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Fetal Programming:
Long Term Implications

 Metabolic factors in the intrauterine environment have a profound 
effect on prenatal development and enhanced susceptibility to later 
chronic disease 
 GDM→↑ fetal Insulin and leptin, fat cell development and number, 

enlargement of the pancreas, heart, changes in nephron number
 High fetal insulin/leptin levels affect appetite regulation in the 

hypothalamus 
 High fat diet in non-human primates→ NAFLD, mito function, 

appetite, behavior  
 Energy expenditure and mitochondrial oxidative capacity affected 
→ obesity and impaired glucose tolerance in childhood; inherit 
mitochondria from mother

•Interaction between the genome and epigenome 
determines a phenotype with susceptibility to chronic 

disease across the lifespan   
--Friedman JE. Developmental Programming of Obesity 
and Diabetes, Diab. 2018 Nov;67:2137
--Barbour, LA Metabolic Culprits in Obesity and GDM; Big 
Babies, Big Twists, Big Picture, Diab Care, May 2019

http://www.time.com/time/magazine/0,9263,7601101004,00.html


NPR

Umbilical Mesenchymal Stem Cells from Offspring form Obese Women Have Greater 
Adipogenic Potential and Mitochondrial Dysfunction 



Catalano PM 2007;109:419

Neonatal Fat Mass is Higher in 
Overweight Pregnant Women



What About NB 
Fat in Other 

Places:  Like the 
Liver?

David Brumbaugh MD

• Hepatic fat is associated with 
NAFLD (40%  obese children)

• More rapidly progressive to 
NASH in kids

• N=13 infants of obese GDM 
and 12 NW mothers using 
NMR Spectroscopy



Brumbaugh, 2013.

• 68% Increase in Hepatic Fat in Neonates Born to 
Obese GDM mothers

• Can Excess Maternal Fat Delivery 
to the Fetal-Placental Interface 
Result in the Genesis of NAFLD? 



Teasing out Contributors to Excess Fetal Fat 
Accretion and Childhood Obesity 

 1 in 10 infants and toddlers are obese; 1 in 5 
youth Ogden 2014

 Factors Associated with high BMI at 2-3 yr:
 Mat Obesity and Diabetes, Glucose,  LGA------

Maternal Diet and Lipids
 Rate of Infant Weight Gain
 0-6 mos infants triple their fat mass; Rapid wt gain 

birth-2 yrs; Catch up-growth in IUGR

 Feeding mode BF protective in most studies; 
possibly even more so in obesity



Since most macrosomic infants are born 
to Obese women, could obese women 
have occult hyperglycemia?

Diabetes Care 2011 34:2198 

Obese Women have higher Glucoses 
throughout  Day and Night Early and Late 
in Pregnancy after  Fixed Diet

NW vs Obese 1 hr PP: 102 vs 115 mg/dl

NW vs Obese 2 hr PP: 96 vs 107 mg/dl

Body Comp by Skin Calipers only



What About 
Fat? 

 Maternal FFAs and TGs found to be better predictors of BW

 Olmos PR Obesity 2014
 Whyte K Europ J Ob Gyn 2013
 Misra VK Obesity 2011
 Vrijkotte TG J Peds 2012
 Hyun Son GA Acta Obst Gynecol 2010
 Gobl CS Diab Care 2010
 Schaefer-Graf U, Kjos S  Diab Care 2008
 Akcakus M 2007
 Di Cianna G Diabet Med 2005

     

Clin Ther 2018

Pediatric Obesity. 2018;e12485.



TG early was 
strongest 
correlate of  % 
fat (r=0.67);  
FFA late 
(r=0.54)
Early Maternal 
BMI r=0.55

BW not correlated 
with any metabolic 
variables

Maternal Metabolic Variables Correlating with Infant Body Fat  
Harmon, Gerard, Hernandez, 
Barbour, Bessesen  Diab Care 2011



Obesity Reviews 2018



What are the independent 
effects of maternal obesity, 
maternal body composition, 
carbohydrate and lipid 
metabolism on fetal fat 
accretion and neonatal 
adiposity?  

Regulation of Maternal Fuel Supply and 
Neonatal Adiposity

NIH R56→2007-2009
R01DK078645 2010-2015



www.infantgoldresearch.
org

Nicole Hirsch
Sarah Farabi
Libby Haugen
Emily Zans
Kristy Heiss

(Investigations in Gestational Origins of Lifetime Development)



B.W. = 3370 grams; 
body fat 7.7% 

B.W. = 2893 grams; 
body fat = 16.8% 

Major Outcome of Study: Infant DEXA at 2 wks of Age
Birthweight Can Be Deceiving

Mother: Obese & GDM Mother: NW & Normal GT

Strongest Predictor of  childhood adiposity at age 9 yrs is fat mass at birth, not Birth Wt
Catalano  P  J Clin Nutr 2009
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CGMS #1 x 3d
Liquid Breakfast
Mixed Meal Test
10 samples over 4 hrs

NIH R01DK078645 “Regulation of Maternal Fuel Supply 
and Neonatal Adiposity” (2007-16)

CGMS #2 x3d
AT Biopsy
Liquid Breakfast 
10 samples over 4 hrs

Fetal U/S #1
3-hr OGTT

Fasting Blood
Fetal U/S #2

Delivery
Neonatal Blood/
Anthropometrics
Cord Blood
Placenta

2 weeks PP
Maternal DEXA
Neonatal DEXA/
PeaPod, Anthros

4 mos Pea Pod
Anthros
Diet/Activity Logs

1 yr DEXA  Anthros
Blood Draw
Diet/Activity Log

Fasting Blood

Healthy Obese and NL Wt 
Eucaloric Diet X3 days; 
50% carb; 35% fat; 15% 
protein; 30% calories 



Maternal and Newborn Characteristics

Dropped:
Del<37 wks

Recruited 60 
HEALTHY OBESE 

and 
NW Women

Obesity Aug 2018



4-Hr AUC Insulin, Gluc, FFA 16 and 28 wks in NW/Obese after Meal

Insulin ↑40-50%  in OB     
--Higher Early in OB than 
Later in NW

Glucose ↑10% 

FFAs suppressed by high 
insulin 

OB Early
NW Late

NW Early



4 HR AUC TG in NW/Obese after Liquid Meal

OB Late

NW Early

OB 30-40% 
higher early 
and late

4-Hr AUC-TG 
completely 
captured by 
1-hr or 2-hr 
PPTG 
(r=0.98)

OB Early and NW Late

Obesity 2018



TOT Cohort Mean Early/Late Fasting and  
PPTG Correlates with %Fat 

Mean Fasting TG Early and Late 
Tot Cohort n = 45

Mean 1 Hr PP TG Early and Late
(correlation highest in Boys)

r =0.54, p< 0.001
(Early=0.47; Late=0.56)

r =0.59, p< 0.001
(Early=0.57; Late=0.55)  

Obesity Aug 2018



NW Moms Increase in Fasting and PP TG 
from Early to Late Correlates with %Fat 

Delta TG Fasting Early to Late 
n = 26

Delta TG AUC Early to Late
n = 26 

r =0.59, p< 0.01 r =0.57, p< 0.01

Obesity Aug 2018



Obese Moms TG EARLY Fasting and PP TG 
Correlates with %Fat

Fasting TG Early
n=19

r=0.60 p<0.01 Early
(Late =0.55)

1 Hr PP TG Early 

r=0.71 p<0.01 Early
(Late = 0.63)

Obesity Aug 2018



R01 DK078645 Regulation of Maternal Fuel Supply and Infant Fat Mass  

Develop a Prediction 
model for Newborn 
Adiposity:   
--Glucose
--Fasting and Postprandial  
TG  (CM-TG and VLDL-TG)  
--Differential regulation of 
AT LPL and Placental (pLPL)     



Placenta Seems Important—even for an Endocrinologist
pLPL also hydrolyzes 
TG to FFA→↑FFA 
for fetal fat accretion?

April 2018

Margaret 
Heerwagen PhD, MD
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r=0.69, p=0.01
n=13
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r=0.75, p=0.003
n=13

In CHOICE, Maternal TG at GDM Diagnosis 
Predicts Neonatal Hepatic Fat 



Can We 
Intervene w ith 

Diet?

Differences in mat diet peri-conception in 
Gambian women due to rainy season 
resulted in changes in maternal plasma key 
methyl-donors and the methylation of the 
infant DNA at 2-8 mos in lymphocytes and 
hair follicles 

Diet Composition at 
Conception Can Influence 

Child’s Epigenome



14 Men with FTG >200; Nl OGTT
Cross-over Trial
3 Test Meals Random 1 wk apart
Pasta, slice of brown bread, skim 
yogurt 

Randomized to SFA or MUFA
800 kcal (72% fat; 22% carb; 6% prot)

EITHER:
Olive Oil: Mainly Oleic  

(15% SFA; 81% MUFA; 4% PUFA)
Butter: Mainly Palmitic

(65% SFA; 31% MUFA; 4% PUFA

MUFA:  Lower TG, FFA, Insulin

Am J Clin Nutr 2011;93:494–9.



Panu K. Luukkonen
Diab Care 2018

-38 OW subjects (age 48; BMI 31) overfed 1,000 extra kcal/day of saturated 
(SAT) or unsaturated (UNSAT) fat or simple sugars (CARB) for 3 wk
-IHTG (1H-MRS); Lipolysis ([2H5]glycerol) and De-Novo Lipogenesis (2H2O) 
basally and during overfeeding 

-SAT ↑Intrahepatic TG  (+55%) than UNSAT (+15%, P < 0.05). 
-Simple CARB ↑ IHTG (+33%) by stimulating De Novo Lipogenesis (+98%) 
-SAT ↑ lipolysis while UNSAT ↓ lipolysis
-SAT induced IR , endotoxemia, and ↑multiple plasma ceramides





TG lowering with 4 g DHA and EPA
Backes, Lipids in Health and Ds 2016, 15:118



Future Directions

 Validation in larger trial in real world
 Can a Fasting and 2-hr PP TG be used similar to Fasting and 2-hr 

PP Gluc for Monitoring and Rx for Women at High Risk for Excess 
Fetal Growth ?   

 Target Early FTG >125 mg/dl through Diet (↓CM-TG) or Omega 3-
FAs in Obese Women (↓VLDL-TG) as possible strategy to ↓ excess 
Infant Adiposity→Childhood obesity?

 Can this same strategy work for GDM or T2 DM?         



PLACENTAMOTHER

Genetics
Epigenetics

Obesity
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Metabolic Culprits In-Utero, Big Babies, Bigger Picture    

LPS

Barbour, Hernandez 2019

Daughter Becomes Mother

Childhood 
Obesity 
NAFLD

Metabolic Ds

IR (hPGH, hPL, TNFα, leptin)

Muscle
Mode of 
Delivery

EL

EL



Offspring Health Starts in Utero

Most Macrosomic Infants are Born to 
Obese Women without GDM or DM

We need to target women at risk by 
intervening earlier than 16 weeks—
In addition to glucose, also target Pre-
Pregnancy BMI and Nutrition, TGs, IR, 
Postnatal Nutrition  



Teri Hernandez
Jed Friedman
Rachael Van Pelt
Sarah Farabi
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Peter Baker
Kristen Boyle
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Margaret Heerwagen
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TEAM SCIENCE

Adult and Peds CCTSI; Bionutrition
Kitchen; Perinatal Research Team; 
NIH R01 DK 078645; NIH R56 DK 078645

Thanks 
to Moms 
and 
Babies!
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