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Abstract

Background—Advanced glycations end products increase oxidant stress, inflammation, and
neurotoxicity. Serum levels are increased in diabetes and aging. We examined the relationship
between serum methylglyoxal derivatives (sSMG), and cognitive decline, in 267 non-demented
elderly.

Methods—Tobit mixed regression models assessed the association of baseline SMG with
cognitive decline in the Mini Mental State Exam (MMSE) over time, controlling for
sociodemographic factors (age, sex, and years of education), cardiovascular risk factors (diabetes
and presence of an APOEA4 allele), and kidney function. SMG was assessed by ELISA.

Results—The fully adjusted model showed an annual decline of 0.26 MMSE points per unit
increase in baseline SMG (p=0.03). Significance was unchanged as additional risk factors were
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added to the model. The interactions of SMG with diabetes, sex, age, kidney function, and APOE4
genotype were not significant.

Conclusions—Higher levels of baseline SMG were associated with a faster rate of cognitive
decline, after adjusting for several sociodemographic and clinical characteristics. This relationship
did not differ by sex, APOE4 genotype, or diabetes status suggesting its generality. Since subjects
were cognitively normal at the beginning of the study, elevated SMG may be indicative of brain
cell injury initiated before clinically evident cognitive compromise.
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Introduction

Methods
Subjects

Advanced glycation end products (AGEs) are a heterogeneous group of endogenous and
exogenous glucose-derived compounds, with significant pro-inflammatory and pro-
oxidative stress effects(1). AGEs play a significant pathogenic role in numerous age-related
diseases, e.g. diabetes, cardiovascular disease, and kidney disease, and may also have a role
in Alzheimer's disease (AD)(2). Elderly and diabetic individuals have increased AGEs and a
higher risk of AD(3). AGEs are higher in serum(4) and cerebrospinal fluid (CSF)(5, 6) of
AD patients than in normal controls. Due to their chemical structure, AGEs may take part in
the transformation of soluble into insoluble p amyloid and the aggregation of microtubule
associated protein tau(7). AGE-modified AB ve as a “seed” in the acceleration and
stabilization of amyloid plaques in the AD brain(8). Based on immuno-evidence,
histochemical levels of AGEs in the brain of AD patients are higher than in normal controls,
constituting components of senile plaques and neurofibrillary tangles(8).

Among other reactive AGE precursors, glyoxal and methylglyoxal are common dicarbonyl
compounds that contribute to AGE formation, via derivatives, such as imidazolones.
Methylglyoxal is endogenously produced at a low rate during autoxidation of reducing
sugars and lipids(9) and at higher rates under conditions of increased oxidant stress, while its
methylglyoxal-lysine derivatives can also be acquired from the diet(10). The neurotoxic
effects of methylglyoxal and its reactive derivatives have been widely discussed in the
literature(11-13). Methylglyoxal is associated with enhanced aggregation of Ap(14), and
CSF methylglyoxal concentrations in AD patients are substantially higher than in normal
elderly controls(11, 15). In this study we examined the relationship between circulating
levels of methylglyoxal derivatives (SMG) and cognitive decline over time in a sample of
very elderly non-demented subjects, who are thus at high risk of AD. We hypothesized that
higher SMG concentrations would be associated with a faster rate of cognitive decline.

Data are from an ongoing, NIA-funded, longitudinal research project at the Mount Sinai
School of Medicine (MSSM) that began at the end of 2005, investigating risk factors for AD
in the very elderly. Subjects were recruited from senior centers and by newspaper ads, or
were outpatients of the James J. Peters Veteran Affairs Medical Center (VAMC) affiliated
with the MSSM and assessed approximately annually. Subjects were at least 75 years old
and cognitively intact at entry into the project. Subjects with a diagnosis of stroke or other
neuropsychiatric disease that could compromise cognition (such as Parkinson's disease or
schizophrenia) based on medical chart reviews were excluded from the study. Normal
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cognition was defined by a Clinical Dementia Rating (CDR) scale score of 0 (non-
demented) and by a Mini Mental State Exam (MMSE) score above the 101 percentile of the
age and education norms(16). Those with CDR score equal to zero but with a discrepancy
between informant and subject's reports, raising doubt about cognitive intactness, were
referred to the Alzheimer's Disease Research Center for a full dementia workup. All subjects
so referred (n=6) had their non-dementia status (CDR=0) confirmed. The study was
approved by the MSSM and VAMC Institutional Review Boards, and all subjects signed
informed consent.

At the time of this analysis the study has recruited 443 subjects. Of those, 176 had no follow
up (69 dropped out or died and 106 did not reach the follow up assessment time), 111 had
one follow up, 129 had two follow ups, and 28 had three follow ups or more. Since the
objective of this study was to examine the relationship between baseline SMG and cognitive
decline, the 267 subjects who had at least one follow up were included in the analyses.

Methylglyoxal analysis

Serum derivatives of methylglyoxal (SMG) were measured by a competitive enzyme-linked
immunosorbent assay (ELISA), using a monoclonal anti-MG-BSA antibody (MG3D11)
raised against MG-modified BSA (22 MG-modified arg/mol BSA, by high performance
liquid chromatography and GC-MS). In our laboratory, the minimum detection limit is 0.03
nmol/ml, and the intra- and inter-assay coefficients of variation are 5.5% and 8.3%,
respectively. MG3D11 has been found to be strongly immunoractive against MG-
ovoalbumin and AGE-BSA but not with CML-BSA or unmodified BSA(17).

Diabetes assessment

Diagnosis of diabetes was determined by consensus conference based on the presence of
diabetes diagnosis in the medical chart, blood glucose measures in the chart, and use of
medications for the treatment of diabetes. Assessments were done at the home of each
participant, where the interviewer recorded medication information directly from the labels
of participants’ medications, providing good reliability of this data.

Other covariates

ApoE4 genotype was defined by the presence of at least one ApoE4 allele. ApoE genotype
was determined by PCR run from blood(18). Fasting plasma glucose and total cholesterol
were determined using standard methods. HDL cholesterol was determined after
precipitation of apolipoprotein B-containing lipoproteins with phosphotungstic acid. LDL
cholesterol levels were calculated using the Friedewald formula(19). HbAlc was determined
using ion exchange, high performance liquid chromatography (20). Kidney function or
glomerular filtration rate was estimated using the Cockroft-Gault formula(21). Smoking was
dichotomized into subjects who ever or never smoked. Body Mass Index (BMI) was
calculated as weight in kilograms divided by height in meters square.

Statistical analyses

Tobit mixed regression models assessed the association of baseline SMG with cognitive
decline in the MMSE score over time, controlling for sociodemographic factors (age, sex,
and years of education), cardiovascular risk factors (diabetes, BMI, and presence of an
APOEA4 allele) associated with dementia(22), and kidney function. Although generalized
estimating equations (GEE) models are appropriate for most longitudinal data sets, by
modeling the correlation among repeated observations within a given subject, they do not
accommodate situations where there are either floor or ceiling effects in the response
variable. The ceiling effect is in fact a type of censoring that is present in data using the
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MMSE, particularly in the context of intact cognition at baseline, and the model should
account for this aspect of the data. The original Tobit model introduced by Tobin (1958) was
for ceiling effects (censoring) in cross-sectional data (rather than repeated measurements).
However, Twisk and Rijmen (2009) extended the Tobit model to the setting of longitudinal
studies with repeated measurements, compared the longitudinal Tobit model to the regular
linear mixed model on a data set that had repeated measures as well as ceiling effects, and
found that the longitudinal Tobit performed better than the linear mixed model. The general
idea of Tobit regression is that it models both the probability of reaching either the floor or
ceiling and the development over time between the floor and ceiling. The GEE approach
only models the development over time between the floor and ceiling and ignores the
probability of reaching either a floor or ceiling. Additionally, similarly to GEE, Tobit
regression can handle differences in length of follow up as well as missing values. Thus, we
selected Tobit regression as the most appropriate for the data presented herein. Additional
models evaluated the interactions of diabetes, sex, age, APOE4 genotype, BMI, and kidney
function with MG.

The 267 subjects who had at least two MMSEs and complete data on all variables of interest
were included in this study. Subjects averaged 83.5 (+5.3) years of age, 14.3 (£3.1) years of
education, 35.7 (£15.7) months of follow up. Their mean sMG was 0.93 nmol/ml (£0.57),
estimated GFR 56ml/min (x19.5), BMI 26.13 (+£3.9), HbAlc 5.8% (+0.87), fasting glucose
108.5 (+40.1), total cholesterol 178.5 (+38.0), LDL 104.8 (+42.1), and HDL 50.9 (14.7);
76% of the sample were men (since a major source of recruitment was the VAMC), 18%
had diabetes, 20% carried an APOE4 allele, and 66.4% ever smoked. The average MMSE at
baseline was 28.2 (+1.7) reflecting a cognitively normal sample, and at last visit it was 27.3
(+2.3). For descriptive purposes, Table 1 presents the characteristics of the sample stratified
by sSMG quartiles. There were significantly more women in the upper quartiles of sSMG
(p=0.008). All other variables were not significantly associated with sMG levels.

Table 2 presents the results of successive analyses of the association of SMG with cognitive
decline over time controlling for additional risk factors. For each model, we estimated the
regression coefficient of annual MMSE change per increase in SMG of 1 nmol/ml.
Significance was essentially unchanged as several additional risk factors were added to the
model suggesting they do not contribute substantially to the relationship between MG and
the MMSE. The fully adjusted model showed an average annual decline of 0.39 MMSE
points per year, with an additional annual decline of 0.36 MMSE points per unit increase in
SMG (p=0.012), i.e. higher MG levels were associated with increasing rates of cognitive
decline. For descriptive purposes, Figure 1 presents the estimated regression line of MMSE
decline over time for the mean level of SMG, controlling for baseline MMSE and for all
covariates. Based on the fully adjusted model, lower baseline MMSE, male gender, lower
education, older age, higher HDL, and lower total cholesterol were associated with poorer
overall cognitive performance. Diabetes, kidney function, the APOE4 genotype, BMI, LDL,
and smoking were not associated with cognitive performance. Finally, the interactions of
sMG with diabetes, sex, age, kidney function, BMI, and APOE4 genotype were not
significant and did not substantially improve the model fit.

Discussion

In this longitudinal study of initially non-demented community dwelling very elderly, higher
SMG levels were associated with a faster rate of cognitive decline as measured by the
MMSE, after adjusting for several sociodemographic and clinical characteristics. In
addition, this relationship did not differ by sex, APOE4 genotype, BMI, or diabetes status
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suggesting its generality. MG derivatives are common reactive AGE intermediates found
elevated in older subjects, and together with terminal AGEs, such as carboxy-methyllysine
(CML) correlate with increased levels of oxidative stress(17) and markers of
inflammation(10), processes which are inherently associated with AD neuropathology(2, 23,
24). Elevated AGEs are also associated with diabetes(1) and vascular disease(25), conditions
also associated with AD(3, 26). Thus, elevated SMG may provide an indicator of brain
injury preceding clinical dementia in older persons.

Several potential mechanisms can explain the neurotoxicity of MG and its reactive
derivatives. MG impairs glucose metabolism and leads to energy depletion in neuronal
cells(27). Mutations in the glycolytic enzyme Tpi lead to accumulation of MG, increased
production of AGEs, and subsequent dysfunction and death of neurons(27). MG alters
intracellular Ap/carboxy-terminal fragment aggregation and is cytotoxic(14). Several
counteracting processes normally ameliorate the deleterious effects of MG: most cells
possess glyoxalases and other aldehyde-scavenging enzymes(28) that convert MG into less
harmful molecules. Up-regulation of glyoxalase-1 activity can lower cell-associated MG,
possibly suppressing AD neuropathology(28).

AGE concentrations in CSF of AD patients were approximately double that of controls in
two studies(5, 6). MG is a highly reactive substance(13), promoting glycation and cross-
linking of proteins, and eventually damage to lipids and DNA(29). Therefore, it has been
proposed that glycation of CSF proteins early in the course of cognitive decline may
stimulate the formation and deposition of AGEs, raising oxidative stress and inflammatory
response in the brain(5), and leading to increased production of neuritic plaques and
neurofibrillary tangles. Since subjects were cognitively normal at the beginning of the study,
our results suggest that the deleterious effects of elevated circulating MG may take effect
even before overt cognitive compromise.

Since AGEs are increased in diabetes, the accumulation of AGEs in the brain has been
proposed as a possible mechanism linking diabetes to cognitive impairment. In this study,
SMG levels were nominally, but not statistically significantly higher in diabetic subjects
(0.96 nmol/ml+0.58) compared to non-diabetic subjects (0.912nmol/ml+0.57; p=0.65). This
may reflect a survivor effect with reduced mortality for diabetic subjects with relatively low
SMG levels(30). Additionally, the lack of a significant interaction between sMG and
diabetes in this study suggests that the effect of SMG on cognitive compromise is similar in
diabetic and non-diabetic individuals. Alternatively, it is possible that anti-diabetic
medications alter the association between sMG and diabetes or counteract the effect of SMG
on cognitive compromise(31); indeed all diabetic subjects in this study were medicated.

It has been demonstrated that in addition to endogenous mechanisms that reduce MG
concentrations, dietary restriction of caloric intake or of AGE intake without altering
calories, reduces serum concentrations of MG derivatives and its terminal product CML,
together with markers of oxidative stress and inflammation (10). The independent
association of dietary AGE content with circulating AGE levels and the significant decrease
of serum MG derivatives following dietary AGE restriction even in healthy older
subjects(25) suggests that western diets, which are AGE-rich may potentially play a role in
the development of AD. This may be clinically relevant since the dietary AGE load can be
easily and safely reduced by using food processing methods that limit high or prolonged
heat application and preserve food moisture(10, 17).

This study was limited by the use of a convenience sample that was not epidemiologically
representative because it consisted of highly educated very elderly subjects. Since the very
elderly are the fastest growing segment of the population(32) and have the highest risk for
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cognitive compromise(33), they are worthy of particular attention. Additionally, the
relationships between age, sex, and education, with cognition in this sample are consistent
with those of younger (34) and similarly aged samples(33). Furthermore, the lack of
association of diabetes and the APOE4 genotype with cognition is consistent with that of
other samples of very elderly participants(35, 36). Although the MMSE was sensitive
enough to detect cognitive changes associated with SMG levels, it is a global cognitive
measure and cannot assess changes in specific cognitive domains for which a more in depth
neuropsychological battery would be required. Finally, since SMG has pro-inflammatory and
pro-oxidative stress effects(37, 38), such markers, although not assessed in the current study,
may modulate the relationship between sMG and cognition. Among the strengths of the
study were the longitudinal assessment of cognitive changes by an average of four annual
assessments, and the availability of several important potential confounders.
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Figure 1. Predicted MMSE scores over time at mean sSMG level

Adjusted for baseline MMSE, sex, age, education, diabetes, APOE4, genotype, BMI, kidney
function, HbAlc, glucose, LDL, HDL, total cholesterol, and smoking. The points on the plot
represent the observed MMSE scores and the varying sizes of the points reflect the number
of patients with that observed score.
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