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ABSTRACT 

Aims

Growing evidence suggests a shared pathogenesis between Parkinson’s disease and diabetes 

although the underlying mechanisms remain unknown. The aim of this study is to evaluate the 

effect of type 2 diabetes on Parkinson’s disease progression and to correlate neuropathological 

findings to elucidate pathogenic mechanisms.    

Methods

In this cohort study, medical records were retrospectively reviewed of cases with pathologically-

confirmed Parkinson’s disease with and without pre-existing type 2 diabetes. Time to disability 

milestones (recurrent falls, wheelchair dependence, dementia, and care home placement) and 

survival were compared to assess disease progression and their risk estimated using Cox hazard 

regression models. Correlation with pathological data was performed, including quantification of 

α-synuclein in key brain regions and staging of vascular, Lewy and Alzheimer’s pathologies. 

Results 

Patients with PD and diabetes (male 76%; age at death 78.6 ± 6.2 years) developed earlier falls (P 

< 0.001), wheelchair dependence (P = 0.004), dementia (P < 0.001), care home admission (P < 

0.001) and had reduced survival (P < 0.001). Predating diabetes was independently associated 

with a two to three-fold increase in the risk of disability and death. Neuropathological 

assessment did not show any differences in global or regional vascular pathology, α-synuclein 

load in key brain areas, staging of Lewy pathology or Alzheimer’s disease pathology.

Conclusions

Pre-existing type 2 diabetes contributes to faster disease progression and reduced survival in 

Parkinson’s disease which is not driven by increased vascular, Lewy or Alzheimer’s pathologies.  A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Additional non-specific neurodegeneration related to chronic brain insulin resistance may be 

involved.

ABBREVIATIONS

ANOVA, analysis of variance

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

CI, confidence interval

CSF, cerebrospinal fluid

HR, hazard ratio

MRI, magnetic resonance imaging 

NIA-AA, National Institute on Aging-Alzheimer’s Association 

PD, Parkinson’s disease

TDP-43, transactivation response DNA-binding protein 43 kDa

T2DM, type 2 diabetes mellitus

VCING, Vascular Cognitive Impairment Neuropathology Guidelines 
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INTRODUCTION

A constellation of non-motor features are well recognised as part of the clinical spectrum of 

Parkinson’s disease (PD) including metabolic and neuroendocrine disturbances.(1) Insulin 

signalling in the brain has a neuromodulatory role promoting neuronal homeostasis and 

survival,(2) in addition to its effects as a peripheral hormone regulating glucose metabolism.  

Evidence from different areas of research suggests a synergistic effect, overlap in risk and 

pathophysiological mechanisms between PD and type 2 diabetes mellitus (T2DM).(3) Higher 

prevalence of impaired glucose metabolism has been consistently reported in patients with 

PD,(4) and pre-existing T2DM has been shown to increase the risk of PD in large cohort 

studies.(5, 6) Furthermore, concomitant T2DM seems to influence the clinical presentation of PD 

contributing to faster motor progression,(7, 8) prominent gait difficulties,(9, 10) cognitive 

impairment (7, 11-13) and earlier motor complications.(14) These data suggest that T2DM may 

influence the progression of PD, although these studies are limited by short follow up periods 

and it is uncertain whether T2DM has a similar deleterious impact on survival. 

The pathophysiological mechanisms underlying this association remain to be elucidated although 

T2DM and PD are likely to be synergistic conditions linked by dysregulated pathophysiological 

pathways, rather than parallel coincidental aging processes. Neuroinflammation, mitochondrial 

dysfunction, disruption of autophagy, protein synthesis, apoptosis, neuronal survival and 

synaptic plasticity have all been linked to brain insulin resistance.(3, 15) Little is known about 

how these dysregulated pathways ultimately promote neurodegeneration and contribute to the 

development and progression of PD. Increased cerebrovascular burden,(16) promotion of α-

synuclein aggregation,(17) Alzheimer’s disease pathological changes(18) and non-specific tau-

related neuronal degeneration(7, 19) have all been proposed as potential mechanisms although 

neuropathological studies evaluating the association of T2DM and PD have not been conducted 

previously.  

The aim of the present study is to evaluate the long-term effects of pre-existing T2DM on clinical 

progression to disability milestones and survival in a cohort of patients with detailed clinical data 

throughout their disease course and post-mortem confirmation of the diagnosis. We aim to 

elucidate pathogenic mechanisms linking PD and T2DM by evaluating the neuropathological A
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changes including quantitative and semiquantitative assessments of cerebrovascular pathology, 

Lewy pathology, and Alzheimer’s disease pathological changes.      

MATERIALS AND METHODS

This is a retrospective cohort study of patients with a neuropathologically-confirmed diagnosis of 

PD with and without concomitant predating T2DM identified from the Queen Square Brain Bank 

and the Parkinson’s UK Brain Bank, London, United Kingdom. Written informed consent for brain 

donation and use of brain tissue for research was obtained from all donors. Brain donation 

program and research protocols have been approved by the relevant Research Ethics Committee.

  

Parkinson’s disease with T2DM 

All cases with neuropathology-confirmed PD and preceding T2DM (PD+T2DM) from the Queen 

Square and Parkinson’s UK Brain Bank archives were included in the study. Cases with type 1 

diabetes mellitus and those who developed T2DM after the clinical diagnosis of PD were 

excluded. T2DM was defined by documentation in the medical records of any of the following: (i) 

fasting plasma glucose ≥ 126 mg/dL or (ii) diagnosis of T2DM by treating primary care physician 

or (iii) regular treatment with hypoglycaemic medication.

Parkinson’s disease without T2DM: Clinical control group 

In order to compare the clinical progression of the disease, consecutive patients with pathology-

proven PD without T2DM (Clinical PD-T2DM) were selected from the Queen Square Brain Bank 

archive between January 2009 and December 2017. Those with insufficient detailed clinical 

information throughout their disease course to evaluate disease progression were excluded. 

Patient selection and data collection methodologies for this cohort have been previously 

published.(20) 
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Parkinson’s disease without T2DM: Neuropathological control group

A control group of patients with post-mortem confirmation of PD without T2DM was selected 

from the Queen Square Brain Bank archive (Neuropathology PD-T2DM) for histological 

comparison. These patients were matched by sex, age at death, PD duration and presence of 

hypertension in order to minimise bias of confounding factors that could account for potential 

differences in vascular or neurodegenerative pathologies.   

    

Clinical assessment

Medical records comprising all documents from primary care, general practitioners, hospital 

specialists and Brain Bank evaluation forms, were systematically reviewed by a neurologist with 

expertise in PD (EdP-F). All cases had been evaluated by experienced hospital specialists 

(neurologists or geriatricians) in the United Kingdom throughout the course of their illness. 

Demographic data, information on T2DM (duration, treatment and end organ damage 

complications), vascular risk factors (hypertension, dyslipidaemia, body mass index, smoking 

status, symptomatic cerebrovascular disease) and PD (levodopa response, PD clinical motor 

subtype, levodopa equivalent dose(21)) were collated. To evaluate PD progression, time from 

diagnosis to specific disease milestones representing different domains of functioning 

impairment were selected:(20) regular falls and wheelchair dependence as markers of motor 

impairment; dementia, defined as cognitive impairment of enough severity to impair daily 

activities; and placement in residential or nursing home representing global disability. Time from 

diagnosis to death (survival) was also documented.      

Neuropathological assessment

Brain tissue processing, sampling and staining was performed following Queen Square Brain Bank 

protocols. In summary, brain tissue was fixed in 10% formalin buffer and paraffin-embedded 

8µm sections were obtained from representative brain regions. Tissue sections were stained with 

haematoxylin and eosin, and a panel of immunohistochemical stains for neurodegenerative A
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diseases using a standard avidin-biotin method with antibodies against α-synuclein (05-803; 

Millipore; 1:1500), amyloid-β (M0872; Dako; 1:100), phosphorylated tau (AT8 clone; MN1020; 

Thermo Scientific; 1:600) and transactivation response DNA-binding protein 43 kDa (TDP-43) 

(H00023435-M01; Abnova; 1:6000). Neuropathological evaluations for all cases were performed 

by an experienced neuropathologist (JLH) blinded to T2DM status. 

Lewy pathology and Alzheimer’s disease neuropathological changes

Severity and distribution of Lewy pathology was evaluated using Braak staging and McKeith 

criteria according to consensus recommendations.(22, 23) Alzheimer’s disease neuropathological 

changes were evaluated using the ABC system proposed by the National Institute on Aging-

Alzheimer’s Association (NIA-AA) guidelines, (24) based on scores for amyloid-β deposition Thal 

stages,(25) tau neurofibrillary tangle pathology staging proposed by Braak and Braak,(26) and 

neuritic plaque severity was based on the Consortium to Establish a Registry for Alzheimer’s 

Disease (CERAD) protocol.(27)    

Vascular pathology

An extensive assessment of vascular pathological changes was performed following the validated 

consensus recommendations from the Vascular Cognitive Impairment Neuropathology 

Guidelines (VCING).(28) In summary, tissue sections from representative areas stained with 

haematoxylin and eosin, Perls' stain (2% hydrochloric acid solution - VWR 2052.290 - and 2% 

potassium ferrocyanide – Alfa Aesar A15736) and immunohistochemical stains for amyloid-β 

(M0872; Dako; 1:100) and myelin basic protein (SMI94R; Covance; 1:500) were evaluated. A 

semiquantitative assessment of several cerebrovascular changes (arteriosclerosis and 

arteriolosclerosis; fibrinoid necrosis; microaneurysms; perivascular dilatation and haemosiderin 

leakage; atheroma of leptomeningeal and parenchymal vessels; myelin loss; microinfarcts, 

lacunar and large infarcts; microhaemorrhages and large haemorrhages; cortical, capillary and 

leptomeningeal cerebral amyloid angiopathy) was obtained for 13 representative brain regions. A
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Total scores and subscores for relevant brain areas were obtained for each patient to assess 

global and regional burden of cerebrovascular disease. 

Quantitative image analysis of α-synuclein pathology

High-resolution digital images from α-synuclein immunohistochemistry slides were obtained 

using a high-resolution slide scanner (Leica SCN400F; Olympus VS120). The areas of interest 

containing the anterior cingulate, entorhinal and transentorhinal cortices were manually selected 

and the resulting image was processed with Image J software (https://imagej.nih.gov/ij/). These 

cortical areas were specifically evaluated as severity of Lewy pathology has been shown to 

accurately correlate with cognitive impairment in PD.(29) Using Bland-Altman plots to optimise 

sampling of the area of interest, five random squares of 1000 pixels were selected for image 

analysis. Using Image J software, the threshold setting was adjusted to correctly identify the area 

stained positive for α-synuclein immunoreactive pathological inclusions (including Lewy bodies 

and Lewy neurites) and an area fraction (defined as the percentage of pixels of α-synuclein 

immunoreactivity divided by the total pixels of the area of interest) was calculated for each 

random square. Mean values for the five random squares for each brain region (anterior 

cingulate, entorhinal and transentorhinal cortices) for each patient were determined and used 

for statistical comparisons. To account for learning curve effects, all samples were analysed twice 

and only the repeat area fraction was considered for statistical analysis. Furthermore, 10% of the 

samples were randomly selected for repetition of the analysis for each brain area and statistical 

analysis showed a very strong test-retest reliability (correlation coefficient > 0.85 for each brain 

area). All image analyses were performed blinded to the T2DM status.

Statistical analysis

Comparisons between groups were performed using non-parametric tests; analysis of variance 

(ANOVA) for continuous variables and Fisher exact test for categorical variables as appropriate. 

Ordinal neuropathology staging scores were analysed using the Kruskal-Wallis test. A
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Multivariable Cox proportional hazard regression models were used to estimate the risk of 

disease milestones and death for the presence of T2DM and other relevant variables. Potential 

confounders (age, sex, levodopa response, total levodopa equivalent dose, PD motor subtype) 

were included in the model as explanatory variables but only those with significant association in 

the multivariate analysis were retained in the final model. Kaplan-Meier curves for disease 

milestones and survival were plotted for PD with and without T2DM. Visual inspection of Kaplan-

Meier curves and plots of scaled Schoenfeld residuals against time were used to assess the 

proportional hazards assumption of the models. Censoring was considered uninformative. 

Hazard ratios (HR) and 95% confidence intervals (CI) were calculated. To assess the association 

between these outcome variables and severity of T2DM Pearson correlation was used. Two-

tailed tests were performed, statistical significance was set at P < 0.05, and Stata statistical 

software, version 12 (StataCorp), was used for statistical analysis.

RESULTS

Twenty-five patients with PD and preceding T2DM (19 men [76%]; mean ± SD age at diagnosis of 

PD of 70.4 ± 8.1 years) were included in the study and their demographic and clinical data are 

presented in table 1. T2DM preceded the diagnosis of PD by 6.9 ± 7.8 years, treatment with 

insulin was required by eight (32%) patients and end organ diabetic complications were present 

in six (12%) patients with nephropathy, six (12%) with retinopathy and nine (18%) with 

neuropathy. 

Clinical progression and survival

PD+T2DM cases were compared with a group of 107 consecutive patients with PD without T2DM 

(64 men [60%]; 62.2 ± 11.5 years at diagnosis of PD). Patients with PD+T2DM were significantly 

older at the time of diagnosis of PD, although there were no significant differences in sex, age at 

death, levodopa response, maximum levodopa equivalent dose or PD motor subtype among 

groups (table 1). 
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Data on clinical progression and survival are presented in table 1. Patients with PD and 

concomitant T2DM had a reduced survival rate of 50% compared to those without diabetes 

(PD+T2DM 8.2 years vs PD-T2DM 16.2 years; P < 0.001). This could not be attributed to T2DM-

related deaths as no differences between causes of death were found between those with and 

without diabetes. PD+T2DM had a significantly faster clinical progression developing all disability 

milestones earlier than those without concomitant T2DM. On average, PD+T2DM patients had 

regular falls or were dependent on a wheelchair to mobilise 6 years earlier, developed dementia 

8 years earlier and were admitted to a care home 7 years earlier than those with PD without 

T2DM (table 1; figure 1). 

Results of the multivariable Cox proportional hazard regression models showed that the 

presence of preceding T2DM was an independent factor increasing the risk of falls, wheelchair 

dependence, dementia, admission to care home and death by 2-3-fold after adjusting for 

potential confounders (table 2 for HR and 95% CI values; figure 1 for Kaplan-Meier curves). 

Additionally, older age at diagnosis, poor response to levodopa and postural-instability and gait-

difficulties PD motor phenotype were the other variables independently associated with faster 

disability and reduced survival in the model.

To further explore potential pathophysiological mechanisms in the association between disability 

milestones and T2DM, sensitivity analyses were performed between these outcomes and T2DM 

duration, T2DM complications and treatment with insulin as a marker of T2DM severity in a 

regression analysis. Treatment with insulin was the only parameter showing a significant 

association with survival (coefficient 4.24; R2 = 0.248; 95% CI = 1.06-7.42) although none of the 

other T2DM characteristics had an association with any of the disease milestones or survival.       

Neuropathological findings

A group of 25 cases with PD without T2DM (16 men [64%] with mean ± SD age at diagnosis of PD 

of 71.4 ± 7.5 years) was selected as a control group for neuropathological comparison. 

Comparison of demographic and clinical data among PD+T2DM and the neuropathology PD-

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

T2DM group did not show any significant differences for demographic data and numerous 

vascular risk factors (table 1). 

Lewy pathology and Alzheimer’s disease neuropathological changes

Neuropathological assessment showed advanced Lewy pathology stages (80% Braak stage 6 and 

80% neocortical subtype in PD+T2DM vs 88% Braak stage 6 and 88% neocortical subtype in PD-

T2DM) in the majority of our cohort without significant differences between groups (table 3). 

Alzheimer’s disease neuropathological changes were predominantly low in most patients and no 

significant differences were found between groups using the NIA-AA staging (table 3). The 

analysis of tau neurofibrillary tangle pathology showed significantly higher stages in those 

patients without T2DM (Kruskal-Wallis; P = 0.04) although amyloid-β deposition were similar 

among groups (table 3). 

Vascular pathology

No significant differences were found on global cerebrovascular pathology between patients 

with PD with and without T2DM. Similar results were found in the evaluation of different brain 

areas, with no significant differences in regional vascular load among groups by brain lobe, 

cortical areas and basal ganglia (table 3; Figure 2D-F). Only the hippocampus showed greater 

vascular changes in those with concomitant T2DM, although vascular pathology was generally 

mild in both groups (P = 0.04).     

α-Synuclein pathology quantification

Due to tissue availability, α-synuclein immunoreactivity was quantified in 22 PD+T2DM cases and 

18 PD-T2DM cases for the anterior cingulate cortex, and 23 PD+T2DM and 19 PD-T2DM for the 

entorhinal and transentorhinal cortices. Area fraction analysis of α-synuclein immunoreactivity of 
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these three brain cortical areas did not reveal any significant differences in Lewy pathology 

among PD with and without T2DM (table 3; Figure 2A-C).   

   

DISCUSSION

The study shows that predating T2DM is an independent variable for faster disease progression 

in PD, with 2- to 3-fold increased risk of early motor, cognitive and global disability after adjusting 

for potential confounders. Pre-existing T2DM also confers a 3-fold increase in mortality risk, 

which cannot be explained by T2DM-associated complications. Our study provided a detailed 

neuropathological assessment and results revealed that these clinical differences in disease 

progression and survival were not associated with increased vascular, Lewy or Alzheimer’s 

disease pathologies globally in the central nervous system or strategic brain areas. Taken 

together, these findings suggest that T2DM in patients with PD may increase neuronal 

vulnerability and induce neurodegeneration through other cellular mechanisms rather than 

disease-specific protein aggregation. 

T2DM, Parkinson’s disease progression and survival

Previous case-control studies have shown that T2DM may modify the presentation and 

progression in PD. Predating T2DM has been associated with poorer motor performance, 

particularly involving postural instability, and more severe cognitive impairment.(7-11, 13) 

However, only a few studies evaluated the effects longitudinally and data are limited by short 

follow up periods.(7, 13) Our results provide further evidence of the negative impact of T2DM on 

the progression of the disease, with mortality and clinical data throughout the entire disease 

course showing that concomitant diabetes is independently associated with early motor, 

cognitive and global disability, and with reduced survival in PD. PD+T2DM were older at diagnosis 

(as expected as both are age-related condition) although the presence of predating diabetes was 

a negative prognostic factor independent from age. Exploratory subgroup analyses did not show 

any correlation with indirect markers of diabetes severity such as diabetes duration, insulin 

requirement or presence of end organ complications.   A
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T2DM, Parkinson’s disease and cerebrovascular pathology

T2DM is a risk factor for cerebrovascular disease and systemic insulin resistance is associated 

with additional comorbidities (chronic hyperglycaemia, dyslipidaemia, hypertension, 

microvascular disease) that could potentially increase cerebrovascular burden responsible for the 

differences in phenotype. Pathological studies in T2DM individuals without neurological disease 

supported this hypothesis as they showed increased vascular pathology at post-mortem when 

compared with healthy controls.(16) The relationship between PD and comorbid cerebrovascular 

disease is more complex, although most pathological studies have not demonstrated any 

significant differences compared to controls.(30, 31) The results of our detailed comprehensive 

evaluation of vascular pathology covering numerous representative brain areas did not show any 

global or regional differences in vascular pathology between groups. Although there are no 

previous pathological studies, our findings are in agreement with a neuroimaging study that 

reported no differences on vascular leukoaraiosis on magnetic resonance imaging (MRI) in 

patients with PD with and without T2DM.(9) These data suggest that the association between PD 

and T2DM involve additional pathogenic mechanisms other than increased cerebrovascular 

disease. 

T2DM, Parkinson’s disease and neurodegeneration

The potential contribution of T2DM to neurodegeneration has been long hypothesised (32) and 

mounting evidence has become available over the last few decades suggesting that brain insulin 

resistance may play an important role in neurodegenerative diseases, including PD and 

Alzheimer’s disease.(3, 33, 34) Although they remain largely unknown, multiple pathogenic 

mechanisms have been proposed including disease-specific pathological changes and/or 

increased neuronal vulnerability through non-specific pathways. Both are age-related diseases 

and PD+T2DM cases are likely to be older, as seen in our series. Although the negative impact of 

T2DM on PD was independent from age, these shared disrupted pathways may have a synergistic 

effect on a vulnerable ageing brain. Further evidence supporting T2DM as a contributing factor A
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for neuronal vulnerability in PD comes from several MRI studies. Using brain atrophy as a marker 

of neurodegeneration, they have reported variable patterns of cortical atrophy in the frontal and 

temporal lobes, and volume loss in the grey matter of individuals with PD and T2DM. (13, 35, 36)  

Lewy pathology and α-synuclein load

Preclinical studies have shown that T2DM may contribute to α-synuclein aggregation in PD 

through abnormal synuclein expression,(37) autophagy disruption,(38) glycation secondary to 

increased neuroinflammation and oxidative stress,(39) or interaction with amyloidogenic 

pathogenic proteins such as amylin.(40, 41)  Animal models of T2DM have also been shown to 

promote α-synuclein aggregation.(17) However, results of our pathological analysis did not show 

any significant differences in Lewy pathology between patients with PD with and without T2DM 

neither using global semiquantitative staging systems nor using quantification of α-synuclein 

immunoreactivity in key areas associated with cognitive function. No previous pathological 

studies in PD and T2DM are available although clinical studies using cerebrospinal fluid (CSF) α-

synuclein as a biomarker reported normal results. 

It remains unclear how α-synuclein elicits its neurodegenerative effects, although it is now well 

accepted that certain oligomeric species may be more neurotoxic.(42, 43) The α-synuclein 

immunohistochemistry used in our study recognises physiological and pathological α-synuclein 

species and it is considered the diagnostic gold standard for Lewy pathology detection.(44) 

However, it may not be a sensitive method of detection for the more toxic species (such as the 

oligomeric forms or post-translational modifications – glycation) that may require more specific 

techniques.(42, 45) It is therefore possible that the neurodegenerative effect of T2DM may be 

mediated by promotion of some of these more neurotoxic α-synuclein species that may have 

been missed in our assessment and this hypothesis should be evaluated in further studies.           

Alzheimer’s disease pathology
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Additionally, growing evidence suggests that brain insulin resistance may play a pivotal role in 

the pathogenesis of Alzheimer’s disease.(34) Although animal models of T2DM have shown an 

increased accumulation of Alzheimer’s disease pathological changes including neurofibrillary 

tangles and amyloid deposition,(18) these findings have not been replicated in pathological 

studies of individuals with T2DM compared to healthy controls, and patients with Alzheimer’s 

disease with and without diabetes.(46-49) Alzheimer’s disease pathological changes are relatively 

common at post-mortem examination in PD individuals and it is now widely accepted that its 

severity contributes to the cognitive impairment.(50, 51) One could hypothesise that T2DM may 

induce changes in the presentation and progression of PD leading to prominent cognitive decline 

by promoting Alzheimer’s disease pathology. However, our data do not support this hypothesis, 

as there were no significant differences in global Alzheimer’s disease pathological changes using 

standard staging systems. When pathogenic protein aggregates involved in Alzheimer’s disease 

neurodegeneration were analysed separately, a higher load of tau-related neurofibrillary tangles 

(but not Aβ-amyloid deposition or neuritic plaques) was seen in PD without T2DM. Although no 

previous pathological studies have been previously conducted, these results are in contrast with 

a clinical study using CSF biomarker data from the Parkinson’s Progression Markers Initiative 

cohort showing an increase in CSF total tau in those with concomitant PD and T2DM.(7) Whilst 

phosphorylated tau and β-amyloid 42 in CSF are useful biomarkers in the antemortem diagnosis 

of Alzheimer’s disease, increased CSF total tau is considered a rather non-specific marker of 

neuronal injury and it can be increased in other neurological conditions.(52) Analysis of CSF total 

tau levels in PD has shown variable results, with mostly normal or reduced values (53) and age is 

considered an important determinant of CSF levels.(54) Isolated increased CSF total tau (without 

abnormalities on CSF Aβ-amyloid levels) and frontoparietal atrophy on MRI (different to the 

mesial temporal lobe involvement seen in Alzheimer’s disease) have been found in T2DM 

individuals.(19) Therefore, taken together these results suggest that T2DM may induced 

neuronal damage and promote neuronal vulnerability through non-specific mechanisms 

involving tau protein although these dysregulated pathways do not seem to ultimately lead to 

neurofibrillary tangle pathology seen in Alzheimer’s disease. 
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Strengths and limitations

This study provides life-course clinical data that allows an evaluation of the long-term impact of 

T2DM on the progression of PD. Although the retrospective collection of clinical data from 

standard clinical practice performed by different clinicians may potentially account for some 

variability in documentation, disease milestones were selected on the basis that they reflect the 

different areas of disability associated with PD, require medical attention and are well 

documented in clinical records. No data on glycaemic control or anti-glycaemic drugs were 

available and we were unable to explore the influence of these factors on the association 

between PD and T2DM.(55) The systematic and detailed neuropathological ascertainment, 

including cerebrovascular and neurodegenerative pathologies using accepted staging criteria and 

quantitative methods, is the great strength of this study. 

Conclusion        

Our findings showed that pre-existing T2DM contributes to a faster disease progression with an 

independent increase in the risk of disability and survival in PD. The more aggressive course of 

the disease was not associated with increased cerebrovascular load, Lewy pathology or 

Alzheimer’s disease neuropathological changes in the post-mortem assessment. T2DM may 

increase neuronal vulnerability and induce non-specific neurodegeneration through other 

cellular mechanisms. The exact molecular pathways shared between PD and T2DM remain 

largely unknown although they are likely to involve the additive deleterious effects of systemic 

and brain insulin resistance and may have a synergistic action with disease-specific 

neurodegenerative process such as those involved in PD and Alzheimer’s disease. Further 

understanding of the shared mechanisms between PD and T2DM will provide novel therapeutic 

avenues for potential neuroprotective therapies.  
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FIGURE LEGENDS

Figure 1. Disease milestones and Kaplan-Meier curves.

Kaplan-Meier curves of probability of survival (A) and cumulative risk of falls (B), wheelchair 

dependence (C), dementia (D) and admission to care home (E) in Parkinson’s disease patients by 

type 2 diabetes status.  

  

Figure 2. Box and whisker plots showing α-synuclein quantification and vascular pathology in 

key brain regions. 

α-Synuclein quantification for anterior cingulate (A), entorhinal (B) and transentorhinal (C) 

cortices. Global (D), cortical (E) and basal ganglia (F) vascular pathology load. 

Figure 3. Representative neuropathological findings in PD cases with type 2 diabetes mellitus. 

Subacute macrophage-rich infarct in cerebral cortex with amyloid angiopathy evident in the 

centre (A; blue arrow). Immunostaining for amyloid-β accentuates widespread concentric 

cerebral amyloid angiopathy (B; blue arrow) and also shows diffuse parenchymal deposits in the 

neocortex. Marked hyaline arteriolosclerosis in subcortical white matter (C; red arrow). Diffuse 

parenchymal amyloid-β plaques are evident in the subiculum (D). Immunostaining for hyper-

phosphorylated tau shows neuritic plaques and neurofibrillary tangle tau pathology in the 

subiculum (E). Immunostaining for α-synuclein in the anterior cingulate cortex (F) and 

representative appearance after application of threshold for identification and automated 

quantification of Lewy pathology (G). Scale bar: 250µm in A and B; 125µm in C and 350µm in D 

and E, 63µm in F and G. 
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TABLE LEGENDS

Table 1. Comparison of demographics, clinical data and disease progression of clinical and 

neuropathology cohorts of Parkinson’s disease with and without type 2 diabetes. 

Clinical cohort PD + T2DM

(n=25)

PD - T2DM

(n=107)

P value

Sex – male 19 (76) 64 (60) 0.170

Age at diagnosis (years) 70.4 ± 8.1 62.2 ± 11.5 0.001

Age at death (years) 78.6 ± 6.2 78.4 ± 6.5 0.866

Motor phenotype 0.321

  Tremor predominant 2 (8) 22 (21)

  Akinetic-rigid 16 (67) 67 (63)

  PIGD 6 (25) 18 (17)

Levodopa response 0.110

  Absent 0 6 (6)

  Moderate 3 (13) 6 (6)

  Good 9 (38) 22 (21)

  Excellent 12 (50) 71 (68)

Levodopa equivalent dose (mg) 752.2 ± 443.0 918.4 ± 426.5 0.085

Cause of death 0.093

  Advanced Parkinson’s 15 (68) 41 (38)

  Infection 6 (27) 51 (48)

  Vascular 0 5 (5)

  Other 1 (5) 10 (9)

Survival from diagnosis (years) 8.2 ± 4.1 16.2 ± 8.3 < 0.001

Falls 21 (84) 86 (80) 0.462

Time to falls (years) 5.4 ± 4.5 11.7 ± 7.0 <0.001

Wheelchair 15 (60) 58 (54) 0.660

Time to wheelchair (years) 6.9 ± 4.1 13.0 ± 7.6 0.004

Dementia 16 (64) 61 (57) 0.653

Time to dementia (years) 4.4 ± 3.0 12.6 ± 7.5 <0.001

Care home 13 (52) 49 (46) 0.658A
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Time to care home (years) 6.3 ± 2.9 14.0 ± 7.7 <0.001

Neuropathology cohort PD + T2DM 

(n=25)

PD - T2DM (n=25) P value

Sex – male 19 (76) 16 (64) 0.538

Age at diagnosis (years) 70.4 ± 8.1 71.4 ± 7.5 0.667

Age at death (years) 78.6 ± 6.2 78.1 ± 6.2 0.796

PD duration (years) 8.2 ± 4.1 6.8 ± 3.9 0.217

Clinical cerebrovascular disease 4 (17) 1 (4) 0.189

Hypertension 17 (68) 16 (64) 1.0

Dyslipidaemia 19 (76) 4 (16) <0.001

Smoking 0.905

  Never 16 (64) 14 (56)

  Ex-smoker 7 (28) 9 (36)

  Active 2 (8) 2 (8)

BMI* 26.4 ± 4.2 24.6 ± 3.0 0.202

PIGD, postural instability and gait difficulty. *BMI available for PD+T2DM = 20 and PD-T2DM = 11. 

Data presented as number (%) for categorical variables and median (standard deviation) for continuous variables. P 

value from comparisons using Fisher exact test for categorical variables, ANOVA for continuous variables and 

Kruskal-Wallis test for ordinal variables as appropriate. 
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Table 2. Cox proportional hazard regression models for disease disability milestones and survival.

Outcome variable Predictors Adjusted HR (95% CI) P value

Survival

T2DM 2.96 (1.71-5.10) <0.001

Age at diagnosis 1.14 (1.11-1.17) <0.001

PIGD motor phenotype 3.57 (1.84-6.95) <0.001

Excellent levodopa response 0.23 (0.09-0.56) <0.001

Falls

T2DM 2.39 (1.36-4.20) 0.002

Age at diagnosis 1.11 (1.08-1.14) <0.001

PIGD motor phenotype 5.63 (2.59-12.26) <0.001

Excellent levodopa response 0.17 (0.06-0.48) <0.001

Wheelchair

T2DM 2.60 (1.31-5.16) 0.006

Age at diagnosis 1.09 (1.06-1.12) <0.001

PIGD motor phenotype 6.47 (2.24-18.72) 0.001

Excellent levodopa response 0.10 (0.03-0.34) <0.001

Dementia

T2DM 3.62 (1.73-7.58) 0.001

Age at diagnosis 1.13 (1.09-1.17) <0.001

PIGD motor phenotype 5.24 (2.10-13.09) <0.001

Excellent levodopa response 0.03 (0.00-0.32) 0.004

Care home

T2DM 2.84 (1.19-6.77) 0.019

Age at diagnosis 1.13 (1.09-1.18) <0.001

PIGD motor phenotype 4.63 (1.13-19.0) 0.033

Excellent levodopa response 0.25 (0.07-0.85) 0.026

PIGD, postural instability and gait difficulty. 

Table 3. Comparison of neuropathological data between neuropathological cohorts of 

Parkinson’s disease with and without type 2 diabetes. A
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PD + T2DM 

(n=25)

PD - T2DM 

(n=25)

P value

Anterior cingulate synuclein load (area fraction)* 0.61 ± 0.43 0.89 ± 0.89 0.201

Transentorhinal synuclein load (area fraction)** 0.72 ± 0.70  0.85 ± 0.88 0.607

Entorhinal synuclein load (area fraction)** 0.68 ± 0.48 0.78 ± 0.56 0.516

Cortical vascular load (VCING score) 13 ± 10 15 ± 12 0.561

  Frontal 3 ± 2 4 ± 3 0.238

  Temporal 3 ± 2 3 ± 3 0.511

  Parietal 3 ± 3 3 ± 3 0.926

  Occipital 4 ± 3 4 ± 4 0.953

Basal ganglia vascular load (VCING score) 9 ± 4 8 ± 4 0.465

Hippocampal vascular load (VCING score) 1 ± 1  0 ± 1 0.04

Global cerebral vascular load (VCING score) 27 ± 12 26 ± 15 0.959

Cerebral amyloid angiopathy load (VCING score) 4 ± 7 7 ± 9 0.339

Braak synuclein 0.493

  Stage 4 0 1 (4)

  Stage 5 5 (20) 2 (8)

  Stage 6 20 (80) 22 (88)

McKeith Lewy pathology 0.445

  Limbic 5 (20) 3 (12)

  Neocortical 20 (80) 22 (88)

Thal Aβ deposition 0.451

  Phase 0 6 (24) 5 (20)

  Phase 1 7 (28) 7 (28)

  Phase 2 4 (16) 3 (12)

  Phase 3 5 (20) 3 (12)

  Phase 4 2 (8) 4 (16)

  Phase 5 1 (4) 3 (12)

Braak and Braak neurofibrillary tangle 0.04

  Stage 0 0 2 (8)

  Stage I 10 (40) 3 (12)

  Stage II 11 (44) 11 (44)A
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  Stage III 4 (16) 1 (4)

  Stage IV 0 6 (24)

  Stage V 0 1 (4)

  Stage VI 0 1 (4)

CERAD neuritic plaque 0.152

  Absent 12 (48) 10 (40)

  Sparse 10 (40) 5 (20)

  Moderate 3 (12) 9 (36)

  Frequent 0 1 (4)

NIA Alzheimer’s disease 0.143

  Not 6 (24) 6 (24)

  Low 17 (68) 10 (40)

  Intermediate 2 (8) 7 (28)

  High 0 2 (8)

VCING, Vascular Cognitive Impairment Neuropathology Guidelines. 

 Data presented as number (%) for categorical variables and median (standard deviation) for continuous variables. P 

value from comparisons using Fisher exact test for categorical variables, ANOVA for continuous variables and 

Kruskal-Wallis test for ordinal variables as appropriate. 

*Cingulate available for PD+T2DM = 22 and PD-T2DM = 18. **Transentorhinal and entorhinal available for PD+T2DM 

= 23 and PD-T2DM = 19. 
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