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The notion of dietary balance is fundamental to health yet is not captured by focusing on the intake
of energy or single nutrients. Advances in nutritional geometry have begun to unravel and integrate
the interactive effects of multiple nutrients on health, lifespan, aging, and reproduction.
Diet Balance Problem
One of the most important and prominent

public healthmessages is to eat a healthy,

balanced diet. But what does that mean?

Balanced with respect to what—and

when during the life course? What are

the consequences of failing to achieve a

balanced diet? These are fundamental

questions that remain less well answered

than is necessary to devise effective pub-

lic health policy to combat the pandemic

of obesity and metabolic disease (Simp-

son and Raubenheimer, 2012). Here, we

show that advances from nutritional ecol-

ogy are providing new ways to address

these problems.

The classical approach to understand-

ing diet balance has been painstakingly

to derive individual estimates for required

intakes of each of the dozens of macro-

and micronutrients that are needed for

health and wellbeing. Such ‘‘one variable

at a time’’ (OVAT) approaches (Box et al.,

1978) have provided the foundations of

nutrition science. The evidence-base has

been built from a combination of animal

studies in which single constituents have

been manipulated in experimental diets,

epidemiological analysis of the associa-

tions between intakes of single nutrients

and health outcomes in human popula-

tions, and single-variable clinical trials.

These data have in turn informed national

dietary guidelines with associated recom-

mendeddaily intakes (RDIs) formicro- and

macronutrients. Clinical practice, food la-

beling policies, and public health strate-

gies have followed.

There is an abundant literature showing

that fats, sugars, salt, vitamins, etc.
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contribute to health outcomes, but one

consequence of taking a single-variable

approach has been to promote adversa-

rial debate between proponents of sin-

gle-nutrient causes (or solutions) to diet-

related health problems. This is nowhere

better illustrated than in the long running

debate over the roles of sugar and satu-

rated fats in obesity and metabolic dis-

ease (Feinman, 2011; Willett, 2011). As a

result, public confusion reigns—even

(perhaps especially) among the well-

educated populace—fuelled by commer-

cial interests in the food sectors and the

fad diet industry (Simpson and Rauben-

heimer, 2014).

The fundamental problem with OVAT

approaches is that they fail to capture

the multidimensional essence of nutrition

(Ruohonen and Kettunen, 2004). It is

axiomatic that diets are more than the

sum of their components; they are combi-

nations of foods, each comprising mix-

tures of nutrients and other constituents.

Changing the concentration of one

component in the diet can alter the char-

acter of the entire blend. In simple statisti-

cal terms, OVAT looks only at the main

effects of single nutrients and does not

account for the interactions between nu-

trients within diets—neither the non-inde-

pendence of dietary constituents within

mixtures nor the interactive effects of nu-

trients on health outcomes.

We need an approach that explicitly

takes account of the interactions among

nutrients within foods and diets and is

able to define and quantify the conse-

quences of different diet compositions

on multiple measures of health across
nc.
the life course. In this essay we illustrate

such an approach, known as the geomet-

ric framework, which originated from the

field of nutritional ecology (Raubenheimer

et al., 2009). Nutritional geometry inte-

grates not only multiple diet components,

but also scales across molecules, cells,

organs, organisms, populations, and eco-

systems (Simpson and Raubenheimer,

2012). Starting with the ideas of nutrient-

specific appetites and regulatory prior-

ities, we introduce the concept of nutri-

tional response landscapes using model

organisms including Drosophila and

mouse, and then discuss the application

of nutritional geometry in humans.

Geometry of Nutrient-Specific
Appetites
A fundamental requirement for consid-

ering the multilayer interactive effects of

nutrients is to establish the extent to

which the intakes of different nutrients

are specifically regulated by the animal.

In other words, are there so-called

‘‘nutrient-specific appetites’’ distinct

from intake control merely based on total

dietary energy or volume? Nutritional ge-

ometry provides a series of simple yet

powerful concepts and experimental de-

signs for addressing this question. One

example has been to explore whether an

animal has the capacity to regulate its

intake of two nutrients simultaneously

when challenged with different pairwise

combinations of nutritionally complemen-

tary foods varying in their ratio and/or

concentrations of the two focal nutrients.

If animals converge upon the same ratio

and amounts of the nutrients eaten
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Figure 1. The Relationship between Protein and Carbohydrate Dietary Intake versus Life-

span in Flies and Mice
(A and B) Flies (Lee et al., 2008) (A) and mice (Solon-Biet et al., 2014) (B). In both cases, lifespan was
maximized by diets with low ratios of protein to carbohydrate (red lines).
(‘‘intake target’’) across experimental food

pairings, in each case ingesting the

unique amount of each food required to

do so on that particular pairing, it is then

evident that the animal has separate reg-

ulatory systems controlling intake of the

two nutrients. Similar types of experi-

mental design have been used to show

that organisms from acellular slime molds

all the way to primates possess nutrient-

specific appetite systems for macronutri-

ents, such as proteins, carbohydrates,

and fats, as well as for at least two micro-

nutrients, sodium and calcium (Simpson

and Raubenheimer, 2012). However,

most micronutrients do not seem to be

specifically regulated; rather, their intakes

are maintained within healthy limits by a

combination of correlation in foods with

other regulated nutrients and non-specific

mechanisms such as learned aversion to

foods associated with development of a

micronutrient deficiency, coupled with

heightened attraction to novel foods

(Simpson and Raubenheimer, 2012).

Having demonstrated that specific ap-

petites exist for certain nutrients, the ques-

tion arises as to how these are prioritized

when the animal is restricted to a diet

composition that does not allow the intake

target to be reached for all regulated nutri-

ents simultaneously. Under such circum-

stances, the animal must balance eating

too little of some nutrients against over-

consuming others relative to the intake

target. Understanding how animals priori-
tize different nutrients under these circum-

stances is of considerable importance for

appreciating or predicting the health im-

pacts of shifts in diet (Lihoreau et al.,

2014; Raubenheimer and Simpson, 1997).

As a premise, we need first to be able to

map nutritional response landscapes.

Mapping Nutritional Outcomes
in Drosophila melanogaster

Drosophila provides a simple system for

illustrating how to map the consequences

of nutrition inmultiple, potentially interact-

ing nutrient and response dimensions.

Lee et al. (2008) used nutritional geometry

to disentangle the effects of calories from

those of macronutrients in the context of

increased lifespan upon caloric restriction

(Curtis and de Cabo, 2013; Everitt et al.,

2010; Mercken et al., 2012; Speakman

and Mitchell, 2011) and also explored

the basis for the frequently reported

trade-off between aging and reproduction

(Tatar, 2011). Flies offer several advan-

tages for this type of analysis. First, their

dietary calories come principally from

two macronutrient sources—protein and

carbohydrate (lipids, although essential,

provide only a small caloric contribu-

tion)—thereby defining a two-dimensional

nutrient space. Second, flies are small

and short-lived, making large numbers

of dietary treatments in a longevity study

feasible.

In this study, flies were confined

throughout their lifetime with ad libitum
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access to one of 28 diets, comprising

seven protein to carbohydrate ratios

(P:C), each at one of four total concentra-

tions. Response landscapes for longevity

and reproductive output were mapped

onto an array of individual P:C intakes re-

corded for more than 1,000 flies, thereby

allowing the consequences of nutrient

and energy intakes to be visualized and

analyzed. The results were striking

(Figure 1A). Low-calorie intake per se

was not associated with prolonged life-

span in ad libitum-fed flies; rather, life-

span was a function of the ratio of protein

to carbohydrate ingested, declining as

P:C increased. Second, lifespan and

reproduction had differently shaped re-

sponse landscapes with peaks in different

places on the protein-carbohydrate intake

plane—the diet composition that sus-

tained longest life led to a lower intake of

protein than needed to support maximal

reproductive success. When allowed to

compose their own diet by selecting

among complementary food pairings,

flies chose tomix a diet maximizing repro-

ductive output rather than lifespan. Sub-

sequent studies have shown that the

trade-off between lifespan and reproduc-

tion is not obligatory or causal, but simply

reflects differing nutritional optima for

the two traits (Grandison et al., 2009;

Tatar, 2011).

From Flies to Mice
A similar experiment has been conduct-

ed in mice (Solon-Biet et al., 2014).

Here, the aim was to extend the use of

nutritional geometry to quantify, inter

alia, the impacts of macronutrients on

food intake, body composition, lifespan,

reproductive potential, cardio-metabolic

health, immune status, mitochondrial

function, gut microbiota, and nutrient

signaling pathways. Nine hundred mice

were confined from weaning with ad libi-

tum access to one of 30 diets. These

comprised ten protein to carbohydrate

to fat ratios (P:C:F), which systematically

sampled the 3D macronutrient mixture

space, each ratio provided at one of

three total energy densities by dilution

with cellulose. Of the 30 diets, five that

were very low (5%) in protein, high in

fat, and low in energy density failed to

sustain growth in young mice and were

discontinued. Food intake was recorded

throughout the experiment.
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Figure 2. A Low Dietary Protein to Carbo-

hydrate Ratio Has Counterposing Effects on

Food Intake and Late Life Cardiometabolic

Health
Mice, like other animals, possess sepa-

rate macronutrient appetites (Sørensen

et al., 2008), and when these were forced

to compete by restricting animals to a

single diet composition, total food intake

was driven principally by protein, in-

creasing as percent protein in the diet

fell (consistent with compensatory feed-

ing to stabilize protein intake). Compen-

satory feeding for carbohydrate was also

apparent, with intake increasing as

percent carbohydrate fell in the diet but

to a somewhat lesser degree than for pro-

tein. Unlike protein and carbohydrate,

however, the concentration of dietary fat

had little influence over total food intake.

Consequently, total food and energy in-

takes were maximal on diets combining

low percent protein with high percent fat.

Energy intakes in turn corresponded to

the body composition of mice, with

adiposity increasing as a function of en-

ergy intake. Even though mice on low

P:C diets were moderately adipose

(although not to the extent of low-protein,

high-fat fed mice), they lived longest

(Figure 1B). Indeed, longevity mirrored

the pattern seen in flies, being greatest

on low P:C diets. Markers of metabolic

health (insulin, glucose tolerance) and im-

mune function at 15 months of age were
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consistent with the longevity data, being

best on low P:C diets and worst on high-

protein and high-fat diets (Le Couteur

et al., 2014; Solon-Biet et al., 2014;

Figure 2). By contrast, measures of repro-

ductive potential in both males and fe-

males were highest on a higher-protein

diet, consistent with results from flies.

There was no evidence for prolongation

of lifespan on ad libitum diets that

restricted calorie intake by reducing the

energy density of the diet. The standard

regime for restricting calorie intake that

is well known to extend lifespan involves

providing mice with a daily aliquot of

food, which is soon eaten, leaving the an-

imal deprived for the rest of the day (Curtis

and de Cabo, 2013; Everitt et al., 2010).

By inference, then, the results of Solon-

Biet et al. (2014) imply that extension of

lifespan with standard caloric restriction

protocols may not entirely be secondary

to reduction in calories; rather, other

factors may contribute such as periods

of fasting (Mattson et al., 2014), and

reduction in protein intake that ensues

once the mouse has eaten its daily food

allocation.

A major conclusion from the geometric

experiments on flies and mice is that

the balance of macronutrients in the diet

has a profound impact on food and en-

ergy intake, metabolic health, lifespan,

immune function, and reproduction. The

diet composition that best supports

longevity is not the same as that which

sustains maximal reproductive output or

leanness. The question arises as to

whether these conclusions apply to

humans. The evidence suggests that

they do.

Humans Behave Like Mice and Flies
For mice on diets differing in the ratio and

concentrations of protein, carbohydrate,

and fat, food intake was driven most

strongly by the concentration of protein

in the diet, but with a strong competing

feedback emanating from signals associ-

ated with the specific appetite for carbo-

hydrate. The data from population survey

analyses (Austin et al., 2011; Austin and

Krueger, 2013; Martinez-Cordero et al.,

2012), compendia of controlled trials

(Gosby et al., 2014), and detailed clinical

studies involving foods formulated to

disguise their macronutrient composition

(Gosby et al., 2011) indicate that prioriti-
nc.
zation of protein intake may be even

stronger in humans. Humans compensate

for reduction in the available proportion of

dietary energy contributed by protein by

increasing food intake, and in so doing

over-ingest fats and carbohydrates. Since

the percentage of energy from protein in

the diet is always smaller than that from

fats and carbohydrates combined, com-

pensatory adjustments in intake that re-

dress relatively small deficits in protein

‘‘gear up’’ to relatively large excess of

fats and carbohydrates, and thus energy

intake overall—what we have termed

‘‘protein leverage’’ (Simpson and Rau-

benheimer, 2005). Studies have shown

that total energy intake is, indeed, a nega-

tive function of percent protein in the diet

across the range seen in all human popu-

lations measured to date with food suffi-

ciency, namely 10%–25% protein of total

energy. Above ca. 20%–25% protein the

reduction in intakewith rising percent pro-

tein becomes attenuated (Gosby et al.,

2014), presumably because of increas-

ingly strong opposing feedbacks arising

from deficiency of other nutrients, notably

carbohydrate, driving increased intake. At

the other extreme, clinical trials using 5%

protein (Martens et al., 2013; Martens

et al., 2014a, b) failed to show increased

energy intake relative to 15% protein di-

ets, indicating that, as in mice and other

animals, there is a lower limit to compen-

satory responses to dietary protein. Five

percent protein approximates the compo-

sition of French fries from fast-food out-

lets, and is insufficient to maintain lean

mass. Maintaining protein intake at

adequate levels on such a diet would

require ingesting an unfeasible quantity

of food.

Gosby and colleagues (2011) showed

that the 12% increase in ad libitum energy

intake among subjects confined to a 10%

protein diet relative to 15% or 25% pro-

tein diets was due to increased consump-

tion of savory-flavored foods between

meals. The seeking of savory cues is

indicative of protein hunger, and is re-

flected in increased activity in brain

regions associated with reward, such

as the inferior orbitofrontal cortex and

striatum (Griffioen-Roose et al., 2014).

These results indicate that protein status

influences gustatory pathways in a way

that affects protein intake in humans. In

insects, feedbacks onto gustatory



responses occur at the periphery, through

direct modulation of taste receptors, as

well as via learning of nutrient-specific

cues (Simpson and Raubenheimer,

2012). The mediating nutrient signaling

systems controlling protein appetite are

thought to involve both circulating free

amino acids and lean hormonal signals

such as FGF 21 (Laeger et al., 2014).

Controlled, prospective experiments

testing the effects of multiple diets, equiv-

alent to those performed in animals, are

not feasible in humans. Nevertheless,

there is growing evidence from observa-

tional studies and quasi-interventional tri-

als indicating that health and lifespan are

influenced by the balance of macronutri-

ents and can be best interpreted using

nutritional geometry. In a systematic re-

view of human dietary studies (Pedersen

et al., 2013), it was concluded that long-

term, high-protein, low-carbohydrate di-

ets and increased mortality are associ-

ated. In addition, long-term, high-protein,

high-fat and low-carbohydrate diets

increased the risk of type 2 diabetes mel-

litus. Consistent with this notion, Fung

and colleagues (Fung et al., 2010) re-

ported that high-protein, low-carbohy-

drate diets were associated with

increased mortality over 20–26 years in

the Nurses’ Health Study and the Health

Professionals’ Follow-up Study. Similar

results linking low-carbohydrate, high-

protein diets with increased mortality

and/or cardiovascular disease have

been reported in the Swedish Women’s

Health and Lifestyle cohort (Lagiou et al.,

2012; Lagiou et al., 2007) and the Greek

cohort of the European Prospective

Investigation into Cancer and Nutrition

(Trichopoulou et al., 2007). These studies

have specifically reported the balance of

two macronutrients, protein and carbohy-

drate, and consistently indicate that low-

carbohydrate, high-protein diets increase

mortality. Such conclusions are consis-

tent with results in animals where the bal-

ance of macronutrients, rather than the

intake amount of either, is a key determi-

nant of lifespan, and that diets with high-

carbohydrate and low-protein were asso-

ciated with increased lifespan and

improved cardiometabolic outcomes in

late life (Lee et al., 2008; Solon-Biet

et al., 2014). These conclusions are indi-

rectly supported by associations between

increased mortality and low-carbohy-
drate diets in humans (Noto et al., 2013)

and a recent study showing increased

mortality and cancer on high-protein diets

(Levine et al., 2014).

In demonstrating that both high and low

P:C diets have benefits and risks, these

data clearly illustrate the importance of di-

etary balance. But a conundrum remains

(Figure 2). Whereas a low P:C diet ap-

pears beneficial for longevity and late life

health, protein leverage on such a diet

tends to drive overconsumption of total

energy and risk of obesity, thereby miti-

gating the health benefits of low-protein

intake. Another consideration is that over-

weight in humans might be associated

with poor outcomes if caused by low-pro-

tein, high-fat diets, but better outcomes

when low-protein, high-carbohydrate di-

ets apply. Managing these counterposing

effects might include reducing the intake

of proteins with high concentrations of

sulfur- and branched chain amino acids

linked to pro-aging and disease pathways

(Hine et al., 2015; Solon-Biet et al., 2014),

decreasing dietary P:C by replacing die-

tary fats with healthy carbohydrates, pe-

riods of intermittent fasting, and drug

development targeting nutrient-sensing

pathways (Le Couteur et al., 2012; Baur

et al., 2012; Mattson et al., 2014).

Age itself is amajor determinant of what

constitutes an optimal diet. Hence,

whereas low P:C diets benefit late life

health and longevity (Levine et al., 2014),

they are not optimal for somatic growth

and reproduction earlier in life, which

require higher protein intakes. In addition

to age, a network of interacting factors

need to be considered to determine an

optimal diet, including genotype, epige-

notype, sex, health, and immune status,

commensal ecology, societal context,

physical environment, and the level of

activity.

Nutritional Geometry at the Cellular
and Molecular Level
Mapping response landscapes as a func-

tion of multiple nutrient dimensions offers

a step-change in understanding the nutri-

tional phenotype of an animal, compared

to energy or single-nutrient-based sin-

gle-dimensional approaches. The same

potential applies to deciphering cellular

and molecular pathways. The concept

that appetite and metabolism respond to

specific nutrients and nutrient ratios is
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transformative for dissecting cellular

mechanisms for these processes, evi-

denced by the recent discovery of FGF

21 as the first known candidate endocrine

signal in the control of protein intake (e.g.,

Laeger et al., 2014). A geometric analysis

can also better aid interpretation of the ef-

fects of genetic or pharmacological ma-

nipulations (Piper et al., 2011).

As an example of the use of nutritional

geometry, a number of interacting

nutrient-sensing pathways are consid-

ered to mediate the link between diet

and aging, including mTOR, AMPK, insu-

lin/IGF1/GH, and SIRT1. The effects of di-

etary P:C on lifespan in mice and flies led

to the prediction that these pathways,

either individually or in combination, are

responsive to P:C ratio rather than to en-

ergy or single nutrients (Simpson and

Raubenheimer, 2009). This hypothesis

was supported by response surface ana-

lyses indicating that circulating insulin

levels were strongly influenced by dietary

P:C, and that hepatic mTOR activation

was a positive function of the ratio of

circulating branched chain amino acids

and glucose (Solon-Biet et al., 2014).

Food for Thought
Here we have focused on the relation-

ships among diet composition, intake,

and health, but nutritional geometry has

also been used to investigate the broader

causes of variance in diet composition of

humans and other animals, including

developmental, economic, evolutionary,

and ecological (Raubenheimer et al.,

2015). This intake-focused approach is

not an alternative to theories of human

nutrition that center on variation in biolog-

ical responses to ingested nutrients, for

example the propensity to store fat (Wells,

2006). Rather, as stressed by Speakman

(2014), nutrient intake and its conse-

quences are best modeled as part of the

same system, enabling the understand-

ing, prediction, and management of or-

ganism- and population-level responses

to different environments (Lihoreau et al.,

2014). We stress, further, that nutrient

combinations entered into a geometric

model should be considered on a case-

by-case basis. To date many questions

have been addressed by modeling inter-

actions among the macronutrients (Simp-

son and Raubenheimer 2012), but in other

cases mineral micronutrients and
61, March 26, 2015 ª2015 Elsevier Inc. 21



vitamins (e.g., Blumfield et al., 2012) or

specific amino acids (Solon-Biet et al.,

2014) have been integrated into the

model. The quality of macronutrients

(types of fats, carbohydrates, and pro-

teins) is another important aspect of diet

that is amenable to geometric analysis,

yet remains uncharted. It is only through

acknowledging the complexity of nutrition

and systematically charting its implica-

tions from the food environment to dietary

choices and health consequences that we

can hope to tame the epidemic of obesity-

related diseases that has arisen over

recent decades.
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