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The Protein Paradox

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

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
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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 & Stephen J. Simpson
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Nutrient-specific appetites compete when the diet is imbalanced

High carbohydrate /fat diet

Balanced diet
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The solution in various (not all) species: prioritise protein

Balanced diet
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The University of Sydney

Animal Behaviour 126 (2017) 195—208

Contents lists available at ScienceDirect

Animal Behaviour

journal homepage: www.elsevier.com/locate/anbehav

Food intake and food choice are altered by the developmental
transition at critical weight in Drosophila melanogaster

Maria Joao Almeida de Carvalho ¢, Christen Kerry Mirth &~

2 Development, Evolution and the Environment Laboratory, Instituto Gulbenkian de Ciéncia, Oeiras, Portugal
b School of Biological Sciences, Monash University, Clayton, VIC, Australia
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Carbohydrate and fat

Protein leverage in primates

Ordng Utans (49 animals, >7,200 full day observations)
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Felton, AM. et al. 2009, Behavioural Ecology 20: 685-690.

Spider monkeys
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Protein leverage in humans

i. Sydney ii. Jamaica ii. Literature data
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Mechanisms of nutrient specific appetites — protein and carbs

State-dependant modulation of gustatory sensitivity Modulation of brain circuitry

RESEARCH

Protein-deficient locust (4 h deprived)

NEUROSCIENCE

0.01 M amino acids

Branch-specific plasticity of a
bifunctional dopamine circuit
encodes protein hunger

[
‘ Qili Liu,"* Masashi Tabuchi,’* Sha Liu," Lay Kodama,' Wakako Horiuchi,' Jay Daniels,"
Lucinda Chiu," Daniel Baldoni," Mark N. Wu">{

Science 2017, 356: 534-539

0.01 M sucrose

Carbohydrate-deficient locust (4-h deprived)
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Nutrient homeostasis — translating internal states to

Daniel Miinch, Gili Ezra-Nevo', Ana Patricia Francisco', Ibrahim
Tastekin' and Carlos Riheira

Article

The neuronallogic of how internal states
controlfood choice
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M Check for updates

When deciding what to eat, animals evaluate sensory information about food quality
alongside multiple ongoing internal states''°. How internal states interact to alter
sensorimotor processing and shape decisions such as food choice remains poorly
understood. Here we use pan-neuronal volumetric activity imaging in the brain of
Drosophila melanogaster to investigate the neuronal basis of internal state-dependent
nutrient appetites. We created a functional atlas of the ventral fly brain and find that
metabolic state shapes sensorimotor processing across large sections of the neuropil.
By contrast, reproductive state acts locally to define how sensory informationis
translated into feeding motor output. These two states thus synergistically modulate
protein-specific food intake and food choice. Finally, using a novel computational
strategy, we identify driver lines that label neurons innervating state-modulated brain
regions and show that the newly identified ‘borboleta’ region is sufficient to direct
food choice towards protein-rich food. We thus identify a generalizable principle by
whichdistinctinternal states are integrated to shape decision making and propose a
strategy to uncover and functionally validate how internal states shape behaviour.
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FGF21- the first known protein appetite hormone
Also linked to metabolic effects on insulin sensitivity and energy expenditure

(Laeger et al., 2014, JCI, 124, 3913-3922)
Phenotype 1: High FGF21, protein deprived, increased E
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FGF21 perfusion stimulates protein-specific appetite independent of
nutritional state

Subcutaneous mini-pump implantation ICV injection into lateral ventricle
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Solon-Biet et al., unpub.

Central and peripheral FGF21 increases protein-specific appetite



Relevant to humans

RESEARCH ARTICLE

Raised FGF-21 and Triglycerides Accompany
Increased Energy Intake Driven by Protein
Leverage in Lean, Healthy Individuals: A
Randomised Trial

Alison K. Gosby'?*, Namson S. Lau'3, Charmaine S. Tam'%3, Miguel A. Iglesias®,
Christopher D. Morrison®, lan D. Caterson’%2, Jennie Brand-Miller'*, Arthur
D. Conigrave'?, David Raubenheimer'%®°, Stephen J. Simpson'-




Cell Metabolism

The Ratio of Macronutrients, Not Caloric Intake,
Dictates Cardiometabolic Health, Aging,
and Longevity in Ad Libitum-Fed Mice

Samantha M. Solon-Biet,?2:2413 Aisling C. McMahon, 2312 J, William O. Ballard,> Kari Ruchonen,S Lindsay E. Wu,”
Victoria C. Cogger,’*>® Alessandra Warren,2# Xin Huang,'2* Nicolas Pichaud,® Richard G. Melvin,® Rahul Gokam,>?®
Mamdouh Khalil,* Nigel Turner,® Gregory J. Cooney,® David A. Sinclair,”'° David Raubenheimer, %1112

David G. Le Couteur,’-2%" and Stephen J. Simpson'#*
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Mechanisms related to ageing biology
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C inlake, kl/imouse/day

Mid- and early-latelife cardiometabolic health best on low P:C diets
BUT body fat was high due to ‘protein leverage’ (weak in mice, but there)
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Anti-ageing drugs interact with and act on the same pathways as nutrients

Cell Metabolism & CelPress

Nutritional reprogramming of mouse liver
proteome is dampened by metformin,
resveratrol, and rapamycin

David G. Le Couteur,’-2:%* Samantha M. Solon-Biet,” Benjamin L. Parker,* Tamara Pulpitel,’ Amanda E. Brandon,':°
Nicholas J. Hunt,2° Jibran A. Wali," Rahul Gokarn,’ Alistair M. Senior,’ Gregory J. Cooney,' David Raubenheimer,-6
Victoria C. Cogger,”® David E. James,'-° and Stephen J. Simpson’-%-"-*

1Charles Perkins Centre, University of Sydney, NSW 2006, Australia
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4Department of Anatomy and Physiology, University of Melbourne, VIC 3010, Australia

5School of Medical Sciences, University of Sydney, NSW 2006, Australia
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What about humans?
Longest lived populations have low-protein, high-carb, high-fibre diet

NEW HORIZONS

New Horizons: Dietary protein, ageing and the
Okinawan ratio

Davip G. Le Couteur'?, SAMANTHA SoLonN-BIET'?, Devin WaHL', VicToria C. COGGER ',
BraDLEY |. WiLLcox*, D. Craic WiLLcox*>¢, DavID RAUBENHEIMER, STEPHEN J. SIMPSON'*

OKINAWA LONGEVITY DIET

12% Rice

7% Grains & Wheat
m70% Sweet potatoes (carbs)
m12% Rice

O7% Grains & Wheat

oO6% Soy & legumes

m 4% Additional vegetables

@ 3% Fruit
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O 1% Nuts (Protein)

1% Other potatoes

m1% Seaweed

O1% Sugars

@ 1% Fish 29 Qils
B 1% Dairy

m1% Eggs

m 1% Pork-Meat

m 1% Flavorings & Alcohol

6% Soy & legumes

4% Additional vegetables

1

% Muts (Protein)

1% Other potatoes

1% Flavarings & Alcohal 1% Seaweed

85% carbs 96% Vegan Diet
d 1% Sugars
09% Protein LEhoielies s g 98% Vegetarian
5 o i
i 06% Fat 98 1% Dairy 1% Fish 99% Pescaleg
63-10-53 <4% Animal Prod
<1% Fish
1785 Calories SCENTIFIC STUDY: “The Diet of the World's Longest-Lived People and ts Potential Impact on Morbidity and Life Span” <1% Meat-Pork

JOURMAL: Annals of the Academy of Sciences - Volume 1114; 434455 (2007).
Note: These are the Actual Food Measurements of the Centenarians, not the diet of All island Okinawans or the ones who died, but the ones who lived

Tsimane from lowland Bolivia




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

Dietary macronutrient content,
age-specific mortality and lifespan

Alistair M. Senior'2, Samantha M. Solon-Biet"?, Victoria C. Cogger'34,
David G. Le Couteur**, Shinichi Nakagawa>®, David Raubenheimer'?

and Stephen J. Simpson'? (2019, Proc Roy Soc B)

Global associations between macronutrient supply and
d ge'SpeCifi C morta I ity PNAS 2020 117: 30824-30835

b

Alistair M. Senior®?<'@®, Shinichi Nakagawa®?®, David Raubenheimer®?, and Stephen J. Simpson®
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Part 2 of the resolution to the Protein Paradox:
The quadlity of macronutrients matters

onou nﬁatui_'é-t:iéﬂ_- :

The University of Sydney Page 25




Protein amino acid balance is important

nawure . - . ARTICLES
metabOIISm https://doi.org/10.1038/542255-019-0059-2

Branched-chain amino acids impact health and
lifespan indirectly via amino acid balance and

PR .Y NPy ey |

ARTICLE
oPEN
Restriction of essential amino acids dictates

the systemic metabolic response to dietary
protein dilution

Yann W. Yapm5, Patricia M. Rusu®”5, Andrea Y. Chan!, Barbara C. Fam?, Andreas Jungmann3-4,
Samantha M. Solon-Biet@5, Christopher K. Barlow®, Darren J. Creek®’ Cheng Huang®6,

Ralf B. Schittenhelm®6, Bruce Morgan@S, Dieter Schmoll®, Bente Kiens®10, Matthew D. W. Piper”,
Mathias Heikenwailder'?, Stephen J. SimpsontE)E‘, Stefan Brﬁer@B, Sofianos Andrikopoulosz,

Oliver J. Miller® #'% & Adam J. Rose® ™ - , 1in0 Acid Balance
to the In Silico-Translated Exome Optimizes
Growth and Reproduction without Cost to Lifespan

Matthew D.W. Piper,'-%%" George A. Soultoukis,?® Eric Blanc,®> Andrea Mesaros,” Samantha L. Herbert,* Paula Juricic,?
Xiaoli He,® llian Atanassov,? Hanna Salmonowicz,? Mingyao Yang,® Stephen J. Simpson,” Carlos Ribeiro,*
and Linda Partridge'-2:10*

"l'#l.

®

Dudley Lamming

Cell Metabolism




Carbohydrate type and digestibility

nature _
meta'b Ollsm https://doi.org/10.1038/s42255-021-00393-9

'.) Check for updates

ARTICLES

Impact of dietary carbohydrate type and protein-
carbohydrate interaction on metabolic health

Jibran A. Wali©'23% Annabelle J. Milner!, Alison W. S. Luk®'2, Tamara J. Pulpitel'?,

Tim Dodgson'?, Harrison J. W. Facey', Devin Wahl'?, Melkam A. Kebede ®'"2, Alistair M. Senior®",
Mitchell A. Sullivan®, Amanda E. Brandon'®, Belinda Yau®'?, Glen P. Lockwood?, Yen Chin Koay's,
Rosilene Ribeiro®'?, Samantha M. Solon-Biet®’, Kim S. Bell-Anderson®'?, John F. O'Sullivan'¢?,
Laurence Macia®'®, Josephine M. Forbes®©4, Gregory J. Cooney'®, Victoria C. Cogger©®'3,
Andrew Holmes'?, David Raubenheimer'?, David G. Le Couteur®"3 and Stephen J. Simpson®"22<

Reduced protein intake, through dilution with carbohydrate, extends lifespan and improves mid-life metabolic health in animal
models. However, with transition to industrialised food systems, reduced dietary protein is associated with poor health out-
comes in humans. Here we systematically interrogate the impact of carbohydrate quality in diets with varying carbohydrate
and protein content. Studying 700 male mice on 33 isocaloric diets, we find that the type of carbohydrate and its digestibility
profoundly shape the behavioural and physiological responses to protein dilution, modulate nutrient processing in the liver and
alter the gut microbiota. Low (10%)-protein, high (70%)-carbohydrate diets promote the healthiest metabolic outcomes when
carbohydrate comprises resistant starch (RS), yet the worst outcomes were with a 50:50 mixture of monosaccharides fructose
and glucose. Our findings could explain the disparity between healthy, high-carbohydrate diets and the obesogenic impact of
protein dilution by glucose-fructose mixtures associated with highly processed diets.



Major nutritive carbohydrates

High Fructose Corn Syrup Sucrose Starch
CHOH CH,OH CHZOH CH,OH 2000000000008 Mo
O O OH H O_ H 0 H
H
OH HO OH H o OH 0000000080888 amyopectn
OH OH CHOH = oH 0 CH,0H
OH OH Ho OH OH H «®e %o
Glucose Fructose Glucose Fructose . . .

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

* Disaccharide of gluc and fruc
*  Major added sugar globally

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



Wali et al. (2021) Nature Metabolism

Study timeline and design

| Weekly body weight and food intake measurements >
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Weeks |0 1 5_6
On diet

12-14 15-16

18-19 |

1 1

l

8-week old male
C57BL/6) mice (n=700)

- Body composition scans
- Metabolic cage testing
- GIT

- Blood insulin

!

Tissues and
plasma
collection

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: T | Neutral effects: <> NS = Native Starch RS = Resistant Starch

- FessEmm——————— | jrEE=sssssmsss= qE==== |
Protem%! 5% :: ~10% o~ :} 20% : 30 % :
Carb type : Sucrose NS II Glucose | Fructose /HFCS\ Sucrose NS / RS \ II HFCS Sucrose I HFCS :
RN EEEN AR X \\i r | el ol

Fat | ] ] I I
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el | Mo | o lm)| e I R N S R
i i | i i
e S O N O O O N N 2
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*  Metabolically healthy l

* Sucrose = Starch *  Sucrose >
HFCS

* RS > Sucrose > Starch = Glucose = Fructose > 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



Putting the pieces together in the modern human food environment

Strong P appetite fat + carb-rich, fibre-poor
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Is protein leverage the mechanism?

" - diets of 9357 American people

“ - 5 groups based on % energy
contributed by UPF
plnnlanes

National Health and Nutrition Examination Survey

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



What we found
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Not just the USA
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Ultra-Processed Diets Cause Excess Calorie
Intake and Weight Gain: An Inpatient Randomized
Controlled Trial of Ad Libitum Food Intake

Kevin D. Hall,’-5* Alexis Ayuketah,’ Robert Brychta,’ Hongyi Cai," Thomas Cassimatis,’ Kong Y. Chen,!

Stephanie T. Chung, Elise Costa,” Amber Courville,? Valerie Darcey,' Laura A. Fletcher, Ciaran G. Forde,*
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We’'re just like orangs ...
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The University of Sydney
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Made worse if protein target increases

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

v

Protein Protein

Simpson, S.J. and Raubenheimer, D. (2005) Obesity Reviews 6: 133-142.

v

The GEC K@“‘"

Gametic Epigenetics Consortium against Obesity
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[ Low protein status/ diluted J
dietary protein

_— !

Food selection subverted:

high palatability, protein

decoys, cheap, superabundant 1 .
Food selection:

TProtein appetite *’ Select higher protein foods
1 to reach target P intake

Wog Food intake to reach P target

1 \ Requires low-energy,

\l/ Energy high-fibre diet

bhole Foad
1 1 Plant Basaed Diat
Cobesry | [ GRERER

* Low-protein, high-energy (low-fibre) 1

* Amino acid imbalance
Enhanced by CR, intermittent fasting

and time-restricted feeding ... another story
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Lifespan reduced ca 10% on high-BCAA, moderate protein, high-carb diet

But not associated with mTOR, IGF-1

S urvival

)
%

Due to obesity

200% BCAA 100% BCAA 50% BCAA 20% BCAA

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



The double burden of BCAASs

Balance of amino acids

|

1 Circulating BCAA

|

1 insulin

T ALT/AST
T IGF1

T mTOR

|

| Latelife cardiometabolic health

|

| Lifespan

Only when P:C high

High BCAA: low non-BCAA

....... T Obesi’ry

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

v
1 Food and energy intake

v

Especially when % P low - protein leverage



Putting the pieces together [ Lo el S J

reduced dietary protein

in the modern human f% 1

environment
Food selection '

subverted — high

palatability, cheap, 1
superabundant Food selection:
' Protein appetite = | Select higher protein foods
1 to reach target P intake

§;'i:-?_ M Food intake to reach P target

1 \ Requires low-energy,

™ Energy \ Energy high-fibre diet

! !

| 1 EE(DIT) | - VEE

* Prolonged low-protein, high- 1 1

energy, high-sugar, low-fibre diet; : _
* Amino acid imbalance — e.g. high [ 1 el ]

BCAA:Tryp 1
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Optimal macronutrient ratios vary with age, e.g. reproduction vs lifespan
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The University of Sydney
Solon-Biet, S.M., Walters, K.A., Simanainen, U., McMahon, A.C., Ruohonen, K., Ballard, J.W.0., Raubenheimer, D., Handelsman, D.J., Le Couteur, D.G., and Simpson, S.J. (2015) PNAS 112: 3481-3486.
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1:1 mixture of glucose to fructose gave worst outcomes

Percent fat mass
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.

-]

, ] 2
0 5 10 15 20 25 0 5 10 15 a 20 25 0 5 10 15 20 25
Fructose eaten Fructose eaten Fructose eaten

30% protein diets

0 w
o

25
2

20
20
20

=
F205
25

18
18
18

Glucose eaten
19

Glucose satsn
19

Glucose eaten
19

5

— Isocaloric line

— Food rail
Insulin tolerance test AUC
10% protein diets w 20% protein diets w  30% protein diets
5 | § § .
© ® .| 450 ® |
o 2 W g 5" a0
8ol 35| 35|
S7 N © EN
.l o_ N\ ]
o
©
T T 10 1 20 25 0 5 1w B 2 & 0 5 10 15 20 25
Fructose eaten Fructose eaten Fructose eaten

— Isocaloric line
— Food rail



	Using Nutritional Geometry to resolve the protein paradox in ageing and metabolic health�
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	FGF21- the first known protein appetite hormone�Also linked to metabolic effects on insulin sensitivity and energy expenditure
	FGF21 perfusion stimulates protein-specific appetite independent of nutritional state
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	What about humans?�
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Carbohydrate type and digestibility 
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Made worse if protein target increases
	Slide Number 37
	Acknowledgements��David Raubenheimer�David Le Couteur��
	Slide Number 39
	Slide Number 40
	The double burden of BCAAs
	Slide Number 42
	Slide Number 43
	Slide Number 44

