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Changes in our nutrition greatly contributed
to the recent metabolic syndrome epidemic
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General recommendations in nutrition

: A healthy eating pattern includes:
70¢ 1eall%...eat some food A

from each group...every day! e s Ve Protein
GROUP ONp T Vs {g

A healthy eating pattern limits:

__ — =2
s s—
Saturated Added Sodium

i . S . fatsand sugars
IN ADDITION TO THE BASIC 7... c : trans fats
EAT ANY OTHER FOODS YOU WANT = . ' .
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Consumption of artificial sweeteners



Increase in artificial sweetener consumption
is @ major recent change in our nutrition

Annual soft drink production in the United States
(12-0z. cans/person)
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Sources. USDA Economic Research Service (1947-87). Beverage Digesl
(1997-2004)

" 86% of Americans use ‘diet’ products
= Consumers spend S21B per year on diet drinks

Sylvetsky et al., Am J Clinical Nutrition 2012 The Personalized
Nutrition Project




Artificial sweeteners are recommended for
weight loss and for assisting in blood glucose control

~ o .
American Heart Amerlcan
Association ‘ Diabetes

T earn and Tive Association.

AHA & ADA joint statement

From Gardner et al., published July 2012 in Circulation and in Diabetes care:

“REPLACING SUGARY FOODS AND DRINKS WITH SUGAR-FREE OPTIONS
CONTAINING NON-NUTRITIVE SWEETENERS IS ONE WAY TO LIMIT CALORIES
AND ACHIEVE OR MAINTAIN A HEALTHY WEIGHT"”

“WHEN USED TO REPLACE FOODS AND DRINKS WITH ADDED SUGARS,
IT CAN HELP PEOPLE WITH DIABETES MANAGE BLOOD GLUCOSE LEVELS”

The Personalized
Nutrition Project




ARTICLE

doi:10.1038/nature13793

Artificial sweeteners induce glucose
intolerance by altering the gut microbiota

Jotham Suez', Tal Korem™*, David Zeevi**, Gili Zilberman-Schapira'*, Christoph A. Thaiss', Ori Maza', David Israeli’,
Niv Zmora™™®, Shlomit Gilad”, Adina Weinberger”, Yael Kuperman®, Alon Harmelin®, llana Kolodkin-Gal”, Hagit Shapiro',
Zamir Halpern™®, Eran Segal® & Eran Elinav'

Jotham Eran Elinav
Suez
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What is the effect of artificial sweeteners on mice?
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Suez et al., Nature 2014 The Personalized
Nutrition Project




Artificial sweeteners induce glucose intolerance in mice

v' Lean mice

v" Obese mice

v’ Different formulations
v’ Different doses

v’ Different mouse strains
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Do artificial sweeteners interact with the microbiome?

Genetics

Lifestyle

Microbes

The Personalized
Nutrition Project




What is the effect of artificial sweeteners on mice?

Antibiotics
Water

Sucrose

Glucose

Commercial saccharin

Commercial sucralose

Commercial aspartame
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Suez et al., Nature 2014 The Personalized
Nutrition Project




Antibiotics reverse the effect of artificial sweeteners
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A, Ciprofloxacin & Metronidazole (targets Gram-)
B, Vancomycin (targets Gram+)

Suez et al., Nature 2014 The Personalized
Nutrition Project




Transferring the microbiota of mice that consume artificial
sweeteners transfers the glucose intolerance
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Transferring the microbiota grown in the presence of
artificial sweeteners transfers the glucose intolerance
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Artificial sweeteners drive glucose
intolerance in mice by altering the
gut microbiota

... but what about people?



What happens to humans after just five days
of consuming artificial sweeteners?

Non-consumers
of sweeteners

+ Commercial saccharin
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Artificial sweeteners induce glucose intolerance
in most but not all individuals
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Transferring the microbiota of responders to artificial
sweeteners transfers the glucose intolerance phenotype

Responders SN Non-Responders SN
2 IS .5"\ . \ . r"'w.l A A \
Transplant j}\%{ %2 Transplant j“}\\?%z’ %2
ol Nl ‘;...( %m(
Germ free Germ free
= 300; = 300;
2 2
S 250 : S 250-
E E
§ 2004 § 200:;
3 1501 5 150M§
) o
3 100¥ 3 100%
L) L)
0 50— : : , 0 50— : . :
0 15 30 60 90 120 0 15 30 60 90 120
Time (min) Time (min)

Suez et al., Nature 2014 The Personalized
Nutrition Project




Validation studies (2015)

mean A waist circumference (cm) per interval
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CLINICAL INVESTIGATIONS

Diet Soda Intake Is Associated with Long-Term Increases in
Waist Circumference in a Biethnic Cohort of Older Adults: The
San Antonio Longitudinal Study of Aging

Sharon P.G. Fowler, MPH,* Ken Williams, MS,*" and Helen P. Hazuda, PhD*

Positive association between artificially sweetened beverage
consumption and incidence of diabetes

Allison C. Sylvetsky Meni ™2 &Susan E. Swithers®&Kristina |. Rother

Diet Drink Consumption and the Risk of Cardiovascular Events:
A Report from the Women’s Health Initiative

Ankur Viyas, MD', Linda Rubenstein, PhD?, Jennifer Robinson, MD, MPH',

Rebecca A. Seguin, PhD, CSCS®, Mara Z. Vitolins, DrPH, MPH, RD?,

Rasa Kazlauskaite, MD, MSc, FACE®®, James M. Shikany, DrPH’, Karen C. Johnson, MD, MPH?,
Linda Snetselaar, RD, PhD?, and Robert Wallace, MD, MSc??
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If nutritional changes drove the metabolic
syndrome epidemic, can it be treated by
restoring healthy nutrition?



What is healthy nutrition?
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. AndNow the Bad News...
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> Millions of AmeFicaris are going meatless.
o Isthata healthy thing?

What to Eat’Now
@200 .0

UNCOVERING THE MYTHS ABOUT FOOD BY DR. OZ

-----.--
TR Y

Q-O-uco@
090000000
%0 @0°

2011 2014

The Personalized
Nutrition Project




How can we take a science-based
approach to nutrition?

David Zeevi



What should a marker of healthy nutrition satisfy?

Relevant for weight management

Relevant for metabolic disease

‘@\\&\\?} Easily measurable quantitatively

¢

The Personalized
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Postprandial (post-meal) glucose response

as a measure of healthy nutrition

Directly affects fat storage, Strongly associated
weight gain and hunger with disease

Easily
measurable

Diabetes

Obesity

Cardiovascular
disease

Blood sugar levels

Chronic metabolic
disorders

. T
2 LI
% Sore
/

( Y,

Bonora et al., Diabetologia 2001; Cavalot et al., Diabetes Care 2011; Wang et al., Diabetes Care 2004;
Temelkova-Kurktschiev et al., Diabetes Care 2000; O'Keefe et al., Am J Cardiol 2007
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Maintaining normal blood glucose levels
is key to fighting the rise in disease



People have widely different
glucose responses to the same food
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Adapted from Vega-Ldpez et al., Diabetes Care 2007 The Personalized
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Diets that maintain normal blood glucose
levels must be personally tailored



What could affect our response to food?

Genetics

Lifestyle

Microbes

The Personalized
Nutrition Project




The microbiome affects our response to food

Gut microbiota

Peptostreptococcaceae
Clostridiaceae RCT |

L-carnitine @ Bile acid synthesis |

~—
TMAO Atherosclerosis

. The Personalized




Transfer of intestinal microbiota from lean donors increases insulin
sensitivity in individuals with metabolic syndrome
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Vrieze et al, Gastroenterology 2012



What could affect our response to food?

Genetics

Lifestyle

Microbes

The Personalized
Nutrition Project




The Personalized Nutrition Project:
Clinical and microbiome data collected

) ) Diary (food, sleep, physical activity)
Gut microbiome .@. Using smartphone-adjusted website
16S rRNA >
Metagenomics 5,435 days, 46,898 meals, 9.8M Calories, 2,532 exercises

Continuous glucose monitoring
Using a subcutaneous sensor (iPro2
Blood tests i@ . - - e

130K hours, 1.56M glucose measurements

Questionnaires
Food frequency
Lifestyle

Medical

o
Profiling 800 people
Anthropometrics @

The Personalized
Nutrition Project




Continuous glucose monitoring

Participant 141
I I

Postprandial glycemic response
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The Personalized Nutrition Project:
Cohort statistics

45% ' 229
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Zeevi et al., Cell 2015
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Cohort bacterial composition comparable to other
international cohorts
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What is the variability across people in
the response to the same food?



Testing the cohort response to standardized meals

800 x

. Standardized meals (50g available carbohydrates)
Day1 Day2 Day3 Day4 Day5 Day6 Day7

eeeeuad

Bread Bread Bread & Bread & Glucose Glucose Fructose
butter butter

c The Personalized
Zeevi et al., Cell 2015 Nutition Proiect




The same person has a highly similar post-meal response
to the same standardized meal across different days

Replicate 2 (mg/dl)

Replicate 2 (mg/dl)
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Zeevi et al., Cell 2015
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Different people have widely different post-meal
responses to the same standardized meal

Population Responses to
Standardized Meals
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Different people have opposite responses to different
standardized meals

PPGR (iAUC, mg/di-h)
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Different people have widely different post-meal
responses to the same real-life meals
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General recommendations in nutrition

: A healthy eating pattern includes:
70¢ 1eall%...eat some food A

from each group...every day! e s Ve Protein
GROUP ONp T Vs {g

A healthy eating pattern limits:

__ — =2
s s—
Saturated Added Sodium

i . S . fatsand sugars
IN ADDITION TO THE BASIC 7... c : trans fats
EAT ANY OTHER FOODS YOU WANT = . ' .

The Personalized

Source: USDA Nutrition Project




What explains the variability in
people’s response to the same food?



Variability in post-meal glucose response across people

Glucose
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Variability in post-meal glucose response across people

Glucose

Bread

Bread & butter
Fructose

KEGG Modules

KEGG Pathways

Metagenomics
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tion between ABC transporters and

post-meal glucose response to all standardized meals

ITive aSsoCia
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Can we predict the personal post-prandial
glucose response to any complex meal?



Meal Carbohydrates: State of the art in
predicting post-meal glucose responses

Measured PPGR
(IAUC; mg/dl*h)

Zeevi et al., Cell 2015

State of the art

Carbohydrate-only
prediction

Meal carbohydrates (g)
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Prediction scheme
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Model features

MetaPhlAn KEGG 165 OTUs Growt_h
abundances abundances dynamics

200 Nutrients

Including fatty acids, vitamins and minerals

Multiple recorded features

Meal times, sleep, exercise, stress, hunger, medication

30 100 100
Blood parameters Questions FFQ features
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Accurate predictions of personalized glucose responses

State of the art Our prediction Prediction validation
800 participants 100 participants

Carbohydrate-only Main cohort prediction
prediction (cross-validation)

Measured PPGR
(IAUC; mg/dl*h)

Predicted PPGR Predicted PPGR

Meal carbohydrat
eal carbohydrates (g) (IAUC; mg/dI*h) (IAUC; mg/dI*h)
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Partial dependence

Features contributing to prediction

Meal
carbohydrates (2)

7518

Zeevi et al., Cell 2015
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Partial dependence
(a.u.)
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Features contributing to prediction
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Features contributing to prediction

Time from Meal 24-hour
Meal sodium (5) last sleep (12) dietary fiber (14) Meal water (21) dietary fiber (25)
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Features contributing to prediction
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Can personally tailored dietary interventions
improve post-prandial glucose responses?



Constructing personally tailored diets that
achieve normal post-prandial glucose responses

One week profiling
(26 participants)

Dietitian prescribed meals
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Can you distinguish between the good and bad menus?

Ve

Breakfast

Lunch

Snack

Dinner

Night snack

Zeevi et al., Cell 2015
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Can you distinguish between the good and bad menus?

v'e Breakfast

Lunch

Snack

Dinner

Night snack

Zeevi et al., Cell 2015
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Ice cream
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A ‘good’ meal for one person can be
a ‘bad’ meal for another

Participants
p =

during ‘good’

Pizza .

Hummus diet week
Potatoes ‘ - []
Chicken liver . Food ponsumed

Schnitzel B durho bad
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Personally tailored diets reduce
the post-prandial glucose response
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Personally tailored diets improve post-meal responses

140

=
N
o

=
o
o

60

PPGR (iIAUC, mg/dl-h)

40

20

|

s

- ‘Bad’ diet week
— ‘Good’ diet week

o ™
- 0O
o

1

i

[
& o &
o

|

P12 —f

Predictor-based arm

Zeevi et al., Cell 2015

Expert-based arm

The Personalized
Nutrition Project




The Personalized
Nutrition Project

&

0 0.25

Fold change (days 4-7 vs. days 0-3)
-0.25

-0.5

|| (sewads) siuipannd sedsiy
~ [|(se0adg) suoaseys sapiossjoeg
a10adg) snjebina saplosajoeg
0100dg) SsueIoAIUlNUI BUNGBSOY
(se10ads) susbije wnusjoegny
(se108dg) suepog) snososouny
nuao) e||aIsauleg

(snuen) saplossjoeg

(snua9) e||aj0na1d

Iwe4) eeade||aiepng

E4) 8ES0EPI0ISIOEY

IWe4) 8B90E||810ABId

(Jap1Q) sejeuouqInC)INsag
(Jap10) sweuou ‘sasniip
(1epi0) sejeusployng

(Jap1Q) sejeusoRqOIBIUT
(49p1Q) sejepioialoeg

(sse|D) eusjoeqosjoidelag

0) elseqosjoide)ag
B|D) El8)oBqOs)0IdEWILIES)
(sse|D) eipioiejoeg

(wnjfyd) euajoeqosioid
niAyd) sesnip

njAyd) sejeplosejoeg

Bacteria increasing in ‘good’ diet week

(se10ads) myey wnusyoeqny
o10adg) snipey sedysoseeuy
0100dg) susiogjoIeR BljaSUIj0D
(se1adg) snuaossjope wnuajoeqopylg
(snuan) ealoQg

(snuen) sadnsoleeuy

(snuag) eyjesulioD

(snuep) wnuspeqopylg

ILUE 4) 8E280BLS}0B]OLOD

IWEe ) sesoEUSj0EqOPYIg
(Jap1Q) sejeusoeqOLOD

(49p10) selensIORqOPYIE

(sse|D) eusegoOUNdY

(wnjfyd) eusjoeqounoy

Dietary interventions targeting post-meal glucose
responses induce consistent changes in microbiota

Bacteria decreasing in ‘good’ diet week

o
oo

[=2]
a

E14

E6
E12
P10

O N 0w —
EEEPH

yoem jalp poob, - sjuedioued joem JaIp peq, - sjuedioled




Dietary interventions targeting post-prandial glucose

responses induce consistent changes in microbiota
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t-meal glucose
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responses induce consistent changes in microbiota

Dietary interventions target

§ O
a v 2
© o o B8
o ()] —_
@) = +
%] n h
= wn * — s
g 0 o ¥
3 S © 3
RS < (@)
S 5 N Q
£ 3 o ©O +
o a S W .©
= ™ S — —_
3 £ » g 9§
—
3|« S 1) o o
T8 z” g £ ©
% ; 3 + wn >
2 \ - @] — —_
5 2. N
% 2 S £ >
8 3 S O B
O] ] Q W —_—
- n —  n —n — 1n — 10 ° % m W .m
<) <) o o M % d m Q
(-0 sAep o} yoadsal yym) abueyo pjo4 Y= -~
° °

[ ] [ ] [ ] || (seads) siuipannd sadisity
| 1 Aww_omawu m:oo;mwm meEEu_mm_

Am:cmg m__w_mm_.:mm
(snuen) saplossjoeg
(snua9) e||aj0na1d
Aiwe 4) seaoe|jaleng
Ajweq) sesoeploisioeg
| |(Anweq) sesoeisi0n81d
. (Jap1Q) sejeuouqInC)INsag
(Jap10) sweuou ‘sasniip
- (1epi0) sejeusployng
(Jap1Q) sejeusoRqOIBIUT
(49p1Q) sejepioialoeg
(sse|D) eusjoeqosjoidelag
(sse|D) eusjoeqosjoide)ag
- (sse|D) eusioeqosioidewues)
(sse|D) eiploisyoeg
(wnjfyd) euajoeqosioid
(wnjfyg) sesnup
(wnjfy4) seleplosaoeg

Bacteria increasing in ‘good’ diet week

(se10ads) myey wnusyoeqny
(se00dg) snipey sedysolseuy
(se10ads) susioejolse gjjasulljod
(se10adg) syuaosajope wnuajoeqOpPYIg
(snuan) ealoQg

(snuen) sadnsoleeuy

(snuag) eyjesulioD

(snuep) wnuspeqopylg

Ajwe 4) seaoeuaoeqolion
(Anwe 4) sesoeusjoEqOPYIE
(Jap1Q) sejeusoeqOLOD

(49p10) selensIORqOPYIE

(sse|) euajoegounay

(wnjfyd) eusjoeqounoy

Bacteria decreasing in ‘good’ diet week

yoem jalp poob, - sjuedioued joem JaIp peq, - sjuedioled

The Personalized
Nutrition Project

&




Summary

 Artificial sweeteners induce glucose intolerance driven
by gut microbial changes

* High interpersonal variability in post-meal glucose
observed in an 800-person cohort

 Using personal and microbiome features enables accurate
glucose response prediction

« Short-term personalized dietary interventions successfully

lower post-meal glucose
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