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Learning Objectives

« Recognize the implications and long-term outcomes of
rapid, early weight gain after birth

« Recognize how a longer duration of breast-feeding
modulates growth and body composition, as well as later
health, performance, and disease risk




Outline
e Global burden of disease

e Early prevention of obesity and NCD
e Prenatal metabolic programming
e Postnatal metabolic programming

e EXxporing potential underlying mechanisms:
epigenetics, metabolome
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Global burden of disease

Non-communicable Communicable, neonatal,
diseases (NCDs) maternal & nutr. diseases
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Europe 2021: NCDs cause 90% of deaths,
85% of years lived with disability @i

l'_“:b d - £ ﬂ'ﬂﬂ‘ wan
LMU = © office koletz ko@med Imude WHO European Regional Obesity Report 2022 e



Misninber of obese gurls (rillions)
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Eight-fold increase of obesity
in 5-19 year olds from 1975 to 2016
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REPORT OF THE COMMISSHON O

ENDING g Preventive potential
CHILDHOOD ;... in 3 life phases

Organization
Pregnancy
& pre-conception @
Infancy &
early childhood 6
Adolescence
(pre-conception)
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Early metabolic programming of later health

Developmental origins of adult disease

MAXM&

[ Environmental & nutritional cues
limited, sensitive times
of developmental plasticity

[ Lasting effects on health & disease risk }
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Key Programming Pathways

iti Environment e
Fetal Overnutrltlpn Postnatal overnutrition
e.g. maternal obesity, high feed b t foedi
pregnancy weight gain, diet in Lifestyle e,

. : excessive protein suppl
pregnancy, gestational diabetes P PPl

. Genes
fuef mediated | I Accelerated postnatal
I Here pathway L ) Adiposity & Obesity growllplie)

insulin resistance, metabolic
syndrome, diabetes,
hypertension, coronary heart

_ disease, stroke, asthma
Mismatch
pathway

Fetal undernutrition &

postnatal overnutrition
e.g. maternal malnutrition,
placental dysfunction

i Koletzko Bet al. The Power of Prograrmiming.
LMU =i & office. koletzko@med Imu.de Arnn Nutr Metab 2014;64:141-50.



Postnatal overnutrition / rapid weight gain

High weight gain in 15t & 2nd- yr,
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Postnatal overnutrition

e g. overfeeding, short breast-
feeding, excessive protein supply

BMI standard-deviation score
of 21.28 at 15-18 yr of age

BMI standard-deviation score
of <1.28 at 15-18 yr of age
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Koletzko Bet al. MoKi 2016; Doi: 10.1007/5001 12-015-0002-x,

using data of Baird J et al, BMJ 2005,331:924.
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Early growth clusters in 6708 children

1 classa: T/ p——
3 Class 2 48.5% ——g— Persistent rapid growth
Class 1: 50.0%
2 - =
) Postnatal overnutrition
10 e.g. overfeeding, short breast-
1 10 feeding, excessive protein supply
1= |
o ;arly rapid growth:
O i -
g . Normative growth
-1 | | 1 | I ] |
0 1 2 3 4 5 6 age (vrs)

Data of kids from 11 countries, West Australian Pregnancy Cohort (RAIME) European Childhood Obesity Project Trial
(CHOP), Morwegian Human Milk Study (HUMIS), & Prevention of CoeliacDisease (PreventCD), EL Early Mutrition Project.

m&

MU S EARLYNUTRITION Rzehak Pet al, Am.J ClinNutr. 2017:106:568-580, A8ee oo

© office koletz ko@med.imu.de doi- 10.3945/ajcn. 116 140962, =r




Early growth clusters in 6708 children

. Short breastfeeding (<3 mo):

Class 3: 1.5%  ——r—
S Class 2 48 5% * Persistent rapid growth
Class 1:  50.0% OR 2.66 (1.48,4.79)
2 -
) Postnatal overnutrition
10 e g. overfeeding, short breast-
1 10 feeding, excessive protein supply
1= |
o ;Early rapid growth:
0 1 ,OR1.96 (1.51,2.55)
g Normative growth
-1 | | 1 | I ] |

0 1 2 3 4 5 6 age (yrs)

Data of kids from 11 countries, West Australian Pregnancy Cohort (RAIME) European Childhood Obesity Project Trial
(CHOP), Morwegian Human Milk Study (HUMIS), & Prevention of CoeliacDisease (PreventCD), EL Early Mutrition Project.
m EMWEE.,.“ Rzehak Pet al, Am.J Clin Nutr. 2017;106:568-580. A&ee o
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Early growth clusters and outcome @20 yrs
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Mormative Early rapid Persistent
rapid rapid
EARLYNUTRITION Rzehak Pet al, AmJ Clin Nutr. 2017;106:568-580. A-E -
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Rapid growth = deposit excessive body fat
= risk for later metabolic disease

High weight
gain with high
body fat
deposition

Infant
P
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Body Fat
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Reduced
Insulin
Sensitivity
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Modified after Tinnion R et al.
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Key Programming Pathways

iti Environment e
Fetal Overnutrltlpn Postnatal overnutrition
e.g. maternal obesity, high feed b t foedi
pregnancy weight gain, diet in Lifestyle e,

. : excessive protein suppl
pregnancy, gestational diabetes P PPl

. Genes
Euef mediated | I Accelerated postnatal
I Here pathway L ) Adiposity & Obesity growllplie)

insulin resistance, metabolic
syndrome, diabetes,
hypertension, coronary heart

_ disease, stroke, asthma
Mismatch
pathway

Fetal undernutrition &

postnatal overnutrition
e.g. maternal malnutrition,
placental dysfunction

i Koletzko Bet al. The Power of Prograrmiming.
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The Mismatch Pathway

Fetal undernutrition &
postnatal overnutrition
— ﬁ?_.. e.g. maternal malnutrition,
placental dysfunction

Mormal fetal Mormal Mormal
growth birthweigth adult

. Mismatch of low fetal and
rapid postnatal growth:

ot
0 A adult adiposity & NCD risk

I U L

Low fetal Low birthweight Adult with o ter Eainsdl i produ, (e A At bt

. Drawn after Edwards M. (. Preedy | atel V (eds

pae grnwth & fast catch up hlgh de‘-"r fat Handbookof Famine, Sra.".-'affor.-_.&.'u';rrfer.-tDe,u:-rf'.fétfor.:.

LMU == | © office koletzko@med Imu de Springer, 2017.




LMU

Low initial weight followed by rapid weight

gain: high later risk of NCD

= High risk of diabetes, obesity, cardiovascular disease
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1492 men and women aged 26 fo 32 years, measures at birth and every 3-6 months
e through infancy, childhood, and adolescence in a prospective, population-based study
pre il £ office foletz ko@med. fmu de

Bhargava et al. NEJM 2004,



High early weight gain

e Is it genetically determined?

e Does early feeding matter?

LMW = | © office koletzko@med Imu de



Breastfed infants: lower weight for length (SDS)
after the first months than bottle fed infants
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*P<0.05
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DARLING study, Davis, CA, USA; 87 infants. e o
Dewey etal, AJCN 1823 HInCakEPTTaL



Breast feeding: less obesity at school age

9387 children, school entry health examination, Bavaria, Germany, OR adjusted for confounders

Adj. rel. obesity risk
o
co
|

Any breastfeeding

0.79

(0.68-0.93)

0.7

(0.57-0.98)

Obesity
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Overweight

0.75

0.5

0.25

Duration of breastfeeding

35m 6-12m =12 m

Koletzkoetal. AnnNutr Metab 2014;65:99-107.
v. Kries et al. Brit Med .J 1998 319:147-50.

<2 m
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Breastfeeding and obesity risk: meta-analyses

I'IURSE THE BFIB'-I
YOUR PROTELTION ACAINST TROUBLE :
PREIERRCL e L R Arenz Weng WHO Yan Victora

BUREAU PUBLICATIGONS int J Obes Relat Arch Dis Childh WHO Syst Rev BMC Public Health Lancet
CONSULT VvOouR DOocCTOR]

Metab Dizord 2004 2012 2013 2014 206
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© office koletz ko@med.(mu de RIEEL T



LLEw

MM
LM e

WAL

Early Protein Hypothesis

 High early protein: |

& later obesity
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BMI at 12 months predicted by human
milk protein at 4-8 wks but not by milk kcal or fat

BM| z score at 12 mon,

MU

0.1

-0.1

-0.3

-0.5

-0.7

n=614

Formula fed

1

£ 3 4 5

Human milk protein (% kcal, quintiles)
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Prentice et al, 2016,



Early Protein Hypothesis

Energy Intake Crude Protein Intake
180
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160 -
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Heinig MJ et al, AlexyU et al, age, mon.
3 AJCN 1993 6 3 Ann Nutr Metab 1999 6 :

r Weight gain }\A
: Insulin-releasing ) . Later obesity
(" Protein ]-»[ A }—)[ insulin/IGF-1 < }

= = and other NCD
Adipogenicity }/

i,

% of intake of breastfed irfarts

Koletzko B et al, AJGN. 2016;103:303-4. %@, ..
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Double-blind randomized trial needed
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Childhood obesity project (CHOP) RCT, s A=

EU funded double-blind RCT, 1678 healthy term infants enrolled in 5 countries

Breastfed | Protein:»1-1.2g/dL SMidataat Oyrs.
Breast fed
Conventional 61.4%
| A protein formula :IF 2.05g/dL, FOF3.2g/dL . .. !
Double bind 3 L
randomised " |ntewenti0n i Botile fed
o : _ .
omuee -V proteinformula IF 1.25g/dL, FOF16¢gL  %04% |
No intervention, follow-up

2 yrs. 6 yrs.

Holetzko etal, Am J Clin Mutr 2009,89:1836-43. *t_ _

= EnTmen Weberet al, Am J ClinNutr. 2014:99:1041-51.
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Lower protein formula: no safety concerns
Length (cm)

No difference between _
randomized groups for oo |

e | ength growth

e [olerance 50

e Acceptance

e Lab safety markers 0 -

N >

ol S L L

Baseline

LaEw
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Mean BMI at 2 y.

High Prot

BMI at 2 and 6 yrs.

EU funded CHOP RCT

Mean BMIl at 6 y.

Brussals f Liege

Low Prot  Breastfed High Prot

e

EARLYNUTRITION

Koletzko Bet al, Amd C

© office koletz ko@med.Imu.de Weber|

P=0.01

Low Prot Breastfed

Metal AmJ

futr 2009;89:1836-43 | -
C'... uf 2014:99:1041-51. #t



Less protein to infants = less obesity later

RCT, Childhood Obesity Project (CHOP) Study, 1678 infants, 5 European countries
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High protein to infants = fatter at 2-6 yrs.

Fat Mass Index (kg/m?) Difference High
P=0.01 vs. Low Protein
E:E 3.0 7
m
E 20 — E 0.3
-
- T 2™
e 24 = — 01 } }
2 Conventional = 4
2.2 = Lower i o 00— :
e protein =
- 50 — Breastfed = Sy
| | I | | L{:L 02— 1y 2y 4y 6y
IJmon 1yr 2 yrs 4 yrs 6 yrs
' EARLﬁTm Totzauer M efal., Obesity 2018,26:1203-10. &
MU S| = i S L LT © office. koletzko@med.Imude doi- 10.1002/oby. 22203 isunesstues



Conclusion: infant feeding and later obesity

o Infant feeding has very marked effects on later obesity

» Breastfeeding protects
= promote, protect & support breastfeeding

e Avoid high protein supply

= Infants not (fully) breast fed: infant formula with less protein,
but high protein quality

= Improved protein composition my provide further benefits

e First year: no cows®’ milk as a drink iffeasible & affordable

LMU s | © office koletz ko@med.imu.de



Avoid cows‘ milk as a drink in the first year

if feasible and affordable

on
|

Protein in cows‘ milk
= 3x breastmilk

9
I

Protein (g/100 kcal)
(oY

pW]
|

Human milk Formula Cows' mi”ie

D WO

"
) LT e
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SDS Weight

-0.2

Cows‘ milk at 8 mon. and weight at 10 yrs.

0.8 1

0.6 1

0.4

0.2

0.0

—&—— Breastfed
—&—— Formula low
—&—— Formula High
—a&—— Cows low
—+—— (Cows High

4

6 8
Age (years)

© office. koletz ko@med./mu. de

10

>600 mL cows’ milk

>600 mL formula
<600 mL cows’ milk

breast milk,
<600 mL formula

1112 term, singleton children,
ALSPAC. Food records at 8 mo.
Feeding groups: breast milk,
<600 mL formula/d,

=600 mL formula/d,

=600 mL cows’ milk/d,

=600 mL cows’ milkid.

Hopkinsetal. AJCN 2015. ’*t
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No cow’s milk

in the first year
of life!

EARLYNUTRITION

Long-term effects of early nutrition on later health
www.project-earlynutrition.eu/recommendations



Understanding mechanisms is important

Exposures
Preconception Pregnancy Infants Toddlers
' 3
R o) ~ 5
Mother’s diet, obesity, Breastfeeding; Quality of milk formula
gestational diabetes, stress & complementary feeding

Mechanisms

Structure Epigenome Metabolome Hormones Microbiome

OO0 606 D

Child obesity & adiposity risk

Abnormal growth Insulin Disease risk
& fat deposition resistance e.g. diabetes, stroke

O O
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D WO

|_ M u t;".'..‘.;.:.




Epigenetics: environment & nutrition modify
genotype effect on phenotype

Genotype ]
Environment |
& Nutrition
during sensitive periods
of developmental plasticity
Y

Phenotype 1 ] [Phenotype 2 | | Phenotype 3]
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Cytosine - phosphatidyl - Guanine (CpG)

? * ? ool gD

Most CpG sites (>90%) dispersed CpG island
around the genome at low densities

[Transcript. ]
Factor

Q CpG island not methylated
= gene is expressed

[ Transcript. }
Factor

* CpG island methylated Mlm

= gene is not expressed
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Infant animal protein intake modifies DNA
methylation in childhood: meta-Analysis

CHOP I S— 0.0017 [0.0010, 0.0023)
GEMNR I . i 0.0012 [0.0001, 0.0023]
Fixed-effects meta-analysis ——— 0.0016 [0.0010, 0.0021]
| I | | [ 1
0.0000 0.0010 0.0020

Change in late childhood's DMNA methylation per 1% change in energy from animal protein sources

LMU s | @ office koletz ko@med Imu.de

Animal protein intake (E%) @=1 yr
and DNAmM @7-12 years (n= 604)

El Sharkawy M et 2!, in preparation. J"‘#;



DNA-methylation and childhood fat mass

FMI, 5.5 yrs. 378 children, CHOP

Regression of children’s CpG-site at age 5.5 yrs on FMI_t66 QQplot of P-values for Regress. of CpG-sites on FMI_t66
Q o
& {
o = @0 - -
L=
3
= -
B - SRS
g | :
3
&
o — o o
o - o
T T T T T T T T T I
0.4 0.2 o0 0.2 0.4 0.6 08 0 1 2 3 4 5
FMI_tes (reg-coet) Jog10(Expactead)

Volcano-plot of 431213 CpGesites for 378 Children

o Rzehak etal. Sci Rep. 2017 Oct 30 7{1):14345. A"f
_LMU el £ office foletz ko@med. fmu de doi: 10. 103844 1598-017-13095-4.  Hre




Understanding mechanisms is important

Exposures
Preconception Pregnancy Infants Toddlers
' 3
R o) ~ 5
Mother’s diet, obesity, Breastfeeding; Quality of milk formula
gestational diabetes, stress & complementary feeding

Mechanisms

Structure Epigenome Metabolome Hormones Microbiome

OO0 .6 D

Child obesity & adiposity risk

Abnormal growth Insulin Disease risk
& fat deposition resistance e.g. diabetes, stroke

O O
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Metabolome from drops of blood

50 uL
plasma

MU

Derivatization
Butanolic HCI

BA

TCA

NEFA

PL

Analyst Software

" AA
Agilent 1100 SCIEX
EARK ] API2000
— &
" =
- -
Agilent 1200 '
‘ QTRAP4000
— &
v
- -
A%Igztrg 25[1[1 Column oven + Scieyx
b solvent manager QTRAPG000

+ jon trap

© office. koletz ko@med./mu. de
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Targeted metabolomics @Hauner Munich

mwu u_:!i_u -
W“”W? ¢ ~™< « S50LPC,95PC
’ « 67 Pcae, 121 SM
I on PL = cellular membranes m:;fio
» 54 free fatty acids A - D ar ks

= adipose tissue markers » freecarnitine

s w = peroxisomal
N e & B-oxidation

H/'N_T_H . . MetabO' o O=-OM
A « 20 p;ctemcge:chA 4 . , TCA - f“uI‘;-f“m

« citrulline, ornithine %

= protein metabolism . :r?anlc.:mda TCAcycle

» ketoacids
Bile :
' =
Steroids s energy metabolism

+ 18 steroid hormones

= endocrine regulation » 17 bile acids
= liver & microbiome

LMU s | © office koletz ko@med.Imu.de



Plasma metabolites in 3 pregnancy
tnmesters and neonatal adiposity

=Mathyl=-T-onovalerss acid
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z :: l.ﬂ:.:'wh ; : -1; t'lb;;'ﬁ ; -r. -:E Eﬂ"?ﬂ!
= NEFA (PUFA-MUFA-SFA) s PCaa (PUFA-MUF&-5FA) » Ketone body = BCAA heto acids ) :
«ss LPC (PUFA-MUFA-SFA) +s PCan (PUFA-MUFA-SFA) TCA metabolites  » Organko acids 253 mother infant pairs.
o SRaL R * M {PUFA-MUFA-SFA) s i sommn. Helmuth C et al. Mol Nutr Food Res

@ office. koletz ko@med (mu.de 2019:63(1).e1700889.




Penalized regression models
predicting birthweight

A Birthweight Adjusted R?
SDS (95% Cl) (%)

Prepregnancy BM| 0.03 (0.00; 0.05) 6.1

Wahab RJ et al. J Clin Endocnnol Metab 2022:107:e315-27. .

doi- 10.1210/clinem/dgab596. A&esxn.
_LMU e | © office koletz ko@med.(mu de =3 T g



Penalized regression models
predicting birthweight

A Birthweight Adjusted R?
SDS (95% Cl) (%)

Prepregnancy BM| 0.03 (0.00; 0.05) 6.1

Biomarker model, prepregn.

BMI + glucose & lipids 0.02(0.00; 0.04) 6.2

Wahab RJ etal. J Clin Endocrnol Metab 2022:107:e315-27.

LMU s | © office koletz ko@med.imu.de
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Penalized regression models
predicting birthweight

A Birthweight Adjusted R?
SDS (95% Cl) (%)

Prepregnancy BM| 0.03 (0.00; 0.05) 6.1

Biomarker model, prepregn.

BMI + glucose & lipids 0.02(0.00; 0.04) 6.2

Metabolite model, prepregn.

BMI with added metabolome 0.05(0.03;0.07) 12.9

Wahab RJ et al. J Clin Endocrnol Metab 2022:107-e315-27.

LMU s | © office koletz ko@med.imu.de
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Bayesian agglomerative
clustering identified 20 metabolite

Are all breast-fed infants equal?

Major metabolite clusters at 6 mon.
predict BMI development to 6 yrs.
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183 breastfed infants, 6 mon.
Kirchberg F et al, J PGN. 2019:68:408-15.
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Human milk protein milk protein content
predicts infant serum LPC14:0 at 1 mon.

A
o
B Significance levels:
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Plasma metabolites predict weight gain

birth to 6 mon. 726 infants, CHOP study

LPCaC14:0
L]
7.5
C16:1(OH)
-
O PCaeC34:0
S -
= 50" C18:0 ’ SMC16:1(OH)
& " Lt ce:1 PCaeC40:6 PCaeC36:0 .
— - -
| i C5:M(DC) )
_ ey C18:1(OH). ° PCaaC34:4 PCaecasig FCaeCa08 o006
Bonferroni C _ - .
- - - -
; - - PCaeC40:0 - .
] PCaeC38:4
2.5 P R » PCaeC38:6 . *
% - e & . =
L gt - * b = o -
- -
s & o -* . g T . & -. . ‘..
- -
a® " Fr .' 1*I"-.. ..- ‘.: ” ‘. * - " ’ .H-.' t: .
DLD-‘ '.' AR B O I'l"ll-1 ".' LA -.-‘T1 --...-‘ T |'1 -'.- ? T .-‘-- .“T’|“~ T -.‘-'1.- -. .’:.1 .-.- 7
o] 20 40 0 80 00 120 Ho B0 180 200

= = * b acyl—camitines = = = o phosphatichrichol = * 2 hso—PC
=+ = § gphingoryelins = * = g glucose

&% a amino ackls

[ ———

Eurap.aa tinjon Punding iesre Rzehak Pet al. Ann Nutr Metab. 2014. ﬂi‘?_;zﬂ?;
Far Ressarc h & Innowation ] ch e E Gmcekoretzkﬂ@mdfmde KifiEi gL




Infant LPC 14:0 and obesity at school age
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Formula protein changes metabolites

Mean LP = Mean HP
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Formula protein changes metabolites
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Branched-chain a-ketoacid dehydrogenase
(BCKDH)

Leucine Isoleucine Valine
a-Ketoisocaproate a-Keto-f3-methylvalerate a-Ketoisovalerate
| I I
[ BCKDH | [ BCKDH | [ BCKDH |
Isovaleryl-CoA o-Methylbutyryl-CoA Isobutyryl-CoA

|1

Acetoacetate DI N Acetyl-CoA PR N Propionyl-CoA =

D-Methylmalonyl-CoA

v
L-Methylmalonyl-CoA
_ BECKDH, located on the inner mitochondnal membrane, L) Succinyl-CoA :

catalyzes irreversible catabolism of BCAA to their derivatives =
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BCKDH capacity limited

exceeded by high protein intake
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Early nutrition matters for growth and later
health, exploring mechanisms is important

e Early nutrition and metabolism markedly modulates growth,
body composition, later health, performance & disease risk

e Exploring underlying mechanisms may improve targeted
and even more impactful preventive interventions

e Implementation of evidence based early nutrition practices
has great benefits and a large return of investment
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Thanks to you for your kind attention, and to a
great team of colleagues and friends at LMU
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