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Abstract

Purpose of the review—Alzheimer’s disease (AD) is the most common form of dementia.
There are no known preventive or curative measures. There is increasing evidence for the role of
total adiposity, usually measured clinically as body mass index (BMI), and central adiposity,
measured in AD. This topic is of enormous public health importance given the global epidemic of
high adiposity and its consequences.

Recent findings—Salient publications in 2007 and 2008 showed that a) central adiposity in
middle age predicts dementia in old age; b) the relation between high adiposity and dementia is
attenuated with older age; c) waist circumference in old age, a measure of central adiposity, may
be a better predictor of dementia than BMI, d) lower BMI predicts dementia in the elderly; e)
weight loss may precede dementia diagnosis by decades, which may explain seemingly
paradoxical findings.

Summary—The possibility that high adiposity increases AD risk is alarming given global trends
of overweight and obesity in the general population. However, prevention and manipulation of
adiposity may also provide a means to prevent AD. Treatment of weight loss in AD may also be
important but is beyond the score of this review.
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Introduction

Alzheimer’s disease (AD) is the most common form of dementia, accounting for between
70% to over 90% of all cases(1), and its prevalence is expected to quadruple by the year
2047 in the United States (2). As much as 50% of the population aged 85 years and older,
the fastest growing segment of the population, may have AD (3). The risk factors for ADcan
be classified as genetic and non-genetic. Three genes have been identified in familial early
onset AD, Amyloid Precursor Protein (APP), Presenilin 1, and Presenilin 2 (4). These genes
affect less than 5% of cases of AD, have full penetrance and expressivity, and usually affect
persons in middle age (5). This review will address risk factors for late onset AD. Robust
risk factors that have been identified for late onset AD include older age, lower education,
and the APOE-¢4 allele(5). Importantly, APOEe4 has been found to modulate the effect of
other putative risk factors (6), such as diabetes and hyperinsulinemia (7,8). It is thought that
the main culprit in AD is the accumulation of amyloid B in the brain, resulting in synapse
disruption and neuronal destruction (4,9). Thus, putative treatments or prevention measures
for AD must target the deposition of Ap and have the potential of preventing or delaying the
onset of disease, not just symptoms (10). There are no established preventive or curative
measures for AD. Thus, there is an intense search for modifiable risk factors. High adiposity
is an established modifiable risk factor for several diseases(11) and has gathered interest as a
risk factor for AD. This manuscript is a brief review of the evidence linking adiposity to
AD.

Definition and burden of adiposity

Adiposity refers to the amount of adipose (fat) tissue in the body (12). Some refer to
adiposity as “fatness”, overweight, or obesity. Adiposity is a continuum, the normal or ideal
threshold of adiposity is not clear, and is affected by factors such as age, sex and ethnic
group. In general, as adiposity increases it is associated with higher risk of insulin resistance,
diabetes, hypertension, dyslipidemia, cardiovascular disease, degenerative joint disease,
cancer, and respiratory diseases (11,13). Definitions of a high level of adiposity have been
devised using simple anthropometric measures and in relationship with adverse
outcomes(14). Anthropometric measures(15) such as body weight and height are used to
calculate body mass index (BMI), which is defined as weight in kilograms divided by height
in meters squared (kg/m2). A BMI of 25 — 29.9 kg/m2 is considered overweight, and BMI>
30 kg/m2, obese(16). BMI is strongly correlated with total body fat tissue and is a good
indirect measure of adiposity (11), although this correlation decreases in older age (17).
Thus, there is controversy over whether BMI cutoffs used for adults should be used in the
elderly(18).

Another commonly used measure of adiposity is waist circumference (WC). WC is meant to
measure the accumulation of adipose tissue in the abdomen, the largest depot of adipose
tissue in some individuals, particularly as they age. WC is thus, perhaps, a better marker of
potential adverse metabolic effects of high adiposity compared to BMI (15,19). Elevated
WC is also related to a higher risk of diabetes, hypertension, dyslipidemia, and heart disease.
Most studies show that it is a better predictor of adverse cardiovascular outcomes compared
to BMI (20), and have therefore advocated its use as the best measure of the detrimental
effects of adiposity (15). A commonly used cutoff to define elevated waist circumference is
102 cm for men and 88 cm for women (20). Other less frequently used anthropologic
measures of adiposity include skinfolds and waist to hip ratio (15).

There is a concerning epidemic of high adiposity in the world (21). With the aging of the
population and greater longevity, the long term consequences of these conditions are serious
and burdensome. Overweight (BMI > 25) and obesity (BMI> 30) (22) and elevated waist
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circumference(23) are increasing in adults in the United States. More concerning, these
trends are also observed in children and adolescents (24). Two-thirds of the United States
population are overweight or obese (24).

Potential mechanisms linking adiposity to Alzheimer’s disease

There are a number of potential mechanisms linking high adiposity to AD. Mechanisms
summarized below include hyperinsulemia, advanced glycosylation products, adipocyte-
derived hormones (adipokines and cytokines), and the influence of adiposity on vascular risk
and cerebrovascular disease.

1. Hyperinsulinemia

As described previously, one of the main consequences of adiposity is insulin resistance and
hyperinsulinemia (12). The role of insulin in AD is attracting increasing attention (25).
Insulin can cross the blood brain barrier from the periphery to the central nervous system
and compete with AP for insulin degrading enzyme (IDE) in the brain, including in the
hippocampus (26). Insulin is also produced in the brain, and may have, alternatively, a
beneficial effect on amyloid clearance (27). Peripheral hyperinsulinemia may also inhibit
brain insulin production which, in turn results in impaired amyloid clearance and a higher
risk of AD (27). Thus, it is possible that decreasing peripheral hyperinsulinemia and
increasing brain insulin levels have the same beneficial effect on AD. A study found that
rosiglitazone, a drug used in diabetes treatment which decreases insulin resistance and
decreases peripheral insulin levels may also be beneficial in AD (28). Interestingly,
intranasal insulin, delivered with direct access to the brain without accessing the periphery
has a similar effect (27). Manipulation of blood insulin levels in humans has been
demonstrated to affect cognition and levels of amyloid f in the cerebrospinal fluid (29,30),
supporting the potential direct role of insulin in AD.

2. Advanced glycosylation end products (AGES)

AGESs result from impaired glucose tolerance and diabetes, which often accompany or
follow high adiposity and are responsible for their related end organ damage (31). AGES can
be identified immunohistochemically in senile plaques and neurofibrillary tangles, the
pathologic hallmarks of AD (5). Glycation of amyloid  enhances its aggregation in vitro.
Furthermore, receptors for AGEs have been found to be specific cell surface receptors for
amyloid B, thus potentially facilitating neuronal damage (31).

3. Adipokines and cytokines

Adipose tissue has been traditionally viewed as a passive energy-dense depot. As a dietary
component, fat contains the most energy per gram than any other dietary component. Recent
evidence shows that adipose tissue is active and produces a series of substances that are
important in metabolism (adipokines), and inflammation (cytokines). Examples of
adipokines include adiponectin (32), leptin(33), and resistin (33), and of inflammatory
cytokines include Tumor Necrosis Factor-a, and Interleukin-6 (33). All are correlated with
insulin resistance and hyperinsulinemia. It is unclear at this point whether adipokines and
cytokines produced by adipose tissue are directly related to AD or whether they are only
markers of insulin resistance and hyperinsulinemia. However, some evidence links
adipokines directly to cognition. Blood leptin levels are directly correlated with adiposity,
(34,35) and the CA1 nucleus of the hippocampus, which may be affected in AD, is directly
affected by adipose-derived hormones such as leptin. Leptin has been shown to have
numerous effects on brain development (36) and potentially on brain health in cognition and
aging, affecting the function of the hypothalamus, and learning and memory processes
controlled by the hippocampus.(37) In adults with a recessive mutation in the ob gene
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(homologous to ob/ob mice), leptin replacement is trophic for the brain, and increases gray
matter tissue in the anterior cingulate gyrus, the inferior parietal lobe, and cerebellum.(38)
Presence of the leptin receptor in the hippocampus, hypothalamus, amygdala, cerebellum,
and brain stem indicates potentially linked regulatory mechanisms.(36,37) Recent
experimental data show that leptin and adiponectin interact directly with hypothalamic
nuclei and regulate energy expenditure and hyperphagic responses.(39,40) Leptin, may even
shape the hypothalamus in the earliest stages of development and enhance cognition.(36)
Direct leptin administration has been shown to improve memory processing in mice and
enhance NMDA receptors.(36) However, other roles of leptin and related adipose-derived
factors in the Alzheimer brain are not clear.(41-43) Fasting plasma leptin has been inversely
correlated with grey matter volume in areas of the brain in which obese have reduced grey
matter in comparison with lean individuals.(44)

4. Vascular risk factors and cerebrovascular disease

Cerebrovascular disease and stroke are related to a higher risk of AD (45,46). It is not clear
whether cerebrovascular disease has a direct action on the amyloid cascade. Cerebrovascular
disease may cause brain damage in additionto amyloid neurotoxicity that may lower the
threshold for the clinical manifestation of AD (47). An autopsy study showed that large
vessel cerebrovascular disease, but not small vessel disease or infarcts, were related to a
higher frequency of brain neuritic plaques (48), the pathologic hallmark of AD (5).
Adiposity, hyperinsulinemia, and diabetes (13), and related vascular risk factors such as
hypertension and dyslipidemia are related to a higher risk of cerebrovascular disease(49).
Thus, adiposity, may affect AD risk indirectly through vascular risk factors and
cerebrovascular disease.

Another potential link of adiposity, vascular disease and AD is the renin-angiotensin system
(RAS). The classical function of the RAS is blood pressure regulation, but RAS may also
provide a link between obesity, hypertension, and vascular syndromes, such as type 2
diabetes, and health of the brain.(50,51) Human brain and adipose tissue express a full RAS.
Adipose RAS is involved in adipocyte growth, differentiation, and metabolism.(52) The
RAS is activated in response to low levels of blood pressure, when angiotensin is converted
by renin to angiotensin I, which is subsequently converted to angiotensin Il by ACE.
Angiotensin Il interacts with angiotensin receptors 1 and 2, to mediate major cardiovascular
effects of the RAS, such as increasing blood pressure.(50) In the brain, angiotensin Il
continues conversion to angiotensin IV, which, acting through angiotensin receptor 4 (also
known as insulin—-regulated aminopeptidase, IRAP),(53,54) enhances learning and memory
in animal models.(54)

Dementia and weight regulation

Thus far this review has covered how high adiposity may affect AD. However, the inverse
relationship, that AD affects adiposity, may also occur. Brain regions and processes
important for dementia are also important for the neural regulation of food intake and energy
metabolism. Emotional learning, memory and complex cognition affect eating behavior and
are affected in dementia. A classic example is as memory impairment is a first symptom in
AD, individuals with memory impairments may forget to eat, and thus experience declines
in body weight. However, ‘body memory’ related to food intake in general, may also
influence obesity susceptibility. Numerous hypotheses relating memory, a hippocampal
function, and control of energy intake, a hypothalamic function, have been brought forward.
(37,55,56) One interesting hypothesis relating establishment of body weight set points and
feeding behavior to late-life body weight disturbances in AD, is related to common
involvement of hippocampal subregions, for example CAL. In early AD, neuropathological
lesions appear to be selectively located in medial temporal lobe structures, including the
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transentorhinal cortex, entorhinal cortex, and CA1 area of the hippocampal formation.
(57,58) The entorhinal cortex within the temporal lobe, is an area of neuropathological,
ischemic and other insults in early dementia.(59,60) Temporal atrophy, an early hallmark of
dementia and cognitive decline, is a manifestation of neuronal degeneration,(61,62) and has
been related to higher BMI levels 24 years before an atrophy measurement using computed
tomography (CT),(63) and cross-sectionally to lower MRI measures of global brain volume
in a study of women and men aged 40-66 years.(64) Higher BMI has also been shown to
predict a higher rate of atrophy progression measured using serial MRI.(65) Central
adiposity (high waist-to-hip ratio) has been cross-sectionally related to temporal atrophy
using MRI.(66) High BMI may lead to atrophy, or alternatively, some level of atrophy or
susceptibility to atrophy may be present among those with a higher BMI due to involvement
of common brain structures related to energy metabolism and dementia. Having a smaller
temporal lobe volume early on may contribute to dysregulatory events leading to both higher
levels of BMI throughout life and/or are reflective of diminished cognitive reserve.

Review of prospective epidemiological studies linking adiposity to
Alzheimer’s disease

Few studies have explored the association between adiposity and AD, and several reveal
conflicting findings. Elevated BMI in middle age may be associated with higher dementia
risk (67,68). A recent study showed that central adiposity in middle age was related to a
higher risk of dementia in older age(69). Higher BMI at ages 70, 75 and 79 years may also
predict higher dementia risk (70). However, there have been reports of no association at
mid-life (71) and of lower BMI related to higher AD risk(72) (73) at older ages. There are
several explanations for this apparent paradox. First, age of the adiposity measure in
relationship to clinical dementia onset varies across studies. Throughout life, there may exist
critical periods in which risk or protective factors may have more or less impact. Second,
several studies have reported weight loss preceding dementia onset(71,74), and may precede
diagnosis by decades(75). Understanding the reverse causality observed for adiposity
parameters in relationship to dementia onset, (76), is critical for interpretation of study
findings. Third, the inclusion of different birth cohorts across studies introduces the
possibility cohort effects. According to developmental origins hypotheses early life events
related tobirth cohort may influence both adult adiposity and cognition throughout adult
life(77). Fourth, anthropometric characteristics of populations vary around the world. If
baseline BMI, whether measured at mid-life or late-life, is within a healthy range (e.g., <25
kg/m2), with low prevalence of overweight and obesity, the risky effects of high adiposity
may be less likely observed. Fifth, diagnosis of dementia is not the same across
epidemiologic studies. For example, some studies use neuropsychiatric interviews, some
registry data, and others, screening criteria prior to diagnosis. Related to this is that
demented populations are heterogeneous and identified at different levels of severity. Given
the potentially rapid changes that occur in BMI throughout the dementia process, these
nuances may translate to differences in observations, and thus data interpretation. Sixth,
dementia is a syndrome. Metabolic alterations occurring with dementia may vary based on
expression of the syndrome. Finally, another potential explanation is ethnicity. One study in
Japanese Americans showed no association of high adiposity with AD (71). A study in
Northern New York City (78) found that in younger elderly (65 to 76 years of age), the
association between BMI quartiles and AD resembles a U shaped-curve, while in the oldest
old (> 76 years) higher BMI is related to a lower AD risk. This U-shaped association has
been reported for the relation between adiposity and cardiovascular mortality(79) and
underscores the difficulty in studying the effects of adiposity in older age(80). This study
also found that higher waist circumference is related to higher AD risk in the younger
elderly, but not in the oldest. In late life, low BMI may also be a sign of frailty due to
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sarcopenia (81,82) or the consequence of hyperinsulinemia (83), one of the putative
mechanisms linking adiposity and AD. Table 1 describes salient publications from 2007 and
2008 relating adiposity and AD. Curiously, these publications encapsulate the paradoxes
mentioned above, but also seem to explain them. The study by Whitmer et al found that
central adiposity in middle age is a predictor of dementia. The study by Luchsinger et al had
similar findings for persons 65 to 75 years, but not persons 76 years and older. The study by
Luchsinger el al also found that BMI in persons 65 to 75 years had a U-shape association
with dementia, while there was an inverse association in persons 76 years and older.
Similarly, the study by Atti et al found an inverse association between BMI and dementia in
persons 75 years and older. Finally, these findings could be explained by the study by
Knopman et al, which found that weight loss may precede dementia by more than 10 years.

Conclusions Implications of the evidence linking adiposity to AD

There is compelling evidence that high adiposity, particularly in middle age and in younger
elderly, is related to AD. However, this evidence comes short of being considered as proof
of causation until we understand the mechanisms and some of the caveats discussed in this
review. It is also important to point out that AD causes weight loss. A discussion of how
weight loss in AD affects outcomes is beyond the scope of this review but can be found
elsewhere(84-87). If the relation between high adiposity and AD were to be causal, the
public health implications are enormous. As explained before, 2/3 of the adult population of
the United States are overweight or obese, and the short term trend is for this to worsen.
These trends are also being observed worldwide. With increasing life expectancy we are
likely to increasingly see the cognitive consequences of increased adiposity in old age.
However, the other implication is that a large proportion of cases of AD could be
preventable or treatable. There is existing evidence that interventions for elevated adiposity
or that improve insulin sensitivity can positively affect cognition. There is a body of
literature showing that aerobic exercise can improve cognition, particularly executive-frontal
abilities, in elderly people (88,89), and some of this effect could be mediated by weight loss.
A small trial of diet and exercise in middle aged Japanese Americans with glucose
intolerance showed improvement in memory at 6 months(90). Rosiglitazone, a potent insulin
sensitizing medication with effects similar to those of exercise and weight loss, has been
shown to prevent memory decline in persons with Alzheimer’s disease(91). Most of these
studies are short term, and the long term effects of weight loss are not clear. Furthermore,
the right age group in which these interventions would be effective is not clear. The
epidemiologic data seems to suggest that middle age is a critical period. Large intervention
studies with lifestyle interventions(92) and drugs like metformin(93) that result in weight
loss have shown that it is feasible and safe to decrease hyperinsulinemia and the risk of
diabetes in middle aged populations in the long term (e.g. after 3 or more years). It is
possible that these interventions could extend to decreasing the risk of AD in old age. Thus,
it is necessary to add AD biomarkers and clinical predictors to trials that include adiposity
interventions. In this regard, there are ongoing efforts to add cognitive measures to the
Finnish Diabetes Prevention Study(92), and the Diabetes Prevention Program Outcomes
Study(94), 2 landmark studies of interventions to lose weight and prevent type 2 diabetes.
This would help clarify the mechanisms linking adiposity and AD and may reveal a strategy
to prevent an important common disease for which there is no cure. For the moment, and
pending the results of these studies, it seems reasonable to postulate that maintaining a
healthy weight over the life course is a ‘best’ strategy for optimizing both body and brain
health. There are numerous clinical trials showing that weight loss lowers blood pressure,
improves blood lipids and insulin resistance, and positively affects other factors that lower
not only cardiovascular, but dementia risk.

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luchsinger and Gustafson Page 7

Acknowledgments

Dr

. Luchsinger’s work in this review was supported by grants from the National Institute on Aging (AG07232), by

the Alzheimer’s Association (IIRG-05-15053), the American Diabetes Association (7-08-CR-41) and by the
Florence and Herbert Irving Clinical Research Scholar’s Award.

Dr

. Gustafson’s work in this review was supported by grants from the Swedish Research Council, the Swedish

Brain Power Project, the National Institutes of Health/National Institutes on Aging 1RO3AG026098, and the
Alzheimer’s Association (ZEN-01-3151).

References
1.

10.

11.

12.

13.

14.

15.

16.

17.

Ritchie K, Lovestone S. The dementias. Lancet. Nov 30; 2002 360(9347):1759-66. [PubMed:
12480441]

. Brookmeyer R, Gray S, Kawas C. Projections of Alzheimer’s disease in the United States and the

public health impact of delaying disease onset. Am J Public Health. 1998; 88(9):1337-1342.
[PubMed: 9736873]

. Evans DA, Funkenstein HH, Albert MS, Scherr PA, Cook NR, Chown MJ, et al. Prevalence of

Alzheimer’s disease in a community population of older persons. Higher than previously reported.
JAMA. 1989; 262(18):2551-2556. [PubMed: 2810583]

. Selkoe DJ. Alzheimer’s disease: genotypes, phenotypes, and treatments. Science. 1997; 275(5300):

630-631. [PubMed: 9019820]

. Cummings JL. Alzheimer’s Disease. N Engl J Med. 2004; 351(1):56-67. [PubMed: 15229308]
. Haan MN, Shemanski L, Jagust WJ, Manolio TA, Kuller L. The role of APOE epsilon4 in

modulating effects of other risk factors for cognitive decline in elderly persons. JAMA. 1999;
282(1):40-46. [PubMed: 10404910]

. Peila R, Rodriguez BL, Launer LJ, Aging S. Honolulu-Asia. Type 2 diabetes, APOE gene, and the

risk for dementia and related pathologies: The Honolulu-Asia Aging Study. Diabetes. 2002; 51(4):
1256-1262. [PubMed: 11916953]

. Luchsinger JA, Tang M-X, Shea S, Mayeux R. Hyperinsulinemia and risk of Alzheimer disease.

Neurology. 2004; 63(7):1187-1192. [PubMed: 15477536]

. Selkoe DJ. The origins of Alzheimer disease: a is for amyloid. JAMA. 2000; 283(12):1615-1617.

[PubMed: 10735401]

Sano M. Noncholinergic treatment options for Alzheimer’s disease. Journal of Clinical Psychiatry.
2003; 64(Suppl 9):23-28. [PubMed: 12934971]

Pi-Sunyer FX. The Obesity Epidemic: Pathophysiology and Consequences of Obesity. Obes Res.
2002; 10(90002):97S-104. [PubMed: 12490658]

Reaven, GM.; Laws, A. Insulin resistance: the metabolic syndrome X. Humana Press; Totowa,
New Jersey: 1999.

Poirier P, Giles TD, Bray GA, Hong Y, Stern JS, Pi-Sunyer FX, et al. Obesity and Cardiovascular
Disease: Pathophysiology, Evaluation, and Effect of Weight Loss: An Update of the 1997
American Heart Association Scientific Statement on Obesity and Heart Disease From the Obesity
Committee of the Council on Nutrition, Physical Activity, and Metabolism. Circulation. 2006;
113(6):898-918. [PubMed: 16380542]

Clinical Guidelines on the Identification, Evaluation, and Treatment of Overweight and Obesity in
Adults--The Evidence Report. National Institutes of Health. Obesity Res. 1998; 6(90002):51S—
200.

Mueller WH, Wear ML, Hanis CL, Emerson JB, Barton SA, Hewett-Emmett D, et al. Which
measure of body fat distribution is best for epidemiologic research? Am J Epidemiol. 1991;
133(9):858-869. [PubMed: 2028976]

Clinical guidelines on the identification, evaluation, and treatment of overweight and obesity in
adults: executive summary. Expert Panel on the Identification, Evaluation, and Treatment of
Overweight in Adults. Am J Clin Nutr. 1998; 68(4):899-917. [PubMed: 9771869]

Baumgartner RN, Heymsfield SB, Roche AF. Human body composition and the epidemiology of
chronic disease. Obes Res. 1995; 3(1):73-95. [PubMed: 7712363]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luchsinger and Gustafson

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 8

Heiat A, Vaccarino V, Krumholz HM. An Evidence-Based Assessment of Federal Guidelines for
Overweight and Obesity as They Apply to Elderly Persons. Arch Intern Med. 2001; 161(9):1194—
1203. [PubMed: 11343442]

Wahrenberg H, Hertel K, Leijonhufvud B-M, Persson L-G, Toft E, Arner P. Use of waist
circumference to predict insulin resistance: retrospective study. BMJ. 2005; 330(7504):1363-4.
[PubMed: 15833749]

Janssen |, Katzmarzyk PT, Ross R. Waist circumference and not body mass index explains
obesity-related health risk. Am J Clin Nutr. 2004; 79(3):379-384. [PubMed: 14985210]

Hill JO, Bessesen D. What to do about the metabolic syndrome? Arch Intern Med. 2003; 163(4):
395-397. [PubMed: 12588197]

Flegal KM, Carroll MD, C.L. O, C.L. J. Prevalence and trends in obesity among US adults,
1999-2000. JAMA. 2002; 288(14):1723-7. [PubMed: 12365955]

Ford ES, Mokdad AH, Giles WH. Trends in Waist Circumference among U.S. Adults. Obes Res.
2003; 11(10):1223-31. [PubMed: 14569048]

Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, Flegal KM. Prevalence of
Overweight and Obesity Among US Children, Adolescents, and Adults, 1999-2002. JAMA.. 2004;
291(23):2847-50. [PubMed: 15199035]

Strachan MWJ. Insulin and cognitive function. Lancet. 2003; 362(9392):1253. [PubMed:
14575966]

Farris W, Mansourian S, Chang Y, Lindsley L, Eckman EA, Frosch MP, et al. Insulin-degrading
enzyme regulates the levels of insulin, amyloid beta-protein, and the beta-amyloid precursor
protein intracellular domain in vivo. Proc Natl Acad Sci U S A. Apr 1; 2003 100(7):4162-4167.
[PubMed: 12634421]

Reger MA, Watson GS, Frey WH 2nd, Baker LD, Cholerton B, Keeling ML, et al. Effects of
intranasal insulin on cognition in memory-impaired older adults: modulation by APOE genotype.
Neurobiol Aging. 2006; 27(3):451-458. [PubMed: 15964100]

Risner ME, Saunders AM, Altman JF, Ormandy GC, Craft S, Foley 1M, et al. Efficacy of
rosiglitazone in a genetically defined population with mild-to-moderate Alzheimer’s disease.
Pharmacogenomics J. 2006; 6(4):246-254. [PubMed: 16446752]

Watson GS, Bernhardt T, Reger MA, Cholerton BA, Baker LD, Peskind ER, et al. Insulin effects
on CSF norepinephrine and cognition in Alzheimer’s disease. Neurobiol Aging. 2006; 27(1):38-
41. [PubMed: 16298239]

Watson GS, Craft S. Modulation of memory by insulin and glucose: neuropsychological
observations in Alzheimer’s disease. Eur J Pharmacol. 2004; 490(1-3):97-113. [PubMed:
15094077]

Yamagishi S, Nakamura K, Inoue H, Kikuchi S, Takeuchi M. Serum or cerebrospinal fluid levels
of glyceraldehyde-derived advanced glycation end products (AGEs) may be a promising
biomarker for early detection of Alzheimer’s disease. Med Hypotheses. 2005; 64(6):1205-1207.
[PubMed: 15823718]

Trujillo ME, Scherer PE. Adiponectin - journey from an adipocyte secretory protein to biomarker
of the metabolic syndrome. J Intern Med. 2005; 257(2):167-175. [PubMed: 15656875]

Yu YH, Ginsberg HN. Adipocyte signaling and lipid homeostasis: sequelae of insulin-resistant
adipose tissue. Circ Res. May 27; 2005 96(10):1042-1052. [PubMed: 15920027]

Friedman J, Halaas L. Leptin and the regulation of body weight in mammals. Nature. 1998;
22:763-770. [PubMed: 9796811]

Lissner L, Karlsson C, Lindroos AK, Sjostrom L, Carlsson B, Carlsson L, et al. Birth weight,
adulthood BMI, and subsequent weight gain in relation to leptin levels in Swedish women. Obes
Res. 1999; 7(2):150-154. [PubMed: 10102251]

Harvey J, Shanley LJ, O’Malley D, Irving AJ. Leptin: a potential cognitive enhancer? Biochem
Soc Trans. 2005; 33(Pt 5):1029-1032. [PubMed: 16246038]

Davidson TL, Kanoski SE, Walls EK, Jarrard LE. Memory inhibition and energy regulation.
Physiol Behav. 2005; 86(5):731-746. 15. [PubMed: 16263144]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luchsinger and Gustafson

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 9

Matochik JA, London ED, Yildiz BO, Ozata M, Caglayan S, DePaoli AM, et al. Effect of leptin
replacement on brain structure in genetically leptin-deficient adults. J Clin Endocrinol Metab.
2005; 90(5):2851-4. [PubMed: 15713712]

Kishi T, EImquist JK. Body weight is regulated by the brain: a link between feeding and emotion.
Mol Psychiatry. Feb; 2005 10(2):132-146. [PubMed: 15630408]

Qi Y, Takahashi N, Hileman SM, Patel HR, Berg AH, Pajvani UB, et al. Adiponectin acts in the
brain to decrease body weight. Nat Med. 2004; 10(5):524-529. [PubMed: 15077108]

Fewlass DC, Noboa K, Pi-Sunyer FX, Johnston JM, Yan SD, Tezapsidis N. Obesity-related leptin
regulates Alzheimer’s Abeta. FASEB J. 2004; 18(15):1870-1878. [PubMed: 15576490]

Olsson T, Nasman B, Rasmuson S, Ahren B. Dual relation between leptin and cortisol in humans is
disturbed in Alzheimer’s disease. Biol Psychiatry. 1998; 44(5):374-376. [PubMed: 9755363]
Power DA, Noel J, Collins R, O’Neill D. Circulating leptin levels and weight loss in Alzheimer’s
disease patients. Dement Geriatr Cogn Disord. 2001; 12(2):167-170. [PubMed: 11173891]
Pannacciulli N, Le DS, Chen K, Reiman EM, Krakoff J. Relationships between plasma leptin
concentrations and human brain structure: a voxel-based morphometric study. Neurosci Lett.
2007; 412(3):248-253. [PubMed: 17123711]

Vermeer SE, Prins ND, den Heijer T, Hofman A, Koudstaal PJ, Breteler MM. Silent brain infarcts
and the risk of dementia and cognitive decline. N Engl J Med. 2003; 348(13):1215-1222.
[PubMed: 12660385]

Honig LS, Tang MX, Albert S, Costa R, Luchsinger J, Manly J, et al. Stroke and the risk of
Alzheimer disease. Archives of Neurology. 2003; 60(12):1707-1712. [PubMed: 14676044]
Snowdon DA, Greiner LH, Mortimer JA, Riley KP, Greiner PA, Markesbery WR. Brain infarction
and the clinical expression of Alzheimer disease. The Nun Study. JAMA. 1997; 277(10):813-817.
[PubMed: 9052711]

Honig LS, Kukull W, Mayeux R. Atherosclerosis and AD: Analysis of data from the US National
Alzheimer’s Coordinating Center. Neurology. 2005; 64(3):494-500. [PubMed: 15699381]

Sacco RL, Benjamin EJ, Broderick JP, Dyken M, Easton JD, Feinberg WM, et al. American Heart
Association Prevention Conference. V. Prevention and Rehabilitation of Stroke. Risk factors.
Stroke. 1997; 28(7):1507-1517. [PubMed: 9227708]

Goossens GH, Blaak EE, van Baak MA. Possible involvement of the adipose tissue renin-
angiotensin system in the pathophysiology of obesity and obesity-related disorders. Obes Rev.
2003; 4(1):43-55. [PubMed: 12608526]

Katzov H, Bennet AM, Kehoe P, Wiman B, Gatz M, Blennow K, et al. A cladistic model of ACE
sequence variation with implications for myocardial infarction, Alzheimer disease and obesity.
Human Mol Genetics. 2004; 13:2647-2657.

Strazzullo P, lacone R, lacoviello L, Russo O, Barba G, Russo P, et al. Genetic variation in the
renin-angiotensin system and abdominal adiposity in men: the Olivetti Prospective Heart Study.
Ann Intern Med. 2003; 138(1):17-23. [PubMed: 12513040]

Savaskan E. The role of the brain renin-angiotensin system in neurodegenerative disorders. Curr
Alzheimer Res. 2005; 2(1):29-35. [PubMed: 15977987]

Albiston AL, McDowall SG, Matsacos D, Sim P, Clune E, Mustafa T, et al. Evidence that the
angiotensin IV (AT(4)) receptor is the enzyme insulin-regulated aminopeptidase. J Biol Chem.
2001; 276(52):48623-48626. [PubMed: 11707427]

Tracy AL, Jarrard LE, Davidson TL. The hippocampus and motivation revisited: appetite and
activity. Behav Brain Res. 2001; 127(1-2):13-23. [PubMed: 11718882]

Kelley AE. Ventral striatal control of appetitive motivation: role in ingestive behavior and reward-
related learning. Neurosci Biobehav Rev. 2004; 27(8):765-76. [PubMed: 15019426]

Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol
(Berl). 1991; 82(4):239-259. [PubMed: 1759558]

Delacourte A. Biochemical and molecular characterization of neurofibrillary degeneration in
frontotemporal dementias. Dement Geriatr Cogn Disord. 1999; 10(Suppl 1):75-79. [PubMed:
10436346]

Squire LR, Zola SM. Ischemic brain damage and memory impairment: a commentary.
Hippocampus. 1996; 6(5):546-552. [PubMed: 8953307]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luchsinger and Gustafson Page 10

60. Welsh-Bohmer, KA.; Hulette, C.; Schmechel, D.; Burke, J.; Saunders, A.; Igbal, K.
Neuropsychological detection of preclinical Alzheimer’s disease: results of a neuropathological
series of ‘normal’ controls. In: Winblad, B., editor. Alzheimer’s disesase: Advances in Etiology,
Pathogenesis and Treatment. John Wiley & Sons; New York: 2001. p. 111-128.SSS

61. Visser PJ, Verhey FRJ, Hofman PAM, Scheltens P, Jolles J. Medial temporal lobe atrophy predicts
Alzheimer’ disease in patients with minor cognitive impairment. J Neurol Neurosur Psychiatr.
2002; 72:491-497.

62. DeLeon MJ, George AE, Golomb J, Tarshish C, Convit A, Kluger A, et al. Frequency of
hippocampal formation atrophy in normal aging and Alzheimer’s Disease. Neurobiol Aging. 1996;
18:1-11.

63. Gustafson D, Lissner L, Bengtsson C, Bjorkelund C, Skoog I. A 24-year follow-up of body mass
index and cerebral atrophy. Neurology. 2004; 63:1876-1881. [PubMed: 15557505]

64. Ward MA, Carlsson CM, Trivedi MA, Sager MA, Johnson SC. The effect of body mass index on
global brain volume in middle-aged adults: a cross sectional study. BMC Neurol. 2005; 5:23.
[PubMed: 16321166]

65. Enzinger C, Fazekas F, Matthews PM, Ropele S, Schmidt H, Smith S, et al. Risk factors for
progression of brain atrophy in aging: six-year follow-up of normal subjects. Neurology. 2005;
64(10):1704-1711. [PubMed: 15911795]

66. Jagust W, Harvey D, Mungas D, Haan M. Central obesity and the aging brain. Arch Neurol. 2005;
62(10):1545-1548. [PubMed: 16216937]

67. Kivipelto M, Ngandu T, Fratiglioni L, Viitanen M, Kareholt I, Winblad B, et al. Obesity and
vascular risk factors at midlife and the risk of dementia and Alzheimer disease. Arch Neurol.
2005; 62(10):1556-60. [PubMed: 16216938]

68. Whitmer RA, Gunderson EP, Barrett-Connor E, Quesenberry CP Jr, Yaffe K. Obesity in middle
age and future risk of dementia: a 27 year longitudinal population based study. BMJ. 2005 bm);.
38446.466238.E0.

69 **. Whitmer RA, Gustafson DR, Barrett-Connor E, Haan MN, Gunderson EP, Yaffe K. Central
obesity and increased risk of dementia more than three decades later. Neurology. 2008; 71(14):
1057-1064. [PubMed: 18367704] This study from a unique middle age cohort demonstrated a
relation between higher central adiposity and risk of dementia in old age.

70. Gustafson D, Rothenberg E, Blennow K, Steen B, Skoog I. An 18-Year Follow-up of Overweight
and Risk of Alzheimer Disease. Arch Intern Med. 2003; 163(13):1524-1528. [PubMed:
12860573]

71. Stewart R, Masaki K, Xue Q-L, Peila R, Petrovitch H, White LR, et al. A 32-Year Prospective
Study of Change in Body Weight and Incident Dementia: The Honolulu-Asia Aging Study. Arch
Neurol. 2005; 62(1):55-60. [PubMed: 15642850]

72 **_Atti AR, Palmer K, Volpato S, Winblad B, De Ronchi D, Fratiglioni L. Late-life body mass
index and dementia incidence: nine-year follow-up data from the Kungsholmen Project. J Am
Geriatr Soc. 2008; 56(1):111-116. [PubMed: 18028342] This study from an elderly cohort found
an inverse association between body mass index and risk of dementia.

73. Nourhashemi F, Deschamps V, Larrieu S, Letenneur L, Dartigues JF, Barberger-Gateau P, et al.
Body mass index and incidence of dementia: the PAQUID study. Neurology. 2003; 60(1):117—
119. 14. [PubMed: 12525731]

74. Buchman AS, Wilson RS, Bienias JL, Shah RC, Evans DA, Bennett DA. Change in body mass
index and risk of incident Alzheimer disease. Neurology. 2005; 65(6):892-897. [PubMed:
16186530]

75 **. Knopman DS, Edland SD, Cha RH, Petersen RC, Rocca WA.. Incident dementia in women is
preceded by weight loss by at least a decade. Neurology. 2007; 69(8):739-746. [PubMed:
17709705] This study demonstrated that weight loss may precede dementia by decades, which
could explain the conflict between studies in old age and studies in middle age.

76. White H, Pieper C, Schmader K, Fillenbaum G. Weight change in Alzheimer’s disease. J Am

Geriatr Soc. 1996; 44(3):265-272. [PubMed: 8600194]

77. Gustafson D. A life course of adiposity and dementia. Eur J Pharmacol. May 6; 2008 585(1):163-

175. [PubMed: 18423446]

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luchsinger and Gustafson

Page 11

78 **. Luchsinger JA, Patel B, Tang MX, Schupf N, Mayeux R. Measures of adiposity and dementia

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

risk in elderly persons. Arch Neurol. 2007; 64(3):392-398. [PubMed: 17353383] This study
showed a U-shape association between body mass index and dementia and an association
between higher waist circumference and dementia in persons 65 to 75 years old. It also
demonstrated an inverse association of body mass index and dementia, and no association
between waist circumference and dementia in persons 76 years and older.

Stevens J, Cai J, Pamuk ER, Williamson DF, Thun MJ, Wood JL. The effect of age on the
association between body-mass index and mortality. N Engl J Med. 1998:1-7. [PubMed: 9414324]

Stevens J. Impact of age on associations between weight and mortality. Nutr Rev. 2000; 58:129—
137. [PubMed: 10860392]

Morley JE. Anorexia, sarcopenia, and aging. Nutrition. 2001; 17(7-8):660-663. [PubMed:
11448592]

Morley JE, Thomas DR, Wilson M-MG. Cachexia: pathophysiology and clinical relevance. Am J
Clin Nutr. April 1; 2006 83(4):735-743. 2006. [PubMed: 16600922]

Wedick NM, Mayer-Davis EJ, Wingard DL, Addy CL, Barrett-Connor E. Insulin Resistance
Precedes Weight Loss in Adults without Diabetes : The Rancho Bernardo Study. Am J Epidemiol.
2001; 153(12):1199-1205. [PubMed: 11415955]

Andrieu S, Reynish W, Nourhashemi F, Ousset PJ, Grandjean H, Grand A, et al. Nutritional risk
factors for institutional placement in Alzheimer’s disease after one year follow-up. Journal of
Nutrition, Health & Aging. 2001; 5(2):113-117.

Guerin O, Andrieu S, Schneider SM, Milano M, Boulahssass R, Brocker P, et al. Different modes
of weight loss in Alzheimer disease: a prospective study of patients. Am J Clin Nutr. 2005; 82(2):
435-441. [PubMed: 16087990]

Guyonnet S, Nourhashemi F, Ousset PJ, Micas M, Ghisolfi A, Vellas B, et al. Factors associated
with weight loss in Alzheimer’s disease. J Nutr Health Aging. 1998; 2(2):107-109. [PubMed:
10993577]

Reynish W, Andrieu S, Nourhashemi F, Vellas B. Nutritional factors and Alzheimer’s disease.
Journals of Gerontology Series A-Biological Sciences & Medical Sciences. 2001; 56(11):M675—
680.

Colcombe SJ, Kramer AF, McAuley E, Erickson KI, Scalf P. Neurocognitive aging and
cardiovascular fitness: recent findings and future directions. J Mol Neurosci. 2004; 24(1):9-14.
[PubMed: 15314244]

Colcombe S, Kramer AF. Fitness effects on the cognitive function of older adults: a meta-analytic
study. Psychol Sci. 2003; 14(2):125-130. [PubMed: 12661673]

Watson GS, Reger MA, Baker LD, McNeely MJ, Fujimoto WY, Kahn SE, et al. Effects of
Exercise and Nutrition on Memory in Japanese Americans With Impaired Glucose Tolerance.
Diabetes Care. 2006; 29(1):135-136. [PubMed: 16373910]

Watson GS, Cholerton BA, Reger MA, Baker LD, Plymate SR, Asthana S, et al. Preserved
Cognition in Patients With Early Alzheimer Disease and Amnestic Mild Cognitive Impairment
During Treatment With Rosiglitazone: A Preliminary Study. Am J Geriatr Psychiatry. 2005;
13(11):950-958. [PubMed: 16286438]

Tuomilehto J, Lindstrom J, Eriksson JG, Valle TT, Hamalainen H, llanne-Parikka P, et al.
Prevention of Type 2 Diabetes Mellitus by Changes in Lifestyle among Subjects with Impaired
Glucose Tolerance. N Engl J Med. 2001; 344(18):1343-1350. [PubMed: 11333990]

The Diabetes Prevention Program Research G. Role of Insulin Secretion and Sensitivity in the
Evolution of Type 2 Diabetes in the Diabetes Prevention Program: Effects of Lifestyle
Intervention and Metformin. Diabetes. 2005; 54(8):2404-2414. [PubMed: 16046308]

The Diabetes Prevention Program Research G. Achieving Weight and Activity Goals Among
Diabetes Prevention Program Lifestyle Participants. Obesity Res. 2004; 12(9):1426-1434.

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Luchsinger and Gustafson

Table 1

Page 12

Summary of salient studies published in 2007 and 2008 relating adiposity and dementia. Authors are in
alphabetical order.

First author
(reference)

Study setting and description

Findings

Atti, AR (72)

Knopman, DS
(75)

Luchsinger,
JA (78)

Whitmer, RA.
(69)

The Kungsholmen Project in Sweden, a prospective study of
1255 persons 75 years and older with body mass index (BMI)
information at baseline followed for 3, 6, and 9 years.
Incident

dementia was ascertained using standard research criteria.

The Rochester Epidemiology Project in Rochester, MN,
United

States. Dementia was ascertained by a medical records
linkage

system. Cases of dementia were matched to controls without
dementia. Weight and weight change was abstracted from
medical records

The Washington Heights Inwood Columbia Aging Project, a
cohort study of persons 65 years and older followed for 5
years

on average in New York City, United States; 893 had
information on BMI, and 907 had information on waist
circumference at baseline. Incident dementia was ascertained
using standard research criteria.

A cohort study of of 6,583 members of Kaiser Permanente of
Northern California, United States, who had their sagittal
abdominal diameter (SAD) measured . Diagnoses of
dementia

were from medical records an average of 36 years later

Persons with a BMI of 25 kg/m? or higher had a lower risk of
dementia than persons with a BMI of 20 to 24.9 kg/m2.

There were no differences in weight between cases and
controls 21 to 30 years before dementia onset. Women with
dementia had lower weight than controls starting at 11 to 20
years before diagnosis.

Compared with persons in the first quartile of BMI, persons
in the third quartile had a lower dementia. The association
between BMI and dementia resembled a U shape in those
younger than 76 years, while dementia risk decreased with
higher BMI in those 76 years and older. The fourth quartile
of waist circumference was related to a higher Alzheimer
disease risk in persons younger than 76 years.

Compared with those in the lowest quintile of SAD, those in
the highest had nearly a threefold increased risk of dementia.
Those with high SAD (>25 cm) and normal BMI had nearly a
doubling of dementia risk compared to those with low SAD
(<25 cm) and normal BMI (18.5-24.9 kg/m?). Those with
obesity (BMI >30 kg/m?) and high SAD over a tripling of
dementia risk
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