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Abstract

Background—Previous evidence linking diabetes to Alzheimer’s disease (AD) neuropathology 

is mixed and scant data are available from low- and middle-income countries.

Objective—To investigate the association between diabetes and AD neuropathology in a large 

autopsy study of older Brazilian adults.

Methods—In this cross-sectional study, diabetes was defined by diagnosis during life or use of 

antidiabetic medication. A standardized neuropathological examination was performed using 

immunohistochemistry. The associations of diabetes with Consortium to Establish and Registry for 

Alzheimer Disease (CERAD) scores for neuritic plaques and Braak-Braak (BB) scores for 

neurofibrillary tangles were investigated using multivariable ordinal logistic regression. We 

investigated effect modification of education, race, and APOE on these associations.

Results—Among 1,037 subjects (mean age = 74.4 ± 11.5 y; mean education = 4.0 3.7 y; 48% 

male, 61% White), diabetes was present in 279 subjects. Diabetes was not associated with BB (OR 

= 1.12, 95%±CI = 0.81–1.54, p = 0.48) or with CERAD (OR = 0.97, 95% CI = 0.68–1.38, p = 
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0.86) scores on analyses adjusted for sociodemographic and clinical variables. We observed effect 

modification by the APOE allele ε4 on the association between diabetes mellitus and BB scores.

Conclusion—No evidence of an association between diabetes and AD neuropathology was 

found in a large sample of Brazilians; however, certain subgroups, such as APOE allele ε4 

carriers, had higher odds of accumulation of neurofibrillary tangles.
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INTRODUCTION

Dementia was estimated to affect 47 million people worldwide in 2015, and this number is 

projected to reach 131 million by 2050 [1]. This increase will be particularly important in 

low- and middle-income countries (LMIC), where 60% of people with dementia reside [2]. 

Similarly to dementia, people with diabetes are predominantly found in LMIC [3]. Diabetes 

has been associated with an increased risk of dementia, especially vascular dementia (VaD). 

However, the association between diabetes and AD, the most common single cause of 

dementia, remains controversial [1]. While some longitudinal clinical studies failed to find 

an association between diabetes and AD [4–8], other studies have shown that diabetes is 

associated with increased risk of AD [9–16]. These conflicting results might be attributed to 

differences in study designs, including diagnostic criteria applied to diabetes and subtypes of 

dementia, neuroimaging information, regional characteristics, and ethnicities of subjects.

Autopsy studies are extremely important because they are the gold standard for defining 

dementia etiology [17]. Most autopsy studies have failed to show an association between 

diabetes and AD neuropathology [18–23]. Interestingly, some autopsy studies have found 

fewer neuritic plaques (NP) and neurofibrillary tangles (NFT) in brains of diabetics [19, 21, 

24]. However, all autopsy studies so far have been performed in high-income countries 

(HIC) [18–29]. Information from LMIC is important since these countries have a different 

sociodemographic profile (e.g., low education and admixed ethnicities) and a higher 

prevalence of cardiovascular risk factors when compared to HIC [30]. Therefore, we aimed 

to examine the association between diabetes and AD neuropathology in 1,037 Brazilian 

older adults.

METHODS

Subjects

Subjects were drawn from the Brain Bank of the Brazilian Aging Brain Study Group (BB-

BABSG) of the University of São Paulo Medical School. Autopsies were performed at the 

São Paulo Autopsy Service (SPAS), which is the site of all autopsies for those who have 

died in the metropolitan area of São Paulo with no established cause of death during life. 

Inclusion and exclusion criteria for the BB-BABSG have been described elsewhere [31]. 

During the period spanning from 2004 to 2015, 1,083 subjects aged 50 years and older were 

eligible for this study. Forty-six subjects were excluded for having incomplete interview or 

neuropathological analyses. The final sample size was 1,037 subjects. The study was 
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approved by the local ethics committee. Voluntarily signed informed consent was obtained 

from the deceased’s next-of-kin, who gave brain donation consent.

Clinical information and APOE genotyping

A structured interview was applied to the deceased’s next-of-kin by a team of gerontologists 

upon arrival at the SPAS. A knowledgeable next-of-kin was identified to provide reliable 

information about the deceased. This person had at least weekly contact with the deceased 

during the six months leading up to death. The interview collected information about 

demographics [age, sex, race (White, Black, Brown, and other), and education], previously 

diagnosed diseases (hypertension, dyslipidemia, heart failure, coronary artery disease, and 

stroke), lifestyle (alcoholism, smoking, sedentary lifestyle), medication intake, and cognitive 

and functional status [31]. Diabetes was defined by the next-of-kin report of diabetes 

diagnosis during life or by the use of antidiabetic medication. Socioeconomic status was 

determined using a Brazilian scale that classifies subjects into five strata [32]. Stratum A is 

the highest income and stratum E the lowest. Socioeconomic status was grouped into high 

(stratum A+B), middle (stratum C), and low (stratum D+E) socioeconomic status. The 

Clinical Dementia Rating scale (CDR) was used to evaluate cognitive status prior to death 

[33]. Presence of cognitive impairment was determined by a CDR ≥0.5.

In a subsample of 524 subjects with DNA available, APOE genotypes (single-nucleotide 

polymorphisms rs429358 and rs7412) were determined by allele-specific amplification real-

time PCR assays, performed in duplicate [34].

Neuropathological assessment

Autopsy was performed within an average of 20 (SD = 4) hours of death. One hemisphere 

was fixed in 4% buffered paraformaldehyde and the other hemisphere was coronally 

sectioned and snap frozen. Samples from the fixed hemisphere were embedded in paraffin 

and sectioned to produce sections of the following regions: middle frontal gyrus, middle and 

anterior temporal gyri, angular gyrus, superior frontal gyrus and anterior cingulate gyrus, 

visual cortex, hippocampus and parahippocampal gyrus at the level of the lateral geniculate 

body, amygdala at the level of mammillary bodies including the ambiens gyrus, basal 

ganglia at the level of the anterior commissure, thalamus, midbrain, pons, medulla 

oblongata, and cerebellum. All sampled regions were stained with hematoxylin & eosin 

(H&E). Selected sections were immunostained with antibodies against β-amyloid (4G8, 

dilution 1:10.000; Signet Pathology Systems, Dedham, MA), phosphorylated tau (PHF-1, 

dilution 1:2.000; gift of Prof. Peter Davies, NY), transactivation response DNA-binding 

protein of 43 kDA (TDP-43; 1:500, Proteintech, Chicago, IL), and α-synuclein (EQV, 

1:10.000, gift of Kenji Ueda, Tokyo, Japan), as previously described [31].

Internationally accepted neuropathological criteria were used for diagnosing and staging. 

AD neuropathology was measured by semi-quantitative methods using the Braak and Braak 

(BB) staging system [35] for NFT and the Consortium to Establish and Registry for AD 

(CERAD) criteria for NP [36]. Neuropathological assessment was performed by a certified 

neuropathologist (LTG) who did not have access to information collected in the clinical 

interview.
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Statistical analysis

Subjects with and without diabetes were compared using the unpaired t-test or Mann-

Whitney test for quantitative variables, whereas the Chi-square test or Fisher’s exact test was 

employed for categorical variables. The dependent variables were the BB and CERAD 

scores (ordinal variables). BB score range from 0 to VI based on NFT severity and 

distribution, and was grouped into three commonly used categories: 0–II, III/IV, and V/VI 

[37–39]. The CERAD score is a semiquantitative estimation of NP density, ranging for 0 

(absence of NP) to C (frequent NP). This score was grouped into three categories based on 

previous studies: 0/A, B, and C [37–39]. Simple and multivariable ordinal logistic 

regressions were used to evaluate the association between diabetes with BB and CERAD 

scores. Multivariable models were adjusted for sociodemographic variables (age, sex, race, 

and years of education) and cardiovascular risk factors (hypertension, dyslipidemia, physical 

inactivity, smoking, and alcohol use). The proportional odds assumption for the ordinal 

logistic models was tested using likelihood ratio tests.

To explore effect modification, we investigated whether the association of diabetes with BB 

and CERAD differed across different levels of education, adding a multiplicative interaction 

term between diabetes and years of education. We also tested whether the association of 

diabetes with BB and CERAD differed across different races by adding a multiplicative 

interaction term between diabetes and race (White versus Black and Brown). A total of 19 

Asian participants were excluded for this analysis. We further investigated whether the 

association between AD neuropathology and cognitive impairment was modified by the 

presence of diabetes, using cognitive impairment defined by the CDR as the outcome and an 

interaction term of diabetes with BB and CERAD scores. The p-values for interaction terms 

were calculated using likelihood ratio tests. We considered an alpha level of 0.05 in two-

tailed tests. Stata 13.0 (College Station, TX: StataCorp LP) was employed to perform the 

statistical analyses.

RESULTS

A total of 1,037 subjects were included, with a mean age at death of 74.4 ± 11.5 y (range = 

50–105) and mean education of 4.0 ± 3.7 y, of which 496 (48%) were male and 628 (61%) 

were White. The majority of next-of-kin (68%) had daily contact with the deceased. 

Diabetes was present in 279 (27%) of the deceased. Cognitive impairment defined by CDR 

≥0.5 was present in 42%. BB stage ≥III was found in 382 (37%) and CERAD ≥B in 258 

(25%) individuals in the sample.

The associations between diabetes and sociodemographic and clinical variables are given in 

Table 1. Subjects with and without diabetes were similar for age, sex, education, race, and 

socioeconomic status. Hypertension, dyslipidemia, physical inactivity, coronary artery 

disease, and stroke were more frequent in those with diabetes. In addition, the frequency of 

cognitive impairment was similar in participants with and without diabetes (Table 1).

In multivariable regression models, diabetes was not associated with BB stage (OR = 1.12, 

95% CI = 0.81–1.54, p = 0.48) or CERAD scores (OR = 0.97, 95% CI = 0.68–1.38, p = 

0.86), after adjustment for age, sex, race, education, hypertension, dyslipidemia, physical 
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inactivity, smoking, and alcohol use (Table 2). Neither of the ordinal logistic models violated 

the proportional odds assumption (for BB stage: χ2 = 0.06, p = 0.80; for CERAD: χ2 = 

2.35, p = 0.31).

We also tested whether the presence of diabetes modified the association between cognitive 

symptoms and AD neuropathology. A significant interaction term was observed between 

diabetes and BB and CERAD scores on cognitive impairment (Table 3). Participants with 

diabetes had higher odds of cognitive impairment in the presence of larger BB and CERAD 

scores, when compared to participants without diabetes with the same degree of AD 

neuropathology (p < 0.0001 for both interaction terms).

Moreover, a borderline effect modification by education on the association between BB 

score and diabetes mellitus was observed (Coefficient = 0.084, 95% CI = –0.002; 0.170; p = 

0.06) (Fig. 1). For example, using the median education of the sample (4 y) as the cutoff, the 

OR for the association between diabetes and BB score was 0.99 (95% CI = 0.70–1.41) in 

individuals with ≤4 y of education and diabetes, while the OR was 1.80 (95% CI = 0.92–

3.51) in individuals with >4 y. The interaction term between diabetes and education for the 

CERAD score was not significant (Coefficient = 0.035, 95% CI = –0.059; 0.130, p = 0.46) 

(Fig. 1). The interaction terms of diabetes with race for BB and CERAD scores were not 

significant (Table 4 and Supplementary Figure 1). In a subsample of 524 subjects with 

APOE genotyping, the interaction term between diabetes and APOE allele ε4 was 

significant for BB scores (p = 0.01), but not for CERAD scores (p = 0.12) (Table 4 and 

Supplementary Figure 2).

DISCUSSION

In this first large autopsy study from a LMIC, no association between diabetes and AD 

neuropathology was found. Our results are in agreement with several neuropathological 

studies reported in HIC [18–29]. One of the first retrospective autopsy studies on the 

association between diabetes and AD neuropathology was the investigation performed by 

Heitner and Dickson [18], which found no differences for senile plaque score or Braak 

stages in the entorhinal cortex and hippocampus in persons with diabetes compared to those 

without the disease. In a larger community-based study of older persons with and without 

diabetes, Arvanitakis et al. [20] showed that diabetes was not associated with NP, diffuse 

plaques, NFT, amyloid burden, or tangle density. In contrast, some studies have found fewer 

NP [19, 21] and NFT [19] in the brains of people with diabetes. Although Nelson et al. [21] 

showed lower NFT in the subiculum and NP in the temporal lobe in those with diabetes, a 

recent study found no association between diabetes and regional AD neuropathology [40]. 

Recently, Abner et al. studied AD and cerebrovascular neuropathology in 2,365 subjects 

from the Statistical Modeling of Aging and Risk of Transition (SMART) database [23]. The 

SMART database comprises data from 11 longitudinal studies of aging and cognition and 

used the modified version of the National Institute on Aging-Alzheimer’s Association 

criteria for AD neuropathology (AD-ABC score). The study found no associations of 

diabetes with CERAD score, BB stage, or the modified AD-ABC rating [23]. The 

controversies in the association between diabetes and AD may be partly due to 

methodological differences. Studies differ in sample size and cohort characteristics, follow-
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up time, criteria for diabetes diagnosis, and AD neuropathological assessment with different 

techniques, including silver staining [20–22], biochemical analysis [27], and 

immunohistochemistry [18–23, 25].

We found higher odds of cognitive impairment in the presence of larger BB and CERAD 

scores in participants with diabetes compared to those without diabetes. Abner et al. [23] 

found that subjects with diabetes and large amounts of AD neuropathology had significantly 

lower Mini-Mental State Examination scores than participants without diabetes yet with the 

same number of lesions [23].

Similar to previous studies from HIC [25, 26, 29], we found evidence that diabetes was 

related to a higher NFT burden when APOE ε4 was present. APOE ε4 has been associated 

with increased deposition of neurotoxic Aβ protein and decreased cortical plaque clearance 

[41]. Diabetes and APOE ε4 likely contribute synergistically to increased AD pathology, 

although the exact mechanism by which they interact remains unknown [29]. Contrary to 

previous findings [25, 26, 28, 29], the interaction term between diabetes and APOE ε4 for 

neuritic plaques burden evaluated by the CERAD score was not significant. The lack of 

significance for CERAD score may be related to low statistical power, since APOE 

genotyping was available for only about half of the sample.

Most studies investigating the association between diabetes and AD neuropathology were 

performed in Caucasian and Asian subjects with high education attainment (i.e., more than 

10 y of formal education) [20, 23, 25]. The Brazilian population, akin to many other LMIC, 

has some particular features, such as low education and admixed ethnicities [30]. Therefore, 

we investigated whether the association between diabetes and AD neuropathology was 

modified by these factors. No previous studies investigating the effect modification of 

education or race on the association between diabetes and AD neuropathology were found. 

Surprisingly, we found a borderline effect modification by education and diabetes on BB 

score in a sample with a very low level of education (mean education = 4 y). In people with 

diabetes, higher education attainment was associated with higher odds of neurofibrillary 

tangle accumulation. Although the statistical analysis was adjusted for a comprehensive set 

of confounders (including age and sex), the possibility of selection bias cannot be ruled out 

[42]. In addition, further studies with larger samples from LMIC are needed to confirm this 

finding since the p-value for interaction term was borderline. Regarding race, we previously 

showed that African ancestry is associated with lower odds of NP accumulation [43]; 

therefore, a possible effect modification of race on the association between diabetes and AD 

neuropathology would be expected. However, we found no evidence of interaction between 

diabetes and race in our sample.

Autopsy studies provide reliable information on AD diagnosis [17]. Cardiovascular risk 

factors, including diabetes, have not been consistently associated with an increased burden 

of AD pathology, but were associated with cerebrovascular disease [44]. Although 

undiagnosed mild diabetes and well-controlled diabetes might be underreported by next-of-

kin, the association of diabetes with dementia is probably mediated by an increased 

cerebrovascular lesion load [45]. There is strong evidence that diabetes increases the risk of 

cerebral infarcts, cerebral small vessel disease, cognitive decline, and VaD [17, 44]. The 
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World Alzheimer Report concluded that diabetes is a much stronger risk factor for VaD than 

AD, and cerebrovascular disease is likely the main mechanism involved [1], while diabetes 

possibly decreases brain resilience, but does not directly cause AD neuropathology [1]. We 

did not include cerebrovascular data because these were not the main goal of this study.

Our study has some strengths that should be considered: 1) the large sample size; 2) the 

well-structured autopsy study; 3) neuropathologists blinded to clinical information; and 4) 

the first investigation to address this issue in a LMIC, where education attainment is lower 

than in high income countries (HIC) [23, 25, 26, 28] and the population more ethnically 

admixed [43, 46]. Nevertheless, this study has some limitations. First, this was a cross-

sectional study, limiting determination of causality. Second, all clinical data, including the 

diabetes diagnosis and cognitive evaluation, were obtained post-mortem by interview with a 

next-of-kin. To minimize this limitation, only reliable informants that had at least weekly 

contact with the deceased were included. Moreover, our clinical interview was evaluated 

previously and showed good reliability [47]. Indeed, diabetes frequency in our sample was 

similar to the rate found in the Brazilian population [48] and comparable to other 

neuropathological studies [21–23]. Third, previous objective measures of diabetes (e.g., 

glycated hemoglobin test) allowing more reliable diabetes diagnosis, including diabetes 

severity, were not available.

In conclusion, in a large autopsy series from a LMIC country, diabetes was not associated 

with higher AD neuropathology burden. Subjects with diabetes and carriers of the APOE-ε4 

had higher odds of NFT accumulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Probability of Braak-Braak (BB) score (A to C) and CERAD score (D to F) in subjects 

without diabetes (Black line with circle markers) and with diabetes (Grey line with triangle 

markers), using multivariable ordinal logistic regression with an interaction term between 

diabetes and education (continuous variable), adjusted for age, sex, race, hypertension, 

dyslipidemia, physical inactivity, smoking, and alcohol use (n = 1,037).
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Table 1

Demographic, clinical, and neuropathological data of subjects with and without diabetes mellitus (n = 1,037)

Variables No Diabetes
n = 758

Diabetes
n = 279

p

Demographics, clinical variables, APOE genotyping

Age (y), mean (SD)* 74.7 (11.7) 73.5 (10.9)   0.16

Female, n (%)#  388 (51.2)  153 (54.8)   0.30

Education (y), mean (SD)*   4.1 (3.6)   4.2 (3.7)   0.58

Race, n (%)‡   0.67

 White  456 (60.2)  172 (61.7)

 Black  157 (20.7)    53 (19.0)

 Admixed  129 (17.0)    51 (18.3)

 Asian    16 (2.1)      3 (1.1)

Socioeconomic class, n (%)#   0.16

 High  235 (31.0)    83 (29.8)

 Middle  346 (45.7)  144 (51.6)

 Low  176 (23.2)    52 (18.6)

Daily contact with the informant, n (%)#  536 (70.7)  194 (69.5)   0.71

Hypertension, n (%)#  456 (60.2)  224 (80.3) <0.0001

Dyslipidemia, n (%)#    43 (5.7)    50 (17.9) <0.0001

Physical inactivity, n (%)#  379 (50.0)  160 (57.3)   0.04

Smoking, n (%)#   0.08

 Never  384 (50.7)  150 (53.8)

 Current  208 (27.4)    58 (20.8)

 Former  164 (21.6)    70 (25.1)

Alcohol use, n (%)#   0.42

 Never  466 (61.5)  182 (65.2)

 Current  178 (23.5)    55 (19.7)

 Former  110 (14.5)    41 (14.7)

Coronary artery disease, n (%)#  151 (19.9)    74 (26.5)   0.02

Heart Failure, n (%)#  121 (16.0)    55 (19.7)   0.15

Stroke, n (%)#  109 (14.4)    58 (20.8)   0.01

CDR >0, n (%)#  311 (41.0)  121 (43.4)   0.53

APOE allele ε4, n (%)# §  108 (30.2)    37 (26.2)   0.38

Neuropathology   0.31

CERAD score, n (%)#

 0  452 (59.6)  181 (64.9)

 A  111 (14.7)    35 (12.5)

 B  106 (14.0)    29 (10.4)

 C    89 (11.7)    34 (12.2)
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Variables No Diabetes
n = 758

Diabetes
n = 279

p

Braak-Braak stages, n (%)#   0.81

 0  146 (19.4)    60 (21.6)

 I  116 (15.4)    46 (16.6)

 II  214 (28.4)    73 (26.3)

 III  116 (15.4)    49 (17.6)

 IV    73 (9.7)    21 (7.5)

 V    41 (5.5)    14 (5.0)

 VI    47 (6.2)    15 (5.4)

CDR, Clinical Dementia Rating; APOE, apolipoprotein E; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; SD, standard 
deviation.

*
unpaired t-test;

†
Mann-Whitney test;

#
Chi-square test;

‡
Fisher’s exact test.

§
Data available for 524 participants.
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Table 2

Association between neuropathological lesions and diabetes mellitus status (n = 1,037)

Simple regression
OR (95% CI) p

Multivariable regression*

OR (95% CI) p

Braak-Braak stage 0.96 (0.72–1.26) 0.75 1.12 (0.81–1.54) 0.48

CERAD score‡ 0.88 (0.64–1.22) 0.46 0.97 (0.68–1.38) 0.86

*
Multivariable ordinal logistic regression adjusted for age, sex, race, education, hypertension, dyslipidemia, physical inactivity, smoking, and 

alcohol use.

‡
CERAD, Consortium to Establish a Registry for Alzheimer’s Disease.
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Table 3

Association of AD neuropathology with cognitive impairment, considering interaction terms between diabetes 

and AD neuropathology (ADNP) (n = 1,037)

N with/without cognitive impairment OR (95% CI) p*

Braak-Braak Score <0.0001

 0–II 207/454 0.50 (0.35–0.72)

 III-IV 128/131 0.86 (0.55–1.32)

 V-VI 97/20 5.34 (2.72–10.49)

CERAD

 0-A 271/508 0.59 (0.41–0.83) <0.0001

 B 74/61 0.86 (0.51–1.44)

 C 87/36 2.45 (1.39–4.30)

*
p-value for the interaction between ADNP and diabetes. Multivariable ordinal logistic regression adjusted for age, sex, race, education, 

hypertension, dyslipidemia, physical inactivity, smoking, and alcohol use.
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Table 4

Association of diabetes with Braak-Braak and CERAD scores, considering interaction terms of diabetes with 

race and Apolipoprotein E allele ε4 (n = 1,037)

Braak-Braak Score
OR (95%CI) P*

CERAD Score‡
OR (95%CI) P*

Interaction between diabetes and race

 White 1.06 (0.71–1.58) 0.85 0.93 (0.60–1.44) 0.76

 Black+Brown 1.14 (0.68–1.90) 1.07 (0.60–1.90)

Interaction between diabetes and APOE ε4§

 Absence of APOE ε4 0.76 (0.41–1.38) 0.01 0.75 (0.38–1.50) 0.12

 Presence of APOE ε4 2.82 (1.28–6.23) 1.79 (0.78–4.11)

*
p-value for the interaction term. Multivariable ordinal logistic regression adjusted for age, sex, race, education, hypertension, dyslipidemia, 

physical inactivity, smoking, and alcohol use.

‡
CERAD, Consortium to Establish a Registry for Alzheimer’s Disease.

§
Data available for 524 participants.
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