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ABSTRACT 
 
 

INTRODUCTION: Dementia is a major contributor to disability and death. A risk 

factor of dementia is type 2 diabetes (T2D). Current evidence suggests shared causes of 

the two diseases and a potential to repurpose specific glucose-control agents (GCAs) for 

dementia prevention or treatment. However, clinical trials and population studies 

focusing on this topic are insufficient to conclude GCAs anti-dementia effects and 

compare effectiveness of different GCAs. This dissertation intended to compare the 

effects of monotherapy and concomitant use of GCAs on dementia. The results should be 

able to provide suggestions on GCAs selection in T2D, in terms of dementia risk 

management.   

METHODS: In this dissertation, study 1 and study 2 used medical records from the 

Veteran’s Affairs Healthcare (VAH) database. Glucose-control treatment histories were 

extracted from prescription records and were aggregated at drug class level. Disease 

conditions were extracted from outpatient diagnosis records, coded by ICD-9 or ICD-10. 

Four antidiabetic drug classes were assessed based on a literature review and VAH data 

richness. Among T2D, study 1 compared the associations of first-generation antidiabetic 

drug classes (metformin [MET], sulfonylureas [SU], and thiazolidinedione [TZD]) with 

the risk of dementia. And study 2 compared the associations of adding dipeptidyl 

peptidase-4 inhibitors (DPP-4is) to MET and/or SU (MET/SU) treatment with risks of 

dementia and other vascular events. To capture the trends of clinical evidence in relevant 

fields, study 3 reviewed phase II, III, and IV clinical trials repurposing GCAs for 

Alzheimer's disease (AD). 
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RESULTS: In T2D without prior dementia, study 1 found that after at least one year of 

treatment, compared with MET monotherapy users, the risk of all-cause dementia was 

22% lower in TZD monotherapy users (HR: 0.78, 95% CI 0·75-0·81), and 11% lower in 

MET and TZD dual therapy users (HR 0.89, 95% CI 0·86-0·93), whereas the risk was 

12% higher in sulfonylurea monotherapy users (HR 1.12 95% CI 1·09-1·15). In study 2, 

compared with participants staying on MET/SU treatment, participants who added DPP-

4is to MET/SU regiments had lower risks for the cerebrovascular outcome (HR, 0.68, 

95% CI, 0.62-0.74), and the microvascular outcome (HR, 0.91; 95% CI, 0.88-0.94), but 

not associated with the risk for the renal outcome (HR, 1.03, 95% CI, 0.97-1.10). In 

study 3, 26 clinical trials were reviewed and summarized in a narrative way. Elders with 

mild cognitive impairment, AD, and other types of dementia were the main trial 

participants. Among studied GCAs, insulin, MET, and pioglitazone showed protective 

effects on subsets of cognitive function but findings on global cognition and AD 

biomarkers were neutral. But evidence of other GCAs was either insufficient to make 

conclusions or unavailable.  

CONCLUSION: These studies suggest that different GCAs had varied effects on 

dementia risk within elder T2D, although GCAs may be unable to modify AD 

progression after AD onset. Without disturbing diabetes management, clinicians may 

consider lowering patients’ dementia risk through GCAs selection. Additional research is 

warranted to exam whether our findings apply to younger populations and minority 

groups. 
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CHAPTER 1: INTRODUCTION AND RATIONALES 
 

Dementia refers to a neurodegenerative disorder that affects over 50 million people 

globally and with an incidence that is increasing by 10 million cases per year (1). The 

rates are even higher in developing and countries in Eastern region, where the speed of 

population aging is fastest in the world (2). Dementia is a major contributor to disability 

and mortality globally (1). Alzheimer’s disease (AD) is the most diagnosed dementia 

type, which accounts for 70% of all cases. The other major type is vascular dementia 

(VaD). However, VaD cases can be counted as mixed dementia since it can be difficult 

to distinguish AD from VaD (1). So far, there is no treatment available to cure some 

subtypes of dementia but adopting a healthy lifestyle or maintaining normal glucose and 

lipids profiles may reduce the risk of dementia or delay its progression (3). In recent 

decades, glucose-control agents (GCAs) have attracted research interest because of their 

potential to modify dementia pathogenesis by interfering with insulin and glucose 

metabolism in the brain, and through other neuroprotective functions (4).  

Considering the doubled risk of dementia in type 2 diabetes (T2D), exploring which 

GCAs have anti-dementia potentials on top of glucose-lowering effects becomes critical. 

T2D is the seventh leading causes of disability and mortality worldwide in 2020 (5). 

Studies have reported decreased quality of life and substantial socioeconomic burden 

associated with T2D (5). If GCAs could be repurposed for dementia, two major public 

health issues could be addressed by medications that already have comprehensive safety 

records and are available on the market. 
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1.1 Mechanisms, Diagnosis, and Risk Factors for Dementia 

Dementia manifests as declined cognitive functions in multiple domains (e.g., 

memory, execution, and language). Individuals with dementia are usually identified when 

cognition impairment is severe, irreversible, and affects activities of daily living. Some 

individuals are diagnosed at a pre-dementia stage, called mild cognitive impairment 

(MCI), although MCI can be reversible and does not always end as dementia (6). The 

underlying mechanism of dementia is unknown but animal and human studies have 

associated dementia onset with dysfunctions of proteins in the brain (7). Each dementia 

type has specific pathological characteristics. For example, AD patients are featured by 

beta-amyloid (Aβ) deposit and total tau protein (T-tau) accumulation in the brain, 

whereas patients with Lewy body dementia and Parkinson’s disease show accumulated 

alpha-synuclein protein (8). A special type of dementia, vascular dementia (VaD), is 

primarily caused by impaired cerebral blood flow, which affects neuro-nutrition and 

eventually damages brain cells. Stroke and injuries that can directly narrow the brain 

blood vessels or cut off the blood supply to part of the brain could increase VaD risk (9).  

Limited knowledge of dementia pathogenesis, plus subtle and dynamic symptoms 

make dementia diagnosis challenging. Current methods combine behavioral changes, 

cognitive scales, and physical examinations. At the first clinical visit, a person who 

knows the patient’s behavioral changes, daily activities, and medical conditions must be 

present to provide this information. Then, the patient’s cognitive function is assessed by 

mental status scales (10). Widely used scales are summarized in Table 1. More 

comprehensive and time-consuming neuropsychological tests will be prescribed 

whenever needed.  
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The high sensitivity and specificity of valid mental status scales do not significantly 

increase early detection rate of dementia because of its long preclinical period. 

Additionally, the USPSTF guideline does not support dementia screening in older adults 

due to insufficient evidence (11). From a research perspective, heterogeneities in score 

ranges and cutoff, weights of individual cognitive domains, and environmental 

heterogeneity could make comparisons between studies difficult. And without routine 

cognitive monitoring data, the duration and progression of dementia are usually biased in 

research studies, especially in retrospective studies. 

Although some dementia types do not have specific treatments yet, several risk factors 

of dementia have been identified. Unmodifiable factors include family history of 

neurodegenerative diseases (12), brain injury, risk genes (12, 13), being female (14), and 

age (14). Consistently reported modifiable factors are smoking (15, 16), lack of social 

support (17), physical inactivity (15, 16, 18), unhealthy diet(17), prescription history(17, 

19), high total cholesterol level (15, 16, 18), diabetes (15, 17), hypertension (16, 18, 19), 

obesity (16, 18), and heart diseases (15, 17). These modifiable risk factors are associated 

with other aging-related diseases (e.g., cancer) and imply connections between metabolic 

syndrome (i.e., coexist of high blood pressure, high blood glucose, increased fat percent, 

and lipid disorder) and dementia Higher midlife vascular risk has been associated with 

elevated amyloid deposition, a pathological feature in AD patients (20). The effect of a 

single factor on dementia onset or prognosis could be too weak to be detected, thus, 

many studies used the number of risk factors, or generated a weighted score from all 

factors as risk indices (15-18). A review found that compared with the no-risk group, 

dementia risks were 20%, 65%, and 121% times higher in groups with one, two, or more 
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risk factors, respectively (17).  

1.2 Classes of GCAs 

Commonly used GCAs can be categorized into seven classes: metformin (MET), 

second generation sulfonylurea (SU), thiazolidinedione (TZD), DPP-4 inhibitors (DPP-

4is), sodium-glucose cotransporter-2 inhibitors (SGLT-2is), glucagon-like peptide-1 

receptor agonists (GLP-1RAs), and insulin. Major considerations of GCAs selection 

include the patients’ glucose and lipids profile, cardiovascular disease (CVD) history, 

and renal function, antidiabetic treatment tolerance (21). Current guidelines suggest MET 

as the first-line treatment, other oral agents and injectable GLP-1Ras as the second-line 

treatment, and insulin as the final treatment stage (21). But in practice, the orders may be 

different and concomitant therapy is common to achieve additive or synergistic effect 

because GCAs have different targeting sites (22). 

MET and TZD are insulin sensitizers, a type of drugs let cells use glucose more 

effectively. And they reduce hepatic glucose production and glucose absorption by the 

intestinal system. Additionally, MET potentially reduces CVD risk and retain renal 

function. SU belongs to insulin stimulator. This class blocks ATP-sensitive K+ channels 

located on pancreatic β cells, and consequently causes a rise in secretion of insulin (23). 

DPP-4is and GLP-1RAs lower glucose level by increasing GLP-1 level. GLP-1 is mainly 

produced in the gut and released into blood after food consumption. When GLP-1 binds 

with the GLP-1 receptor (GLP-1R), the compound stimulates insulin secretion, inhibiting 

food intake, and delaying stomach emptying (24, 25). Lastly, SGLT-2is reduce glucose 

reabsorption by kidney and accelerate the excretion of glucose in the urine. Besides 

glucose-lowering effects, MET has shown CVD prevention effects, whereas SGLT-2is 
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may have benefits in weight loss, maintaining blood pressure, and retaining renal 

function (26).   

1.3 Connections between GCAs Use and Dementia Onset 

How T2D relates to dementia is not clear but studies consistently observe significant 

roles of three features in common (Figure 1). The first one is shared risk genes. T2D and 

75% of dementia cases can be considered as genetically complex diseases, which are 

caused by genes, environment, and their interactions (13). A consistently identified risk 

gene for both T2D, AD, and VaD is APOE. Compared with a population carrying APOE 

E3/E3, the AD risk is three and eight times higher in populations carrying E3/E4 and 

E4/E4, respectively (27). However, ApoE phenotype cannot be used for dementia 

screening due to its low sensitivity (<50%) and specificity (<30%). (28) Other candidate 

variations have been suggested but are not introduced here because of low replication 

rates or minimal magnitude of effects. On the other hand, GWAS studies have reported 

association between AD and T2D (29-31). For example, Zhu et al. found strong local 

genetic correlation between the two diseases (P = 6.78 × 10− 22). When exploring their 

shared loci, the authors found fasting glucose, fasting insulin, and AD trait all involved in 

amyloid metabolic process pathways (29). Genetic studies connecting T2D with other 

types of dementia (e.g., frontotemporal dementia) are rare and no conclusive result has 

been reported.      

The second hypothesized mechanism between dementia and T2D is through 

elevated vascular risks (e.g., hypertension), which escalates cerebrovascular diseases and 

progress to dementia. When peripheral blood supply is altered, translational speed and 

volume of nutrition, growth factors, oxygen, and other critical factors to the brain are 
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affected, which could cause neurological dysfunction. Midlife hypertension was found to 

increase the risk of dementia in T2D by approximately 5% to 25%, depending on the 

antihypertensive treatment took by the patient (32-34). Another risk factor, central 

adiposity, defined by waist-to-hip ratio plays an important role in both T2D and dementia 

onset (35, 36). Visceral fat has been proved to be more active than subcutaneous fat and 

is more influential in inflammation and insulin resistance (37). Human studies have 

observed lower gray matter volume, memory decline, and insulin resistance associated 

with high waist-to-hip ratio (38, 39). On the other hand, findings on dyslipidemia and 

obesity defined by BMI are inconclusive (33, 34).  

This dissertation focuses on the third pathway, insulin resistance and glucose 

metabolism. Indeed, some have called dementia type-3 diabetes because it is 

accompanied with brain hyperglycemia and insulin resistance (40). For decades, 

researchers believed that the brain was insensitive to insulin. Now it has been confirmed 

that insulin resistance can increase proximal toxins in brain (e.g., active amyloid-b 

oligomers) that accelerate synapse dysfunction and memory failure, decrease oligomer 

clearance, and downregulate cholinergic receptors. In AD patients, both the quality and 

quantity of the brain insulin receptors are reduced (41). Then, cumulative effects of these 

changes manifest as cognitive impairment. Hyperglycemia also affects the neurological 

environment directly. Animal studies found that constantly high blood glucose was 

associated with neuroinflammation, tau phosphorylation, and memory deficits (42). 

Unlike in the peripheral system, glucose uptake is not insulin-dependent in the brain (43). 

Intuitively, GCAs that work as insulin sensitizer or insulin stimulator may protect 

cognition via insulin-related mechanisms or be directly involved in brain glucose 
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circulation.  

To date, evidence from animal studies have suggested cognitive benefits of MET, 

TZD, DPP-4is, SGLT-2s, GLP-1RAs, and nasal insulin within diabetic models. But the 

results are not entirely consistent across studies due to diverse diets assigned to the 

animals and inherent differences between animal models. Specifically, administration of 

MET to mice with hyperglycemia reduced amyloid deposition, tau concentration, and 

oxidative stress. Long-term effects on memory and learning were also reported. In 

clinical trials, MET’s anti-dementia effects have been evaluated in MCI or AD patients, 

but the findings are inconclusive. Relevant observational studies compared dementia risk 

among elder T2D treated with MET to untreated patients, and reported reduced risk in 

MET users (44, 45). although studies with smaller sample sizes were more likely to have 

null conclusions (46, 47). Besides lowering blood glucose, metformin can facilitates 

tissue repairment and lowers cholesterol, which could modify dementia risks via vascular 

pathways (48). TZD class may modify dementia risk via both PPAR system and glucose 

homeostasis. Animal models reported that PPAR activation downregulated 

neuroinflammation, improved synaptic plasticity, and improved neurite outgrowth (49, 

50). In general, large observational studies using surveillance data or medical records 

support repurposing pioglitazone (a TZD) for dementia, while trials reported non-

superior to placebo (51-54). Two main explanations for the discrepancy are differences 

in study population and treatment duration. Trials were conducted in MCI or AD patients 

and were six months long on average, whereas observational studies were conducted in 

elder T2D patients and lasted from one to three years. Thus, trials could fail to detect 

changes in dementia risk or cognition improvement due to the already irreversible 
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neurological impairment or insufficient TZD exposure.   

DPP-4is and GLP-1RAs are relatively new GCAs classes that are involved in GLP-

1 functioning. In the CNS, GLP-1 is secreted by the brainstem. High bonding rates of 

GLP-1 and GLP-1 receptor have been associated with cognitive benefits, which could 

involve neuroinflammation, mitochondrial function, and cellular proliferation, 

neurogenesis, synaptic transmission (55, 56). DPP-4is and GLP-1RAs increase GLP-1 

level via inhibiting DPP-4 (an enzyme degrades GLP-1) and activating GLP-1 receptors, 

receptively. Animal studies suggest that DPP-4is alleviates endothelial disorders, 

hippocampal mitochondrial dysfunction, and oxidative toxins in the brain (57-59). At the 

cognitive level, both animal models and observational studies in T2D patients suggest 

improvement induced by DPP-4is administration (57, 59-61). However, human studies 

with larger sample sizes are warranted to confirm the results. Currently, studies assessing 

DPP-4is use and dementia risk are lacking. GLP-1RAs reduced inflammation cytokines 

(e.g., NFTs), attenuated amyloid deposition, reduced neuronal death, and improved 

memory in mice models (62, 63). Clinical trials consistently reported null associations of 

GLP-1RAs use with changes in cognitive function, AD biomarker change, and daily 

function within MCI or demented patients (64). However, in exploratory analyses of 

three trials, GLP-1RAs use was associated with reduced dementia incidence (65).  

SGLT-2is may modify dementia progress by suppressing mTOR kinase activity, a 

factor promoting mitochondrial dysfunction in the brain, tau hyperphosphorylation, and 

amyloid deposition (66, 67). Additionally, SGLT-2is have shown potential of improving 

stroke risk factors (e.g., fat mass in the body, lipids profiles) (68). In a large 

observational study using Danish register data, dementia incidence was 42% lower in 

about:blank
about:blank
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SGLT-2is users than in untreated T2D patients (69). Smaller observational studies that 

compared SGLT-2is with usual treatment, incretin, or GLP-1RAs consistently reported 

lower dementia incidence in SGLT-2is users (70, 71).  

The last highly promising GCAs is intranasally administered insulin. As the 

intranasal route delivers insulin directly into the CNS and enhances insulin-related 

functions, the bioavailability is high and hypoglycemia caused by elevated peripheral 

insulin level is avoided (72, 73). An in vitro study reported that in rat and human cell 

cultures, insulin reduced amyloid deposition and reduced proteins that favor 

deposition (e.g., insulin degrading enzyme) (74). Increasingly, animal studies suggested 

associations of insulin administration with accelerated amyloid clearance, declined 

hippocampal atrophy rate, and improved memory in AD and T2D rodent models (75, 

76). Since insulin approved for T2D is administrated by injection, not via nasal route, 

observational studies are inappropriate for this topic. But a few clinical trials have been 

conducted. Within AD populations, trails reported neutral effects of nasal insulin on 

global cognition and functional abilities regardless of measuring scales, although changes 

in subdomains of memory were observed (77-79). For AD biomarkers (e.g., tau protein, 

Aβ42, and p-tau/Aβ42 ratio), insulin treated groups generally had a better profile than 

placebo groups (77, 80, 81).  

1.4 Rationales and Flow of the Dissertation 

This dissertation intended to compare the effects of different GCAs classes on the 

risk of dementia using the VAH database. The results could help T2D patients narrow 

down treatment options in terms of dementia prevention. Besides enriching the evidence 

base, limitations of previous studies on this topic (i.e., small sample size, short study 

about:blank
about:blank
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duration, unclear treatment status of control group, and prescription bias, unclear 

temporal relationship) could be partially addressed by our data source and statistical 

methods. 

The dissertation is composed of three projects. The first project is a prospective 

cohort study using VAH’s electronic medical records data. It compared the risk of 

dementia in T2D treated with SU or TZD to T2D treated with MET. Two exposure 

groups and one control group were defined by monotherapy use of SU, TZD, or MET, 

respectively. The primary outcome was all-cause dementia, and the two secondary 

outcomes were AD and VaD, defined as having two diagnosis records from different 

clinical encounters (ICD-9 or ICD-10). The risks for developing outcomes were 

compared using propensity score weighted Cox proportional hazard models. 

The second project compared T2D who added DPP-4is (sitagliptin, saxagliptin, 

linagliptin, or alogliptin) to MET/SU with who continued MET/SU treatment. The 

primary outcome was a composite cerebrovascular outcome of stroke or dementia. 

Secondary outcomes include incident stroke, any dementia, a composite renal outcome, 

and a composite microvascular outcome. All outcomes and comorbidities were defined 

based on outpatient diagnosis records and lab measures. The two groups were matched 

on propensity scores. The risks for developing outcomes were compared using Cox 

proportional hazard models.   

The VAH database does not have sufficient users of newly approved GCAs, such as 

SGLT-2is and GLP-1Ras, which hindered out ability to assess these in relation to 

dementia. To capture the associations of new GCAs with cognition or dementia, the third 

project reviewed phase II, III, and IV clinical trials designed to repurpose GCAs for AD 
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prevention or treatment.  
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CHAPTER 2: SPECIFIC AIMS 
 

Specific Aim 1: To assess the associations of MET, SU, and TZD use with incidence of 

dementia among T2D participants. We hypothesized that, 

1.1 SU treatment is associated with increased incidence of dementia compared with 

MET treatment, and 

1.2 TZD treatment is associated with lower incidence of dementia compared with 

MET treatment, and 

1.3 Combining SU with MET or TZD the risk of dementia compared with SU 

monotherapy.  

Specific Aim 2: To assess the risks of dementia, stroke, and microvascular conditions 

within T2D who added DPP-4is on top of MET and/ or SU (MET/ SU) treatment. We 

hypothesize that, 

2.1 The addition of DPP-4is is associated with lower risks of all pre-defined outcomes compared 

with T2D who continued MET/ SU treatment, and 

2.2  DPP-4is’ benefits in dementia and vascular conditions vary by participants’ 

baseline kidney function and congestive heart failure history. 

Specific Aim 3: To review clinical trials designed for repurposing GCAs for AD 

prevention or treatment. We hypothesize that: 

3.1 MET, TZD (pioglitazone), DPP-is, GLP-1RAs, and insulin (nasal administration) improve 

cognitive functions, regardless of study population selection, and 

3.2 MET, TZD (pioglitazone), DPP-is, GLP-1RAs, and insulin (nasal administration) reduce AD 

biomarkers in MCI and AD patients, and reduce AD risk in elders with normal cognitive 

function, and 
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3.3 GCAs can’t prevent AD in MCI patients and can’t reverse AD progression.  
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CHAPTER 3: USE OF METFORMIN, SULFONYLUREAS, AND THIAZOLIDINEDIONES 
AND THE RISK OF INCIDENT DEMENTIA IN TYPE 2 DIABETES 

 
3.1 Introduction 
 

Studies have been investigating the use of GCAs for dementia (especially AD) 

prevention and treatment. Use of MET (82), TZD (83, 84), and intranasal insulin was 

reported to improve cognitive function, while use of SU and regular insulin were 

associated with increased risks of dementia.(85) However, these associations were not 

consistently observed (45, 46, 82-84, 86). Inconsistencies among previous study findings 

may be due to small sample sizes, short follow-up time, heterogeneity in study 

populations or treatment group comparisons, and inadequate adjustment for confounding. 

(45, 46, 82-84, 86) In addition, patient characteristics such as degree of obesity may 

modify the treatment effects but have not been well examined (87, 88). 

Using the VAH’s electronic health records (EHRs), we compared the effects of three 

commonly prescribed oral GCAs, MET, SU, and TZD on dementia onset among T2D 

veterans. Given that untreated diabetes is in small numbers and with healthier 

phenotypes, we employed MET monotherapy as the active comparator. This setting also 

makes our study comparable with previous research. Our findings provide evidence for 

medication selections for mild or moderate T2D who are at high risk for dementia. 

3.2 Methods 
 

In this prospective cohort study, we used EHRs from the national Veteran Affairs 

(VA) Health System between January 2000 and December 2019. Data included 

participants’ demographics, lab results, prescriptions, and diagnoses using International 

Classification of Diseases Ninth Revision (ICD-9), or Tenth Revision (ICD-10) codes in 

outpatient and inpatient healthcare settings. Figure 2.1 illustrates our cohort curation 
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process. We included T2D participants who received their first MET, SU 

(tolbutamide, glimepiride, glipizide, or glyburide), or TZD (rosiglitazone or pioglitazone) 

prescription between January 2001 and December 2017. To identify new users, eligible 

participants were enrolled in the VA Health System for at least one year without any oral 

or injectable GCAs prescription before receiving their first MET, SU, or TZD 

prescription. We define a baseline period as 12 months preceding and the six months 

following the first GCA prescription. This permitted 1.5 years to collect baseline 

characteristics and avoid GCA switches. Treatment assignment was determined 

according to the GCA received after the baseline period (89). An exposure period was 

defined as the initial one (primary analysis) or two-year period (secondary analysis) 

following the baseline period, and included participants who were only those using MET, 

SU, or TZD for glucose control during the period. Follow-up for outcomes started one 

year (or two years for the secondary analysis) after the end-of-baseline period and was 

referred to as the index date. We required enrolled participants to have two T2D 

diagnosis encounters at least 30 days apart (ICD-9-CM 250·xx, except 250·x1 and 

250·x3; ICD-10-CM E11·9, E10, or E14) or two glycated hemoglobin (HbA1c) 

measures above 7% from separate visits during one year before the baseline. Additional 

baseline inclusion criteria were: (1) ≥ 60 years old; (2) having HbA1c, race, and gender 

information; (3) having ≤2 diabetes complications (90). Participants who had dementia, 

other cognitive conditions, brain injury before the index date, or missing information for 

over 10% of baseline covariates were excluded (91).  

Exposure 

In the primary analysis, we compared the effects of at least one year of MET, SU, or 
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TZD monotherapy or two-drug therapies (in combination or prescribed sequentially) on 

the risk of incident dementia. Exposure was defined as using a medication (determined 

by days of coverage) longer than one-third of days from the end-of-baseline period to the 

index date, i.e., total days of exposure (Figure 2.2A) (92). Treatment groups were 

mutually exclusive. Patients who did not meet this exposure threshold or were exposed to 

more than two GCAs were excluded. We extended the one-year exposure period to two 

years in the secondary analysis and reevaluated the treatment effects (Figure 2.2B). 

Participants were required to be dementia-free and stayed on the same treatment in the 

first and the second exposure years.  

The primary outcome was all-cause dementia diagnosed during follow-up, defined as 

having at least two outpatient diagnosis codes at least 30 days apart. The date of the first 

diagnosis was referred to as the event date. We used the ICD-9 list developed by the VA 

Dementia Steering Committee, validated by recent studies (90, 91). We converted the list 

to ICD-10. Secondary outcomes were VaD and AD, requiring two diagnosis codes at 

least 30 days apart. Table S1 in the Appendix A provides outcome ICD codes. 

Other covariates 

Most patients’ characteristics were extracted during the 1·5-year baseline period, 

while age, sex, race, household income, and height were extracted within five years. Due 

to the low numbers of non-Black minorities, race was aggregated as White, Black, and 

Other. Covariates included age, sex, race, household income, calendar year of 

individuals’ baseline, baseline biomarkers (HbA1c, lipid levels, body mass index [BMI], 

systolic and diastolic blood pressure), statin use, number of diabetes complications in the 

Diabetes Complications Severity Index (DCSI), and 27 selected Elixhauser’s 
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comorbidities (Appendix A Table S1) (93, 94). Several Elixhauser’s comorbidities, 

including drug abuse, psychoses, depression, hypothyroidism, renal failure, non-

dementia neurological diseases, and each cardiovascular condition, were treated as 

independent covariates because of their close association with cognition. In contrast, 

others were aggregated as a weighted sum according to Elixhauser’s algorithm (93, 94), 

as applied before (45, 46). 

Statistical analysis 

A propensity score (PS) indicating a participant’s likelihood of receiving MET 

monotherapy was calculated by multivariable logistic regressions using all covariates 

listed above. To avoid results driven by PS extremes (i.e., very small PS), we stabilized 

the weights (inverse of PS) by multiplying them by the marginal probability of receiving 

MET monotherapy (95). Each propensity score model showed good discriminatory 

accuracy (all C-statistics > 0.85). The PS between groups were overlapping before 

stabilization (Appendix A Figure S1), but the overlap was substantially increased with 

stabilization (Appendix A Figure S2). 

Participants were followed until events of interest occurred or until death, Dec 31, 

2019, or no clinical encounter in six months (referred to as loss of follow-up), whichever 

occurred first. An inverse probability treatment weighted (IPTW) Cox Proportional 

Hazards model was used to assess the treatment effects on the risk of all-cause dementia, 

AD, and VaD with MET monotherapy group serving as the reference. Models were 

adjusted for baseline HbA1c, calendar year of end-of-baseline, comorbidity counts, statin 

use, and BMI, which remained unbalanced after weighting (defined as having 

standardized mean differences [SMDs] higher than 0.1 after IPTW in any pair of 
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comparisons, see Appendix A Table S2 for details) (96). All variables met the 

proportional hazards assumption evaluated by Schoenfeld residuals (97). 

To assess whether GCAs and incident dementia was linked through glucose control 

and use of medical resources, we compared temporal patterns of annual HbA1c levels, 

frequency of clinical encounters, and hypoglycemia events during follow-up among 

treatment groups by linear mixed models. Hypoglycemia was defined as having a 

diagnosis record or having a blood glucose measure < 70 mg/dL (98). To explore 

whether GCAs’ impact on the risk of dementia was associated with prevention of 

vascular diseases, we conducted survival analysis to evaluate the risk of a vascular 

composite outcome (i.e., myocardial infarction (MI) or atherosclerosis of arteries). Death 

was served as a competing risk.  

Subgroup analyses were conducted for a set of pre-specified conditions (baseline 

age, HbA1c, and BMI). When the interactions with treatment arms were statistically 

significant, treatments were compared with MET monotherapy in each stratum, and 

between-stratum differences were evaluated by Student’s t-test for dependent samples. 

Risks of secondary outcomes were not assessed for interactions due to the limited 

number of cases. Underweight (BMI < 18·5kg/m2) participants were excluded when 

assessing BMI due to the small sample size.  

Sensitivity analysis 

As dementia is commonly underdiagnosed, we expanded the primary outcome to 

include having two fills of one or more types of anti-dementia drugs (donepezil, 

rivastigmine, galantamine, memantine, or aducanumab) within six months. We examined 

whether longer drug supplies (i.e., cumulative supply of GCA for > two-thirds of days 
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per exposure year) affected treatment effects as a dose-response analysis. We also 

repeated the primary analyses after excluding patients with congestive heart failure 

(CHF) and after excluding patients with myocardial ischemic (MI) or atherosclerosis of 

arteries at baseline, as TZD may be specifically avoided in this condition (99). The main 

analyses were also repeated by treating the death as a competing risk in the Cox models 

to avoid potential non-informative censoring bias. Finally, using cancer as a negative 

control outcome that is not believed to cause dementia, we reevaluated the one-year 

treatment effect and further investigated bias and confounding factors associated with our 

study.  

Analyses were conducted using SAS 9·4. A two-sided P value < 0·05 was considered 

statistically significant. The study was approved by the Phoenix VA Institutional Review 

Board.  

3.3 Result 
 

559,106 (6·7%) of the potential participants met selection criteria (Figure 2.1) and 

were largely White (76·8%), male (96·9%), and obese (63·1%) (Appendix A Table S3). 

The mean (SD) age was 65·7 (8·7) years old, and mean (SD) HbA1c was 6·8% (1·0) at 

baseline and age was lowest in the MET group.  The cohort incidence rate of all-cause 

dementia of 8·2 cases per 1000 person-years was highest in the two-drug group of SU 

and TZD (13·4 cases per 1000 person-years) and the lowest in the MET monotherapy 

group (6·2 cases per 1000 person-years). Approximately 10·1% and 8·2% of all-cause 

dementia (31125) could be attributed to AD and VaD, respectively. The MET 

monotherapy group had the highest loss to follow-up rate (64·1%), and the TZD 

monotherapy group had the highest mortality rate (39·2%) (Appendix A Table S4).  
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Primary analysis (One-year treatment) 

Compared with MET monotherapy, SU monotherapy was associated with a 12% 

higher risk of all-cause dementia (HR 1·12; 95% CI 1·09–1·15) and a 14% higher risk of 

VaD (HR 1·14; 95% CI 1·04–1·24) (Table 2.1). In contrast, TZD monotherapy was 

associated with a 22% lower risk of all-cause dementia (HR 0·78; 95% CI 0·75–0·81), an 

11% lower risk of AD (HR 0·89; 95% CI 0·79–0·99) and a 57% lower risk of VaD (HR 

0·43; 95% CI 0·37–0·51). Additionally, the two-drug therapy of MET and TZD lowered 

the risk of all-cause dementia, but SU-involved therapies increased the risks of all-cause 

dementia and VaD. When we accounted for death as a competing risk, TZD’s protective 

effects were slightly attenuated by 2% to 5%, while SU’s hazards increased by 5% to 

10%. Thus, including death as a competing risk did not change the significance of the 

reported treatment effects. 

When exploring the underlying mechanisms of the results, treatment groups did not 

significantly differ from MET monotherapy in terms of HbA1c changes, clinical 

encounter frequencies (on average 13 visits/year; interquartile range [IQR] 7-25), and 

hypoglycemia rates (on average 1.2 event/year; IQR 0-3) during follow-up. The 

differences in HbA1c changing rates during the follow-up period were under 0·02% per 

year (Appendix A Figure S3). Moreover, we found that the risks for MI or 

atherosclerosis were lower in TZD users and higher in SU users, which had the same 

patterns as risks for any dementia (Appendix A Table S5). In a sensitivity analysis that 

identified all-cause dementia by ICD codes or use of anti-dementia medication, all-cause 

dementia incidence increased at similar levels across groups (ranged 0·6% to 1·8%). 

Still, the overall patterns remained the same as in the primary analysis (Appendix A 
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Table S6). Excluding patients with CHF or excluding patients with MI or atherosclerosis 

at baseline did not affect the overall conclusion (Appendix A Table S7). Negative control 

outcome analysis did not identify the presence of residual bias (Appendix A S5).  

Secondary analysis and subgroup analyses 

Extending the GCA exposure to two years did not change the patterns of all-cause 

dementia risks with SU monotherapy and two-drug therapy of MET and TZD, while 

TZD monotherapy became more protective. The two-drug therapy of MET and SU 

became protective for all-cause dementia (HR 0·91; 95%CI 0·88–0·95). Previous 

patterns of AD or VaD risks across groups remained similar (Table 2.1).  

We detected interactions between GCA therapies and baseline age, HbA1c, and BMI 

for risk of all-cause dementia. Thus, the risk was reassessed in six subgroups, defined by 

cutoffs derived from previous studies or clinical guidelines. Compared with one-year 

MET monotherapy, the protective effects of one-year TZD monotherapy or the two-drug 

therapy of MET with TZD were more significant in participants ≤75 years old with BMI 

> 25 kg/m2 than in participants > 75 years old and with normal BMI, respectively (Table 

2). Compared with MET monotherapy, the risk of dementia with SU use was stronger in 

higher BMI participants. TZD use was associated with reduced dementia risk among 

two-year treatment comparisons, and the risk reduction was even greater in overweight 

or obese participants. The two-drug therapy of MET and SU now became protective 

(Table 2.2). Analysis based on GCA supply days also indicated that more consistent TZD 

use (as dual therapy with MET or as monotherapy) was associated with lower risks of 

all-cause dementia, while more consistent monotherapy SU use was linked to higher 

risks (Appendix A Table S8). 
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3.4 Discussion 
 

We found that TZD monotherapy was associated with reductions in risk of all-cause 

dementia compared with use of MET or SU among T2D participants. The use of TZD 

with MET or SU showed a lower risk for all-cause dementia than MET monotherapy. In 

addition, TZD-related treatments were associated with much lower risks of VaD. This is 

consistent with the prior reports that TZDs can reduce carotid atherosclerosis and 

incident strokes (100, 101). Vascular diseases increase the risk of AD (102), so TZD’s 

reduction in VaD may also reduce AD development. Some studies comparing TZD with 

either placebo or standard care within T2D patients have reported reduced risk for AD 

(83, 84). Comparing with MET monotherapy helps provide a relevant active comparator 

as it is the most used GCA, is a middle-of-the-road glucose-lowering drug, and has not 

been linked with increased incident dementia. In contrast, comparisons with untreated 

diabetes patients would be complicated by their small numbers and healthier phenotype. 

Subgroup analyses show that participants aged ≤ 75 years benefited more from TZD 

use than older participants, perhaps highlighting the difficulty of successfully intervening 

in more advanced disease stages and the importance of early prevention for dementia. 

TZD use also appeared to be more protective in overweight or obese participants. This 

may result as TZD reduces central obesity, a recognized risk factor for dementia (103). 

Our results add substantially to the literature concerning the effects of GCA on 

dementia where previous findings have been inconsistent (45, 82-84).6-8,12 Studies with 

follow-up time less than three years have mainly reported null associations, while studies 

with longer follow-up time typically yielded protective findings (45, 46, 82-84). With a 

mean follow-up time of 6·8 years, we had a sufficient duration to detect treatment 
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differences. Another strength of this study was that we required GCA supplies for more 

than one-third of the time per exposure year and observed similar patterns of dementia 

risks as studies that controlled for treatment doses or frequency (45, 84). We also found 

that treatment effects increased with treatment durations and drug supply days, which 

implies a dose-response relationship. Finally, we controlled the treatment 

misclassification rate by setting a six-month drug adaptative period (89).  

The complex pathways linking T2D with incident dementia require studies to control 

many confounders (104). Traditional multivariate regression is ineffective and even 

invalid in this situation (105). We used stabilized IPTW with a comprehensive list of 

covariates to address the issue. Orkaby et al. compared MET with SU uses with similar 

statistical strategies as our study and reported findings consistent with ours (45). To 

assess surveillance bias in dementia detection during the long follow-up period, we 

examined patterns of HbA1c during follow-up, clinical visit frequencies, and 

hypoglycemia event frequencies. These factors did not explain the observed differences 

in treatment effects.  

Dementia misclassification is possible using EHR-based observational studies 

because dementia is commonly underdiagnosed (10). Since IPTW balanced participants’ 

characteristics, we assumed equal rates of dementia underestimation across each group. 

To strengthen the robustness of our results, we broadened the dementia diagnosis to 

include the use of anti-dementia medications. With dementia cases increased by up to 

8%, this did not affect the results. However, phenotyping algorithms using EHRs to 

distinguish dementia subtypes remain challenging. In our study, less than 20% of all-

cause dementia could be coded as AD and VaD, lower than the real-world rate (106). 



34 
 

Page 34 of 83 
 

This may reflect the higher frequency of initial dementia diagnoses by primary care 

providers and their tendency to provide more nonspecific codes for dementia than 

neurologists and geriatricians (107). Newcomer et al. reported that 80% of AD cases 

were underdiagnosed when using a single year of medical claims (108), but the percent 

declined to 13% after extending the claims-extraction period to 5 years (109). For VaD 

detection, a 75% sensitivity and a 74% specificity of ICD-10 codes were reported (110). 

In our study, the misclassification rate of AD could be higher than VaD but the long 

follow-up time may partially offset the difference. Additionally, we excluded participants 

diagnosed with cognitive conditions or brain injury before follow-up, making results less 

biased by pre-existing conditions. We observed a high loss to follow-up rate among MET 

monotherapy users, which may lead to underestimating dementia rates in this population. 

Combined with the relatively low loss to follow-up rate in TZD users, our results 

provided a conservative estimation of the TZD treatment effects for dementia. 

The study is also subject to residual confounding due to missing data (e.g., kidney 

function) or unavailable information (e.g., risk genes) in the database. The Food and 

Drug Administration (FDA) restricted TZD use in 2010 and again eased its use later, 

which changed clinicians’ prescription patterns (111). Although we did not find TZD’s 

treatment effects were mediated by year of treatment initiation (estimated by year of 

baseline), future studies may consider stratifying the analysis by the timing of FDA’s 

announcement.  Although our use of metformin as the comparator does not allow us to 

identify the specific relationship of metformin use with dementia, its common use, mid-

range effects on glucose control, apparently relatively neutral impact on dementia 

provides important advantages for comparison of early-stage diabetes medications. Given 
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the predominately White and male VA population, future studies among more diverse 

populations are needed to confirm the findings. 

3.5 Conclusion 
 

In this study, we found that TZD users had a lower risk of dementia, and SU users 

had a higher risk for dementia than MET users among T2D participants. The protective 

effects of TZD were more substantial for overweight or obese patients. Our findings 

provide additional information to aid clinicians’ selection of antidiabetic medications for 

patients with mild or moderate T2D and are at high risk for dementia.  
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CHAPTER 4: ESCALATING METFORMIN AND/OR SULFONYLURE AS TREATMENTS 
WITH DIPEPTIDYL PEPTIDASE INHIBITORS AND THE RISK OF INCIDENT 

DEMENTIA AND VASCULAR DISEASES IN TYPE 2 DIABETES 
 
4.1 Introduction 
 

Diabetes is associated with higher risks of cerebrovascular and microvascular 

diseases (112). Animal models and preclinical studies have reported that DPP-4is, a 

glucose-lowering agent approved by Food and Drug Administration in 2006, lowers risks 

of stroke and neurodegeneration (113, 114).  But findings are inconsistent in human 

studies. Specifically, clinical trials reported a neutral effect of DPP-4is on stroke (median 

follow-up time, 2 years) (115, 116). However, the protection effect of DPP-4is may be 

masked by the lower stroke incidence in these large trials than that in the real-world. 

(117, 118). Given the known relationships between renal dysfunction and retinopathy 

with accelerated cognitive impairment and increased risk of dementia, it is warrened to 

further assess the relationship between DPP-4is use and renal function as a possible path 

between DPP-4is and cognitive function (119, 120). Our study aims to contributing to the 

understanding on the relationship between DPP-4is addition and risks of cerebrovascular 

composite (stroke or dementia), renal complications, and microvascular complications. 

Specifically, we will compare T2D patients who were taking metformin and/ or 

sulfonylureas (MET/SU) alone, with patients who added DPP-4is to MET/SU. Our study 

included 288,960 veterans with T2D from the VAH database with a median follow-up 

time of 4.2 (interquartile range [IQR] 1.6 – 8.3) years. The large sample size, long-term 

follow-up, and carefully considered confounding factors may overcome limitations of 

previous studies. 

4.2 Methods 
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Participant 

In this retrospective cohort study electronic health records (EHRs) from the national 

VAH System between January 2007 and December 2020 were used for the data analysis. 

The exposure group included new DPP-4is users in addition to MET/SU (i.e., DPP4 + 

MET/SU), and the non-exposure participants were T2Ds who were continuously 

receiving MET/SU-only treatments. New DPP-4is users were defined as T2Ds who 

received their first DPP-4is (sitagliptin, saxagliptin, linagliptin, or alogliptin) prescription 

on top of MET/SU treatment for at least 6 months. Participants in the exposure group had 

to have been continuously prescribed MET/SU in the year prior the initiation of DPP-4is. 

We defined continuous treatment as drug refill gap < 90 days. The date of the first DPP-

4is prescription was the index date for the exposure group (start of follow-up).  

For the non-exposure group, we adopted a matching procedure to assign their index 

date and ensure exposed patients and their non-exposed counterparts have a similar 

duration of MET/SU treatment and calendar date of MET/SU initiation (121). 

Specifically, each participant in the exposed group was initially matched with up to ten 

participants from the non-exposure group, on their ages of MET/SU initiation (±2 years) 

and birth year, without replacement. If there are more than ten eligible non-exposure 

participants for any given exposure patient, a random sample of the eligible participants 

was drawn. Then, unexposed were assigned the same index date as their matched 

exposed counterpart (121). This matching process helped exposed participants and their 

non-exposed counterparts with similar duration of MET/SU treatment and calendar time 

of MET/SU initiation.  

We defined a one-year baseline before the index date to extract patients’ 
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characteristics. Figure 3 presents the cohort curation process. Exclusion criteria were: 1) 

not having two T2D diagnosis encounters, or two glycated hemoglobin (HbA1c) 

measures above 7% at least 30 days apart during the baseline period; 2) enrolled in the 

VAH System less than one year before the index date; 3) non-exposed participants not 

continuously received MET/SU treatment exclusively for > 1.5 years since the start of 

baseline period; 4) having no baseline HbA1c, eGFR, and demographic information; 5) 

had dementia, brain injury, or other cognitive conditions at baseline (91).  

Outcomes 

Disease outcomes were defined by prescription records or diagnosis records using 

validated International Classification of Diseases Ninth Revision (ICD-9), or Tenth 

Revision (ICD-10) codes in outpatient and inpatient healthcare settings. The primary 

outcome was time to incident stroke or all-cause dementia, defined with ICD codes 

developed by the VA Dementia Steering Committee and prescriptions of anti-dementia 

medications (full outcome definitions in Appendix B Table S1) (90, 91). Secondary 

outcomes were time to individual outcomes of the primary outcome, a renal composite 

outcome (i.e., cumulative dialysis for >30 days, eGFR decreased by 40% from baseline, 

kidney transplantation, or other end-stage kidney diseases, whichever happened 

first)(122-124), and a microvascular composite outcome (i.e., retinopathy, nephropathy, 

or neuropathy, whichever happened first) (122-124). Chronic obstructive pulmonary 

disease (COPD) and musculoskeletal composite (arthralgia or arthropathy) were used as 

negative control outcomes, which share the same bias with the primary outcome but are 

not plausibly related to the treatment of interest (125). 

Covariates 
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Patients’ characteristics were extracted during the one-year baseline period 

(covariate list in Appendix B Table S2). Due to the low numbers of racial minorities in 

the VA, race was aggregated as White, Black, and Other. Ethnicity was not used due to 

large amounts of missing data. Covariates included age, sex, race, household income, 

calendar year of individuals’ index date, body mass index (BMI), baseline biomarkers 

(HbA1c, lipid levels, systolic and diastolic blood pressure, and eGFR), health insurance, 

number of diabetes complications (126), and selected Elixhauser’s comorbidities (93). 

For Elixhauser’s comorbidities, each cardiovascular condition was treated as independent 

covariate because of its’ close association with outcomes. Others were aggregated as a 

weighted sum according to Elixhauser’s algorithm (93).  

Statistical analysis 

A propensity score (PS) indicating a participant’s likelihood of receiving DPP-4is 

was calculated using 25 covariates in a multivariable logistic regression model. With the 

preliminarily selected participants (with the 1:10 matching), we further conducted a PS-

matching at a 1:5 ratio (exposed vs. non-exposed) which also required exact match on 

birth year and duration of first-generation treatment before the index date (127). Cox 

Proportional Hazards models were used to assess the relationship of DPP-4is with the 

outcomes.  As we had a matching design, stratums were formed for each matched set, 

and the stratum-specific estimates were combined as the final estimates. Unbalanced 

covariates after matching (defined as having post-matching standardized mean 

differences [SMDs] > 0.1) were included in the model to control for possible 

confounding (128). To explore whether DPP-4is use and vascular risks was linked 

through glucose or eGFR control, we additionally adjusted for most recent HbA1c and 
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eGFR measures as time-varying covariates in the Cox models. Participants were 

followed until events of interest occurred, death, Dec/31/2019, or no clinical encounter in 

six months (referred to as loss of follow-up), whichever occurred first. We treated death 

as a competing risk. 

Based on previous studies, we conducted subgroup analyses for a set of pre-specified 

conditions (CVD history, age at index date [≤70 years, >70 years], baseline congestive 

heart failure [CHF], and baseline eGFR [≤60 mL/min, >60 mL/min]), unless the 

subgroup had less than 50 events (129). Trend tests for follow-up HbA1c and eGFR were 

also conducted to show DPP-4is’ effectiveness in diabetes management. Sensitivity 

analysis was conducted by adding treatment discontinuation (i.e., no refill of treatment 

drug ≥ 90 days) as a censoring point, mimicking a per-protocol design (130).  

Analyses were conducted using SAS 9·4. A two-sided P value < 0·05 was considered 

statistically significant. The study was approved by the Phoenix VA Institutional Review 

Board. Adjusted hazard ratios (HR) were reported below. 

4.3 Result 
 

Of the 2,649,834 T2D patients, 11,182 DPP-4is new users were matched with 33,528 

MET/SU users (Appendix B Figure S1). Participants were largely White (86.8%), male 

(96.4%), older than 65 (age mean 66.8, SD 8.9), and had CVD at baseline (88.2%) (Table 

3.1). The DPP-4is exposed group had a lower rate of cerebrovascular events (16.9 per 

1000 person-years) than the non-exposed patients (22.7 per 1000 person-years). The 

median follow-up time was 4.2 years in both groups. After PS-matching, covariates were 

well balanced, except for sex and race, which were adjusted in all Cox models. Other 

covariates were also adjusted due to its’ practical importance (i.e., baseline HbA1c, 
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eGFR, comorbidities, and duration of antidiabetic treatment). The matching process 

showed good discriminatory accuracy (C-statistics 0.89; SMD in Table 3.1). Appendix B 

Figure S2 shows PS distributions. The null results from negative control analysis for 

COPD and musculoskeletal disorders supported that treatment effects were not driven by 

cohort selection bias (Table 3.2).  

Compared with the non-exposed group,  the exposed group had lower risks of the 

cerebrovascular composite outcome (HR, 0.68, 95% CI, 0.62-0.74), all-cause dementia 

(HR 0.67; 95% CI 0.59–0.76), stroke (HR 0.67; 95% CI 0.60–0.75), and the 

microvascular composite outcome (HR 0.91; 95% CI 0.88–0.94); but the exposed and 

non-exposed groups had no difference in renal outcomes (HR, 1.03; 95% CI, 0.97–1.10) 

(Table 3.2). Additional adjustments for time-varying HbA1c and eGFR slightly 

strengthened the association between DPP-4is use and lower risk of cerebrovascular 

composite and stroke, while the associations with other outcomes were not affected 

(Table 3.2). We observed a decline of mean HbA1c over time in exposed group but in 

unexposed, mean HbA1c increased after one year of MET/SU treatment. The HbA1c 

trends were statistically different between the groups, whereas the eGFR trends were 

similar (Appendix B Figure S3). 

We detected statistically significant interactions between treatments and baseline 

eGFR when assessing risks of the cerebrovascular composite and microvascular 

composite. Compared with non-exposed, exposing to DPP-4is lowered cerebrovascular 

risk by 27% (HR, 0.63; 95% CI, 0.56–0.70) and lowered microvascular risk by 12% 

(0.88; 95% CI, 0.85–0.92) in participants with baseline eGFR > 60 mL/min/1.73m2. In 

participants with reduced eGFR, the association of DPP-4is with reduced cerebrovascular 
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risk was weaker (HR, 0.80; 95% CI, 0.68–0.94).  No association between DPP-4is use 

and microvascular risk was found (HR, 0.97; 95% CI, 0.91–1.04). Moreover, the strength 

of the association of DPP-4is with microvascular benefits tended to be greater in 

participants with CHF history (HR, 0.72; 95% CI, 0.61–0.84) than in CHF-free 

participants (HR, 0.92; 95% CI, 0.89–0.95) (Appendix B Figure S4). Other pre-defined 

interaction terms were either insignificant or not assessed due to limited event numbers 

in subgroups (N<50). The per-protocol analysis showed similar patterns as the main 

analysis, but all originally significant associations became stronger (Appendix B Table 

S3).  

4.4 Discussion 
 

Our study found that intensifying metformin and/ or sulfonylureas with DPP-4is was 

associated with lower risks for the cerebrovascular composite, stroke, and microvascular 

composite, but not with the renal outcome. The benefits varied by participants’ baseline 

eGFR and CHF history. We also found that adding DPP-4is performed better than 

MET/SU-exclusive treatment in terms of HbA1c management. But DPP-4is’ protective 

effects on outcomes were not affected after controlling for the HbA1c changes. This 

implied pathways that connecting DPP-4is with cerebrovascular risks could be 

independent from glucose-control. 

DPP-4is lower glucose by increasing activity of GLP-1, an incretin hormone that 

stimulates insulin secretion, inhibits food intake, and delays stomach emptying once 

binds with GLP-1 receptor (24). In the brain, the GLP-1 compound shows cognitive 

benefits by mediates neuroinflammation, neurogenesis, and synaptic transmission (55). 

Large-scale trials and qualitative reviews suggested that compared with usual care, DPP-

https://www.sciencedirect.com/topics/medicine-and-dentistry/neuroinflammation
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4is reduced risks for cerebrovascular diseases (113, 115), and overall microvascular 

outcomes (131), although some findings did not reach predefined significant levels. 

Moreover, the findings on risks of stroke and renal outcomes tend to be neutral (118, 

132, 133). These null conclusions could be explained by the low event numbers 

(particularly for cerebrovascular outcomes) and the difference in population 

characteristics (122). In our study, the vascular outcome rates were comparable with 

other observational studies and national averages (134), but were higher than large 

clinical trials (132, 135-137). This gave us a higher statistical power to detect treatment 

effects than majority of trials. Compared with trials, our participants had lower baseline 

eGFR, higher rates of CVD history, longer duration of glucose-lowering treatment, and a 

much lower percent of females (132, 135-137). These characteristics outlined an at-risk 

population less healthy than trial participants, thus that was more relevant with 

preventive interventions.  

 Many trials assigned controls to usual treatment and allowed treatment 

modifications (e.g., adding new oral agents or insulin) (132, 135-137). We restricted 

controls to MET/SU-exclusive users and required participants to stay on MET/SU ≥ 180 

days. By comparing DPP-4is with specific types of treatment, our findings provided clear 

messages for drug selection.  

This study had important limitations to consider. There was a relatively low incident 

rate of dementia which may result in a low statistical power to compare treatments. The 

VA’s population may not be generalizable to other populations (e.g., low numbers of 

ethnic minorities, male dominant population, and high comorbidities). Additionally, 

some details about treatment and participants’ features are unavailable due to inherent 



44 
 

Page 44 of 83 
 

deficiency of EHRs data (e.g., lack of information of drug doses, compliance of 

treatment, and duration of T2D). The compliance bias was partially ruled out by results 

from per-protocol analysis, where the observed patterns from main analysis remained the 

same.  

4.5 Conclusion 
 

In this observational study using a nationwide database, we found DPP-4is was 

protective for a cerebrovascular composite outcome (stroke or dementia), derived from 

the American Diabetes Association’s screening recommendations for elderly diabetes in 

2022 (138). The finding was supplemented with detected protections on microvascular 

outcomes, which may have common mechanisms with cerebrovascular diseases.(120) 

Our study contributed to the evidence-based 2nd line drug selection of elderly T2D 

patients with high comorbidities.  
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CHAPTER 5: REVIEW OF CLINICAL TRIALS LEVERAGING GLUCOSE-
CONTROL AGENTS TO PREVENT OR TREAT ALZHEIMER’S DISEASE 

 
5.1 Introduction 

 
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of unclear 

etiology. AD commonly manifests as memory impairment and accounts for 60-80% of 

dementia cases (139). AD affects 50 million people globally in 2015 and is increasing at 

a rate of 10 million cases per year (140). Age is the most potent risk factor for AD but 

other plausible factors such as apolipoprotein E4 genotype, extracellular amyloid 

plaques, and vascular diseases may also contribute to AD development (141).  

AD is also called type 3 diabetes because of its tight correlation with insulin 

resistance. Suppressed glucose metabolisms in brain (e.g., in the parieto-temporal, frontal 

and posterior cingulate cortices) is a hallmark of AD and may predict AD prognosis 

(142). Besides glucose, interruption of neuronal insulin signal pathway could favor beta-

amyloid (Aβ) accumulation and hyperphosphorylation of tau-protein, which are two 

pathological features of AD (143).  Since insulin resistance and glucose dysmetabolism 

are two features in diabetes, it is intuitive to connect neuro environment with peripheral 

environment. Consistent with the hypothesis, observational studies have reported 

approximately doubled risk of AD in type 2 diabetes (T2D), compared with general 

population (144). 

There is no treatment to reverse AD process yet, but AD may be prevented or 

delayed by pharmacological or behavioral interventions targeting modifiable factors 

(145). Intuitively, glucose-control agents (GCAs) may involve in AD’s pathogenesis via 

regulating glucose and affecting insulin signaling in the brain, regardless of the patient’s 

T2D status (146). GCAs have been prevalently used and their safety spectrum is 
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relatively comprehensive. Therefore, GCAs’ potential benefits on cognitive functions 

attract clinical attention in recent years. This review aimed to summarize phase II, III, 

and IV clinical trials evaluating effects of GCAs on AD prevention or treatment. The 

findings may guide future observational studies in relevant fields.    

5.2 Methods 
 

An electronic database search was conducted on March 30, 2020, to identify clinical 

trials that evaluate effects of GCAs on the risk, biomarkers, or prognosis of AD. 

PubMed, Cochrane, ALZFORUM, and the National Library of Medicine were searched 

using the combinations of the drug’s generic name with the following keywords: “AD” 

OR “Alzheim*” OR “dement*” (see full drug name list in Table 4.1). 

Papers were included in this review if 1) published in English as of March 30, 2022; 

2) is a phase II, phase III, or phase IV clinical trial; 3) interested exposure drugs are 

GCAs approved by FDA; 4) study’s primary outcome are changes in AD’s biomarkers, 

AD progression, or AD risk; 5) full text is available. Studies that combined 

pharmacological intervention with lifestyle interventions were excluded. All studies were 

initially imported into EndNote X9 for deduplication, then screened by one reviewer 

according to inclusion criteria. Finally, exposure and outcome definitions, study 

population, sample size, study duration, results, and conclusions were extracted from 

eligible trials. If trials were terminated or the results have not been published, reasons for 

termination or expected completion date were presented. The extracted information was 

summarized in a narrative format, following the SNARA reporting guideline (147).  

5.3 Result 
 

In total, 247 studies were selected by initial search. Among the 26 trials that met all 
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inclusion criteria, phase II trials evaluated seven GCAs and phase III or IV evaluated 

four agents (Figure 4). However, only 14 out of 26 reported study results (Table 4.2). 

The main assessed outcomes are 1) AD biomarkers, including amyloid deposit, Aβ 42, 

Aβ 40, and tau in cerebral spinal fluid (CSF) and plasma; 2) cognitive function measured 

by the Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog), 

Alzheimer's Disease Cooperative Study Scale (ADCS), the Preclinical Alzheimer 

Cognitive Composite 5 (PACC5), the Dementia Rating Scale (CDR), and Mini-mental 

state examination (MMSE); 3) cerebral glucose metabolism; and 4) general metabolic 

biomarkers (Table 4.3). The study populations range from participants with mild 

cognitive impairment (MCI) to participants with severe AD symptoms. Twenty-four 

trials recruited elders aged 50 years or older.  

1. Insulin 

Insulin is released by the pancreas to regulate glucose uptake in the periphery 

system. In recent decades, insulin has been found to regulate brain glucose levels and 

involves in neuro functioning. In AD patients, both quality and quantity of the brain 

insulin receptors are reduced (41). Moreover, neurological effects of insulin have been 

reported by in vitro and in vivo studies, such as reducing Aβ toxicity, anti-

neuroinflammation, and remodeling synaptic (148, 149). As the intranasal route delivers 

insulin directly into the central nervous system (CNS), the bioavailability is high and 

hypoglycemia caused by elevated peripheral insulin levels is avoided (72, 73). In recent 

years, nasal insulin became a strong candidate treatment for cognitive impairment and 

AD. 

As of March 2022, 11 intranasally administered insulin trials were registered, with 
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six completed, one ended early, and four ongoing (Table 4.2). Rapid and short-acting 

classes (i.e., regular insulin, Humulin® R U-100, insulin glulisine, and insulin aspart) are 

of main interest. Only one long-acting type (detemir) has been assessed in two trials. All 

trials were conducted on the elderly with mild cognitive impairment or diagnosed with 

AD. The study periods ranged widely, from three days to two years and sample sizes of 

intervention arms were small (max = 12). Thus, we expected consistent findings on 

immediate effects but large heterogeneities in long-term outcomes. Claxton et al. found 

that 40 IU intranasal detemir daily improved participants’ verbal memory and visual 

working memory at week three, particularly in APOE-4 carriers (150). However, Craft et 

al. observed memory improvement in regular insulin users at two and four months, but 

not in 40 IU detemir users (80). The Novolin U-100 trial reported that insulin improved 

delayed memory (81). Included trials measured different domains of memory, which 

makes cross-study comparison hard. However, both long and short-acting insulin show 

memory protection potential. When assessing broader outcomes, global cognition, and 

functional abilities, no benefit has been observed, regardless of measuring scales (77-79). 

For AD biomarker outcomes, insulin-treated groups generally had a better profile than 

controls, such as reduced total tau protein, Aβ42, and p-tau/Aβ42 ratio (77, 80, 81). More 

evidence from NCT03857321, NCT05006599, NCT04199767, and NCT05081219 is 

supposed to be available within five years.  

2. Metformin 

Metformin is a biguanide. It has been the first-line treatment for T2D since late 20th 

century. Besides regulating blood glucose, metformin can function as an AMPK agonist 

to induce autophagy, facilitates tissue repairment, and lowers cholesterol (48). Metformin 
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also executes anti-inflammation and anti-apoptotic functions by inhibiting nuclear factor 

κB via AMPK (151).  By stimulating AMPK-dependent pathways in neural stem cells, 

metformin has been suggested to maintain brain energy homeostasis, decrease amyloid 

beta peptide (Aβ, a main component of amyloid plaque, a biomarker of AD progress) 

viability, and prevents apoptosis in brain cells (152). These findings provided plausibility 

of metformin’s potential to delay AD onset and/ or improve AD prognosis.   

Six metformin trials were registered to explore metformin’ effects on cognitive 

functions, with two completed (NCT00620191, NCT01965756) and four ongoing 

(NCT04098666, NCT04220021, NCT04511416, NCT04826692). Three trials designed 

gradual steps to increase metformin daily dose from 500 mg to 2000 mg for intervention 

groups and used placebo as control (NCT00620191, NCT01965756, NCT04220021). All 

trials were restricted to MCI or dementia patients, with four in elder populations 

(NCT00620191, NCT01965756, NCT04098666, NCT04511416), and two in adults 

(NCT04220021, NCT04826692). In a completed pilot study, authors non-superior effects 

of metformin on cognitive functions, compared with placebo (153). Specifically, there 

was no difference in recall capacity, change in ADAS-Cog score, and change in plasma 

Aβ-42 concentration between metformin users (N=40) and placebo controls (N=40) at 

three, six, and nine months of follow-up (153). The other completed trail found 

metformin associated with better improvement in executive function, memory, and 

attention at week eight and week 16, but changes in overall ADAS-Cog score and AD 

biomarkers measured at week 8 (including cerebral blood flow and CSF tau) were not 

differ from placebo group (154). The two studies reached null conclusion on AD 

biomarkers, although the assessed biomarkers were different. Moreover, there is not 
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enough evidence to compare metformin’s effects on subsets of cognitive functions, but 

the global cognition seems not affected.     

Within the ongoing studies, the expected study periods ranged widely, from 24 

weeks to three years. One phase II trials and two phase III trials set cognitive function as 

primary outcomes (i.e., memory function, motor function, PACC-ADCS, and executive 

function) and AD biomarkers will be assessed as secondary outcomes (NCT04098666, 

NCT04826692, NCT04511416). Only a small phase two trail (N=18) set CSF protein 

level, an indirect AD biomarker as primary outcome, supplementing with a memory test 

(NCT04220021). Due to the diversity of proposed cognitive scales, these trials may yield 

discrepant or incomparable results. 

3. Dapagliflozin 

Dapagliflozin is a SGLT-2 inhibitor. In 2014, FDA approved it for glucose control 

in T2D populations. Dapagliflozin partially inhibits glucose and sodium reabsorption in 

the proximal tubule, as a result, it can lower glucose levels and assist with weight loss 

(155). Animal studies suggested that dapagliflozin may protect the neural environment in 

T2D by suppressing acetylcholinesterase (AChE), a therapeutic target for AD (67); 

increasing insulin sensitivity (156); and promoting energy loss (156). These mechanisms 

may prevent inflammation, brain energy intake, and brain hyperglycemia. However, only 

one observational study conducted by the Danish National Diabetes Register assessed the 

association and reported antidementia effects of dapagliflozin, compared with non-

treated T2D (HR 0.58; 95%CI 0.42-0.81) (69). Other types of SGLT-2 inhibitors were 

also reported to protect cognition via similar pathways (157, 158). 

Only one trial conducted by the University of Kansas Medical Center met inclusion 
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criteria (NCT03801642). Specifically, the 12-week phase II trial compared 10 mg 

dapagliflozin daily (N=32) with placebo (N=16) among probable AD patients aged ≥ 50 

years. The primary outcome is changes in brain n-acetyl aspartate (NAA), a surrogate 

outcome of mitochondrial mass. Other outcomes are blood NAA, cerebral metabolism, 

cognitive functions measured by ADAS-Cog, and drug side effects. The study was 

completed in 2020 but results have not been released yet. 

4. Pioglitazone 

Pioglitazone is a GCAs under thiazolidinedione class. This class belongs to 

peroxisome-proliferator activated receptor γ (PPARγ) agonists. Animal models reported 

that PPAR activation downregulated neuroinflammation, improved synaptic plasticity, 

and improved neurite outgrowth (49, 50). Therefore, pioglitazone may involve in 

cognition and AD progression not only via glucose homeostasis, but also via a more 

direct path. Pioglitazone was widely used before 2008. Then it was suspected to increase 

bladder cancer and was withdrawn from the market for years (159). Later studies found 

that the pro-cancer effects were minimal in participants taking pioglitazone less than one 

year (159, 160). Then, a few trials designed for short-term pioglitazone exposure have 

been approved. 

To date, four clinical trials (one phase IV, two phase III, and two phase II) have 

evaluated pioglitazone’s possibility as an MCI or AD treatment. All trials reported 

results, although the TOMORROW trial and its’ extension study terminated after failing 

to meet the non-futility threshold (51). Three trials were restricted to MCI or AD 

patients, while one trial also included T2D. Except for the TOMORROW trial (51), the 

sample sizes per intervention arm were under 50 (52-54). The trial length ranged from 
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three months to 48 months. Unlike insulin studies, pioglitazone trials rarely assessed AD 

biomarkers. The common outcomes were cognitive domains or global cognition 

measured by validated scales designed for dementia or AD. Trials consistently found that 

pioglitazone was tolerable and safe but did not detect its’ benefits for cognition or AD 

prognosis (51-54).  

5. Mitoglitazone 

Mitoglitazone is an insulin sensitizer. Currently it is not prescribed for glucose-

control was discontinued for undisclosed commercial reasons. It modulates 

mitochondrial target of thiazolidinediones and highly engages in cell metabolism. 

Although mitoglitazone is a TZD, unlike pioglitazone, it improves insulin sensitivity via 

a PPARγ-independent pathway (161). When trails using pioglitazone as an AD treatment 

failed, mitoglitazone attracted research interests.  

One small phase II trial assessed mitoglitazone’s effects on global cognitive 

function and cerebral glucose metabolism within MCI patients aged > 55 years 

(NCT01374438, N=29). The study excluded diabetes cases. After a 12-week follow-up 

period, mitoglitazone group had a higher glucose utilization rate in the brain than placebo 

group. But no difference in global cognition, ADAS-CS change, and executive function 

was detected (162). 

6. GLP  

The GLP-1RA is a class of antidiabetic drugs. GLP-1 is mainly produced in the guts 

and released into blood after food consumption. When GLP-1 binds with GLP-1 receptor 

(GLP-1R), the compound lowers glucose via stimulating insulin secretion, inhibiting 

food intake, and delaying stomach emptying (24, 25). Besides peripheral system, GLP-1 
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is also secreted by brainstem in CNS, and GLP-1R is highly expressed in the brain. Their 

compound has been found in hypothalamus, thalamic and cortical areas (24). In the brain, 

the compound shows cognitive benefits by mediating a wide spectrum of cellular 

metabolism, including neuroinflammation, mitochondrial function, and cellular 

proliferation, neurogenesis, synaptic transmission (55, 56). To enhance the benefits, 

GLP-1R agonists were developed and rapidly approved in the US and Europe. Now it is 

recommended as an add-on drug for patients who failed metformin monotherapy. Two 

subtypes of GLP-1R agonists, exendin-4 and liraglutide, have been proposed for AD 

treatment. 

6.1 Exendin-4 (exenatide) 

Exendin-4 (exenatide) is a 39–amino acid peptide incretin mimetic that executes 

similar glucose-control functions as GLP-1, but its efficacy and affinities for the GLP-1R 

are more potent than GLP-1 (163). In animal models, exendin-4 was found to rescue 

memory and spatial learning ability in hyperglycemic mice (164), and to ameliorate 

impaired hippocampal synaptic plasticity in obese mice (165). Exendin-4 is usually 

administrated peripherally, but most injected peptides could cross the blood-brain-barrier 

while keeping original bioactivity(166).  Inspired by a study reporting possible upper 

limits of exendin-4’s blood-to-brain transfer (166), animal studies tested the intranasal 

route and found it feasible (167). 

Human study evaluating exendin-4’s neuroprotective effect is rare. One phase II 

trial was terminated due to a lack of sponsorship (NCT01255163). A phase III trial 

within MCI or mild-to-moderate dementia patients was completed in 2019 

(NCT02847403). After an 18-month follow-up, no significant difference in cognitive 
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functions, CSF biomarkers, and AD markers between exendin-4 and placebo was 

detected (64).  

6.2 Liraglutide 

Liraglutide is a GLP-1R agonist. In plasma, liraglutide’s half-life is 13 hours, which 

is 26 times longer than injected endogenous GLP-1 injected intramuscularly (168). The 

low degradation rate lets liraglutide regulate blood glucose at a slow but stable pace. In 

pre-AD or AD mouse models (e.g., APP/PS1 transgenic mouse), reduced synapse loss, 

improved memory, and decreased AD biomarkers were associated with liraglutide 

intervention (169, 170).  

However, evidence from clinical trials is not available yet. One phase II trial was 

registered to investigate liraglutide’s impact on cerebral glucose level, executive 

functions, CSF markers, and tau deposition within a pre-AD but non-diabetic population 

(NCT01843075). The results have not been released. Two trials without FDA-defined 

phases may provide insights on the same topic soon (NCT05313529, NCT01469351). In 

2019, liraglutide was approved for treating T2D children aged ≥ 10 years, making it the 

second non-insulin antidiabetic drug for children (171). Once sufficient evidence 

supports its’ therapeutic or preventive effect on AD, liraglutide could be used to mediate 

the risk of AD in early life. 

5.4 Summary 
 

Among the reviewed clinical trials, elders with MCI (defined as aged ≥ 50, ≥ 55, ≥ 

60, or ≥ 65 years in trials), AD, and other types of dementia were the main study 

populations. Despite insulin, metformin, and pioglitazone, evidence from trial is 

insufficient to suggest for other agents (i.e., dapagliflozin, mitoglitazone, exendin-4, 
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liraglutide), in terms of cognition improvement and AD treatment.  

Clinical trials suggests that nasal insulin could improve memory and optimize AD 

biomarkers’ profile, but the effects are not enough to modify more complicated 

outcomes, such as global cognitive function. Metformin is in a similar situation, 

beneficial to subdomains of cognitive function but failed the global cognitive test. 

However, more evidence is needed to confirm the conclusions. Four trials evaluated 

pioglitazone and consistently reported null effects on cognition.  

In a few years, the ongoing studies will give insights to other GCAs for the first 

time. Before that, for drugs with plausible mechanisms but were found non-superior to 

placebos in clinical trials or have no trial evidence yet. Reviewing medical records or 

conducting large observational studies could provide some insights. Another suggestion 

for future studies is evaluating GCAs’ long-term effects on cognition and AD. Also, 

expanding study population to T2D is critical because this population is already exposed 

to GCAs regularly. Any extra benefits from GCAs selection will largely reduce T2D 

patients’ disease burden. 
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CHAPTER 6: OVERALL CONCLUSION 
 

6.1 What is already known on this topic 

Common pathophysiological patterns of T2D and dementia have inspired research on 

repurposing GCAs for dementia prevention and treatment. Animal studies have reported 

cognitive-improve capacity of a few GCAs classes. Both large population studies and 

clinical trials designed to evaluate this topic are limited, and current findings are 

inconclusive. 

6.2 Contribution of the dissertation 

Using large-scale real-world medical records from VAH database, this dissertation 

compared the effects of long-term MET, SU, TZD, and DPP-4is use on the risk of 

dementia in a population with T2D but free from cognitive disorders. 

We found that 1) TZD monotherapy was associated with a reduced risk of dementia, 

whereas SU monotherapy was associated with an elevated risk, compared with MET-

exclusive treatment, and 2) the addition of DPP-4is to MET/ SU may reduce risks of 

dementia, stroke, and microvascular conditions but not renal outcomes, and 3) GCAs’ 

antidementia potential varied by patients’ characteristics, and 4) GCAs’ anti-dementia 

potential did not fully depend on glucose management. Findings from this study contribute 

to our understanding of the full therapeutic potential of GCAs and suggests a possible 

mechanism of action. 

Future studies for repurposing oral GCAs for dementia prevention may consider 

prioritizing TZD and DPP-4is in early T2D patients who can tolerate these drugs and 

without cognitive diseases. Because compared with the general population, this population 

is at a higher risk of dementia (15, 17); and compared with MCI or AD patients, this 
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population is already under long-term GCAs treatment, any extra benefits from GCAs 

selection could help reduce their disease burden. A health economic study using 2007-

2008 Medicare claims found that in T2D patients, Alzheimer's disease onset raised 

outpatient expenditures by $6574. Among patients with a hospitalization history, the 

average increase was $7901 (172). Additionally, current clinical trials suggests that GCAs’ 

effects may be insufficient to reverse the neurodegenerative process in MCI and AD 

patients (80, 81, 153), whereas GCAs may be sufficient to reduce dementia risk in elders 

without neuro disorders (44, 45). Our findings and some large observational studies 

support this hypothesis.   

Although our findings were based on a predominantly White and male participants 

with chronic conditions, biological mechanism studies support our findings (77-81). And 

some observational studies have reported similar findings in more diverse populations in 

terms of sex, race, and age (44, 45). The evidence implies extrapolating findings of our 

study, on top of its internal validity in VA healthcare institutes. 

Compared with developing new drugs, repurposing on-market drugs greatly reduces 

cost and time. With the known drug safety spectrum in humans, it can start from phase II. 

Thus, repurposing GCAs for dementia prevention may keep attracting scientists. To 

expand our conclusions, future studies may 1) explore fine dose-response relationships by 

drug ingredients to give detailed suggestions for clinical practice, and 2) monitor 

participants’ cognitive changes regularly to capture onset date of dementia, which should 

increase the probability of detecting true treatment effects.  
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TABLES 

 
Table 1. Common mental status scales used for dementia diagnosis. 

Scale type Scale names Pros Cons 
Short mental status scales The Mini-Mental State 

Examination (MMSE), 
Montreal Cognitive 
Assessment (MoCA), the 
Addenbrooke's Cognitive 
Examination (ACE), Clock 
drawing, General practitioner 
assessment of cognition 
(GPCOG), Mini-Cog, 
Memory impairment screen 
(MIS) 

Short (<30 min), efficiently 
distinguish patients with 
impaired cognition 
(sensitivity and specificity 
>70%), the score reflect 
broad cognitive function, has 
widely applied cutoff of 
testing scores 

Can’t distinguish 
which brain areas 
are impaired, not 
tailored by age and 
education level 

The extended mental status 
examination 

The Alzheimer’s disease 
assessment scale – cognitive 
section (ADAS-Cog), 
Cambridge assessment of 
memory and cognition 

Assess broader range of 
cognition and behavior, 
provide clues of impaired 
brain regions and 
neuropathology 

Takes 30-60 min to 
perform 

Formal neuropsychological 
testing 

The neuropsychiatric 
inventory, The Alzheimer’s 
disease-related quality of life 
scale (QoL-AD), 
Cerebrospinal fluid 
biomarkers 

The most comprehensive 
assessments with normative 
values tailored by 
demographic factors. 

Takes > 1 hour to 
perform, requires 
multiple visits to 
complete 
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Table 2.1 Estimated hazard ratio (95% CI) of incident dementia for T2D treated with SU, TZD, MET and SU, MET and TZD, 
SU and TZD compared with MET monotherapy. a 
 

 All-cause dementia AD VaD 

Treatment Event Unadjusted HR 
(95% CI) 

Adjusted HR 
(95% CI)b 

Event Unadjusted HR 
(95% CI) 

Adjusted HR 
(95% CI)b 

Event Unadjusted HR 
(95% CI) 

Adjusted HR 
(95% CI)b 

Primary analysis: one-year exposure 

SU 11689 1·14 (1·11–1·16) 1·12 (1·09–1·15) 1200 0·99 (0·92–1·08) 0·97 (0·90–1·05) 922 1·14 (1·04–1·25) 1·14 (1·04–1·24) 

TZD 450 0·81 (0·77–0·83) 0·78 (0·75–0·81) 62 0·93 (0·83–1·05) 0·89 (0·79–0·99) 19 0·44 (0·37–0·52) 0·43 (0·37–0·51) 

MET and SU 6725 1·17 (1·14–1·2) 1·14 (1·11–1·18) 634 1·10 (1·01–1·21) 1·04 (0·95–1·14) 611 1·09 (0·99–1·20) 1·14 (1·04–1·26) 

MET and TZD 247 0·95 (0·91–0·98) 0·89 (0·86–0·93) 22 0·89 (0·79–0·99) 0·81 (0·72–0·92) 11 0·51 (0·44–0·59) 0·48 (0·41–0·56) 

SU and TZD 493 1·11 (1·07–1·15) 1·04 (1·01–1·08) 55 0·93 (0·83–1·04) 0·85 (0·76–0·95) 30 1·13 (1·00–1·27) 1·11 (0·99–1·25) 

Exploratory analysis: two-years exposure 

SU 7031 1·19 (1·15–1·22) 1·14 (1·11–1·18) 689 1·09 (0·98–1·21) 1·03 (0·93–1·14) 557 1·20 (1·07–1·35) 1·18 (1·05–1·33) 

 TZD 285 0·62 (0·60–0·65) 0·65 (0·62–0·68) 36 0·73 (0·64–0·83) 0·77 (0·67–0·89) 5 0·27 (0·21–0·34) 0·28 (0·22–0·36) 

MET and SU 3944 0·88 (0·85–0·91) 0·91 (0·88–0·95) 369 0·81 (0·73–0·91) 0·84 (0·75–0·93) 346 0·90 (0·80–1·02) 0·91 (0·81–1·04) 

MET and TZD 151 0·66 (0·63–0·69) 0·69 (0·66–0·72) 14 0·86 (0·75–0·98) 0·89 (0·78–1·01) 7 0·14 (0·10–0·19) 0·14 (0·10–0·20) 

SU and TZD 317 0·88 (0·84–0·91) 0·9 (0·87–0·94) 32 0·55 (0·48–0·65) 0·57 (0·49–0·66) 19 1·06 (0·92–1·23) 1·08 (0·94–1·25) 
Bold font represents estimated hazard ratios were statistically different from with p-value < 0.05. 
a In the one-year MET monotherapy group, the number of incident all-cause dementia, AD, and VaD were 11521, 1169, and 949, respectively. And the number of 
events was 7352, 719, 583 in the two-year MET monotherapy group. 
b Models were adjusted on the calendar year of individual baseline, baseline age, statin use, HbA1c, systolic blood pressure, diastolic blood pressure, and 
congestive heart failure history collected at baseline. Because these variables remained unbalanced after matching, at least on the comparison. 
Abbreviations: AD, Alzheimer’s disease; CI, confidence interval; HbA1c, glycated hemoglobin; HR, hazard ratio; MET, metformin; SU, sulfonylurea; TZD, 
thiazolidinedione; T2D, type 2 diabetes; VaD, vascular dementia. 
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Table 2.2 Subgroup analysis of the risk for incident dementia among antidiabetic treatment comparisons (MET monotherapy 
served as the reference). 

 Age BMI HbA1c 

 ≤ 75 years > 75 years P-valueb 18·5-25 kg/m2 ≥25 kg/m2 P-valueb ≤ 7% > 7% P-valueb 

 n=466855 n=92251  n=37476 n=521082  n=175806 n=383300  

Primary analysis: one-year exposurea 

SU 1·12 (1·08–1·16) 1·11 (1·07–1·16) 0.14 1·07 (0·99–1·15) 1·14 (1·09–1·18) 0.06 1·14 (1·10–1·17) 1·09 (1·03–1·15) 0.04 

TZD 0·67 (0·64–0·71) 0·91 (0·86–0·96) 0.01 0·98 (0·88–1·08) 0·72 (0·68–0·77) 0.01 0·79 (0·76–0·82) 0·71 (0·65–0·78) 0.02 

MET and SU 1·15 (1·11–1·19) 1·16 (1·11–1·22) 0.26 0·98 (0·90–1·06) 1·17 (1·12–1·23) 0.01 1·15 (1·11–1·19) 1·14 (1·08–1·20) 0.53 

MET and TZD 0·86 (0·82–0·9) 0·91 (0·86–0·96) 0.01 0·90 (0·81–1.00) 0·89 (0·84–0·94) 0.69 0·93 (0·89–0·97) 0·82 (0·76–0·90) 0.01 

SU and TZD 1·12 (1·07–1·17) 1·05 (0·99–1·11) 0.01 1·06 (0·96–1·17) 0·90 (0·85–0·96) 0.19 1.00 (0·96–1·04) 1·13 (1·05–1·22) 0.01 

Exploratory analysis: two-years exposurea 

SU 1·13 (1·08–1·18) 1·12 (1·06–1·17) 0.53 1·02 (0·93–1·12) 1·15 (1·10–1·21) 0.01 1·11 (1·11–1·19) 1·13 (1·06–1·21) 0.19 

TZD 0·69 (0·65–0·73) 0·72 (0·67–0·78) 0.02 0·74 (0·65–0·84) 0·63 (0·59–0·68) 0.32 0·67 (0·64–0·71) 0·60 (0·53–0·67) 0.04 

MET and SU 0·98 (0·94–1·03) 1·07 (1·01–1·14) 0.01 0·79 (0·71–0·88) 0·9 (0·86–0·96) 0.01 0·93 (0·89–0·97) 0·88 (0·83–0·94) 0.04 

MET and TZD 0·69 (0·65–0·74) 0·81 (0·75–0·88) 0.01 0·84 (0·73–0·96) 0·74 (0·69–0·80) 0.01 0·67 (0·64–0·71) 0·75 (0·67–0·83) 0.02 

SU and TZD 1·03 (0·97–1·08) 0·93 (0·87–1·01) 0.01 1·02 (0·91–1·15) 0·88 (0·82–0·94) 0.01 0·84 (0·80–0·88) 1·04 (0·94–1·13) 0.01 
Bold font represents estimated hazard ratios were statistically different from zero with p-value < 0.05. 
The interactions between treatment and baseline age, BMI, and HbA1c were all statistically significant with p-value <0.001.   
a Models were adjusted for age, calendar year of individual baseline, statin use, HbA1c, systolic blood pressure, diastolic blood pressure, and congestive heart 
failure history collected at baseline. Because these variables remained unbalanced after matching, in at least one comparison. 
b P-value for testing the interaction effects between treatment and baseline age, BMI, and HbA1c categories.   
Abbreviations: CI, confidence interval; HbA1c, glycated hemoglobin; HR, hazard ratio; MET, metformin; SU, sulfonylurea; TZD, thiazolidinedione. 
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Table 3.1 Participants’ characteristics at baseline after propensity score-matching. a  
Characteristics MET/SUL + 

DPP-4is  
MET/SUL Pre-matching 

SMD 
Post-matching 
SMD 

Total No. participants 11,182 33,528   
Female 610 (5.5) 1,016 (3) 0.16 0.14 
Ethnicity   

 
  

   Black 1,043 (9.3) 4,079 (12) -0.09 -0.10 
   White 9,947 (89) 28,855 (86) 0.09 0.10 
   Hispanic 77 (0.7) 283 (0.8) -0.02 -0.02 
   Other race 115 (1) 311 (0.9) 0.01 0.004 
Income  

 
  

   <$15 000 4,154 (37) 12,077 (36) 0.02 -0.002 
   $15 000 - $40 000 4,444 (40) 13,827 (41) -0.03 0.003 
   >$40 000 2,584 (23) 7,624 (23) 0.01 -0.001 
BMI  

 
  

   18.5–25 kg/m2 716 (6.4) 2,347 (7) -0.02 -0.005 
   25–30 kg/m2 3,301 (30) 10,007 (30) -0.01 -0.02 
   > 30 kg/m2 7,165 (64) 21,174 (63) 0.02 0.02 
Age at index date 66.7 (9.6) 66.8 (8.5) -0.02 -0.01 
MET/SUL treatment duration pre-index date, m 85.8 (55.9) 83.1 (53.9) 0.05 0.01 
Year at index date   0.04 0.01 
   Before 2015 7,916 (71) 23,049 (69)   
   2015-2020 3,266 (29) 10,479 (31)   
Health insurance     
   Medicaid 101 (0.9) 268 (0.8) 0.02 0.01 
   Medicare 6,519 (58.3) 18,742 (55.9) 0.07 0.05 
   Uninsured 3,276 (29.3) 9,455 (28.2) 0.02 0.02 
   Other 1,275 (11.4) 5,063 (15.1) -0.20 -0.16 
Comorbidities     
   Congestive heart failure 532 (4.7) 1,347 (4) 0.04 0.003 
   Coagulopathy 165 (1.5) 348 (1) 0.04 0.03 
   Valvular disease 281 (2.5) 692 (2.1) 0.03 0.001 
   Hypertension 9,759 (87) 28,502 (85) 0.07 0.02 
   Cardiac arrhythmia 1,432 (13) 3,720 (11) 0.05 0.02 
   Peripheral vascular disorder 902 (8.1) 2,822 (8.4) -0.01 -0.02 
   CVD history b 10,000 (89.4) 29,454 (87.8) 0.08 0.02 
   Count of diabetes complications c 2.2 (1.2) 2 (1) 0.16 0.04 
   Count of other comorbidities d 1 (1) 0.8 (1) 0.19 0.07 
Baseline Biomarkers  

 
  

   HbA1c, mean (SD), % 8.0 (1.1) 7.9 (1.3) 0.07 0.01 
   SBP, mean (SD), mm Hg 133.1 (11.7) 133.3 (12.2) -0.02 -0.01 
   DBP, mean (SD), mm Hg 76 (7.6) 76 (7.7) 0.003 0.01 
   HDL, mean (SD), mg/dL 39.7 (9) 39.8 (9.2) -0.01 0.002 
   LDL, mean (SD), mg/dL 83.3 (27) 83.9 (27.7) -0.02 0.01 
   Triglycerides, mean (SD), mg/dL 155.5 (33) 156.1 (34.2) 0.01 0.01 
   Total cholesterol, mg/dL 177.9 (95.5) 176.6 (99.4) -0.02 0.01 
   eGFR, mL/min/1.73m2 74 (17) 75 (18) 0.01 -0.02 
Abbreviations: BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; DPP-4is, dipeptidyl 
peptidase-4 inhibitors; eGFR, estimated glomerular filtration rate; MET/SUL, metformin and/ or sulfonylureas; HbA1c, 
glycated hemoglobin; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; SBP, systolic 
blood pressure; SMD, standardized mean differences. 
a Data shown are number (percentage) of patients unless otherwise indicated. 
b Defined as had baseline hypertensive heat diseases, ischemic heart diseases, pulmonary heart diseases, cardiac arrhythmia, 
valvular disease, or heart failure. 
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c Diabetes complications were selected based on the Diabetes Complications Severity Index 16.  
d The number of other comorbidities including AIDS/HIV, alcohol abuse, deficiency anemia, arthritis, blood loss anemia, 
chronic lung disease, liver disease, lymphoma, metastatic cancer, paralysis, pulmonary circulation disorder, renal failure, 
solid tumor without metastasis, peptic ulcer diseases, and weight loss was calculated and used as a continuous variable. The 
conditions were derived from Elixhauser comorbidities list 17. 
SI conversion factors: to convert HbA1c to proportion of total hemoglobin, multiply by 0.01; HDL, LDL, and total 
cholesterol to mmol/L, multiply by 0.0259; and triglycerides to mmol/L, multiply by 0.0113. 
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Table 3.2 Associations of DPP-4is use with primary and secondary outcomes in the whole cohort.  
 MET/SUL + DPP-4is  MET/SUL Model 1 a Model 2 b 
 No. (%) No. (%) HR (95%CI) HR (95%CI) 
Primary outcome  
   Cerebrovascular composite (any dementia or stroke) 780 (7.0) 3230 (9.6) 0.68 (0.62-0.74) 0.66 (0.61-0.72) 
Secondary outcomes     
   Dementia 355 (3.2) 1,505 (4.5) 0.67 (0.59-0.76) 0.66 (0.58-0.75) 
   Stroke 490 (4.4) 2,075 (6.2) 0.67 (0.60-0.75) 0.65 (0.58-0.72) 
   Renal composite c 1,448 (13.0) 4,425 (13.2) 1.03 (0.97-1.10) 1.00 (0.92-1.07) 
   Microvascular diseases d 5,807 (51.9) 17,636 (52.6) 0.91 (0.88-0.94) 0.91 (0.88-0.94) 
Negative control     
   COPD 1,037 (9.3) 3,450 (10.3) 0.99 (0.91, 1.08) 1.06 (0.96, 1.13) 
   Musculoskeletal composite (arthralgia or arthropathy)  369 (3.3) 1,365 (4.1) 1.03 (0.94, 1.14) 1.04 (0.94, 1.14) 
Abbreviations: CI, confidence interval; COPD, Chronic obstructive pulmonary disease; DPP-4is, dipeptidyl peptidase-4 inhibitors; eGFR, estimated glomerular 
filtration rate; MET/SUL, metformin and/ or sulfonylureas; CHF, congestive heart failure; HR, hazard ratio. 
a Model 1 was adjusted for baseline covariates (including sex, race, HbA1c, eGFR, cardiovascular diseases, diabetic complications, and duration of antidiabetic 
treatment).  
b For renal and microvascular outcomes, Model 2 is additionally adjusted Model 1 for time-varying HbA1c; For other outcomes, Model 2 is additionally adjusted 
for time-varying HbA1c and eGFR. 
c In the DPP-4is group, the renal outcomes were comprised of 52 (3.59%) dialysis, 2 (0.14%) kidney transplantation, 1174 (80.11%) eGFR reduction by 40%, 
and 234 (16.16%) other end-stage renal disease events. In the control group, corresponding event numbers were 123 (2.78%), 13 (0.29%), 3543 (80.07%), and 
746 (16.86%).  
d In the DPP-4is group, the microvascular outcomes were composited with 2398 (41.29%) retinopathy events, 2467 (42.48%) nephropathy events, and 942 
(16.22%) neuropathy events. In the control group, corresponding event numbers were 8201 (46.5%), 6609 (37.47%), and 2826 (16.02%).  
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Table 4.1 Glucose-lowering agents included as searching keywords. 
Drug class Generic name 
Alpha-glucosidase Inhibitors Acarbose 
 Miglitol 
Meglitinides Repaglinide 
 Nateglinide 
Thiazolidinediones Pioglitazone 
 Rosiglitazone 
DPP-4 Inhibitors Sitagliptin 
 Saxagliptin 
 Alogliptin 
 Linagliptin 
Biguanides Metformin 
Sulfonylureas Glimepiride 
 Glyburide 
 Chlorpropamide 
 Glipizide 
 Tolbutamide 
 Tolazamide 
Dopamine Receptor Agonists Bromocriptine 
Bile Acid Sequestrants Colesevelam 
SGLT2 Inhibitors Dapagliflozin 
 Canagliflozin 
 Empagliflozin 
GLP-1 Receptor Agonists Exenatide 
 Exenatide 
 Albiglutide 
 Dulagludtide 
 Liraglutide 
Amylin Analog Pramlintide Acetate 
Insulin Insulin 
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Table 4.2 Basic characteristics of eligible trials. 
NCT Number Phase Study Drug Status Study 

Population 
Age Study Period Participants per group Posting 

Date 
End Date 

NCT0154716
9 

II Insulin Completed MCI, AD 50 – 89 
years 

3 weeks 20 per arm Mar/2011 Dec/2012 

NCT0159564
6 

II Insulin Completed MCI, CI, AD 50 – 89 
years 

16 weeks 12 per arm Nov/2011 Mar/2015 

NCT0385732
1 

II Insulin Active, not 
recruiting 

MCI, CI 55 – 85 
years 

Unclear, <7 
days 

Unknown /Apr/2019 Aug/2025 

NCT0500659
9 

II Insulin Not yet 
recruiting 

MCI, CI, AD 55 – 85 
years 

8 weeks 12 per arm May/2022 May/2026 

NCT0419976
7 

II Insulin Active, not 
recruiting 

MCI, CI 55 – 85 
years 

Unknown Unknown Jul/2020 Oct/2023 

NCT0508121
9 

II Insulin Recruiting MCI, CI, Early 
AD 

55 – 85 
years 

Unknown 60 per arm Oct/2021 Oct/2028 

NCT0176790
9 

II Insulin Completed Amnestic 
MCI, AD 

55 – 85 
years 

18 months 120 per arm Jan/2014 Dec/2018 

NCT0043856
8 

II Insulin Completed MCI, AD 55 – 85 
years 

24 weeks 36 exposed arm 1, 38 
exposed arm 2, 30 controls 

Jun/2006 Dec/2011 

NCT0058186
7 

II Insulin Completed AD > 60 
years 

Unclear, <7 
days 

15 per arm Oct/2007 May/2012 

NCT0250350
1 

II Insulin Terminated MCI, AD 50 – 90 
years 

6 months 19 exposed, 16 controls Sep/2015 Feb/2019 

NCT0143604
5 

II Insulin Completed AD 65 – 85 
years 

Unclear, <7 
days 

6 per arm Sep/2011 Jun/2013 

NCT0062019
1 

II Metformin Completed MCI 55-90 
years 

9 months 40 per arm Jun/2008 Feb/2012 

NCT0196575
6 

II Metformin Completed AD 55-80 
years 

16 weeks 10 per arm Jan/2013 Apr/2017 

NCT0409866
6 

II Metformin Recruiting MCI 55-90 
years 

24 months 185 per arm Apr/2021 Apr/2025 

NCT0422002
1 

II Metformin Recruiting Amyotrophic 
lateral 
sclerosis or 
frontotemporal 
dementia 

18-80 
years 

24 weeks 18 per arm Jan/2020 Apr/2022 

NCT0451141
6 

III Metformin Active, not 
recruiting 

MCI 60-80 
years  

3 years 121 per arm Jun/2021 Dec/2025 

NCT0482669
2 

III Metformin Active, not 
recruiting 

Huntington 
Disease 

21-65 
years 

52w 30 per arm Sep/2021 Aug/2024 

NCT0380164
2 

II Dapagliflozin Ongoing AD 50-85 
years 

12 weeks 24 per arm Jan/2019 Oct/2022 

NCT0023189 IV Pioglitazone Completed T2D, 18-70 3m 31 exposed, 25 controls Oct/2005 Jan/2010 
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4 Schizophrenia, 
MCI 

years 

NCT0073699
6 

II Pioglitazone Completed MCI >55 
years 

6months 25 per arm Aug/2008 Dec/2013 

NCT0098220
2 

II Pioglitazone Completed AD >50 
years 

18months 14 per arm Sep/2009 Jan/2005 

NCT0193156
6 

III Pioglitazone Terminated AD 65-83 
years 

48months 1545 exposed, 1949 
controls 

Aug/2013 Sep/2018 

NCT0137443
8 

II Mitoglitazone Completed 
 

AD >55 
years 

12 weeks 29 per arm Jul/2011 May/2013 

NCT0284740
3 

III Exendin-4 Active, not 
recruiting 

Dysglycemia 
and MCI 

51-79 
years 

32 weeks 20 per arm Oct/2021 Jul/2019 

NCT0125516
3 

II Exendin-4 Terminated AD >60 
years 

18 months 13 exposed, 14 controls Dec/2010 Nov/2016 

NCT0184307
5 

II Liraglutide Unknown AD >50 
years 

12 months 102 per arm Jan/2014 Dec/2019 

Abbreviation: AD, Alzheimer’s disease; MCI, mild cognitive impairment; T2D, type 2 diabetes. 
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Table 4.3 Exposure design and assessment details of eligible trials. 
NCT 
NUMBER 

INTERVENTIONS CONTROLS OUTCOMES CONCLUSIONS 

INSULIN 
NCT015471
69 

Two arms: 1. 10IU 
Insulin Detemir twice 
per day; 2. 20IU of 
Insulin Detemir twice 
per day 

Saline Verbal memory, 
Executive function, 
Glucose tolerance, 
Functional ability, 
Plasma Aβ 38, Plasma 
Aβ 40, Plasma Aβ 42, 
Plasma tau, Visual 
working memory 

 

NCT015956
46 

Two arms: 1. 20IU 
regular Insulin twice per 
day; 2. 20IU of Insulin 
Detemir twice per day 

Saline Verbal Memory, CSF Aβ 
42, CSF tau, CSF Tau-
P181/ Aβ 42 ratio, 
Functional ability, 
ADAS-Cog score, 
ADCS 

 

NCT038573
21 

Regular insulin U-100, 
switch to placebo at visit 
3 

placebo switch to regular 
insulin U-100 at visit 3 

CSF insulin, Auditory-
verbal learning test 
score, CSF Aβ 42, CSF 
tau 

NA 

NCT050065
99 

Humulin R U-100 four 
times daily 

Insulin diluent Adherence, PACC5 
score, ADAS-Cog score, 
CSF insulin, CSF Aβ 42, 
CSF tau  

NA 

NCT041997
67 

Two arms: 1. 20IU 
Humulin R U-100 first, 
then 40IU Humulin R U-
100; 2. 40 IU Insulin 
Humulin R U-100, then 
20IU Humulin R U-100 

Placebo CSF insulin levels, 
Auditory-verbal learning 
test score 

NA 

NCT050812
19 

Three arms: 1. 40 IU 
Humulin R U-100; 2. 
Empagliflozin 10 mg 
daily; 3. Combined 
Humulin R U-100 and 
empagliflozin 

Placebo Adverse effects, PACC5 
score, ADAS-Cog score, 
CSF insulin, CSF Aβ 42, 
CSF tau, Cerebral blood 
flow 

NA 

NCT017679
09 

20UI Humulin R U-100 
twice daily for 12 
months, followed by a 6-
month open label period. 

Placebo treatment twice 
daily for 12 months 
followed by a 6-month 
open label period where 
all participants received 
20 IU insulin  

Global cognition, 
Memory composite, 
ADL, ADAS-Cog score, 
CRD sum of boxes 
score, Hippocampal and 
entorhinal atrophy, CSF 
Aβ 42, CSF Aβ 40, CSF 
tau 

 

NCT004385
68 

Two arms: 1. 20IU 
Novolin U-100; 2.  40IU 
Novolin U-100 

Salien Cognition, Blood 
glucose metabolism, 
CSF Aβ 42, CSF tau, 
Cerebral glucose 
metabolism 
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NCT005818
67 

Insulin Aspart first fMRI 
visits and then received 
Placebo at the second 
fMRI visit. 

Placebo at the first fMRI 
visit, Intranasal Insulin at 
the second fMRI visit. 

Hippocampal activation, 
ADAS-Cog score 

 

NCT025035
01 

20IU Insulin Glulisine 
twice per day  

Bacteriostatic 0.9% 
Sodium Chloride 

ADAS-Cog score, CDR-
SB score, Functional 
activities questionnaire 
score 

NA 

NCT014360
45 

Insulin glulisine 5 
minutes, washout one 
week, placebo 5 minutes 

Placebo 5 minutes, 
washout one week, 
Insulin glulisine 5 
minutes 

Cognitive performance, 
Trails B – seconds, 
Trails B – errors, 
Olfactory function 

 

METFORMIN 
NCT006201
91 

Metformin 1000 mg 
twice daily titrated from 
500 mg once daily 

Placebo Total recall score by 
selective reminding test, 
ADAS-Cog score, 
Relative glucose uptake 

 

NCT019657
56 

Metformin 500 mg daily 
for one week, then daily 
increased by 500 mg per 
week until reached 2000 
mg daily. After eight 
weeks, subjects were 
switched to placebo for 
an extra eight weeks. 

Self-control, crossover 
design 

ADAS-Cog score, 
Trails-B test score 

 

NCT040986
66 

Metformin 500 mg to 
2000 mg daily 

Placebo Free and cued selective 
reminding test score, 
PACC-ADCS score, 
Cortical thickness, White 
matter hyper intensity 
volume, CSF amyloid, 
CSF tau, Plasma 
amyloid, Plasma tau 

NA 

NCT042200
21 

Metformin 500 mg daily 
for one week, then daily 
increased by 500 mg per 
week until reached 2000 
mg daily. 

No control CSF protein levels, ALS 
functional rating scale 
score, Safety and 
tolerability 

NA 

NCT045114
16 

Metformin XR 500-2000 
mg daily 

Placebo Memory Z-score, 
Executive function Z-
score, Processing speed 
domain Z-score, 
Language performance 
domain Z-score, 
Attention performance 
domain Z-score, 
Hippocampal volume, 
Brain white matter 
hyperintensity number, 
Cerebral blood flow, 
CSF amyloid, NIH 
toolbox score, Fasting 
glucose, Insulin 
resistance  

NA 

NCT048266
92 

Metformin 425 mg twice 
daily (initial dose) and 

Placebo Cognitive scale scores in 
Huntington's disease 

NA 
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850 twice daily 
(maximum dose) 

rating scale, Motor 
function, Problem 
behaviors assessment-
short form score, Quality 
of life, Independence 

DAPAGLIFLOZIN 
NCT038016
42 

10mg dapagliflozin once 
daily 

Placebo Cerebral NAA, Systemic 
NAA, ADAS-Cog, 
Cholesterol, Hemoglobin 
A1C, Insulin level  

NA 

PIOGLITAZONE 
NCT002318
94 

Pioglitazone 30-45 mg 
daily plus diet education 

Placebo daily diet 
education  

Glucose tolerance, 
RBANS list recognition 
score, Lipids Profile 

 

NCT007369
96 

Pioglitazone 45mg  Placebo  Cognitive performance 
(self-defined scale), 
Insulin resistance, 
Change in peak oxygen 
uptake 

 

NCT009822
02 

Pioglitazone 15mg tablet 
daily, increase by one 
pill at one-week intervals 
based on reported 
tolerability up to 45mg 
daily 

Placebo, 1 to 3 tablets 
daily 

ADAS-Cog score, CDR-
SB score, ADL score, 
Behavioral change 

 

NCT019315
66 

Pioglitazone 0.8mg daily Placebo  Time to diagnosis of 
MCI, Cognitive decline, 
ADCS ADL-PI score 

 

MITOGLITAZONE 
NCT013744
38 

MSDC-0160 150 mg 
daily  

Placebo Global cognitive 
function score, Cerebral 
metabolic glucose rate, 
ADAS-Cog score, 
Executive function  

 

EXENDIN-4 
NCT028474
03 

Long-acting exenatide 2 
mg once-weekly 

No drug assigned ADAS-Cog score, 
MMSE score, Verbal 
fluency, Geriatric 
depression score, CDR-
SB score, NPI score, 
ADL score 

NA 

NCT012551
63 

Exenatide 5 mcg or 10 
mcg twice daily 

Placebo   MMSE score, ADAS-
Cog score, CDR global 
score, CDR-SB score, 
CSF total tau, CSF p181-
tau, CSF amyloid-beta 
42, BMI 

 

LIRAGLUTIDE 
NCT018430
75 

Liraglutide 1.8 mg daily Placebo Cerebral glucose 
metabolic rate, ADAS-
Executive score, 
Microglial activation, 
Tau deposition, Cortical 
amyloid 
 

NA 
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Abbreviation: ADAS-Cog, the Alzheimer's disease assessment scale–cognitive subscale; ADCS, Alzheimer's disease 
cooperative study; ADL-PI, the activities of daily living-prevention instrument; BMI, body mass index; CDR-SB, clinical 
dementia rating sum of boxes; CSF, Cerebrospinal fluid; MMSE, mini-mental state examination; NAA, N-acetyl-aspartate; 
NIH, National Institutes of Health; PACC5, the preclinical Alzheimer's cognitive composite; RBANS, repeatable battery for 
the assessment of neuropsychological status.  
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FIGURS 
 
Figure 1. Potential connections between dementia onset and type 2 diabetes. 
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Figure 2.1 Project 1’s cohort assembling process for the primary analysis. 
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Figure 2.2 Project 1’s timeline and schema of the study. 
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Figure 3. Project 2’s cohort design and study flow. 
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Figure 4. Project 3’s flowchart of clinical trials selection. 
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