkers of AD instead of routinely used CSF or neuroimaging

markers. Although protein collection from blood samples is easier and

less invasive compared with that from CSF or by MRI/PET techniques,

analysis of brain-derived protein concentrations in blood and interpre-

tation of results are complex processes (Ashton et al., 2020). For

instance, some proteins can undergo proteolytic degradation in plasma,

and this seems to be the case of non-modified Tau, which is stable in

CSF but has a short half-life in blood (Zetterberg, 2017). Moreover,

other proteins could be expressed at high concentrations outside the

brain by different cells, platelets or other tissues as is the case of Aβ,

thereby making it difficult to discern whether its changes in plasma reflect

events in the brain or at a systemic level (Ashton et al., 2020; Teunissen

et al., 2022). Nevertheless, new-generation immunocapture assays such as

the one used in our study can readily and precisely measure plasma levels

of neurodegeneration markers such as p-Tau181, which is considered a

promising candidate biomarker for AD screening, diagnosis and prognosis

(Ashton et al., 2020; Teunissen et al., 2022). Finally, the population

selected in the SANTIAGO study may be criticized, as almost half of them

had their BP well controlled (43.6%). The reason for this could be that a

significant number of subjects from the SANTIAGO study were taking

more than one anti-hypertensive at the time of the examination

(64.4%). However, the percentage of subjects with well-controlled

hypertension did not differ between periodontitis individuals and

those without periodontitis (46.0% vs. 39.5%, p = .655).

In conclusion, periodontitis is associated with cognitive decline

and its progression in elderly hypertensive individuals. p-Tau and

Aβ1-40 may be key biomolecules involved in this relationship. Interven-

tion studies are needed to investigate whether periodontal treatment

might reduce BP and subsequently the risk of future dementia.
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