
U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

Journal of Parkinson’s Disease xx (20xx) x–xx
DOI 10.3233/JPD-191900
IOS Press

1

Review1

The Association Between Type 2 Diabetes
Mellitus and Parkinson’s Disease

2

3

Julia L.Y. Cheonga, Eduardo de Pablo-Fernandezb,c, Thomas Foltyniec and Alastair J. Noyceb,c,d,∗
4

aBarts and The London School of Medicine, Queen Mary University of London, London, UK5

bReta Lila Weston Institute of Neurological Studies, UCL Queen Square Institute of Neurology, London, UK6

cDepartment of Clinical and Movement Neurosciences, University College London Institute of Neurology,
London, UK

7

8

dPreventive Neurology Unit, Wolfson Institute of Preventive Medicine, Queen Mary University of London,
London, UK

9

10

Accepted 31 March 2020

Abstract. In recent years, an emerging body of evidence has forged links between Parkinson’s disease (PD) and type 2
diabetes mellitus (T2DM). In observational studies, those with T2DM appear to be at increased risk of developing PD, as
well as experiencing faster progression and a more severe phenotype of PD, with the effects being potentially mediated by
several common cellular pathways. The insulin signalling pathway, for example, may be responsible for neurodegeneration via
affecting insulin dysregulation, aggregation of amyloids, neuroinflammation, mitochondrial dysfunction and altered synaptic
plasticity. In light of these potential shared disease mechanisms, clinical trials are now investigating the use of established
diabetes drugs targeting insulin resistance in the management of PD. This review will discuss the epidemiological links
between T2DM and PD, the potential shared cellular mechanisms, and assess the relevant treatment options for disease
modification of PD.
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INTRODUCTION21

Parkinson’s disease (PD) is the second most com-22

mon neurodegenerative disease in the world [1]. With23

the increasing life expectancy and an ageing global24

population, its prevalence is set to more than double25

between 2015 and 2040 [2, 3]. PD is a progressive26

disease of the nervous system that is characterised by27

the degeneration of nigrostriatal dopaminergic neu-28

rons and pathological hallmarks of the disease can29

be identified widely in both central and peripheral30
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tissues. Several overlapping disease mechanisms 31

have been identified including aberrant protein accu- 32

mulation, lysosomal and mitochondrial dysfunction, 33

and chronic systemic inflammation [4]. 34

Type 2 diabetes mellitus (T2DM) is a chronic 35

condition characterised by the failure of pancreatic �- 36

cells to produce enough insulin to overcome systemic 37

insulin resistance, which results in the dysregula- 38

tion of glucose metabolism and chronic systemic 39

inflammation. Studies suggest that similar metabolic 40

dysregulation can occur in the brain in early PD 41

[5]. The global prevalence of T2DM quadrupled 42

between 1980 and 2014 and already grossly exceeds 43

the predictions made in 2000 for the year 2030 by 44

both the International Diabetes Federation and the 45
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World Health Organisation [6]. In contrast to T2DM,46

type 1 diabetes (T1DM) is an autoimmune disease47

involving the destruction of pancreatic � cells [7].48

Limited studies have been conducted on the associa-49

tion between PD and autoimmune diseases including50

T1DM [8–10], but T1DM is not discussed further in51

this review.52

There are previous review articles that discuss the53

association between T2DM and PD [4, 11–15] or the54

common therapeutic approaches to T2DM and PD55

[4, 13, 16, 17]. Our review provides an updated dis-56

cussion on the epidemiological association between57

T2DM and PD, the shared pathways involved in58

T2DM and PD pathophysiology, and the common59

therapeutic approaches to T2DM and PD.60

THE ASSOCIATION BETWEEN TYPE 261

DIABETES MELLITUS AND62

PARKINSON’S DISEASE63

T2DM is associated with an increase in the risk64

of PD65

An association between T2DM and PD was first66

reported by Sandyk in 1993, where it was noted that67

PD patients with co-existent T2DM had worse motor68

symptoms and reduced response to treatment [18]. In69

the same study, a high prevalence of impaired glu-70

cose tolerance tests was reported among PD patients71

(50–80%), however a more recent estimate suggests72

that overtly impaired glucose metabolism occurs in73

only around 20% [19].74

In subsequent years, a large number of studies have75

explored the association between T2DM and the risk76

of PD. These include several prospective cohort stud-77

ies which generally indicate that T2DM is associated78

with an increased risk of PD [20–22]. For example, a79

large prospective study in Finland found that patients80

with T2DM had an 85% increased risk of develop-81

ing PD [20] and another prospective study in the US82

showed that patients with T2DM were 40% more83

likely to develop PD [21]. A meta-analysis published84

in 2016 combined the effect estimates from seven85

population-based cohort studies and concluded that86

patients with T2DM had an average 28% higher risk87

of developing PD [23].88

Observational studies using different designs have89

also reported an association between T2DM and an90

increased risk of PD. A large study using routinely91

gathered health record data in the UK showed that92

T2DM was associated with an increased risk of PD by93

32% [24]. Similarly, a retrospective study in Taiwan 94

reported a 23% increased risk of PD among patients 95

with T2DM [25], and a case-control study from Den- 96

mark found that T2DM was associated with a 36% 97

increased risk of PD [26]. Despite these associations, 98

it is important to acknowledge that although vari- 99

ous studies have reported that T2DM increases the 100

risk of developing PD, the absolute risk of develop- 101

ing PD among patients with T2DM appears to be 102

below 1%. In a study of 2,017,115 T2DM partici- 103

pants, 14,252 also had PD observed (absolute risk 104

0.7%) [24]. 105

Whether the association between T2DM and PD 106

represents a truly causal link between the two con- 107

ditions remains uncertain, and associations between 108

two traits can arise through confounding and bias 109

in observational studies. The use of oral anti- 110

hyperglycaemic agents may influence the likelihood 111

of developing PD in patients with T2DM, potentially 112

masking associations between the two. Various stud- 113

ies in different settings have suggested that the use 114

of metformin, thiazolidinediones and GLP-1 agonists 115

may reduce the risk of developing PD in patients who 116

have T2DM [27–31]. Other confounders may bias 117

effect estimates, due to associations with both T2DM 118

and PD, and these include other vascular risk factors 119

or raised BMI [20, 32, 33]. 120

Bias in observational studies may occur for several 121

other reasons. Patients with T2DM are more likely to 122

have increased contact with healthcare and this could 123

result in bias from increased medical surveillance 124

[22]. Bias may also occur through reverse causation, 125

that is, something about PD increasing the risk of 126

being diagnosed with T2DM. Dopaminergic neurons 127

are involved in promoting feeding behaviour in the 128

hypoglycaemic state, mediated by insulin receptors 129

in the substantia nigra and therefore dopaminergic 130

neuronal loss may alter glycaemic control [22]. It is 131

recognised that a high proportion of dopaminergic 132

neurons have already been lost by the time clini- 133

cal signs of PD are identified and a diagnosis is 134

made. This makes it difficult to mitigate the effects 135

of reverse causation even in prospective studies with 136

long follow-up periods [22]. 137

Prospective cohort studies follow participants over 138

time and longer durations of follow-up can lead to 139

drop out and bias occurring through these losses. If 140

the probability of loss to follow-up does not relate to 141

exposure (in this case diabetes) then the effect will be 142

a loss of precision without biasing the effect estimate. 143

However, if diabetes is associated with being more 144

or less likely to remain under follow-up (which is 145
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plausible), then the effect estimate may be biased in146

either direction.147

Whilst the studies outlined above have generally148

reported a positive association between T2DM and149

PD, this has not always been the case. A recent150

cross-sectional study based on the Neurological Dis-151

orders in Central Spain (NEDICES) database showed152

no clear association between T2DM and PD [34].153

However, a sub-analysis suggested that there may154

be a positive association between PD and T2DM155

among patients who had T2DM for over 10 years156

[34]. Separately, another prospective cohort study in157

the US did not find a significant association between158

T2DM and PD risk [35]. To make matters more159

confusing, a meta-analysis of fourteen case-control160

studies concluded that T2DM was associated with161

a reduced risk of PD (summary odds ratio 0.75)162

[36]. A very large, recent, cross-sectional study using163

self-reported information also found T2DM to be164

negatively associated with PD [37]. However, whilst165

cohort studies may be prone to biases as outlined166

above, cross-sectional and retrospective case-control167

studies may have additional design issues that bias168

effect estimates.169

Several groups have reported on the differences in170

pooled effect estimates generated from case-control171

and cohort studies in the context of T2DM and PD. A172

meta-analysis of 4 cohort studies and 5 case-control173

studies reported a 1.37 pooled risk ratio for PD in dia-174

betic patients in the prospective cohort studies and175

an inverse association (pooled odds ratio of 0.56)176

between diabetes and PD in case-control studies [32].177

This was followed by a meta-analysis of 9 case-178

control studies and 4 cohort studies, which showed179

pooled effect estimates of 0.72 and 1.31 respectively180

[38]. Later still, the aforementioned and separate181

meta-analyses of 14 case-control studies (OR 0.75)182

and 7 cohort studies (RR 1.37) reported the same183

phenomenon [23, 36]. Whilst it is not uncommon to184

observe differential effect sizes by study design, such185

a clear divergence in the direction of effect warrants186

further consideration.187

A possible explanation for the divergence observed188

between case-control and cohort studies is survival189

bias, which can be a problematic in studies with190

a retrospective case-control design. Higher mid-life191

mortality among diabetic patients could contribute192

towards the inverse relationship seen between T2DM193

and PD in these settings, and thus far has been given194

little consideration [36].195

To explore this possibility, the case-control stud-196

ies included in meta-analyses by Cereda et al., 2011,197

Fig. 1. Graph of the mean age of participants in case-control stud-
ies against odds ratio for risk of PD between cases and controls.
This suggests that age may modify the association between T2DM
and PD, potentially driven by duration of exposure, probability of
PD at given ages, and/or by survival bias.

Noyce et al., 2012 and Lu et al., 2014 were selected 198

and the mean ages of participants were plotted against 199

the odds ratio of the risk of PD for each study 200

(Fig. 1). The odds ratio for PD was lowest (nega- 201

tive) in the studies with the youngest mean age of 202

participants and highest (positive) in studies with 203

the highest mean age. This perhaps indicates that 204

the risk of PD increases depending on the duration 205

of exposure to T2DM, with most people acquir- 206

ing diabetes in mid-life and PD at a later time in 207

older age. It is also plausible that inverse associ- 208

ation in the studies with youngest mean age may 209

be driven in part by low incidence of PD in mid- 210

life and partly by premature mortality in patients 211

with T2DM before they develop PD. There is evi- 212

dence to suggest that patients diagnosed with T2DM 213

before the age of 45 years have a higher risk of pre- 214

mature death than those diagnosed from the age of 215

45 years [39]. Furthermore, patients diagnosed with 216

T2DM at a younger age have an increased risk of 217

acquiring complications such as nephropathy and car- 218

diovascular disease that increase the risk of premature 219

mortality [40, 41]. The role of survival bias in obser- 220

vational studies linking T2DM to PD requires further 221

consideration. 222

Other limitations of case-control studies include 223

recall bias, where risk factors and the duration of 224

exposure may not be represented accurately, espe- 225

cially in PD patients experiencing cognitive decline, 226

and separately selection bias, where the controls are 227

not drawn from the same population as the cases 228

[32]. Overall, further study is warranted to explore 229

the divergence in estimates arising from cohort and 230

case-control studies and risk of PD. 231
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T2DM worsens PD disease progression232

Following the initial report by Sandyk [18], sev-233

eral studies have found that T2DM is also associated234

with a worsening of the PD phenotype, including235

more severe axial motor symptoms (gait disturbances236

and postural instability) and cognitive impairment237

[42–45].238

A case-control study showed that patients with239

T2DM who subsequently developed PD scored240

higher on PD severity scales including the motor241

component of the Unified Parkinson Disease Rat-242

ing Scale (UPDRS) and Hoehn and Yahr stage [46].243

Another case-control study of 72 PD patients reported244

that those with concomitant T2DM developed motor245

complications on average 12 months earlier, inde-246

pendent of medication or other disease factors [47].247

A retrospective cohort study in PD patients assessed248

the effect of T2DM on striatal dopamine transporter249

availability using 18F-FP-CIT PET imaging, cogni-250

tive performance on bedside tests, cortical thickness251

using MRI scans and overall disease severity. The252

investigators found that the presence of T2DM had253

a significant adverse effect on all four outcomes254

[33]. Similarly, a prospective cohort study found that255

patients with T2DM had lower striatal dopamine256

transporter binding and accelerated motor and cogni-257

tive decline, supporting the notion of an acceleration258

in the disease process [48]. However, these features259

are not necessarily driven by dopamine depletion, and260

some studies suggest that the more severe pheno-261

type is independent of striatal dopamine, and even262

cholinergic deficits, and instead may be mediated by263

microvascular disease [43, 44].264

MRI imaging has been used to study structural265

changes in PD associated with comorbid T2DM. A266

cross-sectional study showed that PD patients with267

T2DM have greater cortical atrophy than patients268

without T2DM [49]. These findings were most evi-269

dent in the frontal brain region, perhaps reflecting an270

accelerated decline in executive function [49]. A sep-271

arate study found that PD patients with T2DM had272

significantly more cortical thinning in the right infe-273

rior temporal cortex than those without T2DM [33].274

Further replication of these findings and their clini-275

cal correlates is warranted. As a fluid biomarker, CSF276

tau is elevated in several neurodegenerative diseases277

and is indicative of neuronal loss. As such, it is a278

non-specific marker of the severity of a neurodegen-279

erative process. A recent cross-sectional study, using280

data from the Parkinson’s Progression Markers Initia-281

tive found that PD patients with T2DM had higher tau282

CSF levels than patients without T2DM [48]. Similar 283

findings have been reported in other neurodegener- 284

ative diseases, in which T2DM was associated with 285

a higher level of tau protein in CSF in patients with 286

mild cognitive impairment [50]. 287

SHARED MECHANISMS IN 288

PATHOPHYSIOLOGY OF TYPE 2 289

DIABETES MELLITUS AND 290

PARKINSON’S DISEASE 291

Common pathogenic mechanisms of systemic 292

and brain insulin resistance 293

As epidemiological evidence for a link between 294

PD and T2DM accumulates, parallel experimental 295

evidence indicates potential overlap in disease mech- 296

anisms and pathways. Systemic insulin resistance 297

has long been an established key feature of T2DM. 298

Recently, studies have found that insulin resistance 299

is present in the brain in neurodegenerative diseases 300

such as Alzheimer’s disease (AD) and other demen- 301

tias [51], and PD [52]. Both systemic and local 302

insulin resistance may drive pathology in the brain. 303

Systemic insulin resistance may do so through hyper- 304

glycaemia and its consequences [10], microvascular 305

disease, chronic inflammation, and dysfunction of the 306

blood brain barrier, which may be compounded by 307

associated comorbidities such as hypertension, dys- 308

lipidaemia and renal impairment [51]. Local brain 309

insulin resistance may act via protein deposition and 310

aggregation, and failure of clearance mechanisms, 311

independent of systemic insulin resistance [51, 53]. 312

Overview of insulin cellular signalling pathway 313

Insulin may play a key role in neuroprotection [4] 314

via its receptor (IR), which activates insulin recep- 315

tor substrates (IRS) 1 and 2. IRS1 is particularly 316

expressed in skeletal muscle, adipose tissue and cere- 317

bral cortex, whereas IRS2 has a particular role in 318

the liver and the hypothalamus [51]. Insulin binds 319

to IR/IRS to stimulate various downstream path- 320

ways (summarised in Fig. 2). These in turn activate 321

downstream secondary messengers via three main 322

pathways: 323

1. Activation of the IR-Shc-MAP kinase (MAPK) 324

pathway, which is involved in promoting 325

genetic expression of proteins for cell growth 326

and maintenance, as well as synapse plastic- 327

ity. Insulin also acts via the MAPK pathway 328



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

J.L.Y. Cheong et al. / The Association Between T2DM and PD 5

Fig. 2. Diagrammatic summary of main pathways involved in insulin signalling in the brain. IR, insulin receptor; IRS, insulin receptor
substrate; PI3K, phosphoinositide-3-kinase; PDK, 3-phosphoinositide-dependent protein kinase; Akt, Protein kinase B (PKB), plays a key
role in activating downstream regulators of cell metabolism, proliferation and survival; PTEN, phosphatase and tensin homolog, regulates
PI3K/Akt pathway by inhibiting Akt; mTOR, mammalian target of rapamycin, regulates cell metabolism and proliferation and synapse
regeneration in neurons; GSK3�, glycogen synthase kinase 3, downstream mediator involved in IDE inactivation, leading to an increase in
� synuclein expression, which aggregate into amyloid fibres; FOXO1, Forkhead box O1, involved in maintaining the mitochondrial electron
transport chain for ATP generation and fatty acid oxidation, preventing oxidative stress; NFκB, nuclear factor κB regulates microglial
activation and the expression of inflammatory mediators such as IL1� and TNF�; cPD3�, cyclic nucleotide phosphodiesterase 3�; Shc, an
adaptor protein involved in the MAPK pathway; Grb2/SOS, downstream adaptor proteins in MAPK pathway; Ras, downstream protein in
MAPK pathway that recruits Raf; Raf, Ras effector that stimulates a downstream signalling cascade through phosphorylation of MAPK;
MAPK, mitogen-activated protein kinase, modulates downstream protein kinases involved in regulating cell proliferation, differentiation
and apoptosis, maintaining neuronal growth and survival.

to regulate transcription, translation and post-329

translational modification of proteins [51].330

Insulin is also able to influence learning and331

memory via this pathway [54].332

2. Activation of the phosphatidylinositol 3-kinase333

(PI3K) pathway directly influences neuro-334

transmission via cyclic nucleotide phosphodi-335

esterase 3B (cPD3B), which in turn regulates336

information processing, cognitive function and337

memory [55]. The PI3K-Akt pathway is also338

involved in the inhibition of apoptosis [56].339

Additional downstream effectors of PI3K-Akt340

include glycogen synthase kinase 3� (GSK3�),341

forkhead box O1 (FOXO1), nuclear factor κB 342

(NFκB) and mammalian target of rapamycin 343

(mTOR). 344

3. Mediation of neurotransmission via direct 345

activation of NMDA glutamate receptors to 346

increase the opening of calcium channels 347

at synapses and promote NMDA-mediated 348

neurotransmission [57]. This increases the 349

recruitment of functional GABA receptors to 350

postsynaptic sites to enhance GABA trans- 351

mission [58] and therefore regulate synaptic 352

inhibition for neuronal functions involved in 353

learning and memory [57]. 354
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Insulin dysregulation may be involved in355

pathophysiology of PD and T2DM356

Insulin receptors are expressed in the basal gan-357

glia [4] and in the substantia nigra [59], which358

are the areas of the brain most affected in patients359

with PD. Studies using rodent models have shown360

that insulin resistance may cause reduced expres-361

sion of surface dopamine transporters in the striatum362

[60], reduced dopamine turnover [61], and reduced363

insulin-dependent dopamine release in the striatum364

[62]. 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine365

(MPTP) is a toxin that induces parkinsonism by366

producing oxidative stress in dopaminergic neurons,367

resulting in mitochondrial dysfunction and cell death,368

and MPTP treated rodents are one of the most369

commonly used animal models for PD [63]. MPTP-370

treated mice have been observed to have simultaneous371

increases in pancreatic and midbrain expression of372

pro-inflammatory cytokines and �-synuclein, hint-373

ing at potential organ-specific links between PD and374

T2DM [64].375

Very few mechanistic studies have been con-376

ducted on human subjects to date. A study in 1996377

that analysed the mRNA levels of insulin receptors378

in the substantia nigra of PD human brains post-379

mortem, found a reduction in insulin receptor mRNA380

compared to control brains, which were likely asso-381

ciated with neuronal loss in the substantia nigra382

[65]. However, due to a small sample size and flaws383

in methodology, these results are difficult to inter-384

pret reliably. Separately, a functional brain imaging385

study on 63 elderly subjects found that insulin resis-386

tance was increased in the brains of PD patients387

[52]. Future studies investigating the common patho-388

physiology between insulin dysregulation and PD in389

human subjects would be beneficial in furthering our390

understanding.391

Amyloid aggregation occurs in both PD and392

T2DM393

Both T2DM and PD are associated with the accu-394

mulation of misfolded proteins which form amyloid395

aggregates. In T2DM, islet amyloid polypeptide396

(IAPP) aggregation in pancreatic � cells leads to397

cellular dysfunction and death [66, 67]. In PD, �-398

synuclein aggregates initially into oligomeric and lat-399

terly fibrillar structures, which in turn aggregate into400

Lewy bodies, the pathological hallmark of PD [68].401

A recent study of IAPP and �-synuclein found402

cross-reactivity between the two proteins and demon-403

strated that IAPP in T2DM can promote �-synuclein 404

aggregation [69]. Further evidence of the inter- 405

action between these proteins was shown using 406

proximity ligation assays in pancreatic tissue [70]. 407

Phosphorylated �-synuclein aggregates were found 408

in pancreatic �-cells in the majority of patients with 409

PD or T2DM, and �-synuclein deposits showed co- 410

localization and interaction with IAPP. Another study 411

suggested that insulin degrading enzyme (IDE) can 412

prevent �-synuclein aggregation by binding to �- 413

synuclein oligomers [53]. In patients with T2DM, 414

insulin resistance can competitively inhibit IDE 415

and therefore promote the formation of �-synuclein 416

fibrils, potentially predisposing patients to PD or 417

potentiating the disease process [53]. 418

Separately, a study involving co- 419

immunoprecipitation experiments on �-synuclein 420

and the Kir6.2 subunit of the ATP-sensitive potas- 421

sium channel in pancreatic beta cells found that 422

�-synuclein interacts with Kir6.2 to reduce insulin 423

secretion [71]. Neuronal Kir6.2 is involved in the 424

downregulation of dopamine secretion in the brain 425

[72], possibly indicating a role in PD. Another 426

study in an MPTP mouse model demonstrated that 427

�-synuclein can activate GSK3� via the PI3K/Akt 428

pathway, which is involved in increasing �-synuclein 429

expression and aggregation and inactivation of IDE 430

[73]. This observation was further supported by a 431

study on post-mortem PD brains, which reported an 432

increase in �-synuclein and GSK3� as well as an 433

increase in tau hyperphosphorylation in PD patients 434

[74]. 435

Microglial activation and systemic chronic 436

inflammation increase the risk of T2DM and PD 437

Microglia are mononuclear, phagocytic immune 438

cells in the central nervous system. They are normally 439

involved in removal of damaged neurons, and they 440

release neuroprotective factors to promote synaptic 441

regeneration [75]. Microglia can be activated towards 442

either an anti-inflammatory or inflammatory pheno- 443

type. For example, microglia can be stimulated by 444

lipopolysaccharide to enter an activated inflamma- 445

tory state and express pro-inflammatory cytokines 446

such as TNF�, interleukin (IL) 1� and IL6, trigger- 447

ing neuroinflammation [76]. A study of 14 patients 448

with PD found evidence of increased microglial acti- 449

vation on PET imaging [77]. Microglial activation is 450

a key contributor to neuroinflammation through the 451

release of inflammatory cytokines [78], and patients 452

with PD have been shown to have high concentrations 453
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of inflammatory mediators such as IL1�, IL6 and454

TNF� in the brain [78].455

Initial microglial activation is generally associ-456

ated with neuroprotection [79], however, prolonged457

microglial activation may have deleterious effects458

on PD progression [80]. Insulin resistance has an459

effect on microglial activation and neuroinflamma-460

tion via NFκB and the PI3K/Akt pathway, that461

regulates microglial activation and the expression462

of inflammatory mediators [76] (Fig. 2). In addi-463

tion, inflammatory cytokines such as TNF� have464

been found to induce the inactivation of IRS1, which465

inhibits subsequent activation of downstream media-466

tors in a ‘vicious cycle’ [57]. In patients with T2DM,467

insulin resistance may result in the formation of468

advanced glycation end-products (AGEs) [4], includ-469

ing in regions of the brain such as the substantia nigra470

[81]. AGEs interact with their receptor (RAGE) to471

activate downstream pathways, leading to oxidative472

stress, inflammation and neuronal cell death [81].473

Interestingly, AGEs have been found alongside �-474

synuclein in Lewy bodies [16]. Glycated �-synuclein475

may worsen PD progression in various ways. Gly-476

cation promotes the aggregation of �-synuclein by477

inducing cross-links and the formation of �-synuclein478

oligomers, which are more toxic than larger aggrega-479

tions of �-synuclein [81]. Furthermore, glycation also480

inhibits �-synuclein degradation normally regulated481

by ubiquitin, proteasomes and lysosomes, resulting in482

the accumulation of �-synuclein [16]. Methylglyoxal483

(MGO), a glycation agent, inhibits the ubiquitin-484

proteasome system involved in the degradation of485

�-synuclein, further increasing the accumulation of486

�-synuclein [81], and potentially worsening PD pro-487

gression.488

Involvement of oxidative stress/mitochondrial489

dysfunction in T2DM and PD pathogenesis490

Mitochondrial proteins, when dysfunctional, pro-491

duce an increase in oxidative stress [82] and cell492

death [83]. MPTP exerts its Parkinson’s-like effects493

in rodent models by selectively inhibiting complex494

I, the first enzyme in the mitochondrial respiratory495

chain pathway, leading to neuronal death and neu-496

rodegeneration [13]. The features of mitochondrial497

dysfunction may be shared in T2DM and PD [82]. In498

PD, dysfunctional insulin signalling has been found499

to increase oxidative stress [84, 85], while a recent500

study showed that chronic insulin resistance in dia-501

betic db/ db mice can cause mitochondrial disruption502

and dopaminergic neuronal degeneration [86]. Stud-503

ies using rodent models show that IRS1 and IRS2 504

inhibit FOXO1 via the PI3K/Akt pathway [85, 87], 505

resulting in dysfunctional ATP generation and fatty 506

acid oxidation, and the generation of ROS and oxida- 507

tive stress. While the exact mechanism by which 508

mitochondrial dysfunction and oxidative stress con- 509

tribute towards PD remains uncertain, its role is likely 510

to be important in PD pathogenesis and potentially 511

relevant to the link with T2DM. 512

Insulin resistance impairs synaptic plasticity in 513

PD 514

Dopamine depletion in PD causes changes in 515

synaptic plasticity that result in an upregulation of 516

factors that suppress movement and contribute to 517

a downregulation of factors that initiate movement 518

[88]. The two main components of synaptic plas- 519

ticity, long-term depression (LTD) and long-term 520

potentiation (LTP), are also involved in memory 521

formation and storage through synaptic restructur- 522

ing [89]. The combined activation of mTORC1 and 523

mTORC2 is required for dendritic regrowth, neu- 524

ronal shape restructuring and synaptic plasticity via 525

actin aggregation, for consolidating long-term mem- 526

ory [90]. 527

Insulin promotes NMDA-mediated neurotrans- 528

mission by directly activating glutamate NMDA 529

receptors [57] and increasing the extra-synaptic trans- 530

port of GluA1 AMPA receptors in neurons [91] 531

involved in increasing synaptic strength and regu- 532

lating LTP [92]. A study on streptozotocin-induced 533

diabetic rats found that NMDA and AMPA recep- 534

tor expression was reduced [93], impairing synaptic 535

transmission. 536

The common pathophysiological processes linking 537

T2DM and PD offer new avenues for research into the 538

use of T2DM therapeutic approaches repurposed for 539

use in PD. 540

COMMON THERAPEUTIC APPROACHES 541

TO T2DM AND PD 542

The current focus of pharmacological management 543

of PD is to relieve symptoms by increasing circulating 544

levodopa, inhibiting levodopa breakdown or stimu- 545

lating dopamine receptors [94]. Non-oral approaches 546

to management are medical (such as apomorphine or 547

levodopa carbidopa intestinal gel), surgical (such as 548

deep brain stimulation), or therapies-led (physiother- 549

apy, occupational therapy and speech and language 550
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therapy), and they play an increasing role as the551

disease progresses. The current weight of evidence552

for therapeutic options for PD supports an effect553

on symptoms only and no modification of disease554

progression. However, recent studies on the use of555

T2DM drugs to treat PD have shown promising556

results.557

Insulin558

Given the neuroprotective effects of insulin out-559

lined above, the administration of exogenous insulin560

may offer potential benefits in PD patients. Insulin561

can be administered nasally to avoid effects on562

peripheral glucose levels [95], enabling use in non-563

diabetic PD patients. In rodent models, intranasal564

insulin is reported to improve neuronal stem cell565

activation and repair, dendritic sprouting and neu-566

roprotection from inflammation and oxidative stress567

[95].568

Clinical trials of insulin have been conducted569

in other neurodegenerative diseases. A double-570

blind, placebo-controlled, pilot clinical trial in AD571

patients found that intranasal administration of572

insulin improved memory and preserved cognition.573

These benefits were retained at 2 months of follow-up574

after stopping treatment, but the authors acknowl-575

edged that as insulin was administered for only 4576

months, long-term effects and safety of intranasal577

insulin could not be determined [96]. Moreover, the578

small size of the trial may have affected the accuracy579

of the results, and a longer and larger trial may be use-580

ful in studying this further [96]. It should however be581

noted that the chronic use of insulin may promote582

insulin desensitisation in the brain [95].583

GLP-1 receptor agonists584

Among the most promising treatments in this area585

are the GLP1 receptor (GLP1R) agonists, which do586

not act on insulin receptors, and thus avoid insulin587

desensitisation over time [12]. GLP1R agonists,588

including exenatide, liraglutide and lixisenatide, are589

currently licensed for the treatment of T2DM [29].590

Compared to endogenous GLP1, GLP1R agonists591

have a longer half-life as they are not metabolised592

by the protease dipeptidyl peptidase 4 (DPP-4) [97].593

GLP1R agonists bind to GLP1R and activate the594

PI3K/Akt pathway, which regulates various down-595

stream mediators involved in the insulin signalling596

pathway (Fig. 3).597

In the brain, GLP1R are mainly expressed on pyra- 598

midal neurons in the cortex or hippocampus and 599

Purkinje neurons in the cerebellum and substan- 600

tia nigra [98]. Activation of the PI3K/Akt pathway 601

results in various downstream effects, including the 602

inactivation of GSK3�, which reduces �-synuclein 603

aggregation [29], the inactivation of FOXO1 [99], 604

which prevents apoptosis and promotes cell survival, 605

and inactivation of NFκB, which leads to microglial 606

cell inactivation and a reduction in inflammatory 607

mediators. GLP1R agonists also activate the expres- 608

sion of genes involved in cell growth and repair, 609

improving neuroprotection against stress factors [95], 610

such as �-synuclein, inflammatory mediators and cell 611

death via the MAPK pathway [29] (Fig. 3). 612

Studies carried out using GLP1R agonists have 613

shown promising results in slowing disease progres- 614

sion in PD rodent models [100]. An in vivo study 615

found that Exendin-4 promotes neural progenitor cell 616

numbers in the subventricular area that may com- 617

pensate for the loss of dopaminergic neurons in the 618

substantia nigra [101]. Another study using MPTP 619

rodents showed that exenatide increased tyrosine 620

hydroxylase levels in primary dopaminergic neu- 621

rons, producing more dopamine [63]. A recent study 622

on the effect of GLP1 analogues on MPTP rodents 623

found improvements in striatal dopamine levels and 624

reduced neuronal damage via inhibition of inflam- 625

matory cytokines and stimulation of anti-oxidant 626

enzymes [102]. 627

In-human clinical trials have also reported the 628

therapeutic effects of GLP1R agonists on PD, even 629

extending beyond motor benefits. An open label clin- 630

ical trial found clinically significant amelioration of 631

PD manifestations, including motor and cognitive 632

decline [103], with improvements on the Move- 633

ment Disorders Society Unified PD Rating Scale 634

(MDS-UPDRS) and the Mattis DRS-2 cognitive 635

score. A follow-up study also showed improvements 636

were still present after one year [104]. Recently, a 637

landmark double blind placebo-controlled trial also 638

reported similar findings with patients treated with 639

exenatide scoring on average 3.5 points less on the 640

MDS-UPDRS than those not treated with exenatide, 641

following a washout period to exclude a symptomatic 642

effect [105]. In a novel approach to assessing target 643

engagement using brain-derived exosomes purified 644

from serum samples, the same group showed that 645

patients treated with exenatide had an increase in lev- 646

els of Akt and mTOR protein activation during the 647

period of drug exposure in comparison with placebo- 648

treated patients [106]. 649
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Fig. 3. Diagrammatic summary of main pathways involved in GLP1 signalling in the brain. PI3K, phosphoinositide-3-kinase; PDK, 3-
phosphoinositide-dependent protein kinase; Akt, protein kinase B (PKB), plays a key role in activating downstream regulators of cell
metabolism, proliferation and survival; GSK3�, glycogen synthase kinase 3, downstream mediator involved in IDE inactivation, leading
to an increase in � synuclein expression, which aggregate into amyloid fibres; FOXO1, Forkhead box O1, involved in maintaining the
mitochondrial electron transport chain for ATP generation and fatty acid oxidation, preventing oxidative stress; NFκB, nuclear factor κB
regulates microglial activation and the expression of inflammatory mediators such as IL1� and TNF�; cAMP, cyclic AMP, activated by
binding of GLP1 to GLP1 receptor; PKA, protein kinase A, activates downstream processes via MAPK pathway; MAPK, mitogen-activated
protein kinase, modulates downstream protein kinases involved in regulating cell proliferation, differentiation and apoptosis, maintaining
neuronal growth and survival.

Thiazolidinediones650

Thiazolidinediones (TZDs) are another class of651

oral anti-hyperglycaemic agents used in the treat-652

ment of T2DM. They act primarily on Peroxisome653

proliferator-activater receptor � (PPAR�) to regulate654

genes involved in insulin sensitivity [13] and reduce655

insulin resistance. These receptors are known to be656

expressed in insulin sensitive organs such as the pan-657

creas, as well as in regions of the brain including658

the substantia nigra and putamen [107]. Through659

their activation of PGC1�, a mitochondrial regu-660

lator, TZDs are thought to moderate mitoNEET, a661

mitochondrial membrane protein, to regulate neu-662

ronal complex I activity [108], reducing oxidative 663

stress and cell death. They are also thought to inhibit 664

microglial activation and reduce oxidative stress in 665

neurons, enhancing mitochondrial function [28] and 666

preventing neurodegeneration. Some studies have 667

shown a significant decrease in the risk of PD with 668

TZD use in T2DM patients [30, 31]. However, a ret- 669

rospective cohort study in the USA showed that there 670

was no significant decrease in PD risk with TZD use 671

[109]. Moreover, a recent phase 2, double-blinded, 672

clinical trial found 1 year exposure to pioglitazone 673

had no significant benefit on PD progression at 674

two doses (15 mg and 45 mg) compared to placebo 675

[110]. The effectiveness of TZDs as a potential PD 676
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Table 1
Summary of common pathways between T2DM and PD and therapeutics targeting each pathway

Mechanism Elaboration Therapeutics

Amyloid
aggregation

• Inhibition of insulin degrading enzyme: formation of alpha
synuclein.

GLP1R agonists

• Activation of PI3K/Akt pathway: activation of GSK3B,
which increases alpha synuclein aggregation.

Metformin

Microglial
activation &
chronic
inflammation

• Activation of PI3K/Akt pathway: activation of NFkB, which
causes microglial activation and expression of inflammatory
mediators.

Insulin
GLP1R agonists
Thiazolidinediones
Metformin
GLP1/GIP receptor
agonist

Oxidative stress &
mitochondrial
dysfunction

• Activation of PI3K/Akt pathway: activation of FOXO1,
causing mitochondrial dysfunction and generation of ROS.

Insulin
GLP1R agonists
Metformin

Impaired synaptic
plasticity

• Activation of PI3K/Akt pathway: inhibition of mTOR,
preventing synaptic regeneration and dendritic regrowth.

Insulin
GLP1R agonists
GLP1/GIP receptor
agonist

• Inhibition of NMDA and AMPA receptor expression:
reduction in synaptic strength and long-term potentiation.

• Inhibition of MAPK pathway: synthesis of inflammatory
cytokines

treatment option may also be limited by adverse677

effects, including cardiovascular effects, fracture risk678

and an association with bladder cancer [4].679

Further developments680

Several therapies in development act on other681

mediators in the insulin pathway. One of these is682

glucose-dependent insulinotropic polypeptide (GIP).683

GIP is an incretin, a hormone involved in reduc-684

ing blood glucose levels, that triggers various685

downstream insulin pathways, promoting insulin686

biosynthesis and secretion [111]. A promising devel-687

opment is that of dual GLP1/GIP receptor agonists,688

which have similar affinity for the activation of both689

GLP1 and GIP receptors. Both GLP1 and GIP are690

important hormones involved in promoting insulin691

signalling [112]. They are both able to cross the692

blood brain barrier and exert neuroprotective effects693

[113]. Compared to single GLP1R agonists, the dual694

GLP1/GIP receptor agonist has been found to have695

better efficacy in enhancing insulin pathways and696

producing neuroprotective effects in rodent models697

[114], and fewer side effects [115].698

The GLP1/GIP receptor agonist is thought to work699

through activation of the PI3K/Akt pathway and700

Erk1/2 pathway [116, 117]. There is an increase in701

tyrosine hydroxylase and reduction in microglial acti-702

vation, promoting dopamine production and offering703

neuroprotection to dopaminergic neurons [116]. A704

study reported reduction in neuroinflammation in705

MPTP rodent models after treatment with GLP1/GIP706

receptor agonist [118]. Significantly, in the same 707

study, insulin sensitivity has also been reported to be 708

restored with treatment [118]. The dual GLP1/GIP 709

receptor agonist is currently in clinical trials for the 710

treatment of T2DM and has shown promising results 711

compared to existing treatment options [119], further 712

clinical trials in PD patients may be pursued in the 713

near future. 714

The common pathways between T2DM and PD 715

and therapeutics targeting each pathway are sum- 716

marised in the table below (Table 1). 717

CONCLUSION 718

Epidemiological links between T2DM and PD 719

have been increasingly studied, but there remain 720

many unanswered questions about the role of T2DM 721

on both PD risk and progression. The underlying 722

pathways and common mechanisms remain a focus 723

of research, and through their modulation new oppor- 724

tunities may arise to alter the neurodegenerative 725

trajectory. 726

There are still several questions that further 727

research must aim to address. Firstly, whilst it is 728

promising that the effectiveness of GLP1 agonists 729

has been demonstrated in various rodent models 730

[120–123], it remains true that these do not ade- 731

quately recapitulate the human disease, and further 732

research should also focus on clinical trials in human 733

participants. 734

Secondly, although GLP1R agonists have longer 735

half-lives than endogenous GLP1, the aim would be 736
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to avoid the requirement for multiple daily dosing.737

Assuming efficacy in larger phase 3 clinical trials,738

newer formulations such as Bydureon, a once-weekly739

preparation of exenatide, and an oral preparation740

of semaglutide, offer tangible practical advantages.741

Incretin analogues with a slower release or longer742

half-life such as the dual GLP1/GIP receptor agonist743

and long-acting GIP analogues are also promising744

[124]. Finally, the long-term safety and efficacy of745

these treatments must be fully established. The issues746

of trial design, participant and outcome selection, and747

timing and duration of intervention, remain major748

issues in the exploration of these approaches and749

should be considered in future studies.750

ACKNOWLEDGMENTS751

None reported.752

CONFLICT OF INTEREST753

Prof. Foltynie is principal investigator on clinical754

trials of Exenatide. Drs. Noyce and de Pablo Fernan-755

dez have published observational studies on the links756

between T2DM and PD.757

REFERENCES758

[1] Tysnes OB, Storstein A (2017) Epidemiology of Parkin-759

son’s disease. J Neural Transm 124, 901-905.760

[2] Dorsey ER, Elbaz A, Nichols E, Abd-Allah F, Abde-761

lalim A, Adsuar JC, Ansha MG, Brayne C, Choi JYJ,762

Collado-Mateo D, Dahodwala N, Do HP, Edessa D,763

Endres M, Fereshtehnejad SM, Foreman KJ, Gankpe764

FG, Gupta R, Hankey GJ, Hay SI, Hegazy MI, Hibstu765

DT, Jasaejan A, Khader Y, Khalil I, Khang YH, Kim766

YJ, Kokubo Y, Logroscino G, Massano J, Mohamed767

Ibrahim N, Mohammed MA, Mohammadi A, Moradi-768

Lakeh M, Naghavi M, Nguyen BT, Ninayo YL, Ogbo769

FA, Owolabi MO, Pereira DM, Postma MJ, Oorbani M,770

Rahman MA, Roba KT, Safari H, Safiri S, Satpathy M,771

Sawhney M, Shafieesabet A, Shiferaw MS, Smith M,772

Szoeke CEI, Tabarés-Seisdedos R, Truong NT, Ukwaja773

KN, Venketasubramanian N, VIllafaina S, Weldegwergs774

DG, Westerman R, Wijeratne T, Winkler AS, Xuan BT,775

Yonemoto N, Feigin VL, Vos T, Murray, CJL (2018)776

Global, regional, and national burden of Parkinson’s dis-777

ease, 1990-2016: A systematic analysis for the Global778

Burden of Disease Study 2016. Lancet Neurol 17, 939-953.779

[3] Marras C, Beck JC, Bower JH, Roberts E, Ritz B, Ross780

GW, Abbott RD, Savica R, Van Den Eeden SK, Willis781

AW, Tanner CM (2018) Prevalence of Parkinson’s disease782

across North America. NPJ Parkinsons Dis 4, 21.783

[4] Athauda D, Foltynie T (2016) Insulin resistance and784

Parkinson’s disease: A new target for disease modifica-785

tion? Prog Neurobiol 145-146, 98-120.786

[5] Dunn L, Allen GFG, Mamais A, Ling H, Li A, Duberley787

KE, Hargreaves IP, Pope S, Holton JL, Lees A, Heales788

SJ, Bandopadhyay R (2014) Dysregulation of glucose 789

metabolism is an early event in sporadic Parkinson’s dis- 790

ease. Neurobiol Aging 35, 1111-1115. 791

[6] Zheng Y, Ley SH, Hu FB (2018) Global aetiology and 792

epidemiology of type 2 diabetes mellitus and its compli- 793

cations. Nat Rev Endocrinol 14, 88-98. 794

[7] Maahs DM, West NA, Lawrence JM, Mayer-Davis EJ 795

(2010) Chapter 1 : Epidemiology of type 1 diabetes. 796

Endocrinol Metab Clin North Am 39, 481-497. 797

[8] Witoelar A, Jansen IE, Wang Y, Desikan RS, Gibbs 798

JR, Blauwendraat C, Thompson WK, Hernandez DG, 799

Djurovic S, Schork AJ, Bettella F, Ellinghaus D, Franke A, 800

Lie BA, McEvoy LK, Karlsen TH, Lesage S, Morris HR, 801

Brice A, Wood NW, Heutink P, Hardy J, Singleton AB, 802

Dale AM, Gasser T, Andreassen OA, Sharma M, Nalls 803

MA, Plagnol V, Sheerin UM, Saad M, SImon-Sanchez 804

J, Schulte C, Sveinbjornsdottir S, Arepalli S, Barker R, 805

Ben-Shlomo Y, Berendse HW, Berg D, Bhatia K, De 806

Bie RMA, Biffi A, Bloem B, Bochdanovits Z, Bonin M, 807

Bras JM, Brockmann K, Brooks J, Burn DJ, Bajounie E, 808

Charlesworth G, Lungu C, Chen H, Chinnery PF, Chong S, 809

Clarke CE, Cookson MR, Cooper JM, Corvol JC, Counsell 810

C, Damier P, Dartigues JF, Deloukas P, Deuschl G, Dexter 811

DT, Van Dijk KD, Dillman A, Durif F, Durr A, Edkins S, 812

Evans JR, Foltynie T, Dong J, Gardner M, Goate A, Gray 813

E, Guerreiro R, Harris C, Van Hilten JJ, Hofman A, Hol- 814

lenbeck A, Holten J, Hu M, Huang X, Wurster I, Matzler 815

W, Hudson G, Hunt SE, Huttenlocker J, Illig T, Jonsson 816

PV, Lambert JC, Langford C, Lees A, Lichtner P, Limousin 817

P, Lopez G, Lorenz D, McNeill A, Moorby C, Moor M, 818

Morrison KE, Escott-Price V, Mudanohwo E, O’Sullivan 819

SS, Pearson K, Perlmutter JS, Petursson H, Pollak P, Post 820

B, Potter S, Ravina B, Revesz T, Riess O, Rivadeneira F, 821

RIzzu P, Rvten M, Sawcer S, Schapira A, Scheffer H, Shaw 822

K, Shoulson I, Shulman J, Sidransky E, Smith C, S, Pencer 823

CCA, Stefansson H, Stockton JD, Strange A, Talbot K, 824

Tanner CM, Tashakkori-Ghanbaria A, TIson F, Trabzuni 825

D, Traynor BJ, Uitterlinden AG, Velseboer D, Vidailhet 826

M, Walker R, Van De Warrenburg B, Wickremaratchi 827

M, Williams N, Williams-Gray CH, Winder-Rhodes S, 828

Stefansson K, Martinez M, Ferrucci L, Johnson R, 829

Longo DL, Nalls MA, O’Brien R, Troncoso J, Van Der 830

Brug M, Zielke HR, Zonderman A, Hardy JA, Weale 831

M (2017) Genome-wide pleiotropy between Parkinson 832

disease and autoimmune diseases. JAMA Neurol 74, 833

780-792. 834

[9] Rugbjerg K, Friis S, Ritz B, Schernhammer ES, Korbo L, 835

Olsen JH (2009) Autoimmune disease and risk for Parkin- 836

son disease. Neurology 73, 1462-1468. 837

[10] Li X, Sundquist J, Sundquist K (2012) Subsequent risks of 838

Parkinson disease in patients with autoimmune and related 839

disorders: A nationwide epidemiological study from Swe- 840

den. Neurodegener DIs 10, 277-284. 841

[11] Santiago JA, Potashkin JA (2013) Shared dysregulated 842

pathways lead to Parkinson’s disease and diabetes. Trends 843

Mol Med 9, 176-186. 844

[12] Hölscher C (2014) Drugs developed for treatment of 845

diabetes show protective effects in Alzheimer’s and 846

Parkinson’s diseases. Acta Physiol Sin 66, 497-510. 847

[13] Aviles-Olmos I, Limousin P, Lees A, Foltynie T (2013) 848

Parkinson’s disease, insulin resistance and novel agents of 849

neuroprotection. Brain 136, 374-384. 850

[14] Craft S, Watson GS (2004) Insulin and neurodegenerative 851

disease: Shared and specific mechanisms. Lancet Neurol 852

3, 169-178. 853



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

12 J.L.Y. Cheong et al. / The Association Between T2DM and PD

[15] Biosa A, Outeiro TF, Bubacco L, Bisaglia M (2018)854

Diabetes mellitus as a risk factor for Parkinson’s dis-855

ease: A molecular point of view. Mol Neurobiol 55,856

8754-8763.857

[16] Konig A, Miranda HV, Outeiro TF (2018) Alpha-synuclein858

glycation and the action of anti-diabetic agents in Parkin-859

son’s disease. J Parkinsons Dis 8, 33-43.860

[17] Palleria C, Leporini C, Maida F, Succurro E, De Sarro G,861

Arturi F, Russo E (2016) Potential effects of current drug862

therapies on cognitive impairment in patients with type 2863

diabetes. Front Neuroendocrinol 42, 76-92.864

[18] Sandyk R (1993) The relationship between diabetes mel-865

litus and Parkinson’s disease. Int J Neurosci 69, 125-130.866

[19] Marques A, Dutheil F, Durand E, Rieu I, Mulliez A, Fan-867

tini ML, Boirie Y, Durif F (2018) Glucose dysregulation868

in Parkinson’s disease: Too much glucose or not enough869

insulin? Parkinsonism Relat Disord 5, 122-127.870

[20] Hu G, Jousilahti P, Bidel S, Antikainen R, Tuomilehto J871

(2007) Type 2 diabetes and the risk of Parkinson’s dIsease.872

Diabetes Care 30, 842-347.873

[21] Xu Q, Park Y, Huang X, Hollenbeck A, Blair A, Schatzkin874

A, Chen H (2011) Diabetes and risk of Parkinson’s disease.875

Diabetes Care 34, 910-915.876

[22] Driver JA, Smith A, Buring JE, Gaziano JM, Kurth T,877

Logroscino G (2008) Prospective cohort study of type 2878

diabetes and the risk of Parkinson’s disease. Diabetes Care879

31, 2003-2005.880

[23] Yue X, Li H, Yan H, Zhang P, Chang L, Li T (2016)881

Risk of Parkinson disease in diabetes mellitus. Medicine882

(Baltimore) 95, e3549.883

[24] De Pablo-Fernandez E, Goldacre R, Pakpoor J, Noyce884

AJ, Warner TT (2018) Association between diabetes and885

subsequent Parkinson disease. Neurology 91, e139-142.886

[25] Yang YW, Hsieh TF, Li CI, Liu CS, Lin WY, Chiang JH,887

Li TC, Lin CC (2017) Increased risk of Parkinson dis-888

ease with diabetes mellitus in a population-based study.889

Medicine (Baltimore) 96, e5921.890

[26] Schernhammer E, Hansen J, Rugbjerg K, Wermuth L, Ritz891

B (2011) Diabetes and the risk of developing Parkinson’s892

disease in Denmark. Diabetes Care 34, 1102-1108.893

[27] Lu M, Su C, Qiao C, Bian Y, Ding J, Hu G894

(2016) Metformin prevents dopaminergic neuron death in895

MPTP/P-induced mouse model of Parkinson’s disease via896

autophagy and mitochondrial ROS clearance. Int J Neu-897

ropsychopharmacol 19, pyw047.898

[28] Hunter RL, Dragicevic N, Seifert K, Choi DY, Liu M, Kim899

HC, Cass WA, Sullivan PG, Bing G (2007) Inflammation900

induces mitochondrial dysfunction and dopaminergic neu-901

rodegeneration in the nigrostriatal system. J Neurochem902

100, 1375-1386.903

[29] Athauda D, Foltynie T (2017) Protective effects of the904

GLP-1 mimetic exendin-4 in Parkinson’s disease. Neu-905

ropharmacology 136, 260-270.906

[30] Brauer R, Bhaskaran K, Chaturvedi N, Dexter DT, Smeeth907

L, Douglas I (2015) Glitazone treatment and incidence of908

Parkinson’s disease among people with diabetes: A retro-909

spective cohort study. PLOS Med 12, e1001854.910

[31] Brakedal B, Flønes I, Reiter SF, Torkildsen Ø, Dölle C,911

Assmus J, Haugarvoll K, Tzoulis C (2017) Glitazone use912

associated with reduced risk of Parkinson’s disease. Mov913

Disord 32, 1594-1599.914

[32] Cereda E, Barichella M, Pedrolli C, Klersy C, Cassani915

E, Caccialanza R, Pezzoli G (2011) Diabetes and risk916

of Parkinson’s disease: A systematic review and meta-917

analysis. Diabetes Care 34, 2614-2623.918

[33] Chung SJ, Jeon S, Yoo HS, Kim G, Oh JS, Kim JS, Evans 919

AC, Sohn YH, Lee PH (2018) Detrimental effect of type 920

2 diabetes mellitus in a large case series of Parkinson’s 921

disease. Parkinsonism Relat Disord 64, 54-59. 922

[34] De Pablo-Fernandez E, Sierra-Hidalgo F, Benito-León 923

J, Bermejo-Pareja F (2017) Association between Parkin- 924

son’s disease and diabetes: Data from NEDICES study. 925

Acta Neurol Scand 136, 732-736. 926

[35] Palacios N, Gao X, Mccullough ML, Jacobs EJ, Patel A V, 927

Mayo T, Schwarzschild MA, Ascherio A (2011) Obesity, 928

diabetes, and risk of Parkinson’s disease. Mov Disord 26, 929

2253-2259. 930

[36] Lu L, Fu DL, Li HQ, Liu AJ, Li JH, Zheng GQ (2014) 931

Diabetes and risk of Parkinson’s disease: An updated 932

meta-analysis of case-control studies. PLoS One 9, 933

e85781. 934

[37] Heilbron K, Noyce AJ, Fontanillas P, Alipanahi B, Nalls 935

MA, Cannon P (2019) The Parkinson’s phenome-traits 936

associated with Parkinson’s disease in a broadly pheno- 937

typed cohort. NPJ Parkinsons Dis 5, 4. 938

[38] Noyce AJ, Bestwick JP, Silveira-Moriyama L, Hawkes 939

CH, Giovannoni G, Lees AJ, Schrag A (2012) Meta- 940

analysis of early nonmotor features and risk factors for 941

Parkinson disease. Ann Neurol 72, 893-901. 942

[39] Hui Y, Wang J, An Y, Gong Q, Li H, Zhang B, Shuai Y, 943

Chen Y, Hu Y, Li G (2019) Premature death and risk of 944

cardiovascular disease in young-onset diabetes: A 23-year 945

follow-up of the Da Qing Diabetes Study. Endocrine 65, 946

46-52. 947

[40] Saydah SH, Siegel KR, Imperatore G, Mercado C, Gregg 948

EW (2019) The cardiometabolic risk profile of young 949

adults with diabetes in the U.S. Diabetes Care 42, 1895- 950

1902. 951

[41] Gregg EW, Zhuo X, Cheng YJ, Albright AL, Narayan 952

KMV, Thompson TJ (2014) Trends in lifetime risk and 953

years of life lost due to diabetes in the USA, 1985- 954

2011: A modelling study. Lancet Diabetes Endocrinol 2, 955

867-874. 956

[42] Bosco D, Plastino M, Cristiano D, Colica C, Ermio C, De 957

Bartolo M, Mungari P, Fonte G, Consoli D, Consoli A, 958

Fava A (2012) Dementia is associated with Insulin Resis- 959

tance in patients with Parkinson’s Disease. J Neurol Sci 960

315, 39-43. 961

[43] Kotagal V, Albin RL, Müller MLTM, Koeppe RA, Frey 962

KA, Bohnen NI (2013) Diabetes is associated with pos- 963

tural instability and gait difficulty in Parkinson disease. 964

Parkinsonism Relat Disord 19, 522-526. 965

[44] Bohnen MI, Kotagal V, Muller MLTM, Koeppe RA, Scott 966

PJ, Albin RL,Frey KA, Petrou M (2014) Diabetes melli- 967

tus is independently associated with more severe cognitive 968

impairment in Parkinson disease. Parkinsonism Relat Dis- 969

ord 20, 1394-1398. 970

[45] Giuntini M, Baldacci F, Del Prete E, Bonuccelli U, Cer- 971

avolo R (2014) Diabetes is associated with postural and 972

cognitive domains in Parkinson’s disease. Results from a 973

single-center study. Parkinsonism Relat Disord 20, 671- 974

672. 975

[46] Cereda E, Barichella M, Cassani E, Caccialanza R, Pezzoli 976

G (2012) Clinical features of Parkinson disease when onset 977

of diabetes came first: A case-control study. Neurology 78, 978

1507-1511. 979

[47] Mohamed Ibrahim N, Ramli R, Koya Kutty S, Shah SA 980

(2018) Earlier onset of motor complications in Parkinson’s 981

patients with comorbid diabetes mellitus. Mov Disord 33, 982

1967-1968. 983



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

J.L.Y. Cheong et al. / The Association Between T2DM and PD 13

[48] Pagano G, Polychronis S, Wilson H, Giordano B, Ferrara984

N, Niccolini F, Politis M (2018) Diabetes mellitus and985

Parkinson disease. Neurology 90, e1654-e1662.986

[49] Petrou M, Davatzikos C, Hsieh M, Albin R, Kotagal V,987

Müller M, Koeppe RA, Herman WH, Frey KA, Bohnen988

NI (2016) Diabetes, gray matter loss and cognition in the989

setting of Parkinson Disease. Acad Radiol 23, 577-581.990

[50] Moran C, Beare R, Phan TG, Bruce DG, Callisaya ML,991

Srikanth V (2015) Type 2 diabetes mellitus and biomarkers992

of neurodegeneration. Neurology 85, 1123-1130.993

[51] Arnold SE, Arvanitakis Z, Macauley-Rambach SL,994

Koenig AM, Wang HY, Ahima RS, Craft S, Gandy S, Buet-995

tner C, Stoeckel LE, Holtzman DM, Nathan DM (2018)996

Brain insulin resistance in type 2 diabetes and Alzheimer997

disease: Concepts and conundrums. Nat Rev Neurol 14,998

168-181.999

[52] Morris JK, Vidoni ED, Perea RD, Rada R, Johnson DK,1000

Lyons K, Pahwa R, Burns JM, Honea RA (2014) Insulin1001

resistance and gray matter volume in neurodegenerative1002

disease. Neuroscience 270, 139-147.1003

[53] Sharma AN, Ligade SS, Sharma JN, Shukla P, Elased1004

KM, Lucot JB (2015) GLP-1 receptor agonist liraglutide1005

reverses long-term atypical antipsychotic treatment asso-1006

ciated behavioral depression and metabolic abnormalities1007

in rats. Metab Brain Dis 30, 519-527.1008

[54] Yao WD, Gainetdinov RR, Arbuckle MI, Sotnikova TD,1009

Cyr M, Beaulieu JM, Torres GE, Grant SGN, Caron1010

MG (2004) Identification of PSD-95 as a regulator of1011

dopamine-mediated synaptic and behavioral plasticity.1012

Neuron 41, 625-638.1013

[55] Zhao WQ, Chen H, Quon MJ, Alkon DL (2004) Insulin1014

and the insulin receptor in experimental models of learning1015

and memory. Eur J Pharmacol 490, 71-81.1016

[56] Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS,1017

Anderson MJ, Arden KC, Blenis J, Greenberg ME (1999)1018

Akt promotes cell survival by phosphorylating and inhibit-1019

ing a forkhead transcription factor. Cell 96, 857-868.1020

[57] Hariharan M (2012) Effects of insulin on synapse forma-1021

tion and function; A possible role for insulin resistance.1022

Dalhousie University Department of Biochemistry and1023

Molecular Biology. Available from: http://www.dt.co.kr/1024

contents.html?article no=20120713020105317490011025

[58] Wan Q, Xiong ZG, Man HY, Ackerley CA, Braunton J, Lu1026

WY, Becker LE, MacDOnald JF, Wang YT (1997) Recruit-1027

ment of functional GABA(A) receptors to postsynaptic1028

domains by insulin. Nature 388, 686-690.1029

[59] Unger JW, Livingston JN, Moss AM (1991) Insulin recep-1030

tors in the central nervous system: Localization, signalling1031

mechanisms and functional aspects. Prog Neurobiol 36,1032

343-362.1033

[60] Jones KT, Woods C, Zhen J, Antonio T, Carr K, Reith MEA1034

(2017) Effects of diet and insulin on dopamine transporter1035

activity and expression in rat caudate-putamen, nucleus1036

accumbens and midbrain. J Neurochem 140, 728-740.1037

[61] Baladi MG, Horton RE, Owens WA, Daws LC, France CP1038

(2015) Eating high fat chow decreases dopamine clearance1039

in adolescent and adult Male rats but selectively enhances1040

the locomotor stimulating effects of cocaine in adoles-1041

cents. Int J Neuropsychopharmacol 18, 1-11.1042

[62] Stouffer MA, Woods CA, Patel JC, Lee CR, Witkovsky1043

P, Bao L, Machold RP, Jones KT, De Vaca SC, Reith1044

MEA, Carr KD, Rice ME (2015) Insulin enhances striatal1045

dopamine release by activating cholinergic interneu-1046

rons and thereby signals reward. Nat Commun 6,1047

8543.1048

[63] Li Y, Perry T, Kindy MS, Harvey BK, Tweedie D, Hol- 1049

loway HW, Powers K, Shen H, Egan JM, Sambamurti K, 1050

Brossi A, Lahiri DK, Mattson MP, Hoffer BJ, Wang Y, 1051

Greig NH (2009) GLP-1 receptor stimulation preserves 1052

primary cortical and dopaminergic neurons in cellular and 1053

rodent models of stroke and Parkinsonism. Proc Natl Acad 1054

Sci U S A 106, 1285-1290. 1055

[64] Wang L, Zhai YQ, Xu LL, Qiao C, Sun XL, Ding JH, 1056

Lu M, Hu G (2014) Metabolic inflammation exacerbates 1057

dopaminergic neuronal degeneration in response to acute 1058

MPTP challenge in type 2 diabetes mice. Exp Neurol 251, 1059

22-29. 1060

[65] Takahashi M, Yamada T, Tooyama I, Moroo I, Kimura H, 1061

Yamamoto T, Okada H (1996) Insulin receptor mRNA in 1062

the substantia nigra in Parkinson’s disease. Neurosci Lett 1063

204, 201-204. 1064

[66] Jaikaran ETAS, Nilsson MR, Clark A (2004) Pancreatic 1065

beta-cell granule peptides form heteromolecular com- 1066

plexes which inhibit islet amyloid polypeptide fibril 1067

formation. Biochem J 377, 709-716. 1068

[67] Wang H, Raleigh DP (2014) The ability of insulin to inhibit 1069

the formation of amyloid by pro-islet amyloid polypeptide 1070

processing intermediates is significantly reduced in the 1071

presence of sulfated glycosaminoglycans. Biochemistry 1072

53, 2605-2614. 1073

[68] Spillantini MG, Schmidt ML, Lee VMY, Trojanowski JQ, 1074

Jakes R, Goedert M (1997) �-synuclein in Lewy bodies. 1075

Nature 388, 839-840. 1076

[69] Horvath I, Wittung-Stafshede P (2016) Cross-talk between 1077

amyloidogenic proteins in type-2 diabetes and Parkinson’s 1078

disease. Proc Natl Acad Sci U S A 113, 12473-12477. 1079

[70] Martinez-Valbuena I, Amat-Villegas I, Valenti-Azcarate 1080

R, Del Mar Carmona-Abellan M, Marcilla I, Tuñon M-T, 1081
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