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Abstract

Background—Plasma amylin is positively associated with cognitive function in humans.
Amylin treatment improves memory in Alzheimer’s mouse models. However, the relationship
between plasma amylin, diabetes and cognition is not clear.

Objectives—In this study we examined the concentration of plasma amylin, its relationship with
diabetes and cognition.

Material and Method—A cross-sectional, homebound elderly population with data of plasma
amylin under fasting condition and cognitive measurements was used.

Results—We found that subjects with a long and chronic duration of diabetes were more likely
to take insulin treatment and have reduced secretion of amylin. Compared to non-diabetics,
diabetic subjects without insulin treatment had a higher concentration, but those with insulin
treatment had a lower concentration, of plasma amylin [median (Q1, Q3): 20 (11.0, 36.2) vs. 25.2
(13.2, 50.6) vs. 15.0 (4.9, 33.8), p<0.0001]. In the whole sample vs. in the absence of diabetes,
plasma amylin was positively associated with logical memory delayed recall (3= +0.61, SE=0.25,
p=0.02 vs. =+0.80, SE=0.33, p=0.02) and block design (3=+0.62, SE=0.24, p=0.009 vs. $=+0.93,
SE=0.31, p=0.003), and negatively associated with Trailmaking A scores (p= —6.21, SE=1.55,
p<0.0001 vs. p=-7.51, SE=1.95, p=0.0001) and Trailmaking B (= —4.32, SE=2.13, p=0.04 vs. =
-5.86, SE=2.73, p=0.04). All these relationships disappeared in the presence of diabetes regardless
the treatment.
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Conclusion—This study suggests that secretion of amylin by pancreas compensates and then
deteriorates depending on the duration of diabetes. Amylin’s activities for cognition are impaired
in the presence of diabetes.

Keywords
Amylin; Cognition; Memory; Visuospatial and executive function

Introduction

Amylin is a gut-brain axis hormone with 37 amino acids produced and secreted by the
pancreas. Amylin easily crosses the blood brain barrier (BBB) [1,2] and mediates important
brain functions including inhibition of appetite through acting on area postremal [3],
relaxation of cerebrovascular structure [4,5], and perhaps enhancement of neural
regeneration [6]. It is co-secreted with another peptide, insulin, by the pancreas and plays an
important role in regulating glucose metabolism [3]. Our recent study found a positive
relationship between plasma amylin levels and the cognitive domains of memory and
visuospatial function, suggesting a beneficial effect of this pancreatic peptide to brain
function [7]. Patients with amnestic mild cognitive impairment (amnestic MCI) or
Alzheimer’s disease (AD) have lower concentrations of plasma amylin than those with
normal cognitive function [8].

Amylin shares several features with amyloid-beta peptide (Ap), one hallmark component of
AD pathology in the brain. Both peptides have similar secondary structure [9], both bind to
the same amylin receptor [10], and both are degraded by the same protease, insulin
degrading enzyme [IDE] [11,12]. Thus high levels of A in the AD brain could compete
with amylin to bind to its receptor interfering with amylin’s physiological activities in the
brain. Using AD mouse models, preclinical studies including our own, Adler et al. [8] and
Zhu et al. [13], found that peripheral injection of amylin or its clinical analog pramlintide
improves learning and memory in these mice, suggesting an alternative therapeutic for AD.

Although all these studies suggest a protective effect of amylin for cognitive decline in the
elderly, high concentration of plasma amylin is also associated with obesity and diabetes
[7,14-16]. Obesity and diabetes are found to be associated with an increased risk of
dementia including AD [17-22]. Thus it is critical to study the relationship between plasma
amylin, diabetes and cognition in the elderly. We hypothesized that in type 2 diabetes, the
dysfunctional pancreas compensates for amylin in a similar pattern it does for insulin by
increasing its secretion at an early stage and declining greatly then diminishing leading to
cognitive decline at a late stage of the disease. To prove that plasma amylin was associated
with cognition depending on the disease duration and severity, we used a homebound
elderly population and divided it into three subgroups: 1) those without diabetes, 2) diabetics
without and 3) with insulin treatment. We then examined plasma amylin and cognition in
these subgroups.
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Methods

Study population and recruitment

We studied a group of 1062 subjects from a population-based study, the Nutrition, Aging
and Memory in the Elderly (NAME) study, all of whom had been assessed for plasma amylin
levels [23]. From this group, 190 subjects were excluded because they did not have plasma
samples available for use (n=146) or did not have diabetes document (n=44) in this study.
Those excluded from analysis had a similar rate of diabetes as the sample we used. Subjects
included homebound elderly clients who were enrolled in one of four homecare agencies in
the Boston area between 2002 and 2007. Anyone receiving homecare services was
registered with one of these agencies if he/she lived in the city of Boston, had an annual
income<$18,890, and needed homecare services. All homebound elders aged 60 and older at
each of the four agencies were invited to participate in the study. All enrolled subjects gave
informed consent. The protocol and consent form were approved by the Institutional Review
Boards of Tufts University-New England Medical Center and Boston University School of
Medicine.

Clinical evaluation

Diabetes was defined as the use of anti-diabetic medication or fasting glucose greater than
126 mg/dl [19,24]. Subjects were asked to disclose all medications they were taking and the
duration of the disease since the first time when they were informed of the diagnosis.
Glucose concentrations were measured by the routine hexokinase method, and plasma
insulin concentrations were measured by radioimmunoassay in the clinical laboratories.

Weight and height were measured twice using standardized instruments, and the average of
two measurements was used to calculate BMI (kg/m?). Histories of stroke and
cardiovascular diseases were self-reported.

Measurements

Plasma amylin—Blood draw was conducted after 12 hours of fasting. Blood samples
were centrifuged immediately to isolate plasma. We used an ELISA assay to measure
amylin concentration in plasma according to the manufacturer’s instructions (Cat:
EZHA-52K, LINCO Research, St. Charles, Missouri). All samples were assayed in
duplicates and then averaged to give final values.

Other blood tests—Serum lipid profile including insulin, cholesterol, LDL and HDL, and
serum creatinine were measured by the clinical laboratory according to the CDC standard
protocols at Jean Mayer USDA Human Nutrition Research Center on Aging (HNRCA),
Tufts University. Serum creatinine and C-reactive protein (CRP) levels were measured as a
marker for renal function.

ApoE genotyping—A 244 bp fragment of the apoE gene including the two polymorphic
sites was amplified by PCR with a robotic Thermal Cycler (ABI 877, Perkin-Elmer/Applied
Biosystems), using oligonucleotide primers F4 (5
ACAGAATTCGCCCCGGCCTGGTACAC-3) and F6 (5'-
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TAAGCTTGGCACGGCTGTCCAAGGA-3'). The PCR products were digested with 5
units of Hha I and the fragments were separated by electrophoresis on 8% polyacrylamide
non-denaturing gel. The specific allelic fragments were: E2; E3; and E4. ApoE4 was defined
by E4/4, E3/4 or E2/4.

Cognitive function—Research assistants, trained by a board certified neuropsychologist,
administered the cognitive tests. Cognition was assessed using a two-phase approach. 1) The
population was screened for severe cognitive impairment using the Mini Mental State
Examination (MMSE) [25] and for estimated verbal 1Q or poor literacy using the North
American Adult Reading Test (NAART) [26]. Those with MMSE<10 or verbal 1Q<75 were
not eligible to continue in the study. 2) Eligible subjects were subsequently examined using
the following neuropsychological battery.

Verbal fluency (controlled oral word association test)—Total number of words
generated beginning with a specific letter over 60 seconds, with three trials, each with a
different letter. This test of phonemic generativity is usually viewed as a measure of
executive functioning related to language ability (i.e., lexical access).

WAIS-III Digit Span Test—Both digits forward and digits backward were performed, and
the total raw score was recorded. This test was used to evaluate attention/concentration
(forward span), and working memory, which is another component of executive function
(backward span).

WMS-IIl Word List Learning (WLL)—The task consisted of four learning trials of a 12
word list with an immediate recall score computed by summing the number of correct items
recalled across all 4 trials. After a 30 minute delay, the subject was asked to recall the same
list of words again, with the total correct items recorded to compute a delayed recall score.
A percent retention score was calculated by dividing the number of words recalled on delay.
These scores were used as measures of verbal learning and memory.

WMS-III Logical Memory (LM)—Two stories (A and B) were read aloud to the subject;
the subject was then asked to repeat after each story, with all correctly recalled items totaled
for an immediate recall score. After 30 minutes, the subject was asked to repeat both stories,
total items correctly recalled comprised a delayed recall score. The ratio of the delayed
recall score over the immediate recall score was used to calculate percent retention. These
tests measured the different aspect of memory from WLL.

Trailmaking A—This test of visuomotor attention and processing speed requires
participants to connect circles with numbers in them scattered across a page as quickly as
possible. The time to completion is recorded, with a cap time of 301 seconds.

Trailmaking B—The subject was asked to draw a line connecting alternating letters and
numbers in consecutive order. Time to completion was recorded, with cap time of 301
seconds. Trailmaking A time to completion was then subtracted from Trailmaking B total
time to account for psychomotor speed and provide a more direct measure of executive
function.
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WAIS-1II Block design—Subjects assembled red and white blocks to match a pictured
design, with points assigned for each correctly replicated design and added together to
compute a total score as a presumed measure of visuospatial skills.

Statistical analysis

Results

Statistical analysis was performed using SAS (version 9.3). Subjects were divided into three
groups: a) those without diabetes, b) those with diabetes but not on insulin treatment, and c)
those with diabetes and on insulin treatment. Continuous variables including plasma amylin
concentration and cognitive analysis measures were characterized by diabetes status groups
using ANOVA for normally distributed variables and Kruskal-Wallis Test for non-normally
distributed variables to estimate the p values. The chi-squared test (and when required,
Fisher’s exact test) was used to compare proportions for binary variables. For all analyses,
the two-sided significance level of 0.05 was used.

Plasma amylin (Log Amylin) was transformed to log,y for multivariate regression due to
skewed distribution. Linear regression was used to examine the associations between logged
plasma amylin, diabetes status and cognitive function variables. Since there were few
studies on the regulation of amylin in the literature, we assessed numerous factors that may
affect amylin’s secretion and distribution on plasma amylin as possible confounding factors.
Each set of variables was introduced manually and sequentially to reach the final model.
Entry criteria into the model was p<0.2 and exit criteria was p>0.1. In addition, clinically
significant variables were left in the model regardless of statistical non-significance. In the
final model for the amylin’s relationship with diabetes status, adjustments were made for
duration of the disease, insulin treatment, age, gender, ethnicity, education level, ApoE4
status, BMI, history of cardiovascular disease, history of stroke, kidney function (creatinine
level), lipid profile including cholesterol, LDL and HDL levels, and other diabetic
medications (Table 3). To study the relationship between plasma amylin and cognitive
function as an outcome, we also used multivariate linear regression and adjusted for
confounding factors including age, gender, ethnicity, education level, AD risk factor, and
ApoE4 status (Tables 5 and 6). A 0.05 level of significance was used for all analyses.

Study population

One thousand and sixty two subjects with documented diabetes status and measured levels
of plasma amylin from the cross-sectional NAME study were used for this study analysis.
The average age (mean £ SD) of this study sample was 75.0 £ 8.0 years old, and 76% were
female. The population was multi-ethnic with 63% Caucasian, 35% African-American, and
2% other ethnicities. 66% had high school education or above and 23% carried at least one
ApoE4 allele. We measured the concentrations of amylin and insulin in plasma: for amylin
(pg/ml): median=21.5, Q1=11.0, Q3=39.4 and for insulin (pM/L), median=80.5, Q1=49.3,
Q3=139.6.

J Diabetes Metab. Author manuscript; available in PMC 2015 March 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiu et al.

Page 6

Characterization of diabetes and vascular complications in the NAME study

Table 1 shows that subjects were divided into three subgroups based on their diabetes status:
1) those who did not have diabetes, 2) those who had diabetes but had not been treated with
insulin and 3) those who had diabetes and had been treated with insulin. The diabetic
subgroup with insulin treatment were the youngest (mean £ SD: 71.2 £ 7.6 vs. 73.8 £ 8.0 vs.
76.1 + 8.7, p<0.0001), had the most African-Americans (54% vs. 41% vs. 29%, p<0.0001),
the lowest numbers who completed high school education (55% vs. 59% vs. 73%,
p<0.0001), and the highest proportion with cardiovascular disease (58% vs. 50% vs. 36%,
p<0.0001) and stroke (30% vs. 28% vs. 18%, p=0.02) compared to the diabetic subgroup
without insulin treatment and the non-diabetic subgroup.

The diabetic subgroup with insulin treatment had the highest levels of serum glucose (mean
+ SD: 142.4 £ 60.9 vs. 139.0 £ 46.7 vs. 97.7 £ 11.0, p<0.0001), creatinine (mean £ SD: 1.43
+1.19vs. 1.06 £ 0.76 vs. 1.04 + 1.03, p<0.0001) and C-reactive protein (CRP) [median (Q1,
Q3):8.0 (2.7, 14.8) vs. 3.8 (1.6, 8.9) vs. 3.0 (1.2, 8.0), p<0.0001], but the lowest levels of
cholesterol (mean £ SD: 169.3 + 50.2 vs. 178.4 £ 43.2 vs. 189.5 + 41.3, p<0.0001), LDL
(mean £+ SD: 96.9 + 40.2 vs. 101.6 + 36.0 vs. 110.7 £ 34.6, p<0.0001) and HDL (mean £
SD: 425+ 12.0vs.45.3 +12.4 vs. 52.5 + 15.3, p<0.0001) compared to the diabetic
subgroup without insulin treatment and the non-diabetic subgroup.

Disease duration and plasma amylin

We then studied plasma amylin concentrations in three subgroups (Table 1). The diabetic
subgroup without insulin treatment had higher level [median (Q1, Q3): 25.2 (13.2, 50.6)] of,
but the diabetic subgroup with insulin treatment had lower level [median (Q1, Q3): 15.0
(4.9, 33.8)] of, plasma amylin, than the non-diabetic subgroup had [median (Q1, Q3): 20.0
(11.0, 36.2), p<0.0001]. The average of disease duration was longer in diabetes with insulin
treatment than without insulin treatment (p<0.0001). We divided diabetic subjects into five
subgroups based on the length of the disease (Table 2). Increasing duration of diabetes was
positively associated with insulin treatment (p<0.0001) and negatively associated with
amylin concentration (p<0.0002). While increasing length of disease was positively
associated with the rate of cardiovascular disease, there were no differences in the rate of
stroke and in the concentrations of glucose and insulin among different subgroups (data not
shown). Using multivariate regression (Table 3), logyg of plasma amylin as an outcome
remained to be negatively associated with duration of diabetes (3 = —0.18, SE=0.06,
p=0.002) and insulin treatment (= —0.49, SE=0.19, p=0.03) after adjusting for diabetes,
age, gender, ethnicity, education, ApoE4, BMI, cardiovascular disease, stroke, creatinine,
the lipid profile including cholesterol, LDL and HDL and diabetic medications.

As expected, the diabetic subgroup with insulin treatment had the highest levels of plasma
insulin [median (Q1, Q3): 174.9 (112.9, 240) vs. 94.9 (62.4, 166.3) vs. 69.3 (41.5, 110.6),
p<0.0001] compared to the diabetic subgroup without insulin treatment and the non-diabetic
subgroup as expected (Table 1). It was less likely for the diabetic elderly with insulin
treatment to have been on metformin (22% vs. 39%, p=0.002) or sulfonylureas (10% vs.
52%, p<0.0001) than for those without insulin treatment.
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Diabetes, plasma amylin and cognitive function

Table 4 summarizes performances on the measures of cognitive functioning in each domain
across the three subgroups and the comparisons between those diabetics without and with
insulin treatment. While both diabetic subgroups had worse cognitive function in all the
domains than those who did not have the disease, the diabetic subgroup with insulin
treatment had the worst cognitive function. Those with insulin treatment had lower scores of
MMSE (Mean £ SD: 24.2 £ 4.0 vs. 24.8 + 3.6, p<0.0001), digit span (Mean = SD: 12.7 +
3.4 vs. 13.5 + 3.5, p=0.03), block design (Mean + SD: 17.9 + 8.3 vs. 19.7 + 9.3, p=0.003),
and higher scores of Trailmaking A (Mean £ SD: Q1=94.4 + 62.5 vs. 89.1 + 61.6, p=0.05)
and Trailmaking B (Mean + SD: 232.4 + 76.8 vs. 214.7 + 84.5, p<0.0001) than those
without the treatment. In contrast, there were no differences in the verbal fluency test and
the memory performances between the two diabetic subgroups.

The effect of plasma amylin on cognition in diabetes could be attenuated in the presence of
diabetes. To address this, we first studied the relationship between plasma amylin and
cognition in the whole sample and then in the subjects who did not have diabetes (Table 5).
Using multivariate regression, we found that log1g of plasma amylin was positively
associated with some cognitive domains in the whole sample and more so among those who
did not have diabetes, including LM delayed recall (whole sample: f=+0.61, SE=0.25,
p=0.02 vs. no diabetic sample: p=+0.80, SE=0.33, p=0.02) and Block design (whole sample
B =+0.62, SE=0.24, p=0.009 vs. no diabetic sample p=+0.90, SE=0.31, p=0.003), and
negatively associated with Trailmaking A (whole sample: f= —-6.21, SE=1.55, p<0.0001 vs.
no diabetic sample: p= -7.51, SE=1.95, p=0.0001) and Trailmaking B (whole sample: =
-4.32, SE=2.13, p=0.04 vs. no diabetic sample: f= —5.68, SE=2.73, p=0.04), as an outcome
after adjusting for age, gender, ethnicity, education and ApoE4. There were no associations
between plasma amylin with MMSE and other cognitive tests including verbal fluency, digit
span and word learning list. In contrast, among those who had diabetes regardless the
treatment we did not find any association between plasma amylin and any cognitive tests
(Table 6).

Discussion

Our study suggests that low level of plasma amylin could be a mediating factor for cognitive
decline during diabetes progression. Several large population-based studies have
demonstrated that diabetes increases the risk of cognitive impairment [27-29], and the
disease duration is associated with cognitive decline [17]. While the complication of
cerebrovascular pathologies is thought to be the major etiology for cognitive decline in type
2 diabetes [30], not all diabetes elderly suffer from cognitive impairment compared to
controls [31]. Our recent study demonstrates that soluble amylin from pancreas may be a
protecting factor for cognitive decline in the elderly [7,13]. Amylin can aggregate and
deposit in the pancreas in type 2 diabetes [32,33] that could lead to a low level of soluble
amylin in plasma and impair amylin’s activities in the brain.

Compared to non-diabetics, diabetes with insulin treatment had a lower, but those without
insulin treatment had a higher, average concentration of plasma amylin (Table 1). When
type 2 diabetes patients suffer from the disease for a long duration, many of them need
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insulin treatment due to dysfunction of pancreas. As insulin and amylin are stored together
and co-secreted by pancreas, amylin secretion would have a similar pattern as insulin by the
damaged 3 cells in pancreas during chronic progression of type 2 diabetes, compensating by
increasing its secretion and then diminishing its production [34]. This could explain the data
shown in Tables 1, 2 and 3 that plasma amylin levels in diabetes were high when the
average disease duration was shorter and the disease was milder so that insulin treatment
was not needed; in contrast, the levels of plasma amylin were low regardless of insulin
treatment when the diabetic duration was longer and the disease was severe.

The higher the concentrations of plasma amylin the elderly have, the better cognitive
function they have, especially in the absence of diabetes (Table 5). This study showed that
diabetic subjects with a long duration had poor cognition as well as a low concentration of
amylin in plasma in the presence of insulin treatment (Tables 1 and 4). The rate of onset of
AD is higher among patients who have suffered from type 2 diabetes for more than five
years compared to those with a disease duration of less than five years [17]. Using Amyloid
Precursor Protein (APP) transgenic mice, we observed that chronic intraperitoneal (i.p.)
injection of AD animals with both amylin and its analog, pramlintide, reduce the amyloid
burden as well as lowers the concentrations of Ap and improve learning and memory [13].
Independently, Adler et al. demonstrate that a treatment with pramlintide improved
performance in the novel object recognition task and increased expression of the synaptic
marker synapsin | and the kinase cyclin-dependent kinase-5 in the hippocampus. In addition,
amylin relaxes cerebral vasculature [4,5] and increases the blood supply to the brain [5].

Amylin readily crosses the BBB and mediates several activities including improving glucose
metabolism, relaxing cerebrovascular structure, modulating inflammatory reaction and
perhaps enhancing neural regeneration. Despite of these important functions, human amylin
can form aggregates to disrupt islet structure in the pancreas in type 2 diabetes [32,35]. The
relationship between plasma amylin and cognitive function disappeared among those with
diabetes regardless insulin treatment (Tables 5 and 6). It is possible that amylin’s activities
are impaired in the aggregating environment in type 2 diabetes even when the level of
amylin is not low. One analog of amylin, pramlintide, has the substitution of prolines at
positions 25, 28 and 29 of human amylin [36—39] so it has decreased potential for
aggregation [40] and has become an antidiabetic drug. It has a favorable safety profile in
clinical use, and only nausea is the most common tolerability-related adverse event [41].
Although pramlintide is an available drug for diabetes, at late stage of diabetes most diabetes
patients have insulin treatment only without receiving pramlintide. One of probable reasons
is that pramlintide treatment requires three subcutaneous injections in addition to insulin
injections on daily basis leading to patients’ burden and discomfort. Our study suggests that
amylin, natural or synthetic, may provide a new avenue for treatment of memory,
psychomotor speed, visuospatial, and executive dysfunction in humans [7]. Currently there
are no available treatments for memory, visuospatial and executive dysfunction in dementia,
in diabetes, or in normal aging. Thus pramlintide treatment probably should be considered at
least in diabetic patients who need insulin treatment and suffer from cognitive impairment.

The limitations of this study are: 1) this is a cross-sectional study, and we cannot conclude a
protective relationship between a high concentration of amylin in plasma and attenuated
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cognitive decline; 2) this analysis does not include AD diagnosis, neuroimaging or autopsy
measure, so the relationship between plasma amylin and brain structures or pathology is
unknown; and 3) this study does not have hemoglobin A1C measurements which serve as a
better biomarker to diagnose type 2 diabetes. Nevertheless, our results, in addition to those
of other studies, suggest that a longitudinal study is needed to examine whether amylin is
beneficial for preserving cognitive function in the elderly and for preventing development of
AD.

Acknowledgments

We especially thank Drs. Marshal Folstein who had the vision to establish the NAME study more than a decade
ago. We also thank Dr. Xiaoyan Sun who measured plasma amylin and the NAME study staff and the Boston
homecare agencies for their hard work and acquisition of subjects. This work was supported by grants from NIA,
AG-022476 and Ignition Award (W.Q.Q) and BU ADC pilot grant (H.Z). Dr. Wei Qiao Qiu and Boston University
have filed for the patent of repurposing amylin and its analogs as a potential diagnostic tool and therapeutic for
Alzheimer’s disease.

References

1. Banks WA, Kastin AJ. Differential permeability of the blood-brain barrier to two pancreatic
peptides: insulin and amylin. Peptides. 1998; 19:883-889. [PubMed: 9663454]

2. Olsson M, Herrington MK, Reidelberger RD, Permert J, Arnelo U. Comparison of the effects of
chronic central administration and chronic peripheral administration of islet amyloid polypeptide on
food intake and meal pattern in the rat. Peptides. 2007; 28:1416-1423. [PubMed: 17614161]

3. Roth JD, Erickson MR, Chen S, Parkes DG. Amylin and the regulation of appetite and adiposity:
recent advances in receptor signaling, neurobiology and pharmacology GLP-1R and amylin
agonism in metabolic disease: complementary mechanisms and future opportunities. Current
opinion in endocrinology, diabetes, and obesity. 2013; 20:8-13.

4. Westfall TC, Curfman-Falvey M. Amylin-induced relaxation of the perfused mesenteric arterial
bed: meditation by calcitonin gene-related peptide receptors. J Cardiovasc Pharmacol. 1995;
26:932-936. [PubMed: 8606530]

5. Edvinsson L, Goadsby PJ, Uddman R. Amylin: localization, effects on cerebral arteries and on local
cerebral blood flow in the cat. Scientific World Journal. 2001; 1:168-180. [PubMed: 12805660]

6. Trevaskis JL, Turek VF, Wittmer C, Griffin PS, Wilson JK, et al. Enhanced amylin-mediated body
weight loss in estradiol-deficient diet-induced obese rats. Endocrinology. 2010; 151:5657-5668.
[PubMed: 20962049]

7. Qiu WQ, Au R, Zhu H, Wallack M, Liebson E, et al. Positive Association between Plasma Amylin
and Cognition in a Homebound Elderly Population. J Alzheimers Dis. 2014

8. Adler BL, Yarchoan M, Hwang HM, Louneva N, Blair JA, et al. Neuroprotective effects of the
amylin analogue pramlintide on Alzheimer’s disease pathogenesis and cognition. Neurobiology of
aging. 2014; 35:793-801. [PubMed: 24239383]

9. Lim YA, Ittner LM, Lim YL, Gétz J. Human but not rat amylin shares neurotoxic properties with
Abetad2 in long-term hippocampal and cortical cultures. FEBS Lett. 2008; 582:2188-2194.
[PubMed: 18486611]

10. Fu W, Ruangkittisakul A, MacTavish D, Shi JY, Ballanyi K, et al. Amyloid beta (Abeta) peptide
directly activates amylin-3 receptor subtype by triggering multiple intracellular signaling
pathways. J Biol Chem. 2012; 287:18820-18830. [PubMed: 22500019]

11. Qiu WQ, Walsh DM, Ye Z, Vekrellis K, Zhang J, et al. Insulin-degrading enzyme regulates
extracellular levels of amyloid beta-protein by degradation. J Biol Chem. 1998; 273:32730-32738.
[PubMed: 9830016]

12. Bennett RG, Hamel FG, Duckworth WC. An insulin-degrading enzyme inhibitor decreases amylin
degradation, increases amylin-induced cytotoxicity, and increases amyloid formation in
insulinoma cell cultures. Diabetes. 2003; 52:2315-2320. [PubMed: 12941771]

J Diabetes Metab. Author manuscript; available in PMC 2015 March 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiu et al.

Page 10

13. Zhu H, Wang X, Wallack M, Li H, Carreras I, et al. Intraperitoneal injection of the pancreatic
peptide amylin potently reduces behavioral impairment and brain amyloid pathology in murine
models of Alzheimer’s disease. Mol Psychiatry. 2014

14. Pieber TR, Roitelman J, Lee Y, Luskey KL, Stein DT. Direct plasma radioimmunoassay for rat
amylin-(1-37): concentrations with acquired and genetic obesity. Am J Physiol. 1994; 267:E156—
164. [PubMed: 8048505]

15. Mitsukawa T, Takemura J, Nakazato M, Asai J, Kanagawa K, et al. Effects of aging on plasma
islet amyloid polypeptide basal level and response to oral glucose load. Diabetes Res Clin Pract.
1992; 15:131-134. [PubMed: 1563328]

16. Makimattila S, Fineman MS, Yki-Jarvinen H. Deficiency of total and nonglycosylated amylin in
plasma characterizes subjects with impaired glucose tolerance and type 2 diabetes. J Clin
Endocrinol Metab. 2000; 85:2822-2827. [PubMed: 10946889]

17. Leibson CL, Rocca WA, Hanson VA, Cha R, Kokmen E, et al. The risk of dementia among
persons with diabetes mellitus: a population-based cohort study. Ann N 'Y Acad Sci. 1997,
826:422-427. [PubMed: 9329716]

18. Ott A, Stolk RP, van Harskamp F, Pols HA, Hofman A, et al. Diabetes mellitus and the risk of
dementia: The Rotterdam Study. Neurology. 1999; 53:1937-1942. [PubMed: 10599761]

19. Peila R, Rodriguez BL, Launer LJ. Type 2 diabetes, APOE gene, and the risk for dementia and
related pathologies: The Honolulu-Asia Aging Study. Diabetes. 2002; 51:1256-1262. [PubMed:
11916953]

20. Grodstein F, Chen J, Wilson RS, Manson JE. Nurses’ Health Study. Type 2 diabetes and cognitive
function in community-dwelling elderly women. Diabetes Care. 2001; 24:1060-1065. [PubMed:
11375371]

21. Arvanitakis Z, Wilson RS, Bienias JL, Evans DA, Bennett DA. Diabetes mellitus and risk of
Alzheimer disease and decline in cognitive function. Arch Neurol. 2004; 61:661-666. [PubMed:
15148141]

22. Xu WL, Qiu CX, Wahlin A, Winblad B, Fratiglioni L. Diabetes mellitus and risk of dementia in
the Kungsholmen project: a 6-year follow-up study. Neurology. 2004; 63:1181-1186. [PubMed:
15477535]

23. Scott TM, Peter I, Tucker KL, Arsenault L, Bergethon P, et al. The Nutrition, Aging, and Memory
in Elders (NAME) study: design and methods for a study of micronutrients and cognitive function
in a homebound elderly population. Int J Geriatr Psychiatry. 2006; 21:519-528. [PubMed:
16645938]

24. Haan MN, Mungas DM, Gonzalez HM, Ortiz TA, Acharya A, et al. Prevalence of dementia in
older latinos: the influence of type 2 diabetes mellitus, stroke and genetic factors. J Am Geriatr
Soc. 2003; 51:169-177. [PubMed: 12558712]

25. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading the
cognitive state of patients for the clinician. J Psychiatr Res. 1975; 12:189-198. [PubMed:
1202204]

26. Bright P, Jaldow E, Kopelman MD. The National Adult Reading Test as a measure of premorbid
intelligence: a comparison with estimates derived from demographic variables. J Int Neuropsychol
Soc. 2002; 8:847-854. [PubMed: 12240749]

27. Kuusisto J, Koivisto K, Mykkanen L, Helkala EL, Vanhanen M, et al. Association between
features of the insulin resistance syndrome and Alzheimer’s disease independently of
apolipoprotein E4 phenotype: cross sectional population based study. Bmj. 1997; 315:1045-1049.
[PubMed: 9366728]

28. Ott A, Stolk RP, Hofman A, van Harskamp F, Grobbee DE, et al. Association of diabetes mellitus
and dementia: the Rotterdam Study. Diabetologia. 1996; 39:1392-1397. [PubMed: 8933010]

29. Stewart R, Liolitsa D. Type 2 diabetes mellitus, cognitive impairment and dementia. Diabet Med.
1999; 16:93-112. [PubMed: 10229302]

30. Qiu WQ, Price LL, Hibberd P, Buell J, Collins L, et al. Executive dysfunction in homebound older
people with diabetes mellitus. J Am Geriatr Soc. 2006; 54:496-501. [PubMed: 16551319]

31. Atiea JA, Moses JL, Sinclair AJ. Neuropsychological function in older subjects with non-insulin-
dependent diabetes mellitus. Diabet Med. 1995; 12:679-685. [PubMed: 7587006]

J Diabetes Metab. Author manuscript; available in PMC 2015 March 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Qiu et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 11

Hdppener JW, Oosterwijk C, van Hulst KL, Verbeek JS, Capel PJ, et al. Molecular physiology of
the islet amyloid polypeptide (IAPP)/amylin gene in man, rat, and transgenic mice. J Cell
Biochem. 1994; 55(Suppl):39-53. [PubMed: 7929617]

Hull RL, Westermark GT, Westermark P, Kahn SE. Islet amyloid: a critical entity in the
pathogenesis of type 2 diabetes. J Clin Endocrinol Metab. 2004; 89:3629-3643. [PubMed:
15292279]

Ludvik B, Lell B, Hartter E, Schnack C, Prager R. Decrease of stimulated amylin release precedes
impairment of insulin secretion in type 1l diabetes. Diabetes. 1991; 40:1615-1619. [PubMed:
1756902]

Pugh KG, Lipsitz LA. The microvascular frontal-subcortical syndrome of aging. Neurobiol Aging.
2002; 23:421-431. [PubMed: 11959405]

Tullberg M, Fletcher E, DeCarli C, Mungas D, Reed BR, et al. White matter lesions impair frontal
lobe function regardless of their location. Neurology. 2004; 63:246-253. [PubMed: 15277616]

Roman GC, Sachdev P, Royall DR, Bullock RA, Orgogozo JM, et al. Vascular cognitive disorder:
a new diagnostic category updating vascular cognitive impairment and vascular dementia. J
Neurol Sci. 2004; 226:81-87. [PubMed: 15537526]

Colburn WA, Gottlieb AB, Koda J, Kolterman OG. Pharmacokinetics and pharmacodynamics of
AC137 (25,28,29 tripro-amylin, human) after intravenous bolus and infusion doses in patients with
insulin-dependent diabetes. J Clin Pharmacol. 1996; 36:13-24. [PubMed: 8932539]

Moriarty DF, Raleigh DP. Effects of sequential proline substitutions on amyloid formation by
human amylin20-29. Biochemistry. 1999; 38:1811-1818. [PubMed: 10026261]

Pencek R, Roddy T, Peters Y, De Young MB, Herrmann K, et al. Safety of pramlintide added to
mealtime insulin in patients with type 1 or type 2 diabetes: a large observational study. Diabetes
Obes Metab. 2010; 12:548-551. [PubMed: 20518811]

Aronne L, Fujioka K, Aroda V, Chen K, Halseth A, et al. Progressive reduction in body weight
after treatment with the amylin analog pramlintide in obese subjects: a phase 2, randomized,
placebo-controlled, dose-escalation study. J Clin Endocrinol Metab. 2007; 92:2977-2983.
[PubMed: 17504894]

J Diabetes Metab. Author manuscript; available in PMC 2015 March 05.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Qiu et al.

Comparisons of demographic information, vascular diseases and lipid profiles across amylin quartiles.

Table 1

No diabetes Diabetes, no insulin Diabetes, + insulin p values
n=674 n =289 n=99

Age, year, mean + SD 76.1+8.7 73.8+8.0 71.2 +7.6*%* <0.0001
Female, n/total (%) 525/674 (78%) 208.289 (72%) 74/99 (75%) N.S
African Americans, n/total (%) 195/671 (29%) 118/287 (41%) 53/99 (54%) <0.0001
High School Graduate and above, n/total (%) 488/670 (73%) 170/287 (59%) 54/99 (55%) <0.0001
ApoE4, nitotal (%) 154/671 (23%) 63/286 (22%) 28/98 (29%) N.S
BMI, Mean = SD 298+738 34.0+8.8 37.1+£9.6** <0.0001
Cardiovascular disease, n/total (%) 237/661 (36%) 140/281 (50%) 57/98 (58%) <0.0001
Stroke, n/total (%) 122/663 (18%) 60/284 (28%) 30/99 (30%) 0.02
Glucose, mg/L, mean + SD 97.7+11.0 139.0 +46.7 142.4 + 60.9 <0.0001
Creatinine, mg/dL, mean + SD 1.04 £1.03 1.06 £0.76 143 £1.19%** <0.0001
Cholesterol, mg/dL, Mean + SD 189.5+41.3 178.4 +43.2 169.3 £ 50.2* <0.0001
LDL, mg/dL, mean + SD 110.7 £ 34.6 101.6 = 36.0 96.9 +£40.2 <0.0001
HDL, mg/dL, mean + SD 52.5+15.3 453+124 42,5+ 12.0* <0.0001
CRP, mg/L, median (Q1, Q3) 3.0(1.2,8.0) 3.8(1.6,8.9) 8.0 (2.7, 14.8)** <0.0001
Diabetes status
Duration, n/total (%): -

<1 year 221240 (9.2%) 0/99 (0%) <0.0001

1-4 years 62/240 (25.8%) 6/99 (6.1%)

5-9 years 62/240 (25.8%) 18/99 (18.2%)

10-20 years 60/240 (25.0%) 38/99 (38.4%)
>20 years 34/240 (14.2%) 37/99 (37.4%)
Metformin, n/total (%) - 113/289 (39%) 22199 (22%) 0.002
Sulfonylureas, n/total (%) - 151/289 (52%) 10/99 (10%) <0.0001
Glitazones, n/total (%) - 28/289 (10%) 8/99 (8%) N.S
Meglit, n/total (%) - 3/289 (1%) 1/99 (1%) N.S
Peptides
Insulin, pM/L, median (Q1, Q3) 69.3 (41.5,110.6) | 94.9(62.4,166.3) | 174.9 (112.9, 240.0)*** | <0.0001
Amylin, pM/dL, median (Q1, Q3) 20.0 (11.0, 36.2) 25.2 (13.2, 50.6) 15.0 (4.9, 33.8)*** <0.0001

Page 12

Subjects are divided into three subgroups: those who did not have diabetes, diabetics without insulin and with insulin treatment. Mean + SD with
ANOVA test or n/total with Chi-Square test is used to describe the normal distributions and comparisons of age, diseases, kidney function assessed

by the measurement of creatinine and the lipid biomarkers across three subgroups. P values for the statistical significance are described.

Mean + SD with T-test is used to describe the distributions and comparisons of continuous variables between two diabetic subgroups. P values for
the statistical significance are shown with * p<0.05; ** p<0.001; *** p<0.0001

BMI=Body Mass Index; LDL=low density lipoprotein; HDL=high density lipoprotein; CRP=C-reactive protein
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Table 3

Multivariate regression analysis on the relationship between plasma amylin as an outcome and insulin use in
diabetes.

Log10 Amylin (n = 930) Log10 Amylin (n = 930)

Model | Model 11
Estimate b (SE) | p value | Estimate b (SE) | p value
Diabetes +0.43 (0.19) 0.02 +0.33 (0.24) 0.16
Diabetes duration -0.17 (0.06) 0.002 -0.18 (0.06) 0.002
Insulin treatment -0.53 (0.16) 0.0008 -0.49 (0.19) 0.03

Plasma amylin was transformed to log10 (Log10 Amylin).

Model | = adjusting for age, sex, ethnicity, education, ApoE4, BMI, cardiovascular disease, stroke, lengths of diabetes, creatinine (kidney function)
and the lipid profile includes cholesterol, LDL and HDL.

Model 1l = Model I plus other diabetic drugs including metformin, sulfonylureas, glitazones and meglitinide
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Table 4

Page 15

Comparisons of cognitive function between non-diabetic and diabetic subgroups in the context of insulin

treatment.
No diabetes | Diabetes, no insulin | Diabetes, + insulin
n=674 n=289 n=99

MMSE score, mean + SD 255+34 24.8 + 3.6** 24.2 + 4.0%**
Verbal fluency, mean £ SD 28.6+125 26.5+12.3* 25.0 £11.8**
Digit span, mean + SD 141+38 13.5+3.5* 12.7 + 3.4%**
WLL delayed recall, mean + SD 3.7+29 35+28 34+27
LM delayed recall, mean + SD 19.0+938 17.4 +9.8* 17.9+94
Trailmaking A, mean + SD 83.7+574 89.1+£61.6 94.4 + 62.5*
Trailmaking B, mean + SD 205.3+84.3 2147+ 845 232.4 + 76.8***
Block design, mean + SD 20.7+9.1 19.7+£9.3 17.9 £ 8.3**

Subjects are divided into three subgroups: those who did not have diabetes, those who had diabetes without insulin treatment and those who had
diabetes with insulin treatment. Mean + SD with T-test is used to describe the distributions and comparisons of test scores in each cognitive domain
between those who did not have diabetes and either diabetic subgroup. P values for the statistical significance are shown with *p<0.05; **p<0.01;

***p<0.001

WLL = Word learning list; LM = Logical memory
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Table 5

Effects of plasma amylin on cognitive tests in multivariate regression analyses.

Page 16

Logio
All Subjects Subjects without diabetes

Amylin
Outcomes Adjusting for age, gender, ethnicity, school and ApoE4 | Adjusting for age, gender, ethnicity, school and ApoE4

Estimate B (SE) P value Estimate B (SE) P value
MMSE Scores +0.14 (0.09) 0.11 +0.16 (0.11) 0.15
Verbal fluency +0.15 (0.33) 0.5 +0.54 (0.42) 0.21
Digit span +0.05 (0.10) 0.6 +0.13 (0.13) 0.3
WLL delayed recall +0.05 (0.07) 0.52 +0.04 (0.10) 0.71
LM delayed recall +0.61 (0.25) 0.02 +0.80 (0.33) 0.02
Trailmaking A - 6.21 (1.55) <0.0001 - 751 (1.95) 0.0001
Trailmaking B -4.32(2.13) 0.04 -5.68 (2.73) 0.04
Block design +0.62 (0.24) 0.009 +0.93 (0.31) 0.003

Plasma amylin was transformed to log10 (Log10 Amylin) as a determining factor. MMSE = Mini Mental State Exam; WLL = Word learning list;

LM = Logical memory
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