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Abstract

Objective: To examine associations of molecular markers of brain insulin signaling with 

Alzheimer disease (AD) and cognition among older persons with or without diabetes.

Methods: This clinical–pathologic study was derived from a community-based cohort study, the 

Religious Orders Study. We studied 150 individuals (mean age at death =87 years, 48% women): 

75 with and 75 without diabetes (matched by sex on age at death and education). Using enzyme-

linked immunosorbent assay, immunohistochemistry, and ex vivo stimulation of brain tissue with 

insulin, we assessed insulin signaling in the postmortem middle frontal gyrus cortex. Postmortem 

data documented AD neuropathology. Clinical evaluations documented cognitive function 

proximate to death, based on 17 neuropsychological tests. In adjusted regression analyses, we 

examined associations of brain insulin signaling with diabetes, AD, and level of cognition.

Results: Brain insulin receptor substrate-1 (IRS1) phosphorylation (pS307IRS1/total IRS1) and 

serine/threonine-protein kinase (AKT) phosphorylation (pT308AKT1/total AKT1) were similar in 

persons with or without diabetes. AKT phosphorylation was associated with the global AD 

pathology score (p = 0.001). In contrast, IRS1 phosphorylation was not associated with AD (p = 

0.536). No other associations of insulin signaling were found with the global AD score, including 

when using the ex vivo brain insulin stimulation method. In secondary analyses, normalized 

pT308AKT1 was positively correlated with both the amyloid burden and tau tangle density, and no 
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other associations of brain insulin signaling with neuropathology were observed. Moreover, 

normalized pT308AKT1 was associated with a lower level of global cognitive function (estimate = 

−0.212, standard error = 0.097; p = 0.031).

Interpretation: Brain AKT phosphorylation, a critical node in the signaling of insulin and other 

growth factors, is associated with AD neuropathology and lower cognitive function.

Metabolic disturbances are common and increasing with contemporary lifestyles. Among 

the most common metabolic disturbances is insulin resistance, characterized by a blunted 

response to insulin. Insulin resistance in skeletal muscle, liver, and adipose tissue is a core 

feature of type 2 diabetes.1 Brain dysfunction, including cognitive impairment and dementia 

in aging, is a well-recognized complication of diabetes.2 However, beyond cerebrovascular 

disease, mechanisms underlying the relation of insulin resistance in brain, diabetes, and 

cognitive impairment remain elusive.3

Insulin has beneficial effects on the brain, including trophic effects on synapses and 

promotion of dendritic spine formation.4 Insulin signaling also influences the production and 

turnover of amyloidogenic proteins, including amyloid-β (Aβ)5 and paired-helical filament 

tau, that disrupt neuronal function. Although the literature on diabetes and Alzheimer 

disease (AD) neurodegenerative pathology is mixed, some human postmortem data point to 

a link between brain insulin resistance and increased AD pathology, including increased Aβ 
deposition. Furthermore, some clinical studies have found that patients with diabetes have 

altered cerebrospinal fluid Aβ and tau abundance and lower levels of cognition, whereas 

data from preclinical and small clinical trials suggest, in several but not all studies, that 

treatment with insulin and agents that promote insulin signaling may reduce neuropathology 

and improve cognition in diabetes and AD.6–8 Pathophysiologic processes downstream from 

insulin signaling, such as alterations in serine /threonine-protein kinase (AKT), are also 

thought to be involved in AD pathology, including Aβ deposition and tau phosphorylation.9

This study examined the associations of key insulin signaling molecules (insulin receptor 

substrate-1 [IRS1] and AKT) with AD neuropathology and cognitive function in persons 

with or without diabetes. We used brain specimens from a group of 150 older persons (75 

with, and 75 without diabetes; matched 1:1), who were part of a community-based clinical–

pathologic study of aging, to investigate insulin signaling measures in postmortem middle 

frontal gyrus (MFC) cortex, using biochemical, immunohistochemical, and ex vivo brain 

insulin stimulation approaches. With adjusted linear regression analyses, we tested the 

associations of brain insulin signaling measures with outcomes of global and specific AD 

neuropathology measures, and global cognitive function and cognitive domains proximate to 

death.

Subjects and Methods

Cohort, and Clinical and Pathologic Data

The Religious Orders Study (ROS) is an ongoing, prospective, community-based clinical–

pathologic cohort study of aging.10 Subjects signed an informed consent and were asked to 

sign an anatomical gift act to donate their brain at the time of death. The study was approved 

by the Rush University Institutional Review Board. ROS began enrolling Catholic nuns, 
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priests, and brothers in 1994, from about 40 convents and monasteries across the USA. Of 

1,194 people enrolled at the time of analyses, 669 died and 622 came to autopsy, of whom 

613 had neuropathologic data collection complete and available for analysis at the time of 

this study initiation.

All subjects underwent annual clinical evaluations, which included a medical history, 

physical examination, and neuropsychological testing.10 A battery of neuropsychological 

tests assessed a broad range of cognitive abilities, as previously described.11 Seventeen tests 

were grouped to form composite measures of global cognition and 5 cognitive domains. To 

create each composite score, individual tests were converted to z scores, using the baseline 

mean and standard deviation from the entire cohort, and z scores for all tests in a given 

domain were averaged. Annual clinical data were used to determine the presence of 

diabetes, based on the medical history and visually inspected medications (antidiabetes 

medications), as previously published.12 The follow-up rate in ROS is >90% among 

survivors. Classification of dementia status was made at the time of death, based on clinical 

data from all prior evaluations, as in our prior publications.10 Data on depressive symptoms, 

based on the 10 items of the Center for Epidemiological Studies Depression scale, were also 

available.10 Apolipoprotein E ε4 (APOE ε4) genotype data were collected as previously 

described.10

Brain autopsies followed a uniform and standardized procedure, with tissues from one 

hemisphere being frozen (−80°C) and from the other, being fixed (paraformaldehyde).10 

Postmortem neuropathologic evaluations were conducted on autopsied brains (ROS autopsy 

rate > 90%; mean postmortem interval [PMI] = 9.6 hours), blinded to clinical data, as 

previously described.13 Briefly, a uniform gross and histologic evaluation examined for 

common age-related neuropathologies. A continuous, overall AD pathology standardized 

measure summarized counts of neuritic plaques, diffuse plaques, and neuronal 

neurofibrillary tangles from a 1mm2 area (of greatest density), from sections of 

hippocampus and entorhinal, MFC (Brodmann area BA46/9), middle temporal gyrus 

(BA21), and inferior parietal/angular gyrus (BA39) cortices, using a modified silver stain.13 

Furthermore, immunohistochemical measures of global Aβ burden and tau tangle density 

were also available, including as a summary measure across different brain regions, as well 

as in the MFC specifically.14 For analyses, given that the 3 AD pathology measures were not 

normally distributed, we transformed these data using the square root.

Selection of Cases with and without Diabetes

Of the 613 persons with neuropathologic data collection complete and available for analysis, 

we applied a series of exclusion criteria to select cases for this study. Of the 613, we 

excluded 5 persons younger than 70 years at the time of death, because younger age at death 

is uncommon in this cohort and the study design involved matching of subjects by age. We 

then excluded 99 persons because of incomplete clinical data on cognition within 18 months 

of death (n = 89), final summary clinical diagnosis pending (n = 9), and missing diabetes 

status (n = 1). From the remaining 509 persons, 2 were excluded because of missing PMI 

data, and 21 because of pending Aβ or tangle data. Detailed manual review of data by a 

physician researcher (Z.A.) led to exclusion of 26 cases with either specific and/or less 
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common clinical diseases (eg, Lewy body disease) or other exclusionary pathologies (eg, 

brain tumor). Thus, a total of 454 persons were available for randomization for this study 

(352 had a PMI ≤ 12 hours). A total of 75 with and 75 without diabetes were matched on 

continuous measures of age at death and education, using a propensity score-based 

algorithm. Matching was then performed within sex groups (ie, men-men and women-

women). The algorithm also ensured that at least 39 pairs (39 matched with and 39 without 

diabetes) with PMI ≤ 12 hours were available for the ex vivo stimulation experiments.

We included in this study 150 autopsied subjects with complete data on essential clinical and 

pathologic measures of interest, and available MFC tissue samples (all with PMI ≤ 27 hours) 

for further study. The sample included 75 subjects with diabetes and 75 without diabetes 

(1:1). The pairs were selected by matching by sex based on a propensity score greedy 

algorithm, and based on age at death and education (each as a continuous variable). The 

mean age difference within pairs was 0.12 years, and the mean education difference was 

0.03 years (both not significantly different). Several measures were taken to increase study 

rigor, including testing pairs of tissues from matched subjects simultaneously in the 

laboratories (eg, at the same time, on the same equipment), blinded to diabetes status. The 

pairwise difference of the obtained markers was calculated for each marker individually. We 

then calculated the mean pairwise difference and its 95% confidence intervals. We used a 

simple linear regression to verify whether the difference in age at death and education within 

pairs was associated with the pairwise difference in markers. There was no association for 

any of the markers, supporting the scientific rigor used to match the pairs of persons with 

and without diabetes.

Brain Insulin Signaling by Enzyme-Linked Immunosorbent Assay

Previously frozen MFC brain samples were thawed and homogenized in lysis buffer 

containing protease and phosphatase inhibitors, and supernatant aliquots containing 50pg 

protein were assayed in duplicate using PathScan enzyme-linked immunosorbent assay 

(ELISA) kits (Cell Signaling Technology, Danvers, MA). The following ELISAs were 

performed: total IRS1, catalog #7328; pIRS1 (S307), catalog #7287; AKT1, catalog #7170; 

pAKT1 (Thr308), catalog #7252. The PathScan ELISA kit is a solid-phase sandwich 

ELISA. After incubation with lysates, the protein was captured by the coated antibody. 

Following extensive washing, a specific antibody was added to detect the captured protein, 

antirabbit IgG, horseradish peroxidase (HRP)-linked antibody was added to recognize the 

bound detection antibody, and HRP substrate, tetramethylbenzidine, was added to develop 

color, and the absorbance was read at 450nm. The plates were read on an Epoch Microplate 

Spectrophotometer (BioTek Instruments, Winooski, VT).

Brain Immunohistochemistry

Paraformaldehyde-fixed, paraffin-embedded blocks of MFC were used. 

Immunohistochemistry for pS616IRS1 in tissue sections was conducted as previously 

described (Fig 1).15,16 Briefly, 10μm-thick sections were dewaxed in xylenes, rehydrated in 

descending ethanols, and quenched of endogenous peroxidase activity in 5% H2O2 and 

treated for epitope retrieval by boiling in 1mM ethylenediaminetetraacetic acid (pH 8.0) for 

10 minutes. Tissues were rinsed in buffer, blocked in 10% normal horse serum, and 
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incubated in primary antibody against pS616IRS (44550G, Invitrogen, Carlsbad, CA; rabbit 

1:500) overnight at 4°C. Sections were incubated in secondary antibody followed by avidin–

biotin–peroxidase complex for 1 hour, and finally reacted with a 0.05% diaminobenzidine 

(DAB)–0.03% hydrogen peroxide solution for 10 minutes. The immunoreaction signal was 

enhanced by adding NiSO4 (0.25% final dilution) to the DAB solution. Sections were then 

rinsed in water, dehydrated in ascending ethanols, cleared in xylenes, and coverslipped. For 

pS616IRS1 quantitation, we used high-throughput computer-assisted image analysis count 

determinations, as previously described. Briefly, under uniform lighting conditions, 

grayscale photomicrographs at ×200 covering the cortical region of interest were acquired 

on an automated microscopy digital image capture instrument (Glissando Slide Scanner, 

Objective Imaging, Cambridge, UK). Using Image-Pro Plus software (Media Cybernetics, 

Rockville, MD), cortical gray matter expanses of interest were manually delineated, and an 

image filtering algorithm was applied to differentiate contiguous immunostained pixels from 

background unstained tissue, followed by a size filter to identify immunoreactive neuronal 

cytoplasmic profiles, which were then counted and expressed as a density (per mm2). 

Analyses used the semiquantitative variable of the number of pS616IRS1 cell profiles/mm2.

Brain Insulin Signaling ex vivo Stimulation Testing

While selecting the total sample of 150 subjects for IRS1 and AKT ELISA studies, we 

included a randomization algorithm such that we would have at least 78 subjects with or 

without diabetes (39 pairs matched for age at death, sex, and education) with a PMI ≤ 12 

hours. This PMI cutoff was previously determined to be adequate to conduct measurements 

of ex vivo stimulation of human brain tissue using hormones.15,17 Frozen MFC samples 

were used. Our control experiments indicate that frozen postmortem human brain tissues 

were responsive to insulin within a PMI of 12 hours, and we have previously described no 

difference between frozen and fresh tissues in a simulated postmortem delay study 

conducted in rats.15,17

Three complementary indicators of insulin-induced insulin receptor activation were 

measured: (1) IRS1 recruitment to IRβ, (2) phosphorylation of IRβ at tyrosines 1150/1151 

(pY1150/1151IRβ), and (3) phosphorylation of IRβ at tyrosine 960 (pY960IRβ). The values 

for each of these indicators were expressed as the ratio of the measure after incubation with 

1nM insulin (IN) to the measure after incubation in Krebs–Ringer solution (KR), all 

normalized to total IRβ immunoprecipitated by anti-IRβ antibodies, as previously described.
17 Briefly, gradually thawed 20mg of 100μm × 100μm × 3mm MFC slices were incubated 

with 1μM insulin or KR (nonstimulated) incubated for 30 minutes at 37°C. Brain slices were 

collected and then solubilized in immunoprecipitation buffer containing 0.5% digitonin, 

0.2% sodium cholate, and 0.5% NP-40 for 60 minutes at 4°C to prepare lysate. Total IRβ 
content was immunoprecipitated with 1 βg of immobilized anti-IRβ antibodies (20739, 

Santa Cruz Biotechnology, Santa Cruz, CA). For (1) IRS1 recruitment to IRβ, the levels of 

IRS1 associated (coimmunoprecipitated) with IRβ were determined by immunoblotting with 

anti-IRS1 antibodies (1:750, Santa Cruz Biotechnology 8038). The optical density of IRS1 

and total IRβ was quantified using a GS-800 calibrated densitometer (Bio-Rad Laboratories, 

Hercules, CA) and ratios of IRS1 to total IRβ levels were calculated. One nanomolar insulin 

elicited a 4.67 ± 0.76-fold increase in the amount of IRS1 recruited to IRβ in control 
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subjects. For (2) IRβ phosphorylation (pY1150/1151IRβ), the levels of pY1150/1151IRβ in the 

anti-IRβ immunoprecipitate were determined by immunoblotting with anti-pY1150/1151IRβ 
antibodies (1:1,000, Santa Cruz 81500). One nanomolar insulin induced a 4.67 ± 0.74-fold 

increase in the pY1150/1151IRβ levels. For (3) IRβ phosphorylation (pY960IRβ), the levels of 

pY960IRβ in the anti-IRβ immunoprecipitate were determined by immunoblotting with anti-

pY960IRβ antibodies (1:1,000, Invitrogen 44800G). One nanomolar insulin induced a 4.55 ± 

0.67-fold increase in the pY960IRβ levels.

Similarly, 2 indicators of insulin-induced AKT1 activation were measured: (1) AKT1 

phosphorylation at serine 473 (pS473AKT1) and (2) AKT1 phosphorylation at threonine 308 

(pT308AKT1). The values for each of these indicators were expressed as the ratio of measure 

with incubation in 1nM insulin to measures with incubation in KR, all normalized to total 

AKT1 immunoprecipitated by 1.2βg anti-AKT1 antibodies (Santa Cruz Biotechnology 

5298). For (1) pS473AKT1, the levels of pS473AKT1 were determined by immunoblotting 

with anti-pS473AKT1 antibodies (1:750, Santa Cruz Biotechnology 514032). Stimulation 

with 1nM insulin elicited a 4.47 ± 0.59-fold increase in the pS473AKT compared to 

incubation in KR. For (2) pT308AKT1, the levels of pTY308AKT1 in the anti-AKT1 

immunoprecipitate were determined by immunoblotting with anti-pT308AKT1 antibodies 

(1:750, Santa Cruz Biotechnology 271964). One nanomolar insulin induced a 4.67 ± 0.74-

fold increase in the pT308AKT1 levels.

Statistical Approach

Measures of brain insulin signaling were collected to examine associations with postmortem 

AD neuropathology and cognition proximate to death. With such novel and complex data, 

we always precede any modeling with a detailed examination of data distribution, 

identification of possible extremes, and the correlation structure of the variables of interest. 

There were 3 categories of brain insulin signaling variables. The first category was ELISA, 

with 2 main variables: the ratio of pS307IRS1 over total IRS1 and the ratio of pT308AKT1 

over total AKT1. The second was immunohistochemistry, with 1 main variable: the ratio of 

pS616IRS1 cells per mm2. The third category was ex vivo stimulation data, with 5 variables: 

IRS1 recruitment to IRβ, pY1150/1151IRβ, pY960IRβ, pS473AKT1, and pT308AKT1. Because 

some categories include multiple variables, we used a Bonferroni-corrected alpha for each 

category (eg, for ex vivo stimulation, we used a 0.05/5 = 0.01). We used t tests or the 

Wilcoxon rank sum test to compare brain insulin signaling variables and basic subject 

characteristics between those with and without diabetes. We fit separate linear regression 

models with AD neuropathology and cognition proximate to death as outcomes with terms 

for each of brain insulin signaling, age at death, sex, and education. Age and education were 

centered at their means for interpretation purposes. Standard diagnostic methods and 

graphical examination of residuals were used to demonstrate that the assumptions 

underlying the statistical models were adequately met. Cumulative ordinal models assuming 

proportional odds were fit for skewed pathology outcomes (amyloid burden and tau tangle 

density) as a sensitivity analysis. Logistic regressions were used to examine the relation of 

measures to dementia status. Although the primary idea of the matching was to obtain a 

balanced sample of diabetic and nondiabetic subjects not only on the variables they were 

matched on but also on the testing order in the laboratories, we did additional sensitivity 
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analyses applying 1-sample testing for differences within pairs. We predicted the subjects 

with diabetes would have higher brain insulin signaling compared to those without, but to be 

conservative, all tests were 2-sided. All analyses were conducted using SAS/STAT software, 

version 9.4 of the SAS system for Linux (SAS Institute, Cary, NC).

Results

Sample Characteristics

Demographic, cognitive, and neuropathologic characteristics of the 150 subjects included in 

the study are shown in Table 1. The mean age at baseline was 86.6 years, and education 18.1 

years; half were women. Per the study design of matching subjects with and without 

diabetes, the demographic characteristics (age at death, sex, education) were not different 

between the 2 diagnostic groups. Cognitive function and AD pathology levels were similar 

between the 2 groups (Table 1). There was no association between APOE ε4 and diabetes 

(χ2
1 = 1.316, p = 0.251). The pairwise difference (diabetes minus nondiabetes) in last-valid 

or study-average depressive symptoms was not significant (respectively, t74 = 0.46, p = 0.65 

and t74 = 0.37, p = 0.72).

Brain Insulin Signaling and AD Neuropathology

The median values of the 8 measures of interest for insulin signaling and related measures 

were consistently higher in persons with diabetes compared to persons without diabetes 

(Table 2, Fig 2). Pairwise differences between persons with and without diabetes were 

positive for almost all measures of interest. However, only pS307IRS1/total IRS1, 

pS473AKT1, and pT308AKT1 (respectively, 0.05, 0.24, and 0.26 higher for persons with 

diabetes) were statistically significant. When we examined these pairwise differences by sex, 

we detected a pairwise difference in pS307IRS1/total IRS1, IRS1 cells/mm2, and pS473AKT1 

among women, but we could not detect a pairwise difference in any of the markers among 

men. These sex differences need further investigation with larger samples. In additional 

analyses, there was no association between APOE ε4 and pT308AKT1/total AKT1 in a 

model adjusting for age, sex, and education (estimate = 0.022, standard error [SE] = 0.057, p 
= 0.707).

Because diabetes increases dementia risk, we examined the association of insulin signaling 

levels in brain tissue with AD pathology as the most common pathology in dementia. In 

Table 3, using the ELISA measures in 150 subjects, a higher level of normalized 

pT308AKT1 was associated with a higher level of the composite global AD pathology score. 

Secondary analyses of separate global amyloid burden and tau tangle density found higher 

pT308AKT1/total AKT1 level was associated with both amyloid and tangles. In additional 

secondary analyses using AD pathology outcome measures restricted to the MFC region, 

results were consistent. We used ordinal logistic regressions (AD measures were skewed 

even after transformation and were therefore categorized into quartiles) and observed weak 

evidence of an association of pT308AKT1/total AKT1 level with a higher amyloid burden in 

the MFC (estimate = 1.283, SE = 0.952, p = 0.101), and pT308AKT1/total AKT1 was 

associated with a higher tangle density in the MFC (estimate = 1.596, SE = 1.156, p = 

0.005). There was no association of pS307IRS1/total IRS1 with AD pathology. In the 
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immunohistochemical assessment of pS616IRS1 expression, there was no association of 

pS616IRS1-positive cell density with AD pathology. In the subset of 79 subjects included in 

the ex vivo stimulation experiments, there was no significant association observed between 

any of the 5 measures of insulin signaling with AD pathology (with corrected α = 0.01). 

Noting the directionality of relations, there was a consistent inverse relationship in all 

analyses between AD pathology and activation of insulin signaling. Specifically, with more 

AD pathology, there was less insulin activation. Because of the skewness of the AD 

pathology outcomes, we repeated the analyses with models using ordinal logistic regression 

assuming proportional odds and quartiles of pathology as the outcomes. These results were 

consistent (Table 4).

Linear regression models were also repeated adding a term for the interaction between each 

measure and diabetes. Interaction terms were not statistically significant (Table 5), 

suggesting that the presence of diabetes did not affect the relationship of the measures with 

pathology.

Brain Insulin Signaling and Cognitive Function

We next examined the association of insulin signaling with cognition proximate to death, in 

models adjusting for age at death, sex, and education (Table 6). We found that a higher value 

on the ELISA measure of pT308AKT1/total AKT1 was associated with a lower level of 

global cognitive function. Fifty-six persons had a diagnosis of dementia proximate to death. 

Although the ELISA measure of pT308AKT1/total AKT1 was not significantly associated 

with dementia, there was a trend for an association and the direction of the association was 

consistent with results for global cognition (odds ratio = 1.36, 95% confidence interval = 

0.95–1.95, p = 0.087). There was no association of any of the other measures, including by 

ELISA (pS307IRS1/total IRS1), immunohistochemistry (pS616IRS1cells/mm2), or ex vivo 

stimulation, with global cognitive function.

We conducted secondary analyses, similarly adjusted, of the relation of the measures with 5 

separate cognitive domains. We found that a higher value on the ELISA measure of 

pT308AKT1/total AKT1 was associated with a lower level of function in working memory 

(estimate = −0.234, SE = 0.082, p = 0.005) and in episodic memory (estimate = −0.285, SE 

= 0.118, p = 0.017), but not with the other 3 cognitive domains, including semantic memory, 

perceptual speed, and visuospatial abilities (Table 6). There were no other associations of the 

other 7 measures with the 5 cognitive domains.

Discussion

Insulin resistance in peripheral tissues (eg, liver, muscle, adipose) is a characteristic feature 

of type 2 diabetes, but less is known about the brain in persons with diabetes.18 Some data 

from the literature suggest the presence of insulin resistance in the prefrontal cortex in 

animal models of diabetes.19 Based on these data, we initially hypothesized that there would 

be a difference in measures of insulin resistance in brain between persons with and without 

diabetes, as is seen in peripheral tissues, and that this difference might explain or contribute 

to lower cognitive function and/or to more neuropathology of cognitive impairment. In this 

study, we examined the relation of MFC insulin signaling and related molecular measures to 
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postmortem AD neuropathology and cognitive function proximate to death, in 150 

community-dwelling older persons with diabetes matched to persons without diabetes. We 

found that levels of phosphorylated IRS1 (pS307IRS1) and AKT1 (pT308AKT1) measured 

by ELISA were not statistically different among persons with and without diabetes, although 

trends suggestive of insulin resistance were observed. Our result of no difference has various 

possible explanations. It is possible that the diabetes milieu in brain is different from other 

tissues, that there are competing effects of other stimuli of the pathway we focus on (eg, 

IGF-1, IGF-2, other AKT simulators) or other brain-intrinsic compensatory mechanisms in 

the IRS1-AKT signaling pathway, or that impaired signaling in diabetes may be more 

evident in brain regions other than the MFC. Another possibility is that various agonal and 

postmortem factors may attenuate the differences present in vivo. Most of the subjects with 

diabetes in this study were treated with antidiabetes drugs, and it is possible this may also 

have attenuated signaling impairments and thus our ability to find an association between 

insulin signaling, brain pathology, and cognition. Other potential selection biases could be 

that persons with diabetes in our study may have been more “resilient” to disease/death than 

typically observed. The age at death was older than expected among persons with diabetes. 

On the other hand, persons in the control group may have had prediabetes or undiagnosed 

diabetes, despite our annual assessment for diabetes over the years. Finally, studies with yet 

larger sample sizes may be needed to detect whether the trend we observed toward insulin 

resistance is meaningful.

Because diabetes increases the risk of dementia,12 and recent literature, particularly from 

animal models of AD, suggests that brain insulin resistance may precede peripheral insulin 

resistance,20 we examined the relation of the canonical IRS1-AKT insulin signaling pathway 

with AD pathology in persons with and without diabetes. We found that increased AKT1 

phosphorylation at T308 was associated with a measure of global AD pathology. Secondary 

analyses identified that increased pT308AKT1 was associated with both increased amyloid 

burden and tau tangle density, and with tangle density in the MFC in particular. Furthermore, 

elevated pT308AKT1 was also associated with lower cognitive function proximate to death, 

including on a measure of global cognitive function, and there was a trend for an association 

with dementia. Elevated pT308AKT1 was associated with lower function in 2 cognitive 

domains, working memory and episodic memory, but not other domains. Impairment in 

these domains is consistent with the hypothesized effect of neural dysfunction in this 

specific brain region, MFC, and with our prior study in which insulin resistance was 

associated with memory.15 Our finding of higher pT308AKT, but not S307IRS1, associated 

with AD pathology raises the possibility that it may not be insulin effects per se, but rather 

the AKT regulated by other multiple upstream and feedback signaling pathways that plays a 

more prominent role in AD pathobiology.

In contrast to some prior data, including our own,15,21 we did not find that serine 

phosphorylation of IRS1 was associated with AD pathology in this sample. There were also 

no other associations of insulin resistance indicators and related measures, including those 

derived from the ex vivo stimulation data, with the global AD score. Work by our and other 

groups indicates that phosphorylation of S307IRS1 is primarily inhibitory to IRS1 function, 

but its influence on the levels of insulin resistance is complex and tissue-dependent.15 In a 

cell model study, microRNA was shown to inhibit Aβ-induced pS307IRS1 expression and 
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restore insulin signaling in human neuroblastoma cells.9 Further studies are needed to 

examine the link of insulin signaling with AD RNA transcript regulators, including using 

bioinformatics and computational neuroscience approaches. Another explanation for 

discordant findings between our current study and previously published work15 is that 

insulin signaling may vary by brain region, with some data suggesting greater insulin 

activity in the hippocampus rather than the cerebral cortex. Finally, we recognize that there 

are other IRS isoforms that we did not measure in this study (eg, IRS2) and other 

downstream insulin signaling molecules that are affected by diabetes and may be related to 

AD. For instance, insulin affects extracellular signal-regulated kinase independently of IRS. 

These and other pathways would be interesting to investigate.

Insulin is transported into the brain and binds to insulin receptors expressed in glia and 

neurons, particularly in dendrites and presynaptic terminals.22 The binding of insulin 

induces autophosphorylation of the insulin receptor and recruitment and activation of 

intracellular IRS1 proteins via tyrosine phosphorylation.22 Tyrosinephosphorylated IRS1 

activates PI3K, a heteromeric protein consisting of a p110 catalytic subunit and a p85 

regulatory subunit. The p110 subunit of PI3K converts phosphatidylinositol (3,4)-

bisphosphate into phosphatidylinositol (3,4,5)-trisphosphate (PIP3), leading to activation of 

the AKT family of serine/threonine kinase AKT1 and AKT3 isoforms in neurons, and 

AKT2 mostly in astrocytes.23,24 AKT1 interacts with the pleckstrin homology domain of 

PIP3 that enables phosphoinositide-dependent protein kinase 1 to phosphorylate threonine 

308/309/305 residues of AKT1. The full activation of AKT1 requires phosphorylation of 

serine 473/474/472, respectively, by the mammalian target for rapamycin complex 2.25 The 

AD brain is associated with reduced PI3K-AKT signaling manifest as decreased total and/or 

phosphorylation levels.26,27 Some postmortem analyses of AD brain regions have shown 

increased levels of phosphorylated AKT,15,26 consistent with our ELISA result. Elevated 

steady state phosphorylated AKT levels, indicating insulin resistance, have been correlated 

positively with Aβ and tau lesions and negatively with cognition.15,28

Whereas brain insulin signaling is known to be implicated in neuronal function and brain 

behavior, including cognition,29,30 less is known about insulin resistance in human brain 

tissue and its relation to the level of cognitive function. Several but not all studies, and 

mostly in animal models, have found that brain insulin resistance correlates with poor 

cognition.31 Furthermore, some data, including from our group, suggest the presence of 

brain insulin resistance as assessed by increased IRS1 phosphorylation at a particular serine 

site (S616) in human tissue is associated with lower cognition, including in episodic memory, 

perhaps even in the absence of diabetes.15,32 Using the complementary assessment methods 

of ELISA, immunohistochemistry, and ex vivo brain stimulation in human tissue, we did not 

find an association of IRS1 phosphorylation at the S307 or most other related measurements 

we collected with global cognition or any of the 5 cognitive domains proximate to death. 

However, in keeping with some prior data,33 we found that increased brain AKT1 

phosphorylation at the T308, a critical node in the signaling of insulin and a marker of insulin 

resistance, is associated with a lower level of global cognition. We further observed that 

increased AKT phosphorylation correlates with lower levels of working memory and 

episodic memory. This specificity may reflect the brain region selection (MFC) for our 

study. However, we believe the MFC region is a particularly useful brain region to 
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investigate based on several factors, including that this region demonstrates (1) a range of 

AD pathology, (2) importance for cognitive function, and (3) a role in insulin signaling as 

shown in our prior paper.34 These data extend our understanding of the relation of brain 

insulin resistance and related molecular pathways in brain dysfunction. More research will 

further characterize the molecular pathways linking metabolism in peripheral and brain 

insulin resistance, as well as diabetes, with cognitive impairment and dementia. Of particular 

interest is to explore the link between peripheral and central insulin signaling and 

inflammation, and the role of altered cholinergic signaling by age, sex, and disease state (eg, 

AD and diabetes), including how altered cholinergic signaling may affect inflammation.35 

Another avenue of future research is to examine the link of altered nutritional status in AD, 

and how nutrition may influence insulin signaling. Finally, there are widespread changes in 

gene expression in AD postmortem brain in relation to both disease pathology and its 

clinical expression.36 Preclinical models of amyloid, tau, and other pathologies have also 

been instructive in delineating genes associated with these pathologies. Type 2 diabetes and 

obesity-related transcription changes have been found in both AD brains and AD mouse 

models.37 Interestingly, these alterations in the diabetes-related genes in AD brains have 

been reported to occur independently of peripheral diabetes-related gene abnormalities. In a 

monkey model, aging-related gene expression in the hippocampus proper was associated 

with metabolic syndrome variables such as insulin resistance, and Aβ42 has been found to 

increase gene expression of insulinlike growth factor binding proteins (in particular 

IGFBP5).38,39 More research will characterize the relation of insulin pathways and gene 

expression in AD brain.

There are several study weaknesses to consider in interpreting our data. First, diabetes status 

was not determined using published criteria and we were not able to ascertain diabetes type. 

However, diabetes status relied on the annual medical history and documentation of the use 

of antidiabetes medications, and most subjects with diabetes were likely to have had type 2 

diabetes associated with insulin resistance. Also, we did not use quantifiable measures of 

diabetes such as blood glucose or insulin. Other studies will inform on the relation of 

peripheral insulin and related measures to brain insulin signaling and brain pathology and 

function. Second, we did not consider the potentially modulating effects of other hormones 

in the brain, such as adipokines (including leptin) or incretins, which are involved in 

diabetes. Metabolism is complex, and many factors not considered in this study are likely to 

play a role in the regulation of the effects of insulin signaling on brain processes.40 Third, 

this study did not consider other brain pathologies such as cerebrovascular disease, which is 

likely implicated in diabetes among older persons,41,42 or consider other biologically 

informative variables or more clinically relevant factors compared to end-of-life cognition.

Nonetheless, there are several important strengths to this study. We used a comprehensive 

approach to examine insulin and related measures. In addition to collecting quantitative 

biochemical and semiquantitative immunohistochemical measures, we carefully 

characterized insulin signaling using a powerful ex vivo brain stimulation paradigm in which 

we directly stimulated tissue with insulin. Furthermore, the new metabolic data were derived 

from human MFC tissue, from biospecimens with a short PMI, which we previously 

validated for these specific experiments. Also, we purposefully applied several strategies to 

ensure high scientific rigor, including in subject selection (eg, randomization, matching), 
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laboratory measurements (eg, replication studies), and standard statistical analyses (eg, with 

adjustments). Finally, systematically collected data were available on brain neuropathology 

(including both amyloid burden and tau tangle density), and among very well clinically 

characterized subjects with detailed neuropsychological test data (global and 5 domain 

measures) obtained proximate to death.
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FIGURE 1: 
Immunohistochemical labeling of sections for pS616IRS1. Photomicrographs of layer III of 

middle frontal gyrus cortex immunohistochemically labeled for pS616IRS1 are shown. (A) A 

90-year-old woman without cognitive impairment or diabetes. (B) A 84-year-old man 

without cognitive impairment but with diabetes. (C) A 86-year-old woman with cognitive 

impairment and without diabetes. (D) A 90-year-old woman with cognitive impairment and 

diabetes. In all photomicrographs, note frequency of nonnuclear cytoplasmic 
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immunolabeling (diagonal arrows in each of A–D, and especially in D). Also note 

immunolabeled neuritic threads (horizontal arrows) and neuritic plaque (circle).
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FIGURE 2: 
Box-and-whiskers plots of brain insulin signaling for subjects with diabetes (diabetes = 1) 

and without diabetes (diabetes = 0).
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