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Abstract

Mild cognitive impairment (MCI) and Alzheimer’s disease (AD) represent points on a continuum
of cognitive performance in aged populations. Cognition may be impaired or preserved in the
context of brain aging. One theory to account for memory maintenance in the context of extensive
pathology involves ‘cognitive reserve,” or the ability to compensate for neuropathology through
greater recruitment of remaining neurons. In this review, we propose a complementary hypothesis
of ‘metabolic reserve’, where a brain with high metabolic reserve is characterized by the presence
of neuronal circuits that respond adaptively to perturbations in cellular and somatic energy
metabolism and thereby protects against declining cognition. Lifestyle determinants of metabolic
reserve, such as exercise, reduced caloric intake, and intake of specific dietary components can
promote neuroprotection, while pathological states arising from sedentary lifestyles and excessive
caloric intake contribute to neuronal endangerment. This bidirectional relationship between
metabolism and cognition may be mediated by alterations in central insulin and neurotrophic
factor signaling and glucose metabolism, with downstream consequences for accumulation of
amyloid beta and hyperphosphorylated tau. The metabolic reserve hypothesis is supported by
epidemiological findings, and the spectrum of individual cognitive trajectories during aging, with
additional data from animal models identifying potential mechanisms for this relationship.
Identification of biomarkers for metabolic reserve could assist in generating a predictive model for
the likelihood of cognitive decline with aging.
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Introduction

Alzheimer’s disease (AD) is associated with gradual impairment of memory and cognition
that occurs late in life. While genetic mechanisms for early-onset familial AD have been
identified, little is known about the underlying factors driving the prevalence of late-onset
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sporadic AD. Mild cognitive impairment (MCI) often presages AD [1], and genetic risk
factors such as the apolipoprotein E epsilon 4 allele may also confer some degree of risk [2].
However, genotyping strategies lack specificity and sensitivity, and amnestic MCI may be
too late to implement strategies for prevention of further decline.

Lifestyle factors are increasingly recognized for their role in determining cognitive
impairment, or the lack thereof, during aging. Participation in recreational physical activity
is inversely related with the prevalence of age-related cognitive decline and dementia [3].
Dietary factors, including total caloric intake and diet composition, also correlate with
cognitive performance in aging populations, such that reduced caloric intake [4] and lower
saturated fat intake [5] have been independently associated with reduced prevalence of
dementia. The ability to maintain efficient cognitive performance despite the presence of
age-related neuropathology has been defined as ‘cognitive reserve.” Factors such as
education and socioeconomic status are likely contributors to cognitive reserve, as are social
networks [6]. We propose a complementary hypothesis of ‘metabolic reserve,” whereby
cognitive preservation in the face of extensive neuropathology, determined in part by the
ability of brain cells to regulate energy metabolism in the remaining neuronal circuits ,
which is in turn influenced by exercise and dietary factors. Although the existence of
‘metabolic reserve’ has been suggested by both longitudinal and cross-sectional studies, the
protective mechanisms for the effects of exercise and dietary energy restriction are still
being identified.

Diseases arising from lifestyle factors also may increase the risk of developing MCI and
AD. Just as normal cognition, MCI, and AD exist along a continuum, glucose and insulin
metabolism also represent a metabolic spectrum punctuated by clinical thresholds for
prediabetes and type 2 diabetes. Prediabetes is associated with elevated fasting glucose
levels and/or impaired glucose tolerance; these parameters may be above the normal range
without reaching criteria for type 2 diabetes. Further increases in fasting glucose, with
concomitant impairment of glucose and insulin metabolism, are hallmarks of type 2
diabetes. Obesity is a significant risk factor for both prediabetes and diabetes, both of which
increase the likelihood of AD [7].

In this review, we will discuss recent findings on the bidirectional relationship between
metabolism and cognitive function in the context of aging. The majority of published studies
support the existence of ‘metabolic reserve,” defined as neuroprotection in the context of
efficient metabolism, and neuronal endangerment in the context of impaired metabolism.
Possible mechanisms for metabolic reserve involve a direct role for insulin [8], insulin-like
growth factors [9] and neurotrophic factors [10], as well as pathological changes in glucose
metabolism and protein glycosylation [11]. Other components of the hormonal milieu,
including the adipocyte cytokine leptin [12], will also be discussed with reference to their
participation in MCI and AD.
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Epidemiological studies support an association between metabolism and

cognition

A cross-sectional analysis of the epidemiological literature supports the metabolic reserve
hypothesis. Independent studies have repeatedly shown that participation in recreational
physical activity reduces the incidence of cognitive decline in aging populations [3].
Likewise, studies have demonstrated that dietary restraint is associated with maintenance of
cognitive function late in life [7]. Cross-cultural studies have further suggested that regular
intake of specific dietary components, such as omega-3 fatty acids and antioxidants,
preserves cognitive function well into the eighth decade of life [13].

On the other hand, obesity in midlife has been linked to cognitive impairment at older ages
[14]. Glycemic control, defined as the efficiency of the physiological response to a glucose
challenge, has also been linked with cognition in middle-aged adults, such that individuals
with better glycemic control also perform better on measures of executive function [15].
Type 2 diabetes is defined by poor glycemic control, and this pathological state also
compromises intellectual ability, particularly late in life [L6-17]. These data support the idea
of a metabolic spectrum, defined as the relationship between somatic metabolism and
neurological decline with aging (Figure 1). In addition to a long-standing systemic positive
energy balance and associated insulin resistance, data from studies of human subjects and
animal models suggest that an acute disruption in brain cell energy metabolism (as occurs in
traumatic brain injury and stroke) may precipitate or hasten the onset of AD [18-20].

Longitudinal associations between metabolic indices and cognition

Both cross-sectional and longitudinal studies have been used to evaluate the relationship
between metabolism and cognitive status. In the Health ABC Study, 2,509 participants were
followed for 8 years and cognitive outcomes were measured in relationship to physical
activity and other lifestyle factors [21]. This longitudinal assessment revealed that exercise
reduces the risk of cognitive decline. Similarly, in the Rotterdam study, 5,395 participants
were periodically assessed for 6 years, and cognitive function was evaluated in relation to
dietary antioxidant intake [22]. Again, greater intake of antioxidants was associated with a
lower incidence of dementia. At the other end of the spectrum, when 1,447 participants were
assessed over 9 years with regard to cognition, diabetes emerged as a significant predictor of
cognitive decline [23]. Central adiposity during midlife was also predictive of incident
dementia late in life [14], and in animal models, removal of visceral adipose tissue promotes
longevity [24].

The concept of a metabolic set point, determined by central and peripheral factors, has been
widely discussed in the literature surrounding food intake and obesity. The metabolic set
point represents a particular range of body weight and adiposity that is established and
maintained over time [25]. Based on these studies, it is possible that maintenance of a
metabolic set point within a specified range also establishes and preserves a cognitive set
point during aging. In this regard, enhanced metabolic efficiency may serve as a buffer
against age-related cognitive decline.
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Imaging studies support a link between metabolism and brain structure

Structural imaging analyses have identified a bidirectional relationship between metabolism
and the volume of brain regions that are vulnerable to decline with aging. Participation in
physical training increases hippocampal volume in humans [26], and reduces hippocampal
atrophy in the context of aging [27]. While data on diet and hippocampal structure in human
populations are relatively scarce, there is some indication that antioxidant intake reduces the
occurrence of brain infarcts with aging [28]. In these respects, exercise and dietary restraint
impact not only cognition, but also preserve and maintain brain structure.

A number of studies have shown that diabetes is associated with both peripheral and central
neuropathy. This is supported by observations of hippocampal shrinkage in diabetics [29], as
well as by increased frequency of white matter abnormalities throughout the brain [30].
Some studies have documented similar structural consequences in obesity [31], and
functional alterations in glutamatergic markers have also been implicated in the context of
the metabolic syndrome [32]. Hippocampal shrinkage in stress-related psychiatric conditions
is well-documented [33], and an imbalance between excitatory and inhibitory
neurotransmission is one potential mediator for this relationship, particularly in elderly
populations [34]. Even in the absence of drug treatment (which compromises metabolism
independently of psychiatric disorders), diseases such as depression impair glycemic control
[35]; this further indicates that glucose metabolism is one feature that may determine
metabolic reserve, or the lack of reserve in the context of depression. These and other
observations align with the metabolic reserve hypothesis in that structural and functional
abnormalities, including regional atrophy and changes in excitatory neurotransmission,
occur in parts of the brain that are specifically vulnerable to neuropathology during aging.

Direct and indirect contributions of insulin signaling cascades to brain

aging

Insulin in the central nervous system can promote or attenuate cognitive decline, depending
on the time course for exposure [36]. Acute intranasal insulin improves cognition [37], while
chronic exposure to high levels of insulin reduces insulin sensitivity and impairs executive
function in humans [38]. One mechanism through which hyperinsulinemia accelerates
neuropathology involves the diversion of enzymatic resources that could otherwise be
applied to clearance of amyloid beta from the brain. Both insulin and amyloid beta are
cleared by insulin-degrading enzyme (IDE), and occupation of IDE by insulin reduces the
availability of IDE for amyloid beta clearance [39].

Insulin signaling impacts both amyloid beta accumulation and phosphorylation of tau, the
primary component of neurofibrillary tangles in AD. Insulin-induced activation of
phosphoinositol-3 kinase (PI13K) reduces phosphorylation of tau by inhibiting glycogen
synthase kinase 3 beta (GSK3beta). With hyperinsulinemia, the functional coupling between
insulin receptor activation and PI3K is impaired, leading to conditions that are permissive
for tau phosphorylation. In animal models, Type 2 diabetes has repeatedly been shown to
increase accumulation of phosphorylated tau in the hippocampus, a brain region that is
particularly vulnerable during aging and AD [40]. Likewise, in brain tissue from humans
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with both AD and Type 2 diabetes, immunoreactivity for markers of plaques and tangles is
greater than that observed in tissue from nondiabetic humans with AD [41], suggesting that
insulin resistance promotes neuropathology.

Multiple studies in animal models have demonstrated that exercise, in the form of voluntary
wheel running, attenuates cognitive impairment and neuropathology [42-43]. Caloric
restriction also ameliorates cognitive deficits and neuropathological markers in a triple-
transgenic mouse model of AD with plaques and tangles [44]. Both exercise and caloric
restriction have been associated with reduced insulin levels, indicative of improved insulin
sensitivity [42, 45]. This opens the possibility that greater insulin sensitivity in the brain
might protect against amyloid beta accumulation and tau phosphorylation. In the case of
amyloid beta, reduced levels of insulin with exercise and caloric restriction would increase
the capacity for IDE-mediated clearance of amyloid beta from the brain. In terms of tau
phosphorylation, increased insulin sensitivity could lead to greater PI3K recruitment, which
would suppress GSK3beta-mediated phosphorylation of tau. While these mechanistic
pathways have not yet been shown to mediate the neuroprotective effects of exercise and
caloric restriction, further studies are warranted, with the goal of developing
pharmacological strategies to promote metabolic reserve.

Glucose, glucose transporters, and protein glycosylation in aging and

disease

Central glucose utilization is impaired in the hippocampus and associated cortical structures
of AD patients [46]. Levels of two glucose transporters expressed in astrocytes (GLUT1)
and neurons (GLUT3) are reduced in the AD brain [47-48]. Decreased brain glucose
transporter expression was correlated with increased tau phosphorylation in patient tissue
[36]. In another study, decreased GLUT1 was associated with increased amyloid beta
accumulation in a double-transgenic mouse model of AD [49]. However, the extent to which
restoration of glucose transporter expression might attenuate disease progression in AD
models has not yet been assessed.

Patterns of tau protein glycosylation are also altered in AD. There seems to be an inverse
relationship between O-linked N-acetylglucosamine (O-GIcNAc) attachment to tau and tau
phosphorylation, such that sugar residues can occupy sites that would otherwise be
phosphorylated. O-GIcNAc glycosylation of tau is reduced in AD brains [50], in support of
this competitive hypothesis. Because diabetes is associated with impaired glycemic control,
it is possible that a reduction the level of intracellular energy substrates in neurons could be
associated with reduced O-GIcNAc glycosylation of tau, thereby contributing to increased
tau phosphorylation in the diabetic brain. However, this possibility has yet to be addressed.

Data on the regulation of central O-GIcNAc glycosylation following exercise or caloric
restriction is sparse. Twenty-four hours of fasting decreased hippocampal O-GIcNAc
glycosylation [51], but the extent to which findings on fasting align with caloric restriction is
indeterminate. Moreover, the vast majority of studies demonstrating protective effects of
caloric restriction used adult [45] or aged animals [52]. The mice used in the study by Li et
al. [51] were eight weeks old, and it is likely that fasting evokes a different physiological
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response at different developmental stages. More studies are warranted to determine whether
O-GIcNAc glycosylation of tau, or any other protein, is altered by exercise or caloric
restriction.

Leptin and leptin sensitivity in vulnerable brain regions

The hippocampus is enriched with receptors for the adipocyte cytokine leptin [53]. Together
with insulin, leptin participates in the regulation of feeding behavior [54], but its actions are
not restricted to circuits traditionally associated with feeding and metabolism. Peripheral
leptin injections activate signaling cascades associated with leptin receptor activation in the
hippocampus [55]. High levels of circulating leptin reduce leptin sensitivity in multiple
organ systems, including the brain [56]. Therefore, it is paradoxical that elevated circulating
leptin levels would be associated with reduced AD prevalence in a longitudinal study of
humans [57]. This apparent disparity between the animal literature, which suggests that
leptin resistance would increase AD pathology, and the human data can be explained by the
study population examined. Although subjects in the human study were hyperleptinemic, the
proportion of hyperleptinemic subjects with insulin resistance was relatively low (19%;
[57]). It is possible that, in the context of diabetes, leptin resistance might accelerate
neuropathology, while in nondiabetics, high circulating leptin levels might actually be
protective. There may also be a critical window for leptin resistance, with midlife obesity-
induced leptin resistance increasing the likelihood of dementia [14], and late-life elevated
leptin levels associated with neuroprotection [57].

Leptin inhibits GSK3beta-mediated phosphorylation of tau [58]. Leptin administration also
reduces accumulation of amyloid beta, and peripheral leptin injections attenuate cognitive
impairment in mouse models of AD [59]. In the hippocampus, leptin promotes synaptic
plasticity and increases arborization among hippocampal neurons [12]. Leptin receptor-
deficient mice also have fewer dendritic spines, which are the predominant sites for
excitatory neurotransmission in the adult brain [45]. Obesity and leptin resistance following
deletion of hypothalamic insulin receptors also impairs hippocampal plasticity [60]. Based
on these observations, leptin clearly has some role in neuroplasticity, and pathology within
this system is a likely contributor to metabolic reserve.

Exercise [61] and caloric restriction [45] are associated with reduced circulating leptin
levels, indicative of improved leptin sensitivity. The dynamic interaction between systemic
leptin, blood-brain barrier transport of leptin, and functional coupling between leptin
receptor activation and downstream effector systems is an ongoing area of research. How
can exercise and caloric restriction delay or prevent AD neuropathology, when high levels
of leptin have been correlated with reduced AD prevalence [57]? Again, there may be a
critical window where exposure to high levels of leptin induces resistance and promotes
cognitive decline [14]; during this same window, improved leptin sensitivity with exercise
and caloric restriction might prevent cognitive decline later in life. The question of whether
exercise and caloric restriction exert protective effects during specific periods over the
lifespan has not yet been fully addressed.
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Neurotrophic factor signaling as a determinant of metabolic reserve

There is abundant evidence from studies of cultured neurons and animal models that several
different neurotrophic factors can promote neuronal plasticity and survival, and so may
promote continued cognitive acuity during aging. Neurotrophic factors can protect neurons
in culture and in vivo against insults relevant to aging and AD including oxidative,
excitotoxic and energetic stress. For example, basic fibroblast growth factor (FGF2) can
increase the resistance of hippocampal and cortical neurons to glutamate toxicity, iron (an
oxidative insult), glucose deprivation and ischemia [62—-64]. FGF2 also protected neurons
from being damaged and killed by amyloid beta [65]. Insulin-like growth factor 1 (IGF-1)
has also been reported to protect neurons against oxidative and metabolic insults [66] and
amyloid beta toxicity [67]. However, it was recently reported that reducing IGF-1 signaling
ameliorates behavioral deficits, neuroinflammation and neuronal degeneration in a mouse
model of AD [68], suggesting an adverse effect of IGF-1 signaling on the AD process.
Brain-derived neurotrophic factor (BDNF) has been the most intensively studied
neurotrophic factor with regards to cognition because of its important roles in synaptic
plasticity and neurogenesis. BDNF can also protect neurons and improve functional
outcome in experimental models relevant to AD [69-71]. Nerve growth factor (NGF)
promotes the survival of basal forebrain cholinergic neurons, and there is some evidence
from clinical studies that infusion of NGF into the brain can improve cognitive function in
AD patients [72].

Metabolic reserve is implicated in the ability of nerve cell circuits to adjust their structure
adaptively in response to functional demands and environmental conditions. Neurotrophic
factors produced in an activity-dependent and stress-responsive manner are believed to play
a major role in such adaptive plasticity. BDNF has emerged as key mediator of the structural
and functional changes in neurons responsible for learning and memory processes. BDNF is
critical for long-term potentiation at hippocampal synapses [73], and also promotes
neurogenesis by enhancing the differentiation of neural progenitor cells [74]. BDNF
production is responsive to changes in energy metabolism at both the whole-body and nerve
cell levels. Thus, both exercise and dietary energy restriction increase BDNF production [45,
75-76], while a sedentary lifestyle and overeating may decrease BDNF production [77].
BDNF promotes neuronal plasticity by activating a receptor (trkB) coupled to PI3 kinase,
Akt kinase, mitogen-activated protein kinases and the transcription factors cyclic AMP
response element-binding protein (CREB) and NF-kB [78].

Since the initial observation that mice with reduced levels of BDNF (BDNF+/— mice)
overeat and become obese, and that infusion of BDNF can ameliorate the hyperphagia and
obesity [79], several novel and interesting roles for BDNF in the regulation of energy
metabolism have been discovered. BDNF acts on neurons in the ventromedial nucleus of the
hypothlamus to suppress appetite, and this action of BDNF occurs downstream of
melanocortin signaling [80]. However, BDNF’s role in energy metabolism goes beyond
suppression of appetite as it has been shown that BDNF infusion into the lateral ventricles
improves glucose regulation independently of its effects on food intake, possibly by
increasing energy expenditure [81]. Systemic administration of BDNF improved glucose
regulation in leptin receptor mutant diabetic mice [82]. In addition, the obese, insulin-
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resistant phenotype of BDNF+/- mice can be reversed by alternate day fasting, a
manipulation that also elevates BDNF production in the CNS [83]. Moreover, BDNF
signaling can modify cellular energy metabolism in neurons by enhancing glucose transport
and by increasing Na*-dependent amino acid transport and protein synthesis in cultured
cerebral cortical neurons [84]. Thus, BDNF is involved in regulating energy metabolism at
multiple levels including cellular energy metabolism in individual neurons, food intake and
peripheral glucose metabolism.

The question then arises as to whether reductions in the expression of neurotrophic factors,
and/or the ability of neurons to respond to the trophic factors, may be one factor that
contributes to insufficient metabolic reserve during aging and AD. Studies in which levels of
BDNF mRNA and protein have been measured in brain tissue samples from AD patients
compared to age-matched control subjects suggest that BDNF expression is reduced in
vulnerable brain regions in AD [85-86]. Studies using experimental models suggest that
amyloid beta impairs CREB signaling resulting in suppression of BDNF expression, which
may contribute to adverse effects on synaptic plasticity and neuronal viability [87]. Basal
forebrain cholinergic neurons play an important role in memory and degenerate in AD, and
cholinesterase inhibitors are the most widely prescribed drugs for AD patients. NGF
promotes the survival of cholinergic neurons and their production of acetylcholine, and
expression of the high-affinity NGF receptor trkA is reduced in cholinergic neurons in AD
[88]. Data from studies of human subjects and animal models have led not only to clinical
trials of neurotrophin delivered directly into the brain, but also to the preclinical
development of low molecular weight agents that induce the expression of neurotrophins or
activate neurotrophin receptors and exhibit beneficial effects in experimental models
relevant to AD [89-92]. Collectively, the findings described in this section suggest that
neurotrophic factor signaling-based approaches hold considerable potential to counteract the
metabolic perturbations involved in age-related cognitive decline and AD.

Summary and conclusion

The metabolic reserve hypothesis states that there is a relationship between global energy
metabolism and brain function that can provoke or protect against neuropathology with
aging. This relationship has multiple potential mediators, including changes in cerebral
insulin and glucose metabolism, alterations in glucocorticoid levels and rhythmicity, and
fluctuations in leptin levels and sensitivity. Metabolic reserve contributes to cognitive
reserve in that the likelihood of neuronal recruitment in the aging brain is related to
bioenergetic efficiency among neurons and astrocytes. By virtue of their beneficial effects
on energy balance, neuronal survival, synaptic plasticity and neurogenesis, neurotrophic
factors likely play pivotal roles in the development and maintenance of cognitive reserve
during aging.
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Figure 1. The metabolic reserve hypothesis
Aging is accompanied by variable degrees of brain atrophy. Having a high metabolic

reserve, defined by efficient central and peripheral glucose and insulin metabolism and low
levels of visceral body fat, improves the probability that an individual will maintain
cognitive function in the face of regional atrophy. By contrast, having low metabolic
reserve, defined by inefficient cellular energy metabolism and central adiposity, increases
the likelihood of cognitive decline.
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