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Abstract

Diabetes and hyperinsulinemia may be risk factors for Alzheimer's disease (AD). We conducted a
pilot study of metformin, a medication efficacious in treating and preventing diabetes while
reducing hyperinsulinemia, among persons with amnestic mild cognitive impairment (AMCI) with
the goal of collecting preliminary data on feasiblity, safety, and efficacy. Participants were 80 men
and women aged 55 to 90 years with AMCI, overweight or obese, without treated diabetes. We
randomized participants to metformin 1000 mg twice a day or matching placebo for 12 months.
The co-primary clinical outcomes were changes from baseline to 12 months in total recall of the
Selective Reminding Test (SRT) and the score of the Alzheimer's Disease Assessment Scale-
cognitive subscale (ADAS-cog). The secondary outcome was change in relative glucose uptake
(rCMRg]l) in the posterior cingulate-precuneus in brain Fluorodeoxyglucose Positron Emission
Tomography. Change in plasma Ap42 was an exploratory outcome. The mean age of participants
was 65 years. Fifty % of participants were women. The only baseline variable that was different
between the arms was the ADAS-Cog. Metformin could not be tolerated by 7.5% of participants;
15% tolerated 500 mg/day, 35% tolerated 1000 mg/day, 32.5% tolerated 1500 mg/day, and only
10% tolerated the maximum dose. There were no serious adverse events related to metformin. The
7.5% of persons who did not tolerate metformin reported gastrointestinal symptoms. After
adjusting for baseline ADAS-cog, changes in total recall of the SRT favored the metformin group
(9.7 £8.5vs. 5.3 £8.5; p=0.02). Differences for other outcomes were not significant. A larger
trial seems warranted to evaluate the efficacy and cognitive safety of metformin in prodromal AD.
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Introduction

The most common cause of /ate onset dementiais Alzheimer's disease (AD)[1], comprising
between 60 and 80% of cases. Vascular dementia is the second most common cause,
comprising about 10% of cases, but approximately 50% of cases of dementia have a vascular
component [1]. Nearly half of persons 85 years and older have late onset AD [2] and the
prevalence worldwide will quadruple by mid-century [3]. A key process in AD causation is
the deposition of amyloid B (Ap) in the brain[4], but other factors, such as cerebrovascular
disease, may also be important [5]. The natural history of AD starts slowly in late middle
age with mild memory deficits that progress to amnestic mild cognitive impairment (AMCI)
[6], which in turn progresses to dementia [7]. Thus, AMCI is considered a high risk group
for dementia [6] and has become a common target for secondary prevention. Clinical trials
in AMCI and AD have thus far been disappointing [8] and an expert panel from NIH
concluded in 2010 that there was insufficient evidence to recommend treatment of AMCI or
prevention for AD [9]. In this context, the search for strategies for the prevention and
treatment of AD continues. Type 2 diabetes (T2D) and its correlates and antecedents, insulin
resistance and elevated adiposity (overweight and obesity) have shown strong associations
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with AD in observational studies [10, 11]. These observations have enormous public health
implications because 2/3 of adult Americans are overweight or obese (Body Mass Index
(BMI) = 25 m/k?) [12], and are at high risk for insulin resistance and T2D [13]. Among
persons 60 years and older, a group with high prevalence of AMCI [14, 15] and AD, 69%
were overweight or obese in 2008 [12], and 60% have pre-T2D or T2D[16]. Thus, a
majority of Americans in the age group at risk for AD have insulin resistance and T2D [17].
Insulin resistance and T2D are known cerebrovascular risk factors[18]and it seems
reasonable to postulate that insulin resistance and T2D could increase AD risk through
cerebrovascular disease, a factor increasingly accepted to be important in AD manifestation
[5, 19-21]. However, peripheral insulin resistance and hyperinsulinemia may also affect AD
directly [22]. Since insulin resistance could increase the risk of AD through both
cerebrovascular and AP related mechanisms [23] it has been hypothesized that
pharmacologic strategies effective in preventing diabetes while decreasing insulin resistance
may prevent AD [24]. One of these strategies is the use of the medication metformin.
Metformin is a safe, inexpensive medication available in generic form with proven efficacy
in treating and preventing T2D though the reduction of peripheral glucose and insulin levels
[25, 26]. Thus, we conducted a pilot study of AD prevention among persons with AMCI at
risk for T2D to obtain preliminary evidence of feasibilty, safety, and efficacy.

Materials and Methods

Design—This study was a double-blind placebo-controlled randomized pilot trial of
metformin 1000 mg twice a day vs. matching placebo for 12 months in 80 subjects with
AMCI. Participants were randomized to metformin or placebo in a 1:1 ratio. To balance
factors that may influence treatment outcome, randomization was stratified and blocked. The
only stratification variable was the presence or absence of APOE-e4 genotype. The rationale
for this stratification was that observational studies have shown that APOE-e4 genotype
modifies the association of hyperinsulinemia and diabetes with AD (risk is much higher in
those with APOE-e4)[27-29] and a pilot randomized trial of the insulin sensitizer
rosiglitazone reported that this medication was only efficacious among persons without
APOE-¢e4 [30]. Allocation concealment was maintained by randomly alternating block sizes.
Participants were seen once a week in the first 4 weeks of the study during metformin
titration and were then evaluated at months 3, 6, 9, and 12, including the neuropsychological
battery. Half the sample (40 participants) were invited to participate in a brain imaging sub-
study.

All participants were invited to undergo brain imaging at baseline and after the 12 month
visit and were selected if they agreed to undergo brain imaging and if they had no exclusion
criteria for brain imaging.

Setting—the study was a single site study based at Columbia University Medical Center in
New York City.

Participants—Table 1 summarizes the main inclusion and exclusion criteria. Participants
were 80 subjects aged 55 to 90 years with AMCI defined by the Petersen criteria,[31]
without treated diabetes, and with a body mass index (BMI) of 25 kg/m? or higher
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(overweight or obese by National Heart, Lung, and Blood Institute (NHLBI)) criteria [32]).
The rationale for limiting the study to AMCI was that AMCI is a transitional stage from
normal cognition to dementia that is considered a target for secondary prevention of
dementia [33]. The rationale for the age group was that the 55 to 90 year old group is
considered most susceptible to cognitive impairment and thus commonly evaluated in
treatment trials of AMCI such as the Alzheimer's Disease Cooperative Study (ADCS)
clinical trial of vitamin E and donepezil [34]. The rationale for not including persons with
treated T2D is that the hypothesized main mechanism of metformin is the lowering of
insulin levels, and persons with diabetes are treated with medications that can both increase
insulin levels (exogenous insulin, sulfonylureas) and medications that can decrease insulin
levels (metformin, thiazolidinediones)[35]. We screened for T2D by medical history but also
by Hemoglobin Alc (HbAZXc) in blood. Our exclusion criterion related to T2D changed in
the following way during the course of the study. In September of 2008, when one
participant had been enrolled, we changed the inclusion criteria from excluding all persons
with a history of T2D to accepting persons with T2D with a HbAlc of 6.5% or less who
were not on any medication. The justification for this change was that we discovered in our
recruitment efforts that there were many persons with a history of T2D that was not treated,
leading to a high proportion of exclusion due to untreated T2D. We chose the cutoff of 6.5%
in HbA1c because persons with this level of HbAlc seemed unlikely to receive
pharmacologic treatment for T2D, including metformin, during the 12 months of the study.
In January of 2010 the American Diabetes Association (ADA) adopted diabetes diagnosis
guidelines using HbAlc (6.5% or more) for the first time [36]. Thus, we modified our
inclusion criteria in March of 2010, when 60 participants had been enrolled. If persons
without a history of diabetes were found to have an HbAlc of 6.5%, they were informed that
they met criteria for T2D. We allowed participation of subjects who met HbAlc criteria for
diabetes, who were not on diabetes treatment, and with a HbAlc of 6.9% or less (The ADA
recommends maintaining a HbAlc of less than 7% [36]), and who upon consultation with
their physicians were deemed not to need pharmacologic treatment for T2D.

The rationale for the BMI cutoff is that there is no standard for the diagnosis of
hyperinsulinemia in research or clinical practice [17]. Thus, we limited inclusion to persons
with AMCI who were overweight or obese (BMI = 25 m/k2), definitions of elevated
adiposity in research and clinical practice [37],and a surrogate marker of hyperinsulinemia
[38], because they were the most likely to benefit from the insulin lowering action of
metformin.

Screening was conducted folllowing a 2-step process. First, participants who were interested
in participating were screened by telephone for demographic and medical inclusion and
exclusion criteria. The Telephone Interview for Cognitive Status (TICS)[39] was
administered if the potential participant agreed to screen out persons who were unlikely to
have any memory impairment. A TICS Score > 34 out of 41 was considered normal
cognition. Persons with this score were not invited to participate. Persons who passed the
telephone screen were invited for an in-person screening that included a physical exam,
blood tests, and a neuropsychological battery.
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Intervention—~Participants were randomized to identical-appearing pills of metformin or
matching placebo provided by Merck-Lipha of France. The maximum dose of metformin
was 1000 mg twice a day, as is commonly used in clinical practice. Metformin was
administered as 500 mg tablets. Metformin was titrated weekly from 500 mg once a day to
1000 mg twice a day over 4 weeks. Subjects were maintained on the highest tolerated dose.
Participants who did not tolerate the study drug were invited to continue in the study and
were included in the intent to treat (ITT) analyses. Metformin and placebo were supplied
every 3 months, when participants were asked for side effects and contraindications to
metformin in addition to undergoing safety laboratory tests. The most common side effect of
metformin is gastrointestinal intolerance, which can range from bloating to frank diarrhea
[40]. In clinical practice patients taking metformin can often break through these symptoms
after a few weeks and tolerate the drug well. However, we were conservative and maintained
participants on the dose of metformin at which they had no symptoms.

Primary clinical outcomes—The primary outcomes of the study were changes from
baseline to month 12 in total recall of the Bushcke Selective Reminding Test [41] and the
Alzheimer's Disease Assessment Scale-cognitive subscale (ADAS-cog) [42]. The rationale
for using the SRT is that it has been extensively used to assess AMCI[14, 43] and AD[44] in
the community of Northern Manhattan sorrounding Columbia University Medical Center
(CUMC), where the study was based. The rationale for using the ADAS-Cog is that it is
commonly used for clinical trials of AMCI[45] and AD. Other clinical measures in the study
included the The ADCS Clinical Global Impression of Change for Mild Cognitive
Impairment (CGIC-MCI) [46], the logical memory |l delayed paragraph recall sub-test of
the Wechsler Memory Scale Revised (WMS-R)[47], the Mini-Mental Status Exam(MMSE)
[48], the Neuropsychiatric Inventory Questionnaire (NPI-Q) [49], and the digit span
backwards [50].

Imaging outcomes—The primary imaging outcome was changes from baseline to month
12 in relative glucose uptake (rCMRgl) in the posterior cingulate-precuneous measured by
non-quantitative brain [18]F-labeled 2-deoxy-2-fluoro-D-glucose (FDG) positron emission
tomography (PET) with magnetic resonance imaging (MRI) co-registration. PET imaging
was performed with a HR+ scanner (Siemens/CTI, Knoxville, TN) at the Columbia
Kreitchman PET center. This region of interest was chosen because CMRgl reductions in
this region are correlated with dementia severity[51] and progression[52]. FDG PET with
MRI coregistration and a Region of Interest (ROI) approach as conducted in this study have
been shown to have good six-month test-retest reliability for ROIs affected in AD[7].
Cerebellum rCMRgl is not expected to change with AD progression and was chosen as the
reference ROI for standardization[53]. The FDG PET results are shown as changes from
baseline to 12 months in ratios of rCMRgl of the ROI weighted by the ROI volume and the
the rCMRg| of the cerebellum. We did not expect to have interference of extreme glucose
levels with PET readings because we excluded subjects with treated diabetes from the trial
and because metformin does not produce hypoglycemia [40]. However, we conducted a
washout period of 2 weeks [54] at the end of the trial before performing FDG PET to ensure
that changes in rCMRgl were not due to acute changes in glucose due to metformin. It has
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been estimated that 26% of metabolic effects of metformin are acute and disappear upon
withdrawal of the medication [54]. Brain Magnetic Resonance Imaging (MRI) was acquired
at the Hatch MRI Research Center at Columbia University Medical Center for co-
registration of FDG PET images using a 1.5T Philips Intera scanner with an 8 channel
receive coil following a protocol similar to the Alzheimer's Disease Neuroimaging Initiative
[55]. The Primary region of interest (ROI) was the posterior cingulate-precunenous [56].
This ROI included the Precuneus & Posterior Cingulate gyrus together, because they share
the same pathological features in AD. The cingulate sulcus, the callosal sulcus, the inter-
hemispheric fissure and the parieto-occipital fissure were identified in the orthogonal view.
The line was then extended between the cingulate and callosal sulci that is the antero-
superior limit of the ROI, then posteriorly and inferiorly over the callosal sulcus until
reaching the fundus of this sulcus. It was then extended posteriorly and superiorly over the
parieto-occipital fissure up to the end. Then, the contour of the precuneus was followed
anteriorly and superiorly to the marginal segment of the cingulate sulcus. It was then
extended anteriorly over the cingulate sulcus until reaching the other anterior end.

Plasma amyloid p—Plasma Ap42 levels were measured in plasma using a combination of
monoclonal antibody 6E10 (specific to an epitope present on 1 to 16 amino acid residues of
Ap) and rabbit antibodies specific for AB42 (R165) in a double-antibody sandwich ELISA
[57]. The detection limit for this assay was 10 pg/mL for AB42. The test-retest reliability of
the measurement of plasma Ap42 is excellent (Cronbach's a coefficient = 0.91).

Other measures

Genotyping of APOE polymorphisms rs7412 and rs429358 was performed at
PreventionGenetics (www.preventiongenetics.com) with an array tape [58] using allele-
specific PCR with universal molecular beacons [59, 60]. DNA sequencing of positive control
DNA samples were completed to assure correct assignment of alleles. APOE-e4 genotyping
was conducted within one week of acceptance into the trial and was used for randomization
purposes. Insulin was measured using a solid-phase chemiluminescent enzyme
immunoassay (Immulite, Diagnostic Products Co, Los Angeles, CA). Intra- and inter-assay
coefficients of variation are 4.7% and 8.2%, respectively. The normal insulin range for this
assay is 6-27microlU/ml. HbAlc and lipids (total cholesterol, high density lipoprotein) were
measured at baseline and each follow-up to document the hypothesized metabolic effect
which is similar to insulin [61]. High-sensitivity C-Reactive protein (hsCRP) was measured
as a marker of systemic inflammation and vascular risk [62, 63] that predicts memory
impairment in our population [64] using ELISA (Diagnostic systems laboratories, INC,
Webster, Texas). Insulin and hsCRP were measured in all samples at the same time at the
end of the study. Thyroid Stimulating Hormone, vitamin B12, and syphillis rapid plasma
reagin (RPR) were assessed at screening.

Statistical Analyses

Given that the study was planned as a pilot clinical trial with the goal of collecting
preliminary data on safety, feasibility, and efficacy, it was powered to detect a large
difference (0.75 standard deviations) in the change in the outcomes at 12 months with a
sample size of 30 persons per group (Total 60 groups). We obtained supplementary funding
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and increased the sample size from 60 to 80 participants. Initial analyses were conducted
blinded to true treatment allocation. Treatment unblinding was conducted after analyses
were checked for quality. The data coordinating center at Department of Biostatistics at
Columbia University Medical Center generated the random allocation sequence. The data
coordinating center resided in a building separate from where the study team resided. Only
the statistician had access to the randomization sequence. The assistant assigning the
participants to interventions and the staff recruiting and evaluating participants did not have
access to the randomizaion sequence. All measurements and laboratory assessments were
conducted at the Irving institute for Clinical Translational Research at Columbia University
Medical Center. The coordinators conducting outcomes assessments were blinded from
these data. No interim analyses were planned or conducted during the conduct of the clinical
trial.

For comparison of baseline characteristics between the metformin and placebo group T-tests
were used to compare means, and chi-squared to compare proportions. Analysis of
Covariance (ANCOVA) was used to compare outcomes between the treatment groups
following an Intent-to-treat (ITT) approach adjusting for variables that were different at
baseline if necessary. The primary clinical outcomes were changes from baseline to 12
months in total recall of the SRT and total score of the ADAS-COG. The primary imaging
outcome was changes from baseline to 12 months in rCMRgl in the posterior cingulate-
precuneous. The exploratory outcome was changes from baseline to 12 months in plasma
AB-42. Imputation with last-observation-carried-forward (LOCF) was used to account for
missing follow-up data. We conducted similar analyses for the secondary outcomes and for
changes in pertinent metabolic measures related to the effect of metformin such as insulin
and hsCRP. Finally we conducted post-hoc analyses relating the dose of metformin (1, 2, 3,
or 4 tablets a day) to the outcomes with linear regression using placebo and the persons who
did not tolerate metformin as the reference (completers analysis) and stratified analyses by
APOE-¢4, baseline age, BMI, fasting insulin and HbAlc categorized by the median. The
level of significance was established at a two-sided alpha of 0.05. This study was approved
by the Institutional Review Board of Columbia University Medical Center (AAAC7231) and
was registered in ClinicalTrials.gov (ID NCT00620191). All study participants provided
written informed consent.

Participant characteristics

Figure 1 shows the CONSORT flowchart. Recruitment was completed in 32 months (2.5
subjects a month) [38]; 1426 subjects were screened by telephone and 331 were screened in
person; 65 subjects (81%) completed 12 months, 6 subjects (7.5 %) completed 9 months,
and 9 subjects (11.2%) had less than 9 months of follow-up. At 12 months, study completion
was similar in the 2 arms (33 persons completed the placebo arm and 32 the metformin arm;
p = 0.99), The only statistically significant difference between the groups at baseline (Table
2) was the ADAS-Cog score, which was lower (better) in the metformin group. Thus, the
comparison of the primary outcomes is adjusted for this variable.
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Compliance with metformin and adverse events

Compliance with metformin was as follows: 7.5% stopped metformin but continued in the
study following ITT, 15% remained on 500 mg a day (1 tablet), 35% remained on 1000 mg a
day (2 tablets), 32.5% remained on 1500 mg a day (3 tablets), and 10% tolerated the
maximum dose of 2,000 mg a day (4 tablets). In terms of safety, there were no serious
adverse events related to metformin and the 7.5% of persons who were not able to tolerate
metformin reported gastrointestinal symptoms.

Changes of metabolic measures by randomization arms

Fasting insulin increased appreciably more in the placebo group compared with the
metformin group as expected, and this difference was close to statistical significance (13.8
vs. 4.7 IU/ml; p = 0.09). hsCRP, a measure of inflammation and vascular risk [63], and a
correlate of memory impairment in our center[64] decreased in the metformin group and
increased in the placebo group (-0.3 vs. 1.0 mg/dl; p = 0.07). Weight decreased more in the
metformin group (-2.7 £ 6.4 Kg) compared with the placebo group (-1.6 £ 4.5 Kg) but this
difference was not statistically signficant (p = 0.63). HbAlc decreased modestly more in the
metformin group (-0.3 £ 0.7 %) compared with the placebo group (- 0.2 + 0.5), but this
difference was not statistically significant (p=0.64).

Changes in the clinical outcomes

Primary analyses—Table 3 shows the comparison in the primary clinical outcomes of the
study, changes from baseline to month 12 in the ADAS-Cog score, and the total recall of the
Selective Reminding Test (SRT). Both the SRT and ADAS-COG scores improved in the
placebo and metformin groups (increases in SRT total recall, decreases in ADAS-COG
scores). Crude analyses showed a greater improvement in the SRT in the metformin group,
but the difference for the ADAS-Cog favored the placebo group. However, after adjustment
for baseline ADAS-Cog the metformin group showed significantly greater improvement in
SRT total recall compared to placebo (difference in changes in total recall of the SRT of
metformin vs. placebo= 4.4 + 8.5 words)and the difference for the ADAS-Cog was
attenuated and not significant. The results were similar for delayed recall of the SRT, in
which the gain in words was higher in the metformin group (2.3 + 2.5) compared to the
placebo group (1.3 £ 2.3) and was close to statistical significance (p=0.06). There were no
differences in delayed recall of the ADAS-cog (0.7+1.8 for metformin vs. 0.0+ 2.5 for
placebo; p = 0.35).

There were no differences between metformin and placebo in changes in digit span
backwards, the neuropsychiatric inventory, the MMSE, paragraph recall, or CGIC-MCI
(Supplemental table 1). One person in the placebo group and none in the metformin group
converted to dementia.

Post hoc analyses of primary outcomes—We conducted linear regression models
examining the relation of the metformin dose with the primary outcomes, changes in total
recall of the SRT and the total score of the ADAS-cog. The highest metformin dose (1000
mg twice a day) was associated with a statistically significant increase of 5.3£10.0 more
words in total recall of the SRT (p = 0.03) compared to those in the placebo group and those
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who could not tolerate metformin. There was no association between the highest metformin
dose and changes in the ADAS-Cog (0.7 + 4.8; p = 0.56).

Table 4 shows the results of stratified analyses by age, APOE-e4 status, BMI category,
baseline HbAlc, and fasting insulin levels. Metformin showed better performance compared
with placebo in younger persons, those without APOE-e4, those with lower HbAlc, and
those with higher insulin levels. There were no differences for the ADAS-Cog in any of the
strata.

Changes in Biomarker outcomes

Follow-up MRI and PET were completed in 33 out of 40 participants (15 in the metformin
group, 18 in the placebo group, 82.5% completion overall). Changes from baseline to 12
month in the posterior cingulate-precuneus rCMRgl, adjusted for cerebellar CMRgl uptake,
showed a difference favoring metformin that was not statistically significant (2.0 + 6.3% vs.
0.0 + 6.0%; p=0.36). Secondary ROIs including hippocampus (2.4 + 4.7% vs. 1.0 £ 5.1%; p
=0.73), para-hippocampus (3.3 = 5.5% vs. 2.0 + 5.1%; p =0.76), and entorhinal cortex
(5.3 9.0% vs. 1.3 £ 6.0; p =0.16) favored metformin but were not statistically significant.
None of the differences in changes in plasma Ap-42 were statistically significant. Plasma
AB-42 increased in the metformin group (0.69 + 18.5 pg/ml) and decreased in the placebo
group (-4.40 + 23.51 pg/ml; p=0.3).

Discussion

We found in a pilot study that conducting a randomized trial of metformin in persons with
AMCI was feasible and safe. We also found preliminary evidence of efficacy for one of the
primary outcomes, total recall in the Selective Reminding Test, but not the other, the ADAS-
Cog, after adjusting for the baseline difference in the ADAS-Cog. Post hoc analyses suggest
that the benefit on the SRT total recall is higher with the highest metformin dose, among
younger subjects, among those without APOE-e4, among those with the lower HbAlc, and
those with the highest baseline fasting insulin. Differences between metformin and placebo
in changes in the primary and exploratory biomarker outcomes were not significantly
different but the direction of the difference modestly favored metformin and supported the
finding for the SRT. However, given the pilot nature of our study with a relatively small
sample size and the potential for chance findings, our preliminary evidence of efficacy
should be taken with caution.

The finding that diabetes and insulin resistance are related to an increased risk of
Alzheimer's dementia has prompted the exploration of related strategies for treatment and
prevention of AD [11]. This is supported by basic and experimental data showing that
diabetes and insulin resistance may affect amyloid clearance in the brain [22]. Pursuing
these strategies is feasible because of the existence of known effective pharmacologic and
non-pharmacologic strategies for the prevention of diabetes and the improvement of insulin
resistance. The best and safest strategy for preventing diabetes and decreasing insulin
resistance is lifestyle interventions. Lifestyle interventions (exercise and diet) are the best
insulin sensitizers, but require substantial support and resources in clinical trials that are
difficult to sustain in the long term and replicate in “real world” settings [65]. Among the
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pharmacologic strategies, the thiazolidenidiones, also known as PPAR-gamma agonists, are
powerful insulin sensitizers effective in lowering insulin resistance [66] and preventing T2D
[67], with efficacy similar to lifestyle strategies and greater than metformin [68]. However,
they have concerning side effects including edema, congestive heart failure (CHF), and in
the case of rosiglitazone, myocardial infarction (MI) [69], which led to a black box warning
from the Food and Drug Administration (FDA) [70]. The thiazolidinedione rosiglitazone
was tested for secondary prevention of cognitive decline in mild AD among persons without
T2D and was found to be non-efficacious in a phase 111 trial[71] after promising results in a
pilot study [72]. However, it seems reasonable to speculate that the negative vascular effects
of rosiglitazone [70], including cerebrovascular effects, may have eclipsed the beneficial
effects on AD [11].

Metformin is a medication belonging to the biguanide class[40, 73]. It treats and prevents
diabetes by suppression of hepatic glucose output, increasing insulin mediated glucose
disposal, by increased intestinal glucose use, and by decreasing fatty acid oxidation [74];
this is accompanied by reduced pancreatic insulin secretion and lower insulin levels in blood
in response to glucose loads. While the mechanisms for the action of metformin are not
completely understood [26], it clearly reduces insulin levels[25], inflammation and
thrombosis[75], and the risk of the metabolic syndrome[76] and T2D[77] in persons at risk.
Metformin is usually the first step in pharmacological treatment of T2D [78], but it is
increasingly used for T2D prevention based on the findings of the landmark Diabetes
Prevention Program (DPP)[77], the largest trial of metformin among persons without T2D.
In the DPP, metformin was more effective than lifestyle intervention in preventing T2D after
10 years [65]. The only common side effect of metformin in clinical trials has been
gastrointestinal intolerance, occurring in a minority of subjects. In the DPP, the rate of
serious adverse events for metformin was the same as for placebo. The side effects and
safety for metformin in our trial were similar to published research and clinical experience.
Metformin is not directly active in the brain [40], and we postulate that it acts on the AD
process through reduction of peripheral insulin levels that affect brain clearance of Ap
[79-81]. In addition, metformin also decreases Advanced Glycation End Products (AGE)[82,
83], inflammation [75], coagulation [75], and prevents the metabolic syndrome (diabetes,
hypertension, obesity, dyslipidemia) [76], factors that may also influence AD risk through
cerebrovascular or neurodegenerative mechanisms [11]. However, metformin has been
reported to increase production of AR in a cell culture model [84], and two retrospective
studies reported that among persons with T2D, a diagnosis of dementia was associated with
metformin use[85, 86]. These reports conflict with animal studies showing that metformin
decreases AD neuropathology [87, 88] and an epidemiologic study that showed that
metformin is related to lower AD risk among persons with T2D [89].

Several of our observations merit further discussion. First, our study showed improvements
in both clinical outcomes, contrary to the idea that cognition declines with time. However,
we interpret this finding as evidence of practice effects, which are increasingly recognized in
AMCI[90], are inversely related with conversion to AD, and can be examined as an outcome
in clinical trials [91]. Second, we found a result benefiting metformin for the the SRT but not
for the ADAS-Cog. Moreover, the difference for the ADAS-cog seemed to benefit placebo

in unadjusted analyses. The difference for the ADAS-cog favoring placebo dissapeared after
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adjusting for the significant differences in baseline ADAS-cog, while the differences in the
SRT persisted. The opposite directions of effect for the ADAS-cog and the SRT seems to
have been explained by a baseline difference in the ADAS-cog. While the ADAS-Cog has
been the standard for measurement of cognitive change in clinical trials, it is increasingly
recognized that it may not be sensitive enough to detect change in AMCI, and more sensitive
instruments such as measures of recall are increasingly being considered in clinical trials
individually or or to strenghen the ADAS-Cog [92]. In post hoc analyses we found that
younger persons, those without the APOE-&4 allele, those with lower HbAlc, and those with
higher insulin, seemed to benefit from metformin in terms of SRT performance. Although
these results could be due to chance, we can speculate about their plausiblity. In terms of age
group, the benefits of metformin on diabetes prevention have been shown to be stronger in
younger persons[65], consistent with our findings. In terms of the APOE-e4 allele, a
previous study of the insulin sensitizer rosiglitazone had similar findings[72] that led to a
phase I1I trial restricted to persons without a APOE-e4 allele[71]. This makes sense if one
considers that persons with both insulin resistance and an APOE-e4 allele have a higher risk
of AD than with either one or none of these risk factors[27]. In terms of HbAlc, those with
higher levels may have more advanced hyperglycemia that may be less amenable to
prevention-hyperglycemia ensues when pancreatic insulin production can no longer
overcome insulin resistance, reflecting a more advanced stage in the natural history leading
to T2D. In terms of insulin levels, it seems reasonable that those with the higher insulin have
more opportunity for a decrease in insulin with medications and a better opportunity for
benefit. Our main imaging outcome did not show statistically significant differences. It has
been estimated that sample sizes of several hundred persons with prodromal AD are needed
to detect appreciable differences in rCMRgl at longer follow-up periods than our trial [93].
Thus, we were not powered to detect significant differences, but our results were not
inconsistent with those showing benefit for the SRT. The decrease in plasma Ap-42 observed
in the placebo group was similar to that in a pilot study of rosiglitazone in mild AD [72] and
decreases in plasma AB-42 predict future AD[94]. Although the results for plasma Ap-42
were not significant and this biomarker was exploratory, the findings show a direction of
benefit as with the SRT.

It seems safe and feasible to conduct a randomized trial of metformin among persons with
MCI although we encountered important challenges. These challenges included a long
recruitment period due in part to a large number of subjects needed to be screened, the
inability to achieve the maximum metformin dose in the majority of participants, and the
inability of some participants to tolerate metformin at all. Potential ways to overcome
recruitment challenges include conducting a clinical trial at multiple sites and extending the
inclusion criteria to include earlier forms of prodromal AD, such early MCI and subjective
memory impairment [95] instead of restricting the sample to the original MCI criteria. A
potential way to improve tolerance and achievement of the maximum dose is to use long-
acting forms of metformin [96] instead of the short acting form that we used. Despite these
challenges, we cautiously believe that there are preliminary findings justify the conduct of
larger clinical trial. We acknowledge that our results must be interpreted with caution
because of the inconsistency of the results for the SRT and ADAS-cog, because the results
of post-hoc analyses are are subject to chance. This study needs to be followed by a larger
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efficacy trial with suffficient sample size to examine results in subgroups of age, APOE-¢4,
and levels of glycemia and insullin. The difference of approximately 4 words in total SRT
recall (out of a possible 72) observed between metformin and placebo represents a small but
potentially clinically significant difference of approximately 0.5 standard deviations [97].
Our biomarker analyses did not provide insight into the potential impact of metformin on
neurodegeneration. Future studies should ideally include AD biomarkers in CSF or imaging
markers such as PET with an amyloid ligand. Future studies should also include systematic
measures of cerebrovascular disease, which were not part of our protocol. Among the
strategies related to insulin resistance that could potentially be used for AD prevention,
metformin seems to be the safest, cheapest, and most sustainable. In addition, since
metformin is so widely used, it is important to establish its cognitive safety in light of
conflicting evidence about its effect on AD.
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Figure 1. Flowchart of study participation
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Table 1

Inclusion and exclusion criteria.

Inclusion criteria

Exclusion criteria

- Memory complaint expressed by the participant and
recognized by the informant.

- Age range: 55 years to 90 years.

- Sex distribution: men and women.

- Languages: fluent in English or Spanish.
- MMSE = 20.

- Meet amniestic mild cognitive impairment criteria
in the logical memory Il delayed paragraph recall
sub-test of the Wechsler Memory Scale Revised
(WMS-R)[47] or the Buchske selective reminding
test (SRT). For delayed paragraph recall the score
was a) less than or equal to 8 for 16 or more years of
education.; b) less than or equal to 4 for 8-15 years of
education; c) less than or equal to 2 for 0-7 years of
education. The cutoffs for the SRT were calculated
for each individual based on their age, gender, and
education level. For example, for a 75-year old
African American woman with 6 years of education,
an SRT total recall score of 25 yields a T-score of 42,
which is in the normal range, while for an AA
woman of the same age with a master's degree (18
years of school), the T-score is 34 which is in the
impaired range. This woman would be classified as
MCI if she met the criteria for function.

- Global Clinical Dementia Rating (CDR) [98] score
must be 0.5 at screening.

- Subjects without a known history of diabetes.

- Overweight or obese by National Heart, Lung, and
Blood Institute (NHLBI) criteria (BMI = 25 kg/m?)
[32].

- No contraindications to metformin treatment.
- Hachinski score < 4.
- Hamilton score < 12 on the 17 item scale.

- General cognition and functional performance such
that a diagnosis of dementia cannot be made at the
time of screening based on DSM-IV criteria.

- Vision and hearing must be sufficient for
compliance with testing procedures.

-Individuals with dementia
- MMSE < 20

- Subjects with neurologic diseases associated to
neurologic deficits.

- Subjects with current psychiatric diagnoses such
as depression, bipolar disorder or schizophrenia.

- Normal individuals without cognitive
complaints.

- Subjects with uncontrolled hypertension
(systolic blood pressure = 160 mmHg or diastolic
blood pressure = 95 mmHg.

- Subjects with a history of active cancer or cancer
within last five years, with the exception of
squamous or basal cell carcinoma of the skin.

- Subjects who for any reason may not complete
the study as judged by the study physician.

- Subjects with a known history of diabetes.

- Subjects with diabetes discovered on screening
based on American Diabetes Association criteria
(Hbalc = 6.5%) with a HbAlc > 6.9%, or who are
expected to be on treatment.

- Contraindications to metformin that include a
creatinine of > 1.5, liver disease by history or by
elevated transaminases, congestive heart failure,
and alcohol abuse [40, 73, 77].

- Use of cholinesterase inhibitors or memantine.
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Table 2

Comparison of characterisitics between the metformin and placebo arms. Continuous variables are presented
as means and standards deviations (SD). Categorical variables are presented as counts and percentages.
Hypothesis testing was conducted with T tests for continous variables and Chi-Square for categorical
variables.

Metformin (n=40) Placebo (n=40) p-value

Agein years (SD) 65.3 (7.0) 64.1(7.9) 0.49
Women (%) 18 (45) 24 (60) 0.21
Education in years (SD) 13.8(3.4) 13.1 (4.5) 0.44
Ethnic group (%) 0.46
Hispanic 17 (42.5) 13 (32.5)
Non-Hispanic Black 11 (27.5) 15 (37.5)
Non-Hispanic White 12 (30.0) 12 (30.0)
Apolipoprotein E e4 (%) 10 (25.0) 11 (27.5) 0.79
Body Mass Index in kg/m? (SD) 30.9 (4.1) 31.3(4.7) 0.65
Systalic Blood Pressurein mmHg (SD) 130.8 (10.9) 132.1(12.4) 0.62
Total Cholesterol in mg/dl (SD) 204.2 (43.6) 208.2 (46.7) 0.71
High Density lipoprotein in mg/dl (SD) 51.5 (14.1) 58.3 (17.7) 0.06
Hemoglobin A1C in % (SD) 6.1 (0.8) 6.1(0.5) 0.92
Hemoglobin A1C> 6.5% (%) 7(17.5) 6 (15.0) 0.76
High Sensitivity C-reactive protein in mg/dl (SD) 2.9(3.6) 3.7(2.9) 0.32
Insulin in 1U/dI (SD) 16.3 (9.5) 13.4 (7.6) 0.20
ADAS-Cog Score (SD) 12.0 (4.0) 14.6 (6.1) 0.02
Selective Reminding Test Total Recall (SD) 34.2(7.9) 36.1(9.5) 0.32

ADAS-Cog: Alzheimer's Disease Assessment Scale-cognitive subscale
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Table 3

Comparison of changes from baseline to 12 months in the Alzheimer's Disease Assessment Scale-cognitive
subscale (ADAS-cog) and total recall of the Buschke Selective Reminding Test (SRT) between metformin and
placebo. Crude (unadjusted) analyses are from T-tests. Adjusted analyses are from Analyses of Covariance.
The only variable that was adjusted for was the baseline score of the ADAS-cog. Table 1 shows that this was
the only baseline variable that was different between the randomization arms.

Metformin Placebo p-value

ADAS-Cog
Basdline 12.0+4.0 146+6.1 0.02
Last visit 12.1+38 12.8+6.2 0.52
Crudedifference 0.0+3.3 -1.98+55 0.06

Adjusted difference -0.5+4.1 -14+41 0.34

Total recall SRT
Baseline 34279 36.1+9.5 0.32
Last visit 436+91 415+84 0.31
Crudedifference 9.4+85 5787 0.05

Adjusted difference 9.5+6.1 54+6.1 0.05
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