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Using Nutritional Geometry to resolve the 
protein paradox in ageing and metabolic 
health

Stephen J. Simpson 
Charles Perkins Centre



The Protein Paradox

1. Reducing protein in the diet stimulates increased food intake, which can promote 
obesity, degrade cardiometabolic health and risk shortening lifespan.

2. But reducing protein intake (and that of key amino acids) also extends lifespan and 
improves mid-life metabolic health.

• Unpack the two components of the protein paradox
• Resolve the paradox - two parts to the solution
• Put the pieces together in a model of the human food environment



1. Reducing protein in the diet stimulates increased food intake .....



Animals have a specific appetite for protein (along with carb, fat, sodium and 
calcium) – guide nutrient balancing under appropriate conditions

Dussutour, A., Latty, T., Beekman, M. & Simpson, S.J. 2010, Proceedings of the National Academy of Sciences, USA 107: 4607-4611.

Johnson, C.A., Raubenheimer, D., Rothman, J.M., Clarke, D, & Swedell, R. 2013, PLoS ONE 8(7)

Raubenheimer, D. & Jones S.A. 2006, Animal Behaviour 71: 1253-1262.



1cm

Bit of slime
mould

Food differing in P and C

• Audrey grew bits of Blob on agar plates with different protein (P) and carb (C) concentrations,
• And measured how big they grew over 24 hours,
• Then charted their growth as function of diet composition (red = grew biggest; dark blue = grew least).

Grew biggest on a 2:1 mix of P to C

The Intake Target

Audrey Dussutour

Dussutour, A., Latty, T., Beekman, M. & Simpson, S.J. 2010, Proceedings of the National Academy of Sciences, USA 107: 4607-4611.

Physarum polycephalum



Blob given 8 food choices, differing in P:C
(Time lapse video over 24 hours)

NUTRITIONAL GENIUS!



If a brainless slime mould can balance its diet, why can’t we?

David Raubenheimer
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High carbohydrate/fat diet

Balanced diet
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Nutrient-specific appetites compete when the diet is imbalanced 

Deficit P

Intake target 
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Balanced diet

Protein

The solution in various (not all) species: prioritise protein
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Simpson, S.J. & Raubenheimer, D. 2005, Obesity Reviews 6: 133-142; Raubenheimer, D. & Simpson, S.J. 2019, Obesity 27: 1225-1238.
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Protein intake (Kcal)
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Erin Vogel (Rutgers)

Orangutans (49 animals, >7,200 full day observations)

Protein leverage in primates

Spider monkeys

Felton, A.M. et al. 2009, Behavioural Ecology 20: 685-690.

Vogel, Raubenheimer et al., unpublished data.

David Raubenheimer

Annika Felton
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Protein intake (Kcal/day)
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i. Sydney

Protein leverage in humans

ii. Literature data

Alison Gosby

ii. Jamaica

Gosby, A., Conigrave, A., Raubenheimer, D. & Simpson, S.J. 2014, Obesity Rev. 15: 183–191



Mechanisms of nutrient specific appetites – protein and carbs

Nutrient-specific learning

Raubenheimer, D. & Tucker, D. (1997) Animal Behaviour 54: 1449-1459.

State-dependant modulation of gustatory sensitivity 

Simpson et al. (1991) Appetite 17: 141-154

Modulation of brain circuitry

Science 2017, 356: 534–539

Human brain imaging

Am J Clin Nutr 2014; 100: 113-122





Solon-Biet et al., 2016, Cell Metab. 24: 555-565.

Sam Solon-Biet

FGF21- the first known protein appetite hormone
Also linked to metabolic effects on insulin sensitivity and energy expenditure

Phenotype 1: High FGF21, protein deprived,  increased E 
intake, obese

2

1

Phenotype 2: High FGF21, 
protein deprived, calorie restricted, 
lean

(Laeger et al., 2014, JCI, 124, 3913-3922)

Chris Morrison



FGF21 perfusion stimulates protein-specific appetite independent of 
nutritional state
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Subcutaneous mini-pump implantation

Central and peripheral FGF21 increases protein-specific appetite
Solon-Biet et al., unpub.

ICV injection into lateral ventricle

Hill et al. 2019, Cell Reports 27: 2934–2947.

Cristal Hill



Relevant to humans



2. Lifespan is extended on low-P, high-CHO diets
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Data from Paula Juricic, Linda Partridge; in Solon-Biet et al. 2019 
Nature Metabolism, 1: 532–545.

Actual lifespan

Increasing P:C
caused decline
in lifespan

Solon-Biet et al. 2014, Cell Metabolism

Alistair Senior

Kwang-Pum Lee

Lee, K.P. et al. (2008) PNAS 105, 2498-2503.

Sam Solon-Biet David Le Couteur



Mechanisms related to ageing biology

Protein eaten (kJ/mouse/d)

IGF-1

Protein eaten (kJ/mouse/d)
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Gokarn et al., J. Gerontol Biol. Sci., 2018, 73: 446-449.

Protein eaten (kJ/mouse/d)
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Mid- and early-latelife cardiometabolic health best on low P:C diets

Blood pressure

LDL cholesterolGlucose tolerance test

Immune markers
(spleen CD4: CD8)     

BUT body fat was high due to ‘protein leverage’ (weak in mice, but there)

(Le Couteur et al. (2015). J. Gerontol.)

FGF-21

(Solon-Biet et al. (2016). Cell Metab.)



Anti-ageing drugs interact with and act on the same pathways as nutrients 



What about humans?

Tsimane from lowland Bolivia

Longest lived populations have low-protein, high-carb, high-fibre diet
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Alistair Senior

PNAS 2020 117: 30824-30835

Part 1 of a resolution to the Protein Paradox: Optimal macronutrient 
ratios vary with age

Benefits of a low-protein, high-carb diet arise during mid-life and early late-life

Al Senior
Alistair Senior

(2019, Proc Roy Soc B)
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Change in age-specific mortality over lifecourse
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Part 2 of the resolution to the Protein Paradox: 
The quality of macronutrients matters



Protein amino acid balance is important

Matt Piper

Sam Solon-BietSam Solon-Biet

Dudley Lamming

Adam Rose

Adam Rose



Carbohydrate type and digestibility 

Jibran Wali



Starch SucroseHigh Fructose Corn Syrup 

• Polysaccharide of glucose
• Linear form (amylose) 
• Branched form (amylopectin)
• Resistant starch has high amylose 

content than native starch which reduces 
the surface area for digestion

Major nutritive carbohydrates

• ~1:1 mixture of gluc and fruc
• Major added sugar in US

• Disaccharide of gluc and fruc
• Major added sugar globally



Wali et al. (2021) Nature Metabolism

Study timeline and design

33 isocaloric diets, which systematically varied:
 Protein (5, 10, 15, 20, 30%)
 Carbohydrates (50, 60, 65, 70, 75%):
• Glucose + Fructose (0:100, 25:75, 50:50, 75:25; 100:0) vs Sucrose
• Sucrose vs Native Starch (20:80; 35:65; 50:50; 65:35; 80:20)
• Sucrose vs Resistant Starch (35:65; 80:20)
 Fat fixed (20%)



Summary of results

Beneficial effects: ↑ ↓ Harmful effects: ↑ ↓ Neutral effects: ↔ NS = Native Starch     RS = Resistant Starch

• Metabolically healthy
• Sucrose ≈ Starch

• RS > Sucrose ≥ Starch ≈ Glucose ≈ Fructose > HFCS

• Sucrose > 
HFCS

• Reduces harms of HFCS

• Decreasing P:C generally beneficial except when carbohydrate was HFCS
• Resistant starch + 10% protein = metabolically the best diet    
• HFCS + 10% protein = metabolically the worst diet



x =

Prof Carlos MonteiroDr Euri Martinez Steele

fat + carb-rich, fibre-poor

Is protein leverage the mechanism?

Strong P appetite

- diets of 9357 American people

- 5 groups based on % energy 
contributed by UPF

USA diet survey

Martínez Steele, E., Raubenheimer, D., Simpson, S.J., Baraldi, L.G., Monteiro, C.A. (2018) Public Health Nutrition 21: 114–124.

Putting the pieces together in the modern human food environment 
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What we found

% UPF
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Increasing % UPF:
- reduced dietary %P
- increased energy intake
- little change in P intake 

Martinez et al. 2018  Public Health Nutrition 21:114-124

As predicted by PLH



Fa
t+

ca
rb

in
ta

ke
 K

ca
l/d

ay

Protein intake Kcal/day

% UPF

low

high

1
2
3
4
5

Australia
Brazil
Chile
Colombia
France
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high
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Martinez et al., in prep

Not just the USA



19.9% protein

509 kcal/d

16.4% protein
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Australia
Brazil
Chile
Colombia
France
UK

high

low

BUT:

2. humans never have a shortage

(body fat cycle)

- so cycle is broken

1. UPF rather than fruit …

- gain body fat

- fruit abundant
- over-eat fats & carbs

- fruit is scarce
- under-eat fats & carbs

- lose body fat

We’re just like orangs ...
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Made worse if protein target increases
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Simpson, S.J. and Raubenheimer, D. (2005) Obesity Reviews 6: 133-142.

Why might P target increase?
• Developmental changes – lean 

growth, reproduction 
• Decrease in protein efficiency –

menopause, old age, insulin resistance
• Physiological adaptation to a higher 

P diet or anabolic regime
• Genetic adaptation to ancestral diet
• Epigenetic adaptation – paternal, in 

utero, early development



Low protein status/ diluted 
dietary protein

↑FGF21

↑Protein appetite
Food selection:

Select higher protein foods 
to reach target P intake 

↑Food intake to reach P target

↑ Energy Energy

↑ Lifespan↑ obesity

Lifespan

• Low-protein, high-energy (low-fibre) 
diet;

• Amino acid imbalance

Requires low-energy, 
high-fibre diet

Food selection subverted:
high palatability, protein 

decoys, cheap, superabundant

Enhanced by CR, intermittent fasting
and time-restricted feeding … another story

https://www.google.com.au/imgres?imgurl=https%3A%2F%2Fi.pinimg.com%2Foriginals%2Fdf%2F64%2Fe3%2Fdf64e35e219c375da0e57f69dfe9853f.jpg&imgrefurl=https%3A%2F%2Fwww.pinterest.com%2Fpin%2F750693831609958593%2F&docid=IJm2LbCWPyIYAM&tbnid=HmW8psFi8BSStM%3A&vet=10ahUKEwjOzZDs8ZfkAhUb8HMBHRlQA9YQMwhqKAEwAQ..i&w=1199&h=851&bih=763&biw=1368&q=whole%20food%20plant%20based%20diet&ved=0ahUKEwjOzZDs8ZfkAhUb8HMBHRlQA9YQMwhqKAEwAQ&iact=mrc&uact=8


Acknowledgements

David Raubenheimer
David Le Couteur
Samantha Solon-Biet
Alistair Senior
Luigi Fontana
Kwang-Pum Lee
Alison Gosby
Kari Ruohonen
Matt Piper
Adam Rose
Chris Morrison
Lindsay Wu
Andy Holmes
… and many others





Lifespan reduced ca 10% on high-BCAA, moderate protein, high-carb diet
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But not associated with mTOR, IGF-1

200% BCAA 50% BCAA100% BCAA 20% BCAA

Due to obesity

Solon-Biet et al. 2019, Nature Metabolism 1: 532–545.



The double burden of BCAAs

Balance of amino acids
High BCAA: low non-BCAA

Leveraging of intake by limiting
non-BCAA (Trp, Thr)

↑ Food and energy intake

↑ Obesity↓ Lifespan

↑ Circulating BCAA

↑ insulin
↑ ALT/AST
↑ IGF1
↑ mTOR

↓ Latelife cardiometabolic health

Only when P:C high Especially when % P low - protein leverage 



Low protein status/ 
reduced dietary protein

↑FGF21

↑Protein appetite
Food selection:

Select higher protein foods 
to reach target P intake 

↑Food intake to reach P target

↑ Energy

↑ EE (DIT)

Energy

EE

↑ Lifespan↑ obesity

• Prolonged low-protein, high-
energy, high-sugar, low-fibre diet;

• Amino acid imbalance – e.g. high 
BCAA:Tryp

Lifespan

Putting the pieces together
in the modern human food 
environment 

Food selection
subverted – high 

palatability, cheap, 
superabundant

Requires low-energy, 
high-fibre diet

https://www.google.com.au/imgres?imgurl=https%3A%2F%2Fi.pinimg.com%2Foriginals%2Fdf%2F64%2Fe3%2Fdf64e35e219c375da0e57f69dfe9853f.jpg&imgrefurl=https%3A%2F%2Fwww.pinterest.com%2Fpin%2F750693831609958593%2F&docid=IJm2LbCWPyIYAM&tbnid=HmW8psFi8BSStM%3A&vet=10ahUKEwjOzZDs8ZfkAhUb8HMBHRlQA9YQMwhqKAEwAQ..i&w=1199&h=851&bih=763&biw=1368&q=whole%20food%20plant%20based%20diet&ved=0ahUKEwjOzZDs8ZfkAhUb8HMBHRlQA9YQMwhqKAEwAQ&iact=mrc&uact=8
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Optimal macronutrient ratios vary with age, e.g. reproduction vs lifespan

Testes mass (mg)               

Seminal vesicle mass (mg)               

Males

Corpora lutea (no. per section)      

Uterus mass (mg)               
Females

Solon-Biet, S.M., Walters, K.A., Simanainen, U., McMahon, A.C., Ruohonen, K., Ballard, J.W.O.,  Raubenheimer, D., Handelsman, D.J., Le Couteur, D.G., and Simpson, S.J. (2015) PNAS 112: 3481-3486.

LS
Sam Solon-Biet



Percent fat mass

⎻⎻⎻ Isocaloric line 
⎻⎻⎻ Food rail

10% protein diets 30% protein diets20% protein diets

Insulin tolerance test AUC

⎻⎻⎻ Isocaloric line 
⎻⎻⎻ Food rail

10% protein diets 30% protein diets20% protein diets

1:1 mixture of glucose to fructose gave worst outcomes
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