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Advanced glycation end product level,

diabetes, and accelerated cognitive aging

ABSTRACT

Objective: Several studies report that diabetes increases risk of cognitive impairment; some have
hypothesized that advanced glycation end products (AGEs) underlie this association. AGEs are
cross-linked products that result from reactions between glucose and proteins. Little is known
about the association between peripheral AGE concentration and cognitive aging.

Methods: We prospectively studied 920 elders without dementia, 495 with diabetes and 425
with normal glucose (mean age 74.0 years). Using mixed models, we examined baseline AGE
concentration, measured with urine pentosidine and analyzed as tertile, and performance on the
Modified Mini-Mental State Examination (3MS) and Digit Symbol Substitution Test (DSST) at
baseline and repeatedly over 9 years. Incident cognitive impairment (a decline of >1.0 SD on each
test) was analyzed with logistic regression.

Results: Older adults with high pentosidine level had worse baseline DSST score (p = 0.05) but not
different 3MS score (p = 0.32). On both tests, there was a more pronounced 9-year decline in
those with high and mid pentosidine level compared to those in the lowest tertile (3MS 7.0, 5.4,
and 2.5 point decline, p overall <0.001; DSST 5.9, 7.4, and 4.5 point decline, p = 0.03). Incident
cognitive impairment was higher in those with high or mid pentosidine level than those in the
lowest tertile (BMS: 24% vs 17%, odds ratio = 1.55; 95% confidence interval 1.07-2.26;
DSST: 31% vs 22%, odds ratio = 1.62; 95% confidence interval 1.13-2.33). There was no
interaction between pentosidine level, diabetes status, and cognitive decline. Multivariate adjust-
ment for age, sex, race, education, hypertension, cardiovascular disease, estimated glomerular
filtration rate, and diabetes diminished results somewhat but overall patterns remained similar.

Conclusion: High peripheral AGE level is associated with greater cognitive decline in older adults
with and without diabetes. Neurology® 2011;77:1351-1356

GLOSSARY

3MS = Modified Mini-Mental State Examination; AB = -amyloid; AD = Alzheimer disease; ADA = American Diabetes Association;
AGE = advanced glycation end product; BMI = body mass index; CES-D = Center for Epidemiologic Studies-Depression
Scale; Cl = confidence interval; CV = coefficient of variation; DSST = Digit Symbol Substitution Test; eGFR = estimated
glomerular filtration rate; Health ABC = Health, Aging and Body Composition; MDRD = Modification of Diet in Renal Disease;
NFT = neurofibrillary tangle; OR = odds ratio; RAGE = receptor for advanced glycation end product; SE = standard error.

Mounting evidence suggests that diabetes increases risk for cognitive impairment and demen-
tia, including Alzheimer disease (AD)," although the pathogenesis is unknown. Accumulation
of advanced glycation end products (AGEs) in the brain is one possible mechanism linking
diabetes to cognitive impairment. AGEs are a group of highly stable crosslinked products that
form through a series of reactions between glucose and proteins. While AGEs form during
normal aging, formation accelerates in diabetes in the setting of hyperglycemia and oxidative
stress.> Although all proteins are prone to AGE formation, deleterious AGE accumulation
occurs in tissues with low turnover, including the CNS.?
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In brains of patients with AD, AGEs, in-

cluding pentosidine, colocalize with senile
) 4-10

plaques and neurofibrillary tangles (NFT
One study showed evidence of more severe
AD pathology with greater AGE levels in
brains of patients with comorbid diabetes and
AD compared to those with AD alone.” In a
case-control study serum level of the AGE
pentosidine was elevated in patients with AD
compared to controls.!! Circulating levels of
AGE may provide a marker for risk of cogni-
tive impairment. However, no studies have
prospectively analyzed the association of cir-
culating AGE levels and cognitive decline in
elders without dementia.

We determined if elders with elevated lev-
els of the AGE pentosidine, as measured by
urine, had greater decline in cognitive func-
tion in a prospective study of diabetic and
nondiabetic elderly men and women without
dementia. Our hypothesis was that elders
with higher pentosidine levels would experi-
ence greater 9-year decline on cognitive test-
ing than those with lower levels.

METHODS Study population. Participants were part of
the Health, Aging and Body Composition (Health ABC) study,
a prospective cohort study beginning in 1997-1999 of 3,075
community-dwelling elders then aged 70-79 years and living in
Mempbhis, TN, or Pittsburgh, PA. To identify potential partici-
pants, a random sample of white and all black Medicare-eligible
elders within designated zip code areas were contacted. To be
eligible, participants had to report no difficulty with activities of
daily living, walking a quarter of a mile, or climbing 10 steps
without resting. They could not have life-threatening cancer di-
agnoses and could not be intending to move out of the study area
for at least 3 years.

Urine pentosidine was assayed for 920 of the 3,075 Health
ABC participants, including almost all (495) of the 527 partici-
pants with baseline diabetes. Previous studies indicate urine pen-
tosidine is highly correlated with serum levels.'? Diabetes
mellitus was defined by use of hypoglycemic medication or a
fasting glucose of =126 mg/dL, in accordance with the Ameri-
can Diabetes Association (ADA) criteria in place near the start of
the Health ABC study (ADA 2002). Pentosidine was also mea-
sured in a random sample of 425 participants with normal glu-
cose level (fasting glucose <110 mg/dL and oral glucose
tolerance test <140 mg/dL) matched to diabetic patients on

race, sex, and clinic site.

Standard protocol approvals, registrations, and patient
consents. All participants in the study signed a written in-
formed consent. The study was approved by the institutional
review boards of the 2 field centers (University of Pittsburgh and
University of Tennessee, Memphis) and by that of the coordi-

nating center at the University of California, San Francisco.
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Measurements. Two cognitive tests were administered at base-
line and at follow-up visits over the next 9 years. The Modified
Mini-Mental State Examination (3MS) was administered 5
times, at baseline and at 2, 4, 7, and 9 years after baseline. The
3MS is a brief, general cognitive battery with components for
orientation, concentration, language, praxis, and immediate and
delayed memory."? The maximum (best) score is 100. The Digit
Symbol Substitution Test (DSST) measures attention, psy-
chomotor speed, and executive function,' and was administered
4 times, at baseline and at 4, 7, and 9 years after baseline. The
DSST score was calculated as the total number of test items
correctly coded in 90 seconds, with a higher score indicating
better cognition. The maximum (best) score is 90. Clinically
significant cognitive impairment over 9 years was defined as a
decline of greater than 1 SD of change scores between baseline
and the last visit. On the 3MS, this corresponded to a decline of
9 points or more over 9 years; on the DSST, this corresponded
to a decline of 10 points or more.

Urine samples were obtained at the baseline visit after an
overnight fast and specimens were frozen at —70°C at McKesson
Bioservices (Rockville, MD). Pentosidine assays were performed
by Dr. Evelyne Gineyts (Institut National de la Sante et de la
Recherche Medicale Research Unit 831, Lyon, France). Pentosi-
dine was measured on hydrosylated sample by high-performance
liquid chromatography using purified bone pentosidine as a
standard.” The pentosidine recovery rate was 93 * 4%, with a
detection limit below 0.02 pmol. The intra-assay and interassay
coefficients of variation (CV) were less than 8% and 15%, re-
spectively. We analyzed pentosidine level by tertile range as low
(1.56-9.25 pmol/mmol creatinine [Cr]), mid (9.26-13.60
pmol/mmol Cr), and high (13.6-98.66 pmol/mmol Cr) tertile.

We considered several measures which, based on previous
studies, could confound the relationship between pentosidine
and cognitive scores. These included the baseline characteristics
of self-reported age, race, sex, education level (categorized as less
than high school vs high school or more education), and number
of alcoholic drinks per day (categorized as less than one vs one or
more drinks per day). Depressive symptoms were assessed using
the 20-item Center for Epidemiologic Studies—Depression Scale
(CES-D).'* Body mass index (BMI) (kg/m?) was calculated from
direct height and weight measurements. Current hypertension
was determined using self-report, medication use, and clinical
measurements taken at the baseline examination. Baseline preva-
lent cardiovascular disease (CVD) was defined by self-report,
medications, and medical chart review and included stroke and
coronary artery disease. Estimated glomerular filtration rate
(eGFR) was calculated using the Modification of Diet in Renal
Disease (MDRD) formula.”” APOE genotype was determined by
the 5'-nuclease assay'® in the human genetics laboratory at the
University of Pittsburgh and participants were coded as €4 carri-

ers or noncarriers.

Statistical analyses. We first performed bivariable tests for
associations between each of the baseline characteristics and ter-
tile of pentosidine using x> tests for categorical variables and
analysis of variance for continuous characteristics.

Since 3MS scores were negatively skewed, we used the Box-
Cox method to find a transformation that would satisfy normal
distribution assumptions for analyses. DSST scores did not re-
quire transformation. To test for associations between pentosi-
dine tertile and continuous cognitive scores, we used mixed
effects linear regression models with random subject-specific in-
tercepts and slopes and fixed effects for pentosidine tertile and all

other variables. Best linear unbiased predictions of the latent
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[ Table 1

Characteristic

Mean (SD) level, pmol/mmol Cr

Age,y
Female gender

Black race

Education < high school

>1 alcoholic drink/day

Depression score >16

Body mass index, kg/m?

Diabetes

Hypertension

Cardiovascular disease

Estimated GFR, mL/min/1.73 m?

APOE €4 carrier

Baseline characteristics of the 920 participants by pentosidine tertile® ]

Tertile of pentosidine

Low(n=307) Mid(n=314) High(n=299) p Value®
7.4(1.2) 11.2(1.3) 21.9(12.5)

72.9(2.8) 73.6(2.7) 74.2(3.0) <0.001
34 44 50 <0.001
56 57 57 0.94
36 30 B85 0.30
8 5 6 0.19
& 4 4 0.48
28.2(4.4) 28.4(5.4) 28.3(5.1) 0.95
54 55) 53 0.94
61 70 75 <0.001
24 30 45 <0.001
73(15.7) 75.7 (16.9) 70.9(21.0) <0.001
88 31 26 0.14

Abbreviation: GFR = glomerular filtration rate.

2 Values are mean (SD) or %.

b p Value by x? test for dichotomous variables and analysis of variance for continuous vari-
ables.

[ Table 2

baseline values and 9-year changes were estimated based on these
models. Predicted 3MS means were back-transformed to the
original scale. Standard errors (SE) were estimated for each of the
predicted mean scores via bootstrapping.

To test for associations between pentosidine tertile and clin-
ically significant cognitive impairment over 9 years, we used lo-
gistic regression. Odds ratios (OR) and 95% confidence intervals
(CI) were calculated for the mid and high tertiles combined vs
the low pentosidine tertile (reference).

We tested the association between pentosidine tertile and
each outcome in models with and without adjusting for baseline
characteristics significantly (» < 0.05) associated with tertile of
pentosidine in bivariable analyses. These included age, sex, hy-
pertension, CVD and eGFR. In addition, we adjusted for educa-
tion and baseline diabetes status. We also tested for interactions
between pentosidine tertile and diabetes status in all multivari-
able models. All analyses were conducted using Stata 11.0 (Stata
Corporation, College Station, TX).

RESULTS The mean (SD) age at baseline of the 920
participants was 73.6 (2.9) years. Forty-four percent
were white and 43% were female. The mean (SD)

Cognitive score,
mean (SE)

Baseline and 9-year change in cognitive scores by pentosidine tertile ]

Tertile of pentosidine

Modified mini-mental state examination

Baseline

9-year change

Digit symbol substitution test

Baseline

9-year change

Low Mid High p Value
90.1(0.3) 90.5(0.3) 89.5(0.3) 0.32
-25(05 -54(07 -7.0(1.0) <0.001
342(0.6) 348(06) 323(0.7) 0.05
-45(08) -7.4(08 -59(1) 0.03

pentosidine level was 13.4 (9.4) pmol/mmol Cr.
Pentosidine level was similar among diabetic and
nondiabetic patients (13.2 and 13.6 pmol/mmol Cr,
respectively, p = 0.51). Higher tertile of pentosidine
was associated with older age, being female, having a
history of hypertension or CVD, and having lower
eGFR (table 1).

In unadjusted mixed effects linear regression
models, baseline 3MS scores did not differ by pento-
sidine tertile (table 2). However, higher tertile of
pentosidine was significantly associated with greater
3MS decline (p < 0.001). Higher tertile was also
associated with lower baseline DSST scores (p =
0.05) and greater decline (p = 0.03). After adjusting
for age, sex, education, hypertension, CVD, eGFR,
and diabetes, 9-year 3MS decline remained signifi-
cantly greater for those in the higher pentosidine ter-
tile (p < 0.001). Those in the lowest pentosidine
tertile had a mean (SE) adjusted 3MS change score of
—2.6(0.5),vs —5.4 (0.7) and —6.7 (0.9) in mid and
high tertile, respectively. Differences in baseline
DSST score were no longer significant in the ad-
justed model (p = 0.20), but differences in 9-year
DSST decline scores were of borderline significance
across pentosidine tertile (p = 0.08). Those in the
lowest tertile had mean (SE) adjusted DSST change
scores of —4.8 (0.5), vs —7.2 (0.6) and —6.0 (0.7) in
mid and high tertile, respectively.

In unadjusted logistic regression models, those in
the mid and high tertile had a greater likelihood of
decline than those in the low tertile on both the 3MS
(24% vs 17%, respectively, OR = 1.55, 95% CI
1.07-2.26) and DSST (31% vs 22%, respectively,
OR = 1.62, 95% CI 1.13-2.33). After adjusting for
age, sex, education, hypertension, CVD, and ¢GFR,
there was a trend level association with odds of
3MS decline (OR = 1.42, 95% CI 0.96-2.12);
odds of decline on the DSST remained signifi-
cantly greater for elders in the mid and high vs
those in the low pentosidine tertile (OR = 1.52,
95% CI 1.04-2.22).

There were no significant interactions between
pentosidine tertile and diabetes status on baseline
cognitive score (p = 0.27 for 3MS and p = 0.66 for
DSST), or on 9-year change score (p = 0.84 for
3MS and p = 0.65 for DSST) in the multivariable
mixed effects models. However, cognitive decline
scores were greater for those with diabetes on the
3MS (figure) in each of the pentosidine tertiles. Sim-
ilarly, mean (SE) DSST decline scores in the low,
mid, and high tertile among those with diabetes
(=5.9 [1.1], —10.2 [1.2], and —7.7 [1.6], respec-
tively) were greater than scores among those without

diabetes (—3.2 [1.2], —4.7 [1.1], and —4.5 [1.2]).

Neurology 77 October 4, 2011 1353

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



1354

Figure Multivariable mixed effects model with adjusted mean Modified Mini-Mental State Examination
(3MS) 9-year change score by diabetes status and pentosidine tertile

0_
w -2
28
o
(=]

&
5 41
(%))
=
o
@
S 6 -
T
o
c
@
]
= -8
-10 -

——=e—— No diabetes mellitus

——& —- Diabetes mellitus

Low

I I
Medium High

Tertile of Pentosidine

Models are adjusted for age, sex, education, hypertension, cardiovascular disease, and estimated glomerular filtration rate.

DISCUSSION Among older well-functioning
adults, those with higher urine pentosidine levels ex-
hibited greater decline in cognitive function over 9
years, independent of demographic factors and co-
morbidities, including diabetes, although the results
were slightly diminished after adjusting for covari-
ates. This study presents novel findings for an associ-
ation between a peripheral AGE and cognitive
decline among elderly without dementia.

These results are supported by a few small cross-
sectional studies suggesting an association between
elevated AGE level and dementia. In one case-
control study, Meli et al.!! reported high pentosidine
levels in serum of patients with AD and diabetic pa-
tients compared to controls. Another study found
CSF and blood serum concentrations of pentosidine
cross-sectionally related to vascular dementia."

AGE: colocalize with several AD-related proteins,
including tau proteins, B-amyloid (AB),>-%12¢ and
APOE.? As a result, pentosidine and other AGEs are
prominent neuropathic features of plaques and
NFTs and correlate with the progression of senile
plaques in AD brains.®* Greater AGE accumulation
associated with diabetes?! may also contribute to
more severe dementia. Brains from patients with co-
morbid diabetes and AD show higher AGE levels
and a greater amount of AB dense plaques and recep-
tor for AGE (RAGE)—positive and tau-positive cells
compared to those with only AD.> This finding was
particularly apparent in the hippocampus. This is of
interest as RAGE is able to bind to AB and is in-

Neurology 77 October 4, 2011

volved in transport of AP across the blood—brain
barrier.®?? In our study, those with diabetes exhibited
greater decline in cognitive scores; however, the asso-
ciation between higher peripheral AGE level and de-
cline in cognitive scores also occurred in those
without diabetes. It was surprising that in this study
pentosidine level did not differ by diabetes status.
This may be due to the relatively old age of our pop-
ulation as AGE levels also accumulate with age,’ or
possibly due to a survivor bias in those with diabetes
enrolled in the Health ABC Study.

Increased AGE levels are also linked to age-related
conditions including inflammation, vascular disease,
and chronic kidney disease.>*>?* Each of these condi-
tions may play a role in cognitive impairment, espe-
cially in aggregate. For example, previous studies
have shown cognitive decline associated with mark-
ers of inflammation?>2¢ and chronic kidney dis-
ease.??® Vascular disease also is known to contribute
to cognitive impairment.?”?° We did not have MRI
brain scans that might have detected subclinical cere-
bral infarcts. Other possible mechanisms include di-
rect toxic effects of AGEs in the brain or the
upregulation of RAGE-mediated proinflammatory
processes.’’ However, a recent RAGE inhibitor trial
ended early due to the futility of the agent to improve
or prevent dementia.

Strengths of the present study include a prospec-
tive design conducted in a large diverse sample of
adults without dementia. Pentosidine level was mea-
sured in urine obtained at baseline before the onset of

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



cognitive impairment and cognitive testing was done
longitudinally, whereas prior studies were cross-
sectional,'"? limiting interpretation of casual path-
ways. In addition, the study allowed for long
follow-up and adjustment for demographics and co-
morbidities. However, our study has several limita-
tions. We could not test all cognitive domains and
are limited in the interpretation of our findings be-
cause of the lack of etiology of cognitive impairment.
In addition, we do not know for certain how periph-
eral pentosidine level correlates to those in CSF or
brain tissue, although urine pentosidine has been
shown to correlate with pentosidine levels in serum.!?

Our findings suggest that higher peripheral pen-
tosidine is associated with risk of cognitive decline in
elder adults. Future studies should determine the
value of peripheral AGEs as a marker for cognitive
function and the neuropathologic etiology underly-
ing this association.
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Classification scheme requirements for therapeutic questions

Editor’s Note to Authors and Readers: Levels of Evidence coming to Neurology®

Effective January 15, 2009, authors submitting Articles or Clinical/Scientific Notes to Neurology® that report on clinical
therapeutic studies must state the study type, the primary research question(s), and the classification of level of evidence assigned
to each question based on the classification scheme requirements shown below (left). While the authors will initially assign a
level of evidence, the final level will be adjudicated by an independent team prior to publication. Ultimately, these levels can be
translated into classes of recommendations for clinical care, as shown below (right). For more information, please access the
articles and the editorial on the use of classification of levels of evidence published in Neurology.'

1. French J, Gronseth G. Lost in a jungle of evidence: we need a compass. Neurology 2008;71:1634-1638.

2. Gronseth G, French J. Practice parameters and technology assessments: what they are, what they are not, and why you should care. Neurology

3. Gross RA, Johnston KC. Levels of evidence: taking Neumlﬂgy® to the next level. Neurology 2009;72:8-10.

AAN classification of recommendations

("Class |, A rando mized, controlled clinical trial of the intervention of interest )
with masked or objective outcome assessment, in a representative
population, Relevant baseline characteristics are presented and substantially
equivalent among treatment groups or there is appropriate statistical

\ 2djustment for differences. v
P
ﬁ:lus Il. A randomized, controlled clinical trial of the intervention of interest\
ina representative population with masked or objective outcome
assessment that lacks one criterion a-e in Class | or a prospective matched
cohort study with masked or objective outcome assessmentina
representative population that meets b-e in Class |, Relevant baseline
characteristics are presented and substantially equivalent among treatment

: groups or there is appropriate statistical adjustment for differences. :

Class 111, All other controlled trials (including well-defined natural history
controls or patients serving as their own controls) in a representative
population, where outcome is independently assessed, or independently
derived by objective outcome measurements.

Class IV, Studies not meeting Class |, I, or lll criteria including consensus or

A = Established as effective, ineffective, or harmful (or established )
as useful/predictive or not useful/predictive) for the given condition
inthe specified population. (Level A rating requires at least two
consistent Class | studies.)

: B = Probably effective, ineffective, or harmful (or probably :

useful/predictive or not useful/predictive) for the given condition in
the specified population. (Level B rating requires at least one Class|
study or two consistent Class |l studies. )

: C = Possibly effective, ineffective, or harmful (or possibly
useful/predictive or not useful/predictive) for the given condition in

the specified population. (Level C rating requires at least one Class ||
study or two consistent Class |1l studies,)

U = Data inadequate or conflicting; given current knowledge,

expert opinion.

T A,

treatment (test, predictor) is unproven.
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