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Biomarkers for Fetal and Neonatal Exposure 
are Limited

• Fetus
– Typically rely on Maternal exposure

• External Dose, Serum, Urine 

– May have better information at end of gestation
• Amniotic Fluid, Placenta, Cord Blood

• Infant – Toddler (< 3 yrs)
– Maternal dose: 

• External dose, Serum, Urine

– Child’s external dose
• Breast Milk, Formula, Water concentrations
• Estimated ingestion rate



• Assumptions:
– The toxicity of a chemical can be related to some 

measure of target tissue dose
– Maternal blood should be good surrogate for fetal levels
– Milk levels provide best estimate of neonatal exposure

• Observation: 
– The relationship of target tissue dose to external 

exposure is a function of many pharmacokinetic factors, 
each of which can vary across age and gender 



Special Factors Affecting Perinatal Exposure 
- Maternal Changes

• Tissue volumes 
– Gestation: Placenta, Uterus, Adipose, Mammary Gland (MG)

– Lactation: Adipose, MG, Milk

• Blood Flow
– Gestation: Cardiac Output, %QC to MG, Uterus, Placenta
– Lactation: Cardiac Output, %QC to MG

• Biochemical parameters 
– Gestation: Urinary excretion, protein binding, Phase I/II metabolism
– Lactation: Protein binding, Phase I/II metabolism



Special Factors Affecting Perinatal Exposure 
– Fetus/Neonate

• Physiology:
– Not just a little adult!
– Single cell → viable, independent individual

• Cell migration and differentiation 
• Rapid, nonlinear tissue growth
• Development of fetal circulation
• Organ Functionality

• Biochemical Parameters:
• Serum proteins
• Phase I/II metabolism
• Transporter development (OAT, OCT, P-gp,  etc.)
• Glomerular filtration



Human Growth
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Fat Content (Fraction of BW)
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Special Factors Affecting Perinatal Exposure 
– Fetus/Neonate

• Placental Function:
– Bidirectional transport

• May favor transport in either direction depending on chemical
– Passive diffusion

• Lipophilic compounds
– Active transport

• Ions (Fe++, I-)
• Nutrients

– Metabolism
• Hydrolysis
• desulfation
• P450s, etc

– Synthesis
• Progesterone

Broughton-Pipkin et al., 1994



Special Factors Affecting Perinatal Exposure 
– Breast Milk

• Breast Milk:
– Diffusion

• Based on milk lipid/protein 
content

• Lipophilic: increase milk:plasma
– Active uptake

• Ca++, I-

– Protein binding
• Milk: increases milk:plasma
• Serum: decreases milk:plasma

– Ionization
• Basic: increased milk:plasma

– Molecular weight
– Suckling rate

Milk Fat and Lactation

Days of Lactation
0 20 40 60 80 100

Fa
t (

g/
dL

)

1

2

3

4

5

6

7

8

9

Months Post-Partum

0 2 4 6 8 10 12

Su
ck

lin
g 

R
at

e 
(L

/h
r)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035
Suckling Rate



Modeling Human Perinatal Development
- Philosophy

• Animal models can be used to determine chemical 
specific parameters governing the transfer of chemicals 
between the mother and fetus/neonate during gestation. 

• By accounting mathematically for differences in 
physiology across species, we can develop a reasonable 
estimate of fetal and neonatal dose in the human.

• This allows us to make the best use of the available 
data, which is limited in humans, particularly during the 
developmental time periods.



Infant Model Fetal Model

Maternal Model

VMaxC, KM

QLiv
Liver

RAO

kTSD

kASkAD

kTD

StomachDuodenum

VMax1C,
KM1

QLiv
Liver

Parent Chemical

P
Surface

QSknSkin

QFatFat

QRapRapid

QSlwSlow

QBrnBrain

QC QCAlveolar

URT Mucous

QAlv

QP

QFatFat

QRapRapid

QSlwSlow

QBrnBrain

Metabolite

QC QCAlveolar
QAlv

Milk

QPla

PAF
QFet

Placenta

Fetal Blood

QLivFet

QRemFet

Fetal Liver

Fetal Body

Maternal Model



Life-stage Model

• Simulates physiological and biochemical changes in 
humans with growth and aging.  

• Physiological and biochemical parameters change with 
time based on empirical data

• Chemical specific parameters (PCs) remained constant.  

• 6 chemicals selected based on volatility, lipophilicity, and 
water solubility:  

– TCDD, nicotine, isopropanol, vinyl chloride, 
methylene chloride, and perchloroethylene



Lifetime blood concentrations from continuous 
exposure to isopropanol via different sources
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Fetal blood concentration with maternal 
exposure to IPA via drinking water
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Fetal blood concentrations for lipophilic 
(TCDD) or water soluble (Nicotine) chemical 

from drinking water exposure
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Lifetime blood concentrations for lipophilic 
(TCDD) or water soluble (Nicotine) chemical 

from drinking water exposure
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TCDD in Blood and Adipose
Breast-fed vs. Bottle-fed Infants

Blood TCDD
Kreuzer et al., 1997Adipose TCDD



Conclusions from Life Stage Model

• The impact of age-dependent pharmacokinetics 
is generally moderate

– AFHK ≤ 3.4

• Greatest variations during neonatal period

– Maturation of clearance systems
• Immature clearance increases internal exposure to direct-

acting compounds (e.g., pharmaceuticals)

• Decreases exposure to reactive metabolites (e.g., from 
environmental contaminants)

“Chemical-Specific Adjustment Factor 
for Human Pharmacokinetics”



Methyl Mercury (MeHg) 
– A Developmental Toxicant

• Mercury enters the environment as a result of 
both natural and human activities
– Natural: erosion, volcanoes
– Human: mining, combustion

• Mercury is slowly converted to MeHg in the 
environment
– Converted by micro-organisms in sediment 
– Methylmercury is concentrated as it moves up the 

food chain  

• Almost all human exposure to MeHg is from 
eating fish



MeHg – Human Toxicity

• Effects depend…on the dose
– >100 micrograms/kg/day: severe symptoms

• Adults: death, incapacitation, blindness
• Offspring: cerebral palsy, spastic paralysis, blindness 

– >10 micrograms/kg/day: mild symptoms
• Adults: tingling in the extremities, lack of coordination, slurred 

speech, tunnel vision
• Offspring: impaired coordination, speech, hearing, vision

– >1 microgram/kg/day: subclinical symptoms
• Adults: narrowed vision
• Offspring: late walking, late talking, decreased performance 

on neurological tests 



MeHg – Epidemiological Data
• Fish eating populations

– Seychelle Islands
• MeHg in fish
• No effects on neurological test performance in children

– Faroe Islands
• MeHg in fish and pilot whales (seasonal) (PCB co-exposure)
• Effects on neurological test at age 7 related to cord blood conc.

• Accidental poisoning
– Minimata, Japan – 1954

• MeHg discharged into Minimata Bay over many years
• Severe symptoms in offspring of asymptomatic mothers

– Iraq – 1972
• Seed grain, treated with MeHg fungicide, used to prepare bread
• Exposures over 1- to 3-month period
• Symptoms (neurological) observed in children of asymptomatic mothers 

exposed during pregnancy



A PBPK Model for MeHg
– Interpretation of Biomonitoring Data after 

Accidental Exposure
• Evaluate the relationship between measures of 

maternal exposure and corresponding fetal dose
– Measures of maternal exposure:

• hair segments
• venous blood (or cord blood) 

– Measures of fetal dose during critical periods
• fetal blood concentration 
• critical period

– Overt effects: second trimester
– Sub-clinical effects: third trimester

• Reconstruct exposure from hair or blood levels
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Development of MeHg Gestation Model

• Initial PBPK Model in Monkey
– Data from continuous exposure during gestation

• Maternal blood, fetal blood at birth

• Placental transfer of MeHg
– Maternal blood:Placenta tissue - flow-limited
– Placenta:Fetal blood - diffusion-limited

• In vivo conversion to inorganic mercury (Hg2+)
– Metabolized in gut, liver and brain



Methyl mercury PBPK model - Monkey

Predicted vs. measured maternal and fetal blood MeHg concentrations
- data of Gunderson et al., 1986
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Modeling MeHg in Human Gestation

• Interspecies extrapolation: Monkey to Human 
– Chemical specific parameters derived from monkey data
– Human physiological parameters from data

• Model validation
– Tested in the human vs. data from non-pregnant volunteers

• Calculating ingested dose to pregnant Iraqi woman 
after accidental exposure
– Hair and blood samples were analyzed for MeHg
– Changing concentrations in different sections of hair give a 

picture of past exposure scenario



Methyl Mercury PBPK Model
Estimated Exposure: 42 ug/kg-day

Clewell et al., 2000
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MeHg Lactation Model
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• Life Stage extrapolation:  
– Based on human gestation model
– Lactation parameters derived from rodent data

Byczkowski & Lipscomb, 2001 



Estimating Fetal/Neonatal Dose 
from Contaminated Drinking Water 

and Assessing Relative Risk 
across Life Stages

An Example with Perchlorate (ClO4
-)



Perchlorate (ClO4
-)

• Environmental contaminant
– Drinking water, vegetables, milk

• Primarily anthropogenic sources of contamination
– Rocket fuel, explosives, fertilizers 

• Potential endocrine disruptor
– Inhibits thyroid uptake of iodide (I-) for hormone synthesis
– Binds sodium-iodide symporter competitively

I-
ClO4

- NIS I-
ClO4

- organification
Circulating T4/T3

THYROID GLAND

Hormone storage (colloid)



Life-stage susceptibility

• Fetal/neonatal development
– Physiological and neurological dependence on thyroid 

hormones

• Inhibition of I- thyroid, placenta, milk

• Active uptake of ClO4
- in placenta, milk
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Extrapolation from Rat to Human Development
Example: Perchlorate/Iodide

• Physiological parameters from literature
• Use validated kinetic parameters from rat gestation and lactation models

– Adjust for species differences (serum binding, thyroid colloid, urinary 
excretion, placental transfer)

Human
-Adult

Rat
-Adult

Human
-Gestation & 

Lactation

Rat
-Gestation & 

Lactation

• Test against data
– In this case we are lucky, because ClO4

- and I- act similarly and there 
are old 131I- studies in gestation (and a bit in children).   So we can test 
the model in the Population of Interest.



Extrapolation to Human Gestation/Lactation
- Predicted vs. Measured Radioiodide

Time After Dose (hrs)

10 20 30 40 50

M
at

er
na

l B
lo

od
 R

ad
io

io
di

de
 (%

do
se

/L
)

0.01

0.1

1

10

Blood – Pregnant Woman

Time After Dose (hrs)

0 10 20 30 40 50

M
at

er
na

l U
rin

ar
y 

Io
di

de
 (%

 d
os

e)

0

20

40

60

80

100
Urine – Lactating Woman

Time After Dose (hrs)

10 20 30 40 50

P
la

ce
nt

a 
R

ad
io

io
di

de
 (%

do
se

/L
)

0.01

0.1

1

10

Placenta

Time After Dose (hrs)

20 40 60 80 100 120

M
ilk

 R
ad

io
io

di
de

 (%
do

se
/L

)

0.1

1

10

100 Breast Milk

Clewell et al., in press



Environmental Exposure to ClO4
-

• Naturally occurring ClO4
- in Chile, contaminated drinking water

• Studied pregnant and lactating women from 3 cities (Tellez et al., 2005)
• 0, 5, 100 ppb in drinking water

• Measured ClO4
- concentrations:

• maternal serum – 2nd, 3rd trimester
• cord blood
• breast milk – 6 wks post-partum
• serum in school-children
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Using PBPK Models to Estimate Relative 
Exposure across Life Stages

Bottle-fed vs. Breast-fed Infant 
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Summary

• Fetal/Lactational chemical exposure is a complex 
function of several factors:
– Partitioning/active secretion
– Maternal clearance
– Fetal/neonatal clearance
– Rapid growth
– Suckling rate in infants
– Route of exposure

• Cannot simply assume that maternal exposure is 
adequate predictor of exposure in offspring

• PBPK models provide a framework for integrating our 
understanding of physiology and pharmacokinetics in 
order to better estimate exposure and risk across life-
stages


