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List of abbreviations

BDNF Brain-derived neurotrophic factor
CR Caloric restriction
FGF21 Fibroblast growth-factor 21
GF Geometric Framework
IGF-1 Insulin-like growth factor 1
LPHC Low-protein, high carbohydrate
MTOR Mechanistic target of rapamycin
PGC1-a Peroxisome proliferator-activated receptor-gamma coactivator
SIRT1 Sirtuin 1

Mini-dictionary of terms

Caloric Restriction 10%e50% daily reduction in caloric intake without malnutrition.
Dementia A decline in mental ability that usually results in a deterioration in the quality of life and day-to-day activities.
Geometric Framework A powerful and integrated framework to help understand the relationships among nutrition and caloric intake on

physiology, health outcomes, aging, and life span.
Healthspan The length of time an organism is healthy (i.e., increasing the amount of time in optimal health).
Low-protein, high-carbohydrate diets Ad-libitum diets lower in protein content (5% e 10%) and higher in carbohydrate content (65%e70%)

that have been shown to improve longevity, health, neurobiological processes, and cognition in mice.

Introduction

Aging is the greatest risk factor for most chronic diseases, including neurodegenerative diseases and dementias (Partridge,
2014). The link between aging, disease, and multimorbidity has prompted researchers to study the biology of aging with
the hope of identifying interventions that act on mechanisms of aging, improve multiple domains of health (car-
diometabolic, brain, etc.), and perhaps increase life span. Several promising interventions have been identified that increase
health and life span in model organisms; most involve dietary modification, drugs, and/or genetic manipulations. Targeting
the biology of aging through these interventions may be an effective way to treat or slow the onset of the diseases that
“come as a package” during aging while simultaneously increasing life span, and nutritional modifications may be the most
accessible intervention type (Fontana & Partridge, 2015).

Nutrition and the aging brain

To date, the most effective nutritional intervention to improve health in model organisms is caloric restriction (CR), which
is defined as a total reduction of daily caloric intake by 10% e 50% without malnutrition and full vitamin and mineral
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supplementation (Pani, 2015). The mechanisms by which CR promotes brain health are still under investigation. However,
a large body of evidence points toward the fact that CR influences the expression of key nutrient sensing pathway proteins
including sirtuin 1 (SIRT1), mechanistic target of rapamycin (MTOR), 5’ AMP-activated protein kinase (AMPK),
fibroblast growth-factor 21 (FGF21), peroxisome proliferator-activated receptor-gamma coactivator (PGC1-a), and the
insulin/insulin-like growth factor (IGF) signaling pathways. In addition to regulating these nutrient-sensing pathways that
modulate life span, CR influences additional neurobiological processes that have been identified as key influencers of brain
health (Wahl et al., 2019). For example, CR is associated with an upregulation of brain-derived neurotrophic factor
(BDNF), decreased neuroinflammation, increased dendritic spine density and synaptic plasticity, resistance to stress,
improved mitochondrial health, protection against reactive oxygen species, and improved memory and cognition (Fusco &
Pani, 2013). CR has also been shown to reduce major molecular hallmarks of dementia/Alzheimer’s disease including
amyloid beta (Ab) plaques and tau tangles in most major rodent models (Fusco & Pani, 2013; Wahl et al., 2017). While
most CR research has been carried out in invertebrate models and rodents, emerging evidence suggests that CR may also
improve memory during aging and reduce the onset of age-related neuropathologies and dementia in humans (Leclerc
et al., 2019).

Caloric restriction caveats and macronutrient ratios

A major translational limitation to CR is the fact that most humans may have difficulty sustaining a CR diet, especially in
Western societies where there is essentially free access to calorie-dense foods (An & Maurer, 2016). An additional and
major challenge in analyzing the effects of CR on the brain is that it is difficult to determine whether the effects are due to a
total reduction in calories or rather reduced consumption of one or several macronutrients (Speakman, Mitchell, & Mazidi,
2016). For example, restricting only dietary protein, rather than carbohydrates or fat, has been shown to benefit the rodent
brain and mimic some benefits of CR. One study demonstrated that cycles of dietary protein restriction resulted in reduced
neuropathologies, including hippocampus tau phosphorylation, in a mouse model of Alzheimer’s disease, and this was
associated with reduced circulating Insulin-like growth factor-1 (IGF-1) levels (Parrella et al., 2013). In addition to
reducing some major hallmarks of dementia, limiting dietary protein intake has been shown to benefit the brain by
increasing hippocampal dendritic spine density, lowering inflammation, and influencing the expression of genes respon-
sible for longevity, even when compared to 20% CR. These changes may have been partly due to diet-related differences
in key nutrient-sensing pathway proteins (e.g., SIRT1, MTOR) (Wahl et al., 2018). Conversely, a very high protein diet
was found to increase markers of oxidative stress in rats (Zebrowska, Maciejczyk, Zendzian-Piotrowska, Zalewska, &
Chabowski, 2019) and reduce brain weights, hippocampal volume, and neuronal density in male and female mice (Pedrini
et al., 2009). Taken together, these studies highlight the importance of determining the roles of individual macronutrients,
and their interactions, rather than total caloric intake per se, on brain aging.

One obstacle to strategies that target specific macronutrients is that nutrition is complex and animals must acquire a
certain ratio of macronutrients to function optimally during the course of a lifetime. This balance of macronutrients may
change across a life course depending on several factors including genetic background and environmental circumstance
(Simpson & Raubenheimer, 2012) and each macronutrient plays important roles in brain function during all stages of
development. For example, although not reviewed in depth here: fat largely comprises neuronal membranes and con-
tributes to neuronal fluidity; proteins are involved in the production of the main excitatory and inhibitory neurotransmitters;
and simple carbohydrates are the preferred energy source of the brain [reviewed in detail in (Wahl et al., 2016)].
Consequently, it is important to have a tool to determine what macronutrient ratios are most beneficial to the brain and
cognitive processes during aging and how these ratios may change depending on developmental stage.

The geometric framework

For the past 20 years, the Geometric Framework (GF) has been used to untangle and understand the complex interactions
between an animal and its nutritional environment (Simpson & Raubenheimer, 2012). The GF models a nutritional
environment in an n-dimensional Cartesian space, whose dimensions correspond to variables such as macronutrient uptake
(Raubenheimer, Simpson, Le Couteur, Solon-Biet, & Coogan, 2016). In this space, an animal’s interaction with its
nutritional environment can be analyzed, with outcome measures represented as a topographical response surface over-
laying the n-dimensional nutrient space. Using the GF, researchers have begun to elucidate the complex interactions among
nutrition, health, and life span (Solon-Biet, Wahl, et al., 2019).

Fig. 46.1 depicts as an illustration the hypothetical relationship between protein and carbohydrate intake in animals
with free access to individual foods. Animals consume and mix foods to attain specific (target) ratios and amounts of

518 PART | V Models and modelling



macronutrients (Simpson, Le Couteur, Raubenheimer, et al., 2017). Fig. 46.1A shows that if an animal is given a nutri-
tionally balanced diet, this ultimately results in the animal reaching its macronutrient intake target for optimal physiological
functioning, which is represented by the green dotted line. Fig. 46.1B demonstrates that if an animal is given a choice
between two nutritionally complementary imbalanced foods, it must alternate between both in order to reach the intake
target. However, if an animal is constrained to one nutritionally imbalanced diet, it will have to over- or underconsume one
macronutrient over the other in order to reach the intake target for that macronutrient (Raubenheimer et al., 2016). For
example, if an animal is given a diet that is lower in protein content, it will overconsume carbohydrates in order to reach its
protein target (represented by point a). This is defined as protein leverage and is depicted in Fig. 46.1C.

As this basic model evolved, target points in the nutrient space encompassed both static points integrated over a period
of time for cohort analysis or dynamic paths over time for individual analysis (Simpson & Raubenheimer, 1999). This
expanded the GF from solely analyzing nutritional requirements, to also being able to compare among organisms and
multivariate metrics such as metabolism, growth and life span, and their relationships to nutrition (Simpson, Batley, &
Raubenheimer, 2003). At this point, the GF was able to answer the question of which components of dietary restriction are
most important and to answer the fundamental question: Caloric restriction relative to what? Until this stage, the major
barrier impeding the unraveling of the effects of CR on health was the lack of a conceptual framework from which to
analyze experimental results (Simpson & Raubenheimer, 2007). Since restriction implied a relative decrease,
traditional approaches of control versus treatment models were limited, as they had to assume a control diet and an arbitrary
restriction relative to this. Nonparametric regression allowed the shape and form of the predictor used to create the surface
to not be confined, but rather derived from the data itself. At this stage however, the nonparametric R script techniques
(“fields” package in R) used were not appropriate to run statistical analysis with, and so they were simply used
for visualization. Both methods used multiple regression analysis, which allows computation of selection coefficients
that have clear biological interpretations about forces of selection (Ramos-Palacios, Badano, Flores, Flores-Cano, &
Flores-Flores, 2014).

Another critical step in the evolution of the GF was the development of generalized additive models (GAMs) with thin-
plate splines using the “mgcv” package in R, which made it possible to perform log-likelihood testing to compare nested
models, allowing the response surface to be analyzed for direct effects, two-way interactions, and three-way interactions
(Wood 2006, 2017). One drawback of this approach was that it required larger sample sizes compared to standard
parametric regression models, because the data were used not only for analysis but also to identify the appropriate
parameter or predictor model itself. This development allowed for much greater analytic power when using the third
nutritional dimension of fat in the cases of most omnivorous mammals. This propelled the GF from being applied primarily
on insect models to a wider range of organisms including humans (Raubenheimer & Simpson, 2016).

FIGURE 46.1 The relationship between protein and carbohydrate intake in animals with free access to individual foods. (A) a balanced diet (green
dotted line), passes through the intake target. (B) Nutritional decisions an animal can make when offered a pair of nutritionally complementary imbalanced
foods. Black dotted lines indicate how an animal may eat varying amounts of each food to reach its intake target. (C) When confined to an imbalanced diet,
an animal may eat to reach its protein target (point a), but will have eaten excess carbohydrate, which promotes weight gain. It may also eat to reach its
carbohydrate target (point b), but incur a deficit in protein. Reproduced with permission from Simpson, S. J., & Raubenheimer, D. (2005). Obesity: The
protein leverage hypothesis. Obesity Reviews, 6(2), 133e142 and Solon-Biet, S. M., Wahl, D., Raubenheimer, D., Le Couteur, D. G., Simpson, S. J., &
Cogger, V. C. (2018). Chapter 8 - a framework for uncovering the roles of calories and macronutrients in health and aging. In J. L. Ram & P. M. Conn
(Eds.), Conn’s handbook of models for human aging (2nd ed.) (pp. 93e108). Academic Press.
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Rationale of the geometric framework

Dietary manipulation may lead to changes in the life span or cognitive behavior of an animal, but there may be a number of
mechanisms underlying these changes, each of which, if manipulated individually, may not produce the desired outcome
(Fig. 46.2). The most important of these was the fundamental paradigm shift away from the control versus treatment
experimental model traditionally used in biological research, to analyses of systems as a whole. In practice, this is done by
creating an n-dimensional Cartesian space whose axes are represented by multiple variables of interest (such as x, y, z ..)
rather than comparing individual groups. A response surface is fitted by nonparametric regression modeling allowing
comparison of all groups at once and thus substantially improving the predictive and explanatory power (Simpson, Le
Couteur, James, et al., 2017). This allows the effect of each variable axis on an outcome to be studied, both in isolation and
in combination with other axes. An example is illustrated in Fig. 46.3A and B where macronutrient intake is mapped onto a
response surface. Here, the three-spatial axes represent macronutrient intake, and the topographical heatmap represents
outcome (Gokarn et al., 2018).

This particular analysis for average telomere length ratio (ATLR) was completed in liver tissue, but the same concepts
could apply to the brain. Telomeres play an important role in longevity, but they also are implicated in neurodegenerative
disease, including Alzheimer’s (Smith et al., 2019). In Fig. 46.3, telomere length and median life span are clearly related to
carbohydrates, because the gradient lines are perpendicular to the carbohydrate axis, with response signal maximal at high
C intake (indicated by red) and minimal with low C intake (indicated by blue). Analysis of the GAMs shows this to be a
statistically significant result for ATLR and median life span.

Taken together, these analyses demonstrate two important applications of the GF relevant to brain aging: [1] The GF
can be used in experiments with multiple continuous or disjointed data variables that contribute to brain health, such as diet
and exercise (all in the same analysis) via the creation of an n-dimensional variable environment that corresponds to the
response being studied; and [2] the GF can be used to examine the effect of input variables both in isolation and in
combinations with other variables, greatly increasing the information that can be extracted from a given data set.

The GF, health span, and life span

The GF has been used in multiple studies in recent years (Fig. 46.3), including the breakthrough results from a large-scale
dietary study in mice. This study showed that macronutrient ratios were more important than caloric intake in mediating the
effects of CR (achieved by dilution with nondigestible fiber) on life span and health (Solon-Biet et al., 2014). The
application of color/surface visualizations and gradient lines using the GF makes it possible to visualize the directionality
of a correlation.

FIGURE 46.2 There are many factors that play important roles in brain health during. Mechanisms are often considered a black box in aging research
due to the complexity in the interactions between the experimental inputs and response outcomes. Reprinted with permission from Solon-Biet, S. M.,
McMahon, A. C., Ballard, J. W., Ruohonen, K., Wu, L. E., Cogger, V. C., et al. (2014). The ratio of macronutrients, not caloric intake, dictates
cardiometabolic health, aging, and longevity in ad libitum-fed mice. Cell Metabolism, 19(3), 418e430. https://doi.org/10.1016/j.cmet.2014.02.009.
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It should be noted that while these analyses were not carried out in nervous tissue, each cardiometabolic and systemic
outcome has been linked to brain health. This reinforces the notion that these measures are critical to consider when
assessing the longitudinal influence of nutrition on the brain, and that the GF may also be used to analyze the influence of
nutrition and metabolic health on cognitive processes or neurobiology during aging. For example, the main measures of
body composition (Fig. 46.4C and D) and metabolic health (both of which are influenced by nutrition) have links with
neurodegenerative disease (Ettcheto et al., 2019). Body mass index (BMI) in particular may be positively related to de-
mentia, although this trend may not be linear and is still scrutinized (Garcia-Ptacek, Faxen-Irving, Cermakova, Eriksdotter,
& Religa, 2014). There is also an emerging role of gut microbiota and flora (Fig. 46.4G and H) in Alzheimer’s disease via
the enteric nervous system and the gutebrain axis (Angelucci, Cechova, Amlerova, & Hort, 2019; Clemmensen et al.,
2017), which is clearly modulated by nutrition. Similarly, impaired mitochondrial function (a “hallmark of aging”) is
observed in most aging tissues and likely plays a role in the etiology of most chronic diseases, including dementia (Lopez-
Otin, Blasco, Partridge, Serrano, & Kroemer, 2013). Optimal mitochondrial function (Fig. 46.4I) is critical to maintain
brain function during aging, and recent research has suggested that mitophagy is important to ward off neurodegeneration
(Kerr et al., 2017). Markers of systemic metabolic function (Fig. 46.4JeL) including glucose tolerance, triglyceride levels,

FIGURE 46.3 2D GF plots and P-values for GAM surface fits calculated for average liver telomere length ratio (ATLR) and median life span in male
and female mice. There is a clear relationship between ATLR and median life span in male and female mice. P-values calculated from GAM surface fits
for ATLR relative to the macronutrient axes and macronutrient ratios. Telomeres also play a role in brain health during aging. Data are reproduced with
permission from Solon-Biet, S. M., McMahon, A. C., Ballard, J. W., Ruohonen, K., Wu, L. E., Cogger, V. C., et al. (2014). The ratio of macronutrients, not
caloric intake, dictates cardiometabolic health, aging, and longevity in ad libitum-fed mice. Cell Metabolism, 19(3), 418e430. https://doi.org/10.1016/j.
cmet.2014.02.009.
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and blood pressure also have important implications in brain health during aging (Melo, Santos, & Ferreira, 2019). Finally,
the aforementioned key nutrient-sensing proteins (Fig. 46.4MeP) not only have roles in life span extension, but also
contribute to processes responsible for optimal brain health (Wahl et al., 2017). Taken together, these observations suggest
that the GF may also be applied to nervous tissue or cognitive outcomes to determine what macronutrient ratios benefit
neurobiological processes during aging.

FIGURE 46.4 Surface plots from an experiment in which male and female mice were confined to one of 25 diets differing in protein, carbohydrate, and
fat (Solon-Biet et al. 2014). (A) and (B) show intakes of food and total energy as a function of the concentrations of protein and carbohydrate in the diet
(related to Fig. 46.1). Elevated energy intake is evident on low-protein, high-carbohydrate diets (protein leverage). (C) and (D) show an increase in lean
and fat mass on high P:C and low P:C diets, respectively. (E) indicates that mice lived longest on low P:C diets. On the contrary, (F) shows that mice had
improved reproductive function on higher P:C diets (as shown in panel F by testes mass) (Solon-Biet et al. 2015). (G) and (H) map microbial abundances
(Holmes et al. 2017). (IeL) map metabolic outcomes at 15 months (also related to brain health as described in text) (MeP) map components of nutrient
signaling pathways discussed in this chapter and also related to brain health (Solon-Biet et al. 2016). Figure reproduced with permission from Holmes, A.
J., Chew, Y. V., Colakoglu, F., Cliff, J. B., Klaassens, E., Read, M. N., et al. (2017). Diet-microbiome interactions in health are controlled by intestinal
nitrogen source constraints. Cell Metabolism, 25(1), 1401e51; Simpson, S. J., Le Couteur, D. G., James, D. E., George, J., Gunton, J. E., Solon-Biet, S.
M., & Raubenheimer, D. (2017). The Geometric Framework for Nutrition as a tool in precision medicine. Nutrition and Healthy Aging, 4(3), 217e226;
Solon-Biet, S. M., Walters, K. A., Simanainen, U. K., McMahon, A. C., Ruohonen, K., Ballard, J. W., et al. (2015). Macronutrient balance, reproductive
function, and lifespan in aging mice. Proceedings of the National Academy of Sciences of the United States of America, 112(11), 3481e3486; Solon-Biet,
S. M., Cogger, V. C., Pulpitel, T., Heblinski, M., Wahl, D., McMahon, A. C., et al. (2016). Defining the nutritional and metabolic context of FGF21 using
the geometric framework. Cell Metabolism, 24(4), 555e565.
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Amino acids and brain health during aging

Recent research has suggested that levels of certain dietary amino acids may influence brain health across the life span
(Mirzaei, Suarez, & Longo, 2014). A recent study demonstrated that long-term, elevated consumption of branched chain
amino acids (BCAAs; leucine, isoleucine, and valine) caused hyperphagia in male and female mice, which led to
impaired metabolic function and reduced life span (Solon-Biet, Cogger, et al., 2019). BCAAs compete with several large
neutral amino acids, most notably tryptophan (Trp), for transport across the bloodebrain barrier (Killian & Chikhale,
2001). As Trp is the sole precursor to serotonin, the consumption of excess BCAAs may contribute to reduced serotonin
production in the brain, which could have implications for brain health and cognition (Strasser, Gostner, & Fuchs, 2016).
Another study demonstrated that reducing BCAAs intake in mice was associated with improvements in markers of
metabolic health and possibly improved glucose tolerance (Fontana et al., 2016). The notion that elevated BCAAs
consumption may negatively impact the brain and cognition has been further explored in several recent studies. For
example, in a mouse model of Alzheimer’s disease, a high-fat diet supplemented with 50% additional BCAAs resulted in
increased neuropathology including tau tangles, while reducing dietary BCAAs improved recognition memory scores
(Tournissac et al., 2018).

Other studies have focused on individual amino acids, such as Methionine (Met), a sulfur-containing essential amino
acid that has important roles in health and life span. There have been a number of studies showing that Met restriction
extends life span in rodents and may mimic CR by activating similar pathways (Lee, Kaya, & Gladyshev, 2016). Recent
research has suggested that the restriction of Met may induce angiogenesis by promoting an increase in vascular-
endothelial growth factor expression (VEGF), which may partly explain the positive health benefits of a Met-restricted
diet (Longchamp et al., 2018). One of the first studies to investigate the effects of Met restriction on life span found
that reducing dietary Met increased longevity by about 30% in male rats (Orentreich, Matias, DeFelice, & Zimmerman,
1993). These results have since been replicated in a number of species and have been attributed to improved insulin
sensitivity, stress resistance, and enhanced cardiovascular function (Ables & Johnson, 2017). In the brain, Met restriction
may ward off the main neuropathologies associated with dementia, reduce oxidative stress, and improve memory
(Mladenovic, Radosavljevic, Hrncic, Rasic-Markovic, & Stanojlovic, 2019). Conversely, a diet high in Met was associated
with memory loss in mice, which may have been partly associated with an increase in methylated cytosine levels (Kalani
et al., 2019). Taken together, these results suggest that the source of protein and protein composition is important to
consider when studying the effects of nutrition on the brain.

Conclusions

Several nutritional interventions may protect the brain during aging and ward off neurodegenerative disease, including
dementia. While CR is the most robust nongenetic intervention to protect the brain during aging, it is equally important to
consider whether certain macronutrient ratios may also protect the aging brain. The GF has been used to untangle the roles
of macronutrient ratios in health and life span in invertebrate models and rodents with most results indicating that lower-
protein, higher-carbohydrate diets are effective to promote health and longevity. There is a tight link between metabolic
health and brain health during aging. Therefore, we suggest that the GF offers a powerful tool with which to assess the
roles of macronutrients and their ratios in brain health and cognition during aging.

Applications to other areas of aging

Cardiometabolic health is tightly linked to brain health during aging. In this chapter, we describe two nutritional in-
terventions, caloric restriction (CR) and low-protein, high-carbohydrate (LPHC) diets, both of which have profound im-
pacts on health and life span in mice. In addition to improving cardiometabolic health, these interventions also positively
influence brain health and memory in mice during aging. We also describe several main “hallmarks of aging,” which may
contribute to neurodegenerative disease in advanced age. One of the main hallmarks of aging is the dysregulation of the
nutrient-sensing pathways, which occurs in most tissues and in most major model organisms. The nutritional interventions
described in this chapter target the nutrient-sensing pathways to simultaneously improve cardiometabolic health and brain
health. The GF has been used to disentangle the relationship between an animal and its nutritional environment and
investigate the influence of ad-libitum LPHC diets on cardiometabolic health and longevity in many model organisms. We
have investigated the role of ad-libitum LPHC diets in memory and neurobiology in aging mice and found some simi-
larities with traditional 20% CR. We suggest that the GF may similarly be utilized to continue to investigate the roles of
LPHC diets on brain aging and memory in mice.
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Key facts of modeling nutrition and brain aging in rodents

l Caloric restriction (CR) is one of the most robust nutritional interventions to improve brain health in rodents.
l Each macronutrient contributes important roles to brain health during aging but the optimal macronutrient ratios remain

elusive.
l Low-protein, high-carbohydrate (LPHC) diets improve metabolic health and life span in rodents.
l The Geometric Framework (GF) can be used to untangle the relationship between an animal and its nutritional

environment.
l The GF may also be used to understand the role of macronutrients and macronutrient ratios in brain health and cogni-

tive processes.

Summary points

l Aging is the greatest risk factor for most chronic diseases, including dementia.
l Caloric restriction is one of the strongest nutritional interventions to delay the onset of neurodegenerative disease and

improve health in mice.
l Ad-libitum low-protein, high-carbohydrate diets are also effective to improve health and reduce some hallmarks of

brain aging in mice.
l The Geometric Framework (GF) can be used to model the relationship between an animal and its nutritional

environment.
l The GF may prove useful for determining what macronutrient ratios are effective to promote brain health and improve

memory in mice.
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