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• When a mother takes a drug, the fetus is de-facto 
exposed to the drug

• Neither feasible nor desirable to determine maternal-fetal 
exposure to all drugs or natural products/supplements 
taken by pregnant women

• Therefore, to inform fetal risks, we have developed a 
systems/mechanisitic pharmacology approach to predict 
maternal-fetal exposure to drugs throughout pregnancy 

• Elucidate the extent of changes in physiology (e.g. blood 
flow) and pharmacology (e.g. drug metabolism and 
transport) for model drugs and then generalize to other 
drugs

• This approach is based on Physiologically Based 
Pharmacokinetic (PBPK) modeling and simulations 

Background
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What Determines Fetal Drug Exposure?

ASCPT 2019

1. Maternal drug conc.: 
• pregnancy produces many physiological changes 

(e.g. ↓ or ↑ in drug metabolism) that affect drug 
disposition  

2. Transport (influx or effux) and/or diffusion across the 
placenta: 
• The placenta is richly endowed with influx and efflux 

transporters (e.g. P-glycoprotein, BCRP etc.)

3. Placental/fetal metabolism:
• Important for some drugs

Presenter
Presentation Notes
This list provides the localization of some examples of drug transporters and the directionality of their transport.  For example, BCRP an ABC transporter with has substantial substrates overlap with P-gp is localized on the apical membrane of the trophoblast to prevent entry of xenobiotic transporters into the fetus.  ENT1, a nucleoside transporter is likely present on the basal membrane whike the concentrative nucleoside transporter is likely present on the apical membrane to allow vectorial transport of nucleosides and nucleoside drugs across the placenta.  In fact, many drugs can utilize nutrient transporters to gain access to the fetal compartment. Hence nature has developed a defense strategy to overcome this “Trojan horse” tactic.  



Pronounced Decrease in Maternal Expsoure to 
Indinavir, a HIV Drug, in Third Trimester  (T3) 

Pregnant Women

Unadkat et al., Antimicrob Agents 
Chemother2006

• Indinavir AUC0-8h is ~30% of 
antepartum AUC (3-fold 
higher oral CL) vs. postpartum 

• Indinavir is a CYP3A and P-
gp substrate. 

• Based on these data, FDA 
recommended that 
administration of indinavir 
alone is NOT recommended 
during pregnancy
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Indinavir, major CL pathway(s), fm value, renal part ?  How much is unchanged in the unrine 

Additionally, there are numerous examples where the PK of drugs are altered during pregnancy which could lead to toxic or more often sub-therapeutic drug concentrations (eg. antiepileptics, antibiotics).
A clinical study conducted at the UW several years ago demonstrateds ubstantially lower exposure of IND observed antepartum compared to post partum 
Results were published FDA subsequently changed their HIV treatment guild line 

Subjects were HIV-infected pregnant women at 14-28 weeks gestation at enrollment who were administered IDV 800 mg PO q 8 h with 3TC 150 mg PO BID and ZDV 200 mg PO TID until 12 weeks postpartum 
Although the study regimen of IDV + ZDV + 3TC was well-tolerated, substantially lower exposures to indinavir were observed antepartum compared to postpartum, 
For antepartum and postpartum, respectively, 6 of 11 and 4 of 11 mothers had IDV plasma concentration below the LOQ. 
Postpartum exposures were comparable to non-pregnant patient historical data. Given the suboptimal concentrations observed in this study with the standard dose of IDV and the limited data in the patient population studied, indinavir use is not recommended in HIV-infected pregnant women. 



CYP3A Activity is Induced during 
Pregnancy

Hebert MF.. Unadkat JD et al., Clin Pharmacol Ther. 2008

~2 fold ↑
• Increase in hepatic 

and not intestinal 
CYP3A4/5 activity 
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Fu 0.71 vs 0.61 T3 vs PP 
We cannot exclude possible involvement of other transporters  sugges
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Changes in In Vivo Hepatic Enzyme 
Activity During Pregnancy Measured by 

Phenotyping Studies
Metabolizing 

enzymes
Enzymatic activity changes 

during pregnancy Substrates

CYP 450s

↓ CYP1A2 Caffeine 
↑ CYP2A6 Nicotine 
↑ CYP2C9 Phenytoin
↓ CYP2C19 Proguanil
↑ CYP2D6 Metoprolol , Dextromethorphan
↑ CYP3A4 Midazolam
↑ CYP2B6 Methadone

UGTs
↑UGT 1A1 Labetalol
↑UGT 1A4 Lamotrigine
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Can Maternal Disposition of CYP-Cleared Drugs be 
Accurately Predicted Using PBPK M&S?

ASCPT 2019

Presenter
Presentation Notes
Distributional compt  

maternal-fetal unit contains the placenta/uterus (tissue and blood are two separate compartments), amniotic fluid, the fetus circulatory system, fetal liver, intestine, kidneys and a lumped peripheral compartment representing the rest of the fetus.  Urinary excretion of drug/metabolites is into the amniotic fluid compartment from where it is reabsorbed by the fetus by swallowing.  Solid arrow: tissue blood flow; Dashed arrow: clearance. Qplacenta is maternal blood flow to the placenta. 

it is highly likely that, except for CYP3A metabolism, the magnitude of fetal clearance of CYP-metabolized drugs via metabolism or renal excretion, relative to that via the placenta (i.e. CLF:M or CLM:F), is likely to be negligible. 




CYP3A  
Midazolam 

(Dextromethorphan)
Nifedipine, Indinavir 

CYP1A2 
Caffeine

Theophylline

CYP2D6
Metoprolol 

Dextromethorphan/Dextr
orphan, Paroxetine, 

Clonidine

Multiple CYPs
Methadone, Glyburide

ASCPT 2019

Alice Ke

Verification of m-PBPK model 



Our m-PBPK Model Successfully Predicted the 
Disposition of Several CYP3A-cleared Drugs 

during T3  - Based on Midazolam Data 
 Based on midazolam data, our 

m-PBPK model successfully 
predicted the 3rd trimester (T3) 
disposition of  two 
predominantly CYP3A-cleared 
drugs (i.e. nifedipine and 
indinavir)

 This induction is hepatic rather 
than intestinal

 Human hepatocyte studies 
suggest that CYP3A enzymes 
are equally induced throughout 
pregnancy

ASCPT 2019

Ke et al. CPT: Pharmacometrics & Systems 
Pharmacology, 2012
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 NIF steady state plasma conc time profile ( 10 mg P.O. q.i.d) in pregnant women




Summary
• Our m-PBPK model successfully predicted the 

third trimester maternal disposition of many 
CYP-metabolized drugs including theophylline 
and glyburide. 

• The model needs to be verified at earlier 
gestational ages once such data become 
available. 
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Expansion of m-PBPK to predict fetal drug 
exposure through a m-f- PBPK model

ASCPT 2019

• Verification of such a model can be done ONLY at 
term when umbilical plasma concentrations can be 
obtained



Ke et al 2012

Maternal-Fetal-PBPK (m-f-PBPK) structure

Contains fetal organs that are 
important for fetal drug disposition
Zhang et al. DMD 2017 

ASCPT 2019
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Preg: 13 cmpt
Fetal : 11 cmpt

emphasize that this is the most physiologically relevant fetal PBPK 



m-f PBPM Model Verification using passive diffusion 
drugs: Theophylline and Zidovudine (AZT)

200mg theophylline
dosed orally prior to 
C-section

1A2 substrate

Theophylline Maternal                                      Fetal

Zidovudine Maternal                                             Fetal Zidovudine was dosed 
to term women 5 times
a day followed by a 1-h
IV infusion

UGT2B7 substrate 
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formula by which we estimated the CLPD of these two drugs
b/c CLPD=Papp*SA the product of 
Hence, at the same GA, the CLPD ratio of a drug A to MDZ equals the Papp of A to MDZ because these two drugs
are subject to the identical SA
1A2  unlike 3A activity goes down
treat asthmatic preg women 


Another drug AZT is also a nucleoside HIV anti-retro

It is a phase 2 UGT 
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 Unlike metabolic enzymes, the world of transporter is much more complicated because:
 Transporters are expressed in multiple tissues in the body including those important in the elimination or distribution of the drug
 Different transporters are expressed in different tissues
 Different transporters are present on different faces of the cells
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PET – before CsA

PET – during CsA

PET – pixel-by-
pixel subtraction 
of A from B

MRI

-

Placental P-gp Excludes P-gp Substrates from the 
Fetus

Fetal liver

Maternal brain
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Ke et al 2012

Maternal-Fetal-PBPK (m-f-PBPK) structure

Zhang et al. DMD 2017 
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Preg: 13 cmpt
Fetal : 11 cmpt

emphasize that this is the most physiologically relevant fetal PBPK 



The Abundance of Placental Transporters (pmole/g 
placenta) Changes with Gestational Age

ASCPT 2019
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!!! Here is what we found
Out of 7 transporters the most pronounced changes were observed for BCRP and P-gp (decrease) and OCT3 (increase)
The rest of the transporters did not show any significant gestational changes
The magnitude of decrease for BCRP and P-gp was 55 and 69 % respectively
OCT3 increased 2-fold between T1 and Term

These results (when expressed per gram of tissue) may lead us to think that as gestation progresses there is a diminishing need to protect fetus from drugs and toxins effluxed from apical membrane back to maternal blood
This makes sense, but let’s see what happens at the level of the full organ…


!!!These data compare the values between trimesters for each protein




Summary
• Our novel maternal-fetal PBPK model well-predicted the 

maternal-fetal disposition (at term) of drugs that passively 
diffuse across the placenta

• Placenta drug transport and/or fetoplacental metabolism 
may modulate fetal drug exposure to a significant extent

• These processes can be incorporated into the model 
once proteins that metabolize or transport drugs are 
quantified by LC-MS/MS in the placenta and fetal liver of 
different gestational ages (in progress)

• Once available, our m-f-PBPK will be verified using data 
obtained at term of drugs that are transported or 
metabolized by the placenta  

ASCPT 2019
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Populating m-f-PBPK model with Physiological 
Parameters

Many of fetal physiological parameters have not been measured
at early gestational age (i.e. before week 20)  Zhang et al., DMD 2017ASCPT 2019
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Presentation Notes
polynomials; or exponential/power function 

You can readily tell that many of them under rapid changes over time  showing pronounced increases over time 

secondly,

But how are these changes compared to those in the mother  

To put things in perspective I chose three key physio params and plotte them out for both the pregnant mother and for the developing fetus 



Our m-PBPK Model Successfully Predicted 
Steady-State PK of Theophylline During T3 -

Based On Caffeine Data 

Gardner et al., 
Eur J Clin 
Pharmacol
1987 (n=10)

Ke AB et al.,  
Drug Metab 
Dispos: 
2013.
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Our m-PBPK model Successfully Predicted 
Disposition of Drugs Cleared by Multiple 

Enzymes e.g. Glyburide - CYP3A4 (~50%), CYP2C9 
(~30%) and CYP2C19 (~20%)

Ke AB et al., Brit J Clin Pharmaco: 2013
• Hepatic OATP1B1 or 2B1 activity was assumed to remain constant throughout 

pregnancy. 
ASCPT 2019
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NY TIMES

SCIENCE
Surge in Narcotic Prescriptions 

for Pregnant Women
By CATHERINE SAINT LOUIS

APRIL 13, 2014

In the US, 1 in 5 pregnant 
women are prescribed and take 

narcotic analgesics

http://www.nytimes.com/pages/science/index.html
http://www.nytimes.com/pages/science/index.html
http://topics.nytimes.com/top/reference/timestopics/people/s/catherine_saint_louis/index.html


Maternal Exposure To Some Drugs is Profoundly 
Changed During Pregnancy: Indinavir, a HIV drug

Unadkat JD, et al.,  
Antimicrob Agents 
Chemother. 2007 
51:783-6.

Recommended Cmin is 150–800 ng ml−1
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• A  maternal-fetal PBPK model developed in collaboration with 
Simcyp

• Populated with gestational-age dependent changes in 
physiological changes (e.g. tissue blood flow, plasma protein 
conc.)

• Populated with the third trimester (T3) changes in CYP activity 
using phenotyping data

• Predicted the T3 disposition of other drugs cleared by these CYP 
enzymes  

Can Maternal Disposition of CYP-Cleared 
Drugs be Accurately Predicted During 
Third Trimester (T3)? 

ASCPT 2019

Presenter
Presentation Notes
Distributional compt  

maternal-fetal unit contains the placenta/uterus (tissue and blood are two separate compartments), amniotic fluid, the fetus circulatory system, fetal liver, intestine, kidneys and a lumped peripheral compartment representing the rest of the fetus.  Urinary excretion of drug/metabolites is into the amniotic fluid compartment from where it is reabsorbed by the fetus by swallowing.  Solid arrow: tissue blood flow; Dashed arrow: clearance. Qplacenta is maternal blood flow to the placenta. 

it is highly likely that, except for CYP3A metabolism, the magnitude of fetal clearance of CYP-metabolized drugs via metabolism or renal excretion, relative to that via the placenta (i.e. CLF:M or CLM:F), is likely to be negligible. 




Site of CYP3A Induction: hepatic or 
intestinal or both? 

• PBPK  M&S demonstrated that 90-100% increase in 
hepatic CYP3A activity ALONE could universally explain 
the AUC changes of all three CYP3A substrates, 
midazolam, nifedipine, indinavir

• Hepatic rather than intestinal CYP3A induced by 
pregnancy 

• This conclusion was supported by transgenic mice 
expressing the CYP3A promoter-luciferase consruct

Ke et al. CPT: Pharmacometrics & Systems Pharmacology, 2012
ASCPT 2019
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Name the CYP3A substrates  
Why its important to know?  Not all drugs are high ER cyp3A drugs




Challenges
• Phenotyping extent of changes in metabolic enzymes 

and transporter activity earlier in pregnancy (1st and 2nd

trimester)
• Verification of model predictions using independent data 

sets for both maternal and fetal drug exposure
• How does disease affect maternal-fetal drug exposure 

(e.g. gestational diabetes, preecmplasia etc.).  

ASCPT 2019



Pregnant Women 
and their Fetuses 
are Therapeutic 

Orphans

• About 82% of pregnant women ingest one or more drugs 
during pregnancy despite:

• Lack of data on the pharmacokinetics (PK) and 
pharmacodynamics (PD) of drugs in pregnant women.

• Changes in PK/PD of drugs during pregnancy
• Therefore, drugs are administered to pregnant 

women/fetuses off-label Mitchell et al, Am J Obstet Gynecol. 2011 
ASCPT 2019

Presenter
Presentation Notes
Many pregnant women take prescription medicines for health problems like diabetes, asthma, seizures, heartburn, and morning sickness. 
Other women take medicines before they realize they are pregnant.
 In many cases, the risk to fetus and mother by leaving condition untreated is greater than the risk to fetus from drug therapy. 

Not only the mom but also the fetus (emphasize) e.g. gestational diabetes ,HIV   severe consequences 
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