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Ninety-seven percent of pregnant women in the US use at least one medication during 

pregnancy, yet maternal-fetal disposition of xenobiotics is under-studied. Maternal-fetal 

disposition of xenobitoics is determined by the maternal disposition, fetal disposition, and 

transplacental distribution processes which depend on the physicochemical properties of the 

xenobiotics and the physiological factors of the mother and the fetus. However, due to ethical 

concerns and to avoid unnecessary risks pose to the developing fetus, only limited maternal-fetal 

disposition information can be ascertained through clinical studies. Therefore, alternative 

experimental approaches including in vitro, in silico, and in vivo methodologies are required to 

study the maternal-fetal disposition of xenobiotics. In this dissertation, the maternal-fetal 

disposition of domoic acid (DA), oxycodone, and fentanyl were quantitatively studied using in 
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vitro, in silico, and in vivo methodologies. In chapter 2 and 3, the maternal-fetal disposition of 

DA, a hydrophilic algal toxin, was studied in vivo using cynomolgus monkeys as the preclinical 

model species. The toxicokinetics (TK) following repeated oral doses of DA before, during, and 

after pregnancy was measured and compared and the fetal disposition at term was described 

using a maternal-fetal TK model. The study showed that the renal clearance (CLr) of DA was 

increased by 30-90% during pregnancy, similar to the increase in creatinine clearance which 

suggested that the increase in CLr is likely mediated by the increase in glomerular filtration rate 

(GFR). The fetal-to-maternal plasma concentration (F/M) ratio at birth ranged between 0.3 to 0.6 

and changed as a function of time. Using the maternal-fetal TK model, placental transport and 

recirculation of DA between the fetus and amniotic fluid were suggested to be the major 

determining factors of the maternal-fetal disposition of DA. In chapter 4, the fetal hepatic 

clearance of oxycodone, a CYP3A4 and CYP2D6 substrate, was studied in vitro using fetal liver 

microsomes (FLM) extracted from individual livers (n=18). The results of this study 

demonstrated that CYP3A7 metabolizes oxycodone to noroxycodone in the fetal liver, similar to 

the reaction mediated by CYP3A4 in the adult liver. The CYP3A7 expression in the FLMs was 

measured by HPLC-MS/MS to be 191-409 pmol/mg and the intersystem extrapolation factor 

(ISEF) was estimated to be 0.016-0.066 using 6β-OH-testosterone formation as the probe 

reaction. The noroxycodone formation clearance (CLint,FLM) predicted using the recombinant 

CYP3A7 activity together with the CYP3A7 expression and the ISEF of each FLM successfully 

predicted the observed CLint,FLM (0.15-1.13 µL/min/mg protein) with an average fold-error of 

1.24-fold. To quantitatively predict the fetal hepatic clearance (CLh), the observed CLint,FLM was 

extrapolated using in vitro-to-in vivo extrapolation (IVIVE). The prediction suggested that the 

fetal liver plays a minimal role in maternal and fetal disposition of oxycodone. In chapter 5, the 
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maternal-fetal disposition of fentanyl, a lipophilic opioid analgesic, following epidural dosing to 

parturient women was studied in silico using a maternal-fetal physiologically-based 

pharmacokinetic (mf-PBPK) model. To capture the disposition of fentanyl following epidural 

dosing, an epidural dosing site model was developed based on the physiology of the epidural 

space and verified using alfentanil as a model compound. Since fentanyl is predominantly 

metabolized by CYP3A4 in the adult, the fetal liver metabolism of fentanyl was measured in 

FLM to be 0.20 ± 0.05 µL/min/mg protein and extrapolated to predict the whole fetal liver 

intrinsic clearance (CLint,u) using IVIVE as established in chapter 4. The mf-PBPK model of 

fentanyl successfully predicted the maternal venous, umbilical venous and umbilical arterial 

plasma concentrations in parturient women and newborns following epidural dosing during labor 

and delivery with the average absolute fold errors (AAFEs) within 2-fold of the observed plasma 

concentrations. Using the verified mf-PBPK model, the impact of maternal, fetal, and 

transplacental distribution kinetics on the F/M ratio of fentanyl was demonstrated, highlighting 

the importance of these distribution kinetics on the interpretation of maternal-fetal disposition of 

xenobiotics. In conclusion, this dissertation demonstrated that the maternal-fetal disposition of 

xenobiotics can be quantitatively studied using in vitro, in silico, and in vivo methodologies and 

a framework was established to study the maternal-fetal disposition of other xenobiotics using 

these methodologies. 
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1.1 BACKGROUND 

About 60 years ago, the thalidomide tragedy1,2 raised global awareness on the need to 

thoroughly evaluate potential developmental toxicity of drugs before human consumption as 

pregnant women may have different sensitivity to drugs than nonpregnant women or men. To 

date, more drugs have been shown to cause various types of toxicities in human fetuses.3–5 Some 

drugs interfere with early organogenesis and cause major congenital malformations if used early 

in gestation. For example, valproic acid and angiotensin-converting enzyme (ACE) inhibitors 

have been shown to cause morphological damages in the cardiovascular and neurological 

systems in newborns exposed prenatally.6–8 Other drugs interfere with critical biochemical 

processes during fetal development and cause organ toxicity if used late in gestation. For 

example, learning capacity has been shown to be decreased in juvenile animals following 

prenatal exposure to phenobarbital.3 

A recently published prospective longitudinal cohort study in the United States reported 

that 97% of pregnant women used at least one medication during pregnancy and 31% had used 

more than five medications during pregnancy.9 The most used medications were antiemetic 

agents followed by antibiotics and analgesics including opioid analgesics. Pregnant women use 

drugs to treat their existing medical conditions or conditions that arise during pregnancy 

including epilepsy, gestational diabetes, and hypertension, which, if left untreated, can be 

harmful to the pregnant woman and cause detrimental effects on the health of the fetus.10–12 

Hence, drug use cannot be avoided during pregnancy and instead, the risk-to-benefit ratio must 

be carefully evaluated for pregnant women. Establishment of a good understanding of maternal-

fetal disposition is a crucial step in determining drug safety and efficacy for this special 

population. 
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1.2 MATERNAL-FETAL DISPOSITION 

1.2.1 Xenobiotic disposition during pregnancy 

Pregnancy induces physiological changes in pregnant women to support the growth of the 

fetus. The most profound changes are in the cardiovascular system. The cardiac output increases 

substantially during pregnancy to as high as 1.5-fold of that of nonpregnant women.13 Although 

the majority of this increased blood flow is to supply the placenta for fetal growth, significant 

renal vasodilatation during pregnancy also leads to a 40-65% increase in renal blood flow and a 

50-85% increase in glomerular filtration rate (GFR).14,15 The plasma volume also increases 

during pregnancy which decreases plasma protein concentrations and hematocrit. In addition to 

the physiological changes, glucose, lipid, and protein catabolism and homeostasis are altered 

during pregnancy to promote fetal development leading to altered serum biochemistry.13 

Associated with these biochemical changes, the drug metabolizing enzyme and transporter 

activities have also been shown to be altered during pregnancy.16,17 

There are numerous examples in the literature that the physiological changes during 

pregnancy alter the pharmacokinetics (PK) of drugs.18 For compounds that are typically 

eliminated unchanged in the urine through glomerular filtration and active secretion by the 

proximal tubule epithelial cells (PTEC), the increased renal blood flow, GFR, and drug 

transporter expression in the PTEC during pregnancy increases the clearance and decreases the 

AUC of these compounds in pregnant women. For example, the renal filtration and secretion 

clearances of digoxin, an antiarrhythmic that is a P-gp substrate, were increased by 1.5- to 2-fold 

and the AUC was decreased by 20% during pregnancy.16 Similarly, the renal and secretion 

clearances of metformin, an antidiabetic drug that is an OCT2 substrate, were increased by 1.7-

fold and the AUC was decreased by 20% during pregnancy.19 For compounds that are typically 
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eliminated through hepatic metabolism, their clearance and AUC are altered in pregnant women 

due to the induction and downregulation of drug metabolizing enzymes during pregnancy. For 

example, the AUC of metoprolol, a beta blocker that is mainly metabolized by CYP2D6, 

decreased by 80% after oral administration during pregnancy.20 The AUC of midazolam, a 

sedative that is eliminated through CYP3A4 metabolism, decreased by 46% after oral 

administration during pregnancy.16 In contrast, the AUC of caffeine, which is mainly 

metabolized by CYP1A2, increased 1.5- to 2.9-fold during pregnancy.21 Some PK changes 

during pregnancy are more complex. For example, decreased plasma protein concentration leads 

to increased fraction unbound (fu) of valproic acid. The increased fu increases the hepatic 

clearance and decreases the AUC of valproic acid in pregnant women. However, the unbound 

AUC of valproic acid remains unchanged because the decreased AUC is offset by the increased 

fu.22 

The altered PK during pregnancy could lead to a decrease in efficacy for some narrow 

therapeutic index drugs. As demonstrated for the antiepileptic drugs, lamotrigine and 

levetiracetam, the clearance was increased by 1.5- to 2.5-fold due to UGT1A4 induction and 

increased renal clearance which substantially decreased the AUC and increased the seizure 

frequency in pregnant women.23 Hence, dose adjustment is required in pregnant women to 

ensure optimal level of seizure control is reached. 

1.2.2 Placenta transfer 

The placenta is the interface of nutrients and waste exchange between maternal and fetal 

circulation. The human placenta is divided into 10-40 cotyledons that are perfused with maternal 

and fetal blood.24 About 10% of the maternal blood and 40% of the fetal blood perfuse the 

placenta. The maternal and fetal blood is separated by layers of cytotrophoblasts, a single layer 
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of syncytiotrophoblast, and the fetal endothelium. Xenobiotics in maternal circulation are 

distributed to the fetal circulation (and vice versa) across these cellular barriers through passive 

and active mechanisms. The passive diffusion clearance depends on the physicochemical 

properties of the compound (e.g. pKa, logP, MW), as demonstrated by the correlation between 

BeWo monolayer permeability and ex vivo human placental transfer.25 The ex vivo human 

placental transfer has been shown to be more rapid for lipophilic compounds than hydrophilic 

compounds.26 On the other hand, the active transport clearance is mediated by drug transporters 

expressed in the syncytiotrophoblast.27 As demonstrated in vivo in rats and ex vivo in human 

placenta perfusion experiment for abacavir, an antiretroviral drug to prevent vertical HIV 

transmission from the mother to the child, the transplacental clearance is facilitated by a 

bidirectional transporter, ENT1.28 Also using rat placenta, the fetal to maternal transplacental 

clearance (CLfm) of glyburide, an antihyperglycemic, was demonstrated to be mediated by the 

efflux transporters P-gp and BCRP expressed in the placenta.29 In addition to the increased rate 

of transplacental distribution, the asymmetrical CLfm and the CLmf impact the extent of fetal 

exposure in relationship to the maternal exposure (i.e. fetal to maternal AUC ratio). As 

demonstrated in rats, the fetal-to-maternal AUC ratio of metformin, an antihyperglycemic, was 

decreased in OCT3-/- pregnant mice compared to the wildtype control.30 Similarly, the fetal-to-

maternal AUC ratio of nitrofurantoin, an antibiotic for treatment of urinary tract infection, has 

been shown to be increased in BCRP-/- pregnant mice compared to the wildtype control.31 

Furthermore, the risk of congenital anomalies of infants exposed to more than one drugs that 

could potentially interact with P-gp or BCRP prenatally has shown to be increased which 

demonstrated the importance of placental transport in the maternal-fetal disposition.32 
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1.2.3 Fetal hepatic metabolism 

Anatomically, the fetal liver is situated between the placenta and the fetal systemic 

circulation, giving it an important role in drug disposition in the fetus. The oxygenated fetal 

blood, together with drug or xenobiotics that crosses the syncytiotrophoblast barrier, returns from 

the placenta through the umbilical vein. Before the blood reaches the fetal systemic circulation, it 

is first routed through the fetal liver. Hence, the fetal liver acts as a first-pass organ for the fetus 

to metabolize the drug or xenobiotics that crosses the placental barrier and distributes to the 

fetus.33 However, in contrast to the liver anatomy of adult that 100% of the blood from the 

hepatic portal vein perfuse the liver, about 20-70% of the umbilical venous blood flow is shunted 

through the ductus venosus bypassing the hepatic sinusoids directly to the inferior vena cava.33,34 

This direct connection between the umbilical vein and the inferior vena cava limits the fetal liver 

function as a partial first-pass barrier.35 

The metabolic capacity of the fetal liver has been amply demonstrated in the literature 

through gene and protein expression of drug metabolizing enzymes and drug metabolism 

activities in fetal liver microsomes (FLM) and hepatocytes.36,37 The drug metabolizing enzyme 

expression and abundance is markedly different between the fetal liver and the adult liver. 

Developmental transition of isozymes at birth have been shown for drug metabolizing enzymes, 

for example, the expression of CYP3A4, the most abundant CYP in adult liver (~50 pmol/mg 

protein), has been shown to be low in the fetal liver (<1 pmol/mg protein).38 In contrast, 

CYP3A7 has been shown to be abundantly expressed in the fetal liver (~200 pmol/mg protein). 

After birth, the expression of CYP3A7 gradually decreases and the expression of CYP3A4 

gradually increases until they reach the adult expression levels.38 Similarly, developmental 

transition has been shown for FMO1 in fetal liver to FMO3 in adult liver, and from GSTP in 
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fetal liver to GSTM in adult liver.37 Some enzymes that are expressed in adult liver including 

CYP1A2, 2C8, 2D6, 2E1 and UGT1A1, 1A4, 2B7, 2B15 have been detected in the fetal liver but 

the expression is minimal.36,37,39 Other enzymes including SULT1A1 and UGT2B4 have been 

shown to express at similar level in fetal and adult liver.37,39 These unique drug metabolizing 

enzyme expression patterns in the fetal liver suggest that the metabolic profile of xenobiotics is 

substantially different between fetal and adult liver, and that the fetal liver metabolism cannot be 

simply scaled using adult liver metabolism based on bodyweight.  

1.2.4 Fetal renal clearance and amniotic fluid 

Kidney is a major elimination organ for hydrophilic compounds which are not 

extensively metabolized and not highly bound to plasma protein. These compounds are mainly 

eliminated in the urine through passive filtration at the glomerulus or active secretion by drug 

transporters expressed in the PTECs. The blood flow to the kidney is about 20% of the total 

cardiac output and the glomerular filtration rate (GFR) is about 120 mL/min in adult. Similar 

processes are also present in the fetal kidney as it develops over the gestational period.40 

However, the role of the fetal kidney in homeostasis maintenance and xenobiotic elimination is 

different from that in adult. The blood flow to the kidney is about 4-5% of the total cardiac 

output in the fetus41 and the GFR is significantly less than adult even at term (~2 mL/min) due to 

the lower fetal blood pressure (40 – 60 mm Hg).40,42 The drug transporters and ion channels are 

also not fully developed in the fetus resulting in hypotonic fetal urine.40 

Instead of elimination, xenobiotics excreted through fetal urine end up in the amniotic 

fluid which is subsequently reabsorbed to the fetal circulation through deglutition and 

intramembranous absorption.43 This physiology creates a recirculating pathway of xenobiotics 

between the fetus and the amniotic fluid. For compounds that are highly bound to plasma 
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protein, this recirculation is likely not quantitatively significant. However, for polar compounds 

that are not highly bound to plasma proteins, they are likely eliminated through urine to the 

amniotic fluid. And because of their polarity, the reabsorption to the fetal circulation will be slow 

resulting in a long residence time in amniotic fluid.44 For example, the amniotic fluid 

concentration of lamivudine, an antiretroviral drug that is mainly eliminated unchanged in urine, 

has been shown to be 12-fold higher than maternal plasma concentration.45 This long residence 

time in amniotic fluid could increase the residence time in the fetus. 

1.3 METHODOLOGIES TO STUDY MATERNAL-FETAL DISPOSITION 

1.3.1 Clinical study of maternal-fetal disposition 

Maternal-fetal disposition can be studied through clinical studies. However, because of 

ethical considerations, clinical studies in pregnant women are limited to opportunistic studies. In 

fact, a meta-analysis showed that out of the 502 clinical studies in pregnant women reported 

between 2000 and 2009, 53% were preventive studies in maternal and fetal conditions and 47% 

were therapeutic trials of pharmacological interventions on existing conditions in the mother or 

the fetus.46 Although clinical studies in pregnant women are mostly restricted to opportunistic 

studies, they provide valuable maternal-fetal disposition knowledge. First, PK of drugs in 

pregnant women can be measured at various time points over gestation period. For example, the 

clearances of several antiepileptic agents were measured in pregnant women at each trimester to 

monitor for changes from nonpregnant baseline.47 These clinical studies not only yield 

information on disposition of the studied drugs during pregnancy, but more importantly, they 

provide information on pregnancy-induced physiological changes.16,20 Second, fetal disposition 

can be measured in these studies. Typically, umbilical cord (umbilical vein and umbilical 

arteries) plasma concentration can be obtained at birth which provides information on fetal drug 
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disposition relative to maternal drug disposition (i.e. F/M plasma concentration ratio). However, 

information obtained from a single plasma concentration time point is limited. Depending on the 

sampling time point, the plasma concentration ratio might not represent fetal exposure relative to 

maternal exposure (i.e. AUCf/AUCm ratio), especially before the maternal and fetal plasma 

reaches distribution equilibrium.48 Also, since umbilical cord samples are usually taken at birth, 

fetal disposition at different time points over gestation cannot be ascertained. 

1.3.2 Preclinical studies of maternal-fetal disposition 

Maternal-fetal disposition can be studied in preclinical animal species when clinical 

studies are not feasible. Since more invasive procedures can be done in preclinical studies, more 

information can be obtained. For example, fetal baboons were cannulated for fetal dosing and 

plasma sampling to measure placental transfer clearance and fetal clearance of morphine.49 

Although animal model is a viable alternative to study maternal-fetal disposition, a major 

disadvantage of studying animals is that species differences could substantially affect 

mechanistic understanding of maternal-fetal disposition. Hence, these differences have to be 

carefully considered when maternal-fetal disposition measured in animals is extrapolated to the 

maternal-fetal disposition in humans. For example, the rodent placenta is trichorial (multiple 

layers of syncytiotrophoblast) but the human placenta is monochorial (single layer of 

syncytiotrophoblast)50 which might result in different rate and extent of placental transfer. Also, 

the expression of drug metabolizing enzymes can be different from species to species. For 

example, the fetal metabolism of morphine in baboon fetus has been shown to be higher than that 

in human fetus.51 
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1.3.3 In vitro methods to study fetal liver metabolism 

Like adult liver metabolism, fetal liver metabolism can be studied using fetal liver 

microsomes (FLM). Limited number of xenobiotics including codeine,52 dextromethorphan,53 

ethylmorphine,54 morphine,55 glyburide,56 and retinoic acid,57 have reported FLM metabolism in 

the literature. The FLM intrinsic clearances (CLint,FLM) measured in the above studies were 10 – 

40% of the intrinsic clearance (CLint,HLM) obtained adult HLM. These results suggest a 

significant metabolic capacity of the fetal liver. Although measuring fetal metabolism using 

FLM is one of the most direct ways to characterize fetal metabolism of xenobiotics, one major 

limitation of this approach is the scarcity of fetal liver tissue.  

Another approach to measure fetal liver metabolism is to use recombinant enzymes for 

enzymes that are known to be abundantly expressed in the fetal liver. For example, an extended 

list of xenobiotics has been tested and shown to be substrates of CYP3A7 including midazolam, 

tacrolimus, carbamazepine, alfentanil, and glyburide.56,58,59 

1.3.4 Quantitative prediction of fetal hepatic clearance (CLh) by in vitro to in vivo 

extrapolation (IVIVE) 

The ultimate goal of measuring fetal hepatic metabolism in vitro is to predict how the 

fetal hepatic metabolism impacts in vivo maternal-fetal disposition. Theoretically, fetal hepatic 

metabolism can affect maternal-fetal disposition in two ways: 1) decreases maternal and fetal 

exposure by increasing the total body clearance in pregnant women, although it is highly 

unlikely because of the significant size difference between adult and fetal liver (1.8 kg vs 0.13 

kg) and 2) decreases fetal exposure as the fetal liver functions as a first-pass barrier organ for 

xenobiotics that cross the placenta. Hence, it is important to quantitatively evaluate the fetal 

hepatic clearance by predicting the fetal CLh. 
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To predict the fetal CLh, the in vitro measured CLint,FLM can be extrapolated to predict the 

in vivo whole fetal hepatic clearance (CLh) through IVIVE. Although this method is commonly 

used to predict adult CLh, this quantitative prediction has not been done to predict fetal CLh until 

recently for retinoic acid.57 The fetal CLh can be predicted from the CLint,FLM together with the 

microsomal protein yield (i.e. MPPGL), the liver size, and hepatic blood flow. Basically, scaling 

the CLint,FLM to the whole liver CLint based on the liver size and predicting the CLh using the 

well-stirred model.60 The advantage of this method is that minimal characterization of the 

enzymes is needed, the CLint,FLM can be scaled directly with limited kinetics knowledge (e.g. Km, 

Vmax). The disadvantage of this method is the scarcity of fetal tissues as they are not readily 

accessible like HLM for research. 

Alternatively, fetal CLh can be predicted from the CLint,enzyme together with enzyme 

abundance and hepatic blood flow. Similar to the prediction using CLint,FLM, the CLint,enzyme can 

be scaled to the whole fetal liver CLint based on enzyme abundance in the fetal liver. The 

resulting CLint can then be used to predict the CLh using the well-stirred model. Scaling using 

activities measured in recombinant enzymes requires knowledge of enzyme abundance in the 

fetal liver. Efforts have been made over the years to estimate the metabolizing enzyme, CYP3A7 

in particular, abundance in the fetal liver using indirect measurement methods including gene 

expression36,61 or probe substrate metabolism.38 In light of the advancement in technology, direct 

quantitative measurement of enzyme abundance in the fetal liver have been done in the recent 

years through proteomics.56 The advantage of scaling fetal CLh from the CLint,enzyme is that most 

recombinant enzymes are relatively easy to express and are readily accessible for research. The 

disadvantage is that the recombinant enzyme expression systems typically are of insect cell or 

bacterial origin, hence, the cellular membrane environment of these systems is different from the 
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mammalian system that has been shown to affect the catalytic capacity (i.e. kcat) of the 

enzymes.62 

1.3.5 Physiologically-based pharmacokinetic (PBPK) model 

PBPK models are multicompartmental PK models that incorporate physiological 

parameters to predict drug or xenobiotics disposition in the population of interest. The 

development of a PBPK model consists of three independent components: 1) physiology or 

system component, 2) drug-specific component, and 3) study design component.63 The system 

component includes the physiological parameters in the population of interest, for example, 

organ volume, organ blood flow, and hepatic enzyme expression.64 The drug-specific component 

includes the physicochemical and PK properties of the drug, for example, plasma protein binding 

and enzyme kinetics which can be obtained from in vitro studies. The study design component 

describes the specific trial design, for example, route of administration, dosing regimen, and 

sampling schedule. Theoretically, PBPK model can be built using a bottom-up approach with 

experimentally determined parameters (e.g. protein binding, blood to plasma partitioning, HLM 

metabolism) or parameters predicted using mechanistic modeling65 to predict in vivo PK in 

humans. Alternatively, the model can be built using a top-down approach, for example, back-

calculation of hepatic CLint from the systemic clearance observed following IV dose using the 

hepatic well-stirred model.60 However, pragmatically, a hybrid middle-out approach combining 

bottom-up and top-down approaches is often used.66 

PBPK modeling has gained tremendous popularity in recent years in pharmaceutical 

research. It has been applied to research at various stages of drug discovery and development,67 

prediction of drug-drug interactions (DDI),68 and pediatric drug development.69 PBPK modeling 

offers several key advantages over other PK modeling tools including static predictions and 
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compartmental PK models. First, PBPK models are predictive. Since PBPK models are built 

mechanistically using physiological and experimentally obtained parameters, they can predict 

human PK without prior knowledge.70 Second, PBPK model allows dynamic simulation of the 

time course of drug disposition. Dynamic predictions are superior to static predictions because 

they take into account other PK properties of the drug. For example, the half-lives of the 

perpetrator and the victim drugs are taken into account to predict a DDI, which avoids 

overprediction of a DDI by static prediction using the Cmax.71 Third, the mechanistic information 

of drug disposition allows extrapolation from one population to another. It provides an in silico 

alternative to clinical studies which is especially valuable for vulnerable special populations (for 

example, pediatric and pregnant women) where clinical studies are hampered.69 

1.3.6 Maternal-fetal PBPK (mf-PBPK) model 

PBPK modeling is especially useful in the context of predicting maternal-fetal disposition 

in humans because of the dynamic simulation of the time course of the plasma concentration for 

both the mother and the fetus when this information is difficult to ascertain through clinical 

studies. Starting from the early 1980s, mf-PBPK models with different levels of complexity have 

been developed to describe maternal-fetal drug disposition in humans and preclinical animal 

species.72 As more information on the physiological and metabolic changes during pregnancy 

becomes available, new mf-PBPK models are developed to incorporate these changes.73 For 

example, CYP induction and downregulation are captured and verified in these newly developed 

mf-PBPK models.74–76 On top of maternal physiology, placental and fetal physiology have also 

been incorporated into mf-PBPK models.77–79 These added complexities will allow more 

mechanistic prediction of maternal-fetal disposition. For example, fetal hepatic metabolism and 

exchange between the fetus and the amniotic fluid can be captured with these new mf-PBPK 
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models. On the downside, the verification of the fetal physiological parameters is challenging as 

limited clinical fetal drug disposition information is available.  

1.4 NEUROLOGICALLY ACTIVE XENOBIOTICS 

Brain development starts as early as the third gestational week and continues postnatally 

into early childhood.80 The neurodevelopmental events are highly complex and that the 

expression of neurotransmitter receptors, transporters, and enzymes is tightly coordinated and 

dynamic during development.5 Hence, fetal exposure to neurologically active xenobiotics that 

modulate neurotransmission processes can interrupt brain development and cause neurotoxicity 

including altered neuroanatomical morphology, decreased cognitive functions, and behavioral 

problems that manifested later in life.5,81 Some commonly used prescription or recreational drugs 

including opioids, amphetamines, and cocaine are known to cause fetal neurotoxicity.82 For 

example, opioids interact with opiate receptors in the brain and their use during pregnancy has 

been shown to be associated with neonatal opioid withdrawal syndrome (NOWS), neurological 

disorders, and impairment of psychomotor developments.83,84 In addition to drug use during 

pregnancy, pregnant women may be exposed to environmental toxins that may cause 

neurotoxicity. For example, methylmercury is well-recognized to cause blindness, deafness, and 

mental retardation in children who are exposed prenatally.85,86 

1.4.1 Domoic acid (DA) 

DA is a neurotoxin produced by species of marine algae, pseudo-nitzschia, that humans 

get exposed to through consumption of contaminated seafood.87 DA activates glutamate 

receptors88 and potentiates NMDA receptors89 which prolongs neuronal excitation that causes 

brain lesions in some severe cases of acute neurotoxicity in humans and animals.90,91 Chronic 
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exposure to DA has been shown to cause oxidative stress, alter glutamatergic transmission, and 

alter neuronal connectivity in the brain in multiple animal species92–94, and was associated with 

impaired daily memory in humans.95 These excitotoxicities of DA have been shown to impair 

cognitive and behavioral development in juvenile animals exposed to DA prenatally.96–100 

Despite the fetal neurotoxicity observed in animals, little is known about the maternal-fetal 

disposition of DA following oral administration, a relevant route of exposure for humans. 

Knowledge of the maternal-fetal disposition of DA is essential to understand the dose-toxicity 

relationship of DA for pregnant women, which is critical to establish safety guidelines for 

pregnant women who are at risks of DA exposure. 

DA is a hydrophilic (LogP: -0.23) small molecule that is ionized with three negative 

charges and one positive charge at physiological pH.101 Consistent with these physicochemical 

properties, DA is mainly excreted unchanged in urine following intravenous administration in 

monkeys and rats102,103 and it follows flip flop kinetics following oral dose as a result of a slow 

absorption rate.103 Based on these PK properties of DA, the maternal-fetal distribution of DA is 

expected to be slow and DA is expected to accumulate in the amniotic fluid. This is supported by 

the observation in the California sea lions that DA accumulates in the amniotic fluid which was 

suggested to prolong fetal exposure.104  

In this dissertation, the maternal-fetal disposition of DA following repeated oral doses 

was studied in cynomolgus monkeys. Changes of toxicokinetics (TK) of DA were studied at 

multiple time points before, during, and after pregnancy. Fetal disposition of DA at delivery was 

studied through infant plasma sampling and maternal-fetal PK modeling. 
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1.4.2 Oxycodone 

Oxycodone is an oral opioid analgesic that is commonly prescribed to pregnant women to 

treat moderate and severe pain.105,106 The use of opioids during pregnancy, particularly during 

synaptogenesis at the third trimester, has been shown to be associated with neonatal opioid 

withdrawal syndrome (NOWS).82,107 Further, NOWS has been shown to be associated with 

impaired childhood neurodevelopment.83,84 Oxycodone is a lipophilic (LogP: 0.7) weak base 

(pKa of 8.53) that is widely distributed in the body (Vss = 2 L/kg). Based on the physicochemical 

properties, oxycodone is expected to cross the placenta and distribute to the fetus. This is 

supported by two clinical studies reporting similar plasma concentrations in umbilical cord 

plasma and in maternal arm vein plasma at delivery following intravenous and subcutaneous 

administration of oxycodone to parturient women.108,109  

Oxycodone is mainly metabolized in the liver by CYP3A4 and CYP2D6.110 It is N-

demethylated by CYP3A4 into noroxycodone, the major metabolite, and O-demethylated by 

CYP2D6 into oxymorphone, an active metabolite in adult.111 Based on the overlapping substrate 

specificity between CYP3A4 and CYP3A7112 and the abundance of CYP3A7 expression in the 

fetal liver,38 the fetal liver is expected to metabolize oxycodone to noroxycodone. In contrast, 

because the minimal expression of CYP2D6 in the fetal liver,36 the fetal liver is not likely to 

form oxymorphone. 

In this dissertation, the fetal metabolism of oxycodone was studied. Metabolite formed 

and the main enzyme mediating the reaction was characterized. The quantitative contribution of 

fetal liver in maternal-fetal disposition was predicted using IVIVE. 



 17 

1.4.3 Fentanyl 

Fentanyl is a potent synthetic opioid that is commonly used as an analgesic agent given 

through IV and epidural administrations to pregnant women during labor and delivery.113,114 Its 

use during labor is generally considered safe as limited adverse fetal outcomes have been 

observed following intravenous or epidural administration of fentanyl to parturient women.114,115 

Maternal-fetal disposition of fentanyl following epidural administration has been reported in 

parturient women with the umbilical vein to maternal vein plasma concentration ratio ranging 

between 0.5 to 0.94116,117 suggesting that the fetus is exposed to similar concentrations of 

fentanyl as the mother. 

Fentanyl is a lipophilic (LogP: 4.05) weak base (pKa of 8.99)118 that is widely distributed 

in the body (Vss = 4 L/kg). Fentanyl is mainly eliminated through hepatic metabolism mediated 

by CYP3A4 with less than 5% of the IV dose excreted unchanged in urine.119 The systemic 

clearance of fentanyl has not been reported in pregnant women, but is expected to increase in 

pregnant women based on the CYP3A4 mediated metabolism increase observed in pregnant 

women.16 Similar to oxycodone, the fetal liver is expected to metabolize fentanyl because of the 

overlapping substrate specificity of CYP3A4 and CYP3A7. 

In this dissertation, the maternal-fetal disposition of fentanyl following IV and epidural 

doses was studied using mf-PBPK modeling. A novel epidural model was developed based on 

physiology of the epidural space and verified using alfentanil as the model compound. The 

maternal-fetal disposition of fentanyl following IV and epidural doses were simulated and 

compared. 
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1.5 HYPOTHESIS AND SPECIFIC AIMS 

The overarching hypothesis of this dissertation is that the maternal-fetal disposition of 

drugs and xenobiotics can be quantitatively predicted using in vivo, in vitro, and in silico 

methodologies. To test this hypothesis, the maternal-fetal disposition of DA, oxycodone, and 

fentanyl was studied using in vivo, in vitro, and in silico approaches. 

The first aim of this dissertation was to study the maternal-fetal disposition of DA 

following repeated oral doses using cynomolgus monkeys as the model species. Female monkeys 

were dosed orally with DA daily before, during, and after pregnancy. The maternal PK was 

measured at various time points to elucidate the effect of pregnancy on DA disposition and the 

maternal-fetal disposition was measured at delivery. Two steps were taken to accomplish this 

aim. First, an HPLC-MS/MS method was developed and validated to quantify DA in monkey 

plasma and urine. The method validation was performed according to the FDA bioanalytical 

method validation guidance. This method was also cross validated to quantify DA in human 

plasma and urine which can be applied to precisely quantify DA in preclinical and clinical 

samples (Chapter 2). Second, plasma, urine, and amniotic fluid samples were measured using 

the validated HPLC-MS/MS method. The PK of DA before, during, and after pregnancy and the 

maternal-fetal disposition of DA was quantitatively described using a maternal-fetal PK model 

(Chapter 3). 

The second aim of this dissertation was to quantitatively predict the contribution of fetal 

hepatic clearance on the maternal-fetal disposition of oxycodone. The intrinsic clearance of 

oxycodone was measured in FLM and recombinant CYP3A7 and the measured intrinsic 

clearance was used to predict the fetal CLh by IVIVE (Chapter 4). 
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The third aim of this dissertation was to quantitatively predict the time course of 

maternal-fetal disposition of fentanyl following epidural and IV dosing to parturient women 

using a maternal-fetal PBPK model with a novel epidural dosing site model (Chapter 5). 
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2.1 ABSTRACT 

Domoic acid (DA) is a marine neurotoxin produced by several species of Pseudo-

nitzschia. DA causes severe neurological toxicity in humans and animals. To address the current 

analytical need to quantify low levels of DA in human and animal body fluids, a sensitive and 

selective high performance liquid chromatography-tandem mass spectrometry method was 

developed to measure DA in plasma and urine. This method was fully validated to accurately and 

precisely quantify DA between 0.31 and 16 ng/mL in plasma and between 7.8 and 1000 ng/mL 

in urine. Our group introduced the use of a novel internal standard, tetrahydrodomoic acid to 

control for matrix effects and other sources of variability. The validated method will be useful to 

assess DA concentrations in biological samples of human or animal origin after suspected DA 

exposure from contaminated food. It will also be applicable to sentinel programs and research 

studies to analyze body fluids with low levels of DA. 

2.2 INTRODUCTION 

Domoic acid (DA) is a marine neurotoxin produced by several species of diatoms of 

Pseudo-nitzschia.87 DA is readily filtered and taken up by shellfish that is subsequently 

consumed by predators and humans. Exposure to DA via consumption of contaminated shellfish 

is a risk to human health. During a marked algal bloom in 1987, 107 people experienced acute 

neurological symptoms, and three died shortly after eating mussels contaminated with DA.90,120 

To protect human health, DA monitoring programs have been established, and extensive efforts 

have been made to develop sensitive and selective methods to measure DA concentrations in 

seafood and seawater.121 The recently developed methods include indirect measurement of DA 

via competitive enzyme-linked immunosorbent assay (ELISA)122 and direct measurement of DA 
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via liquid chromatography-tandem mass spectrometry (LC-MS/MS)123–131 or laser ablation-

MS.132 These methods have been successful in monitoring DA in matrices that are available in 

large quantities, such as seawater and mussels. However, no methods have been published to 

determine DA concentrations in human blood or urine after potential exposures to subacute 

doses of DA, and plasma DA concentrations have not been reported in humans following 

contaminated shellfish consumption.133,134 DA exposures have, however, been measured using 

indirect competitive ELISA followed by confirmatory LC-MS/MS in marine mammals, such as 

California sea lions (CSLs),135 exposed to DA via food and showing neurological symptoms of 

acute or chronic toxicity. The DA concentrations ranged from undetectable to 200 ng/mL in 

serum and from undetectable to 3,700 ng/mL in urine. On the basis of estimates of DA exposure 

and toxic effects observed therein, and from results of laboratory studies in nonhuman primates, 

researchers and environmental health agencies have proposed estimates for tolerable daily intake 

(TDI) of DA from 0.075 to 0.1 mg/kg/day.136–139 However, recent studies have shown that some 

recreational harvesters consume DA in excess of the proposed TDI133 and that chronic low-level 

exposure to DA is associated with memory loss.134 On the basis of the dose-exposure 

relationship in nonhuman primates and physiologically-based pharmacokinetic (PBPK) modeling 

and simulations,103 we predicted that a bioanalytical method with a lower limit of quantification 

(LLOQ) around 0.2-0.4 ng/mL is needed to detect DA in human or nonhuman primate plasma 

after exposure to DA at or above the proposed TDI. None of the currently available methods to 

detect DA in serum by LC-MS/MS reaches this sensitivity, and a single method has been 

reported to detect DA in urine at this level (Table 2.1). Hence, more sensitive, validated, LC-

MS/MS methods are needed to assess human DA exposures. 
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DA is a hydrophilic molecule (clogP = -0.23, value obtained from Drug Bank on June 12, 

2018, https://www.drugbank.ca/drugs/DB02852) with three carboxyl groups (pKa: 1.85, 4.47, 

4.75) and an amine group (pKa: 10.60)101 as shown in Figure 2.1A. The ionized and polar nature 

of DA makes extraction from biological matrices challenging. Solid phase extraction (SPE) has 

been used to obtain DA from complex samples,123,140–143  but this step can introduce variability 

into the assay via sample recovery. 

Several bioanalytical methods have been developed or optimized to measure DA 

concentrations directly or indirectly in serum and urine samples from various mammalian species 

as listed in Table 2.1. However, validation data have not been provided for any of the LC-MS 

methods for serum analysis and for only one of the urine analysis methods.143 Despite the 

extraction methods used in the published assays and the known variability in analyte ionization 

in LC-MS/MS methods, none of these published methods for serum and urine analyses includes 

an internal standard. In mussel and seawater analyses, the deuterated dansyl chloride derivative 

of DA,144 kainic acid (KA),145 and leucine-enkephalin (ENK)124,126 have been used as internal 

standards of LC-MS/MS methods. These internal standards have distinctly different 

chromatographic and spectrometric properties than DA, which decrease their usefulness. They 

have also not been applied to plasma, serum or urine analysis. To address the lack of internal 

standards in published methods, we explored the feasibility to use fully reduced 

tetrahydrodomoic acid (THDA) (Figure 2.1B) as a suitable internal standard for DA 

measurement by LC-MS/MS.  

The goal of this study was to develop and validate a high performance liquid 

chromatography-tandem mass spectrometry (HPLC-MS/MS) method for quantification of DA in 

urine and plasma with sufficient sensitivity to measure DA following low level exposure to DA. 
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The applicability of this method was confirmed in a cohort of Macaca fascicularis (cynomolgus) 

monkeys following a single oral dose of 0.075 mg/kg DA (proposed human TDI for DA). To 

further enhance the applicability, the method was cross-validated in human plasma.  

2.3 MATERIALS AND METHODS 

2.3.1 Chemicals and reagents 

A certified calibration standard of DA (332 µM) in acetonitrile/water (1:19, v/v) was 

purchased from National Research Council Canada (Halifax, NS, Canada). HPLC solvents 

including Optima LC/MS grade water, acetonitrile, methanol and formic acid were purchased 

from Fisher Scientific (Pittsburgh, PA). DA, dihydrokainic acid (DHKA), acetaldehyde, sodium 

nitroprusside, sodium carbonate, and sodium bicarbonate were purchased from Millipore Sigma 

(St. Louis, MO). Frozen treatment-naïve monkey plasma and urine were obtained from the 

Washington National Primate Research Center (WaNPRC) at the University of Washington 

(Seattle, WA). Frozen human plasma and urine were obtained from banked tissue at the 

University of Washington (Seattle, WA).  

 The internal standard THDA was synthesized as previously described.146 Briefly, 1.5 mg 

of DA powder was dissolved in 5 mL of aqueous methanol (90%, v/v) prior to the addition of 10 

mg platinum dioxide. The mixture was placed in a round bottom flask evacuated on a Schlenk 

line flushing repeatedly with argon. Hydrogen, generated by drop-wise addition of aqueous 10% 

sulfuric acid to an aqueous solution of sodium borohydride (37 mg, l.0 mmole, in 1.5 mL of 

water), was introduced to the DA-containing flask via a hypodermic needle. After 5 h, the 

reaction mixture was flushed with argon a few times, filtered through Celite, followed by two 

methanol washes. The product is a mixture of two diastereomers because the reduction process 
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introduces a new chiral center. This stock solution of THDA was stored at 4°C to be used as an 

internal standard.  

 The concentration of THDA was determined by a colorimetric assay using a mixture of 

acetaldehyde and sodium nitroprusside, commonly referred to as Simon’s reagent.147,148 This 

assay is used to detect certain secondary amines based on their reaction with acetaldehyde and 

sodium nitroprusside.148 On the basis of their structural similarity, DHKA was chosen as the 

reference standard to quantify THDA. The colorimetric response at 590 nm was linear between 

100 and 500 µM of DHKA under the assay conditions. For the assay, duplicate 100 µL samples 

of DHKA in water or THDA in 10% aqueous methanol were added to 100 µL of 50 mM sodium 

carbonate-bicarbonate buffer at pH 9.8 in a clear-bottom 96-well plate. To initiate the reactions, 

50 µL of Simon’s reagent containing 10% w/w acetaldehyde and 1% w/w sodium nitroprusside 

in water were added to each well. Absorbance at 590 nm was determined on a Tecan Infinite 200 

PRO spectrophotometer (San Jose, CA) between 8 and 20 min following spiking of the reagent. 

The experiment was repeated on three different days. The purity of the product was assessed by 

HPLC-MS/MS to be greater than 98%.  Ultraviolet absorbance was determined on Olis 

Modernized Aminco DW-2 spectrophotometer (Bogart, GA) and the UV spectra are shown in 

Figure 2.1.  

2.3.2 HPLC-MS/MS 

Aqueous stock solutions of the certified DA standard and THDA stock at 3.1 ng/mL (10 

nM) and 0.63 ng/ml (2 nM), respectively, were used to characterize their fragmentation patterns 

and to optimize their MS/MS detection parameters on a Sciex 6500 QTRAP system (Foster City, 

CA) by positive ion electrospray ionization. The optimized MS parameters for both DA and 

THDA were ion source temperature at 550, curtain gas at 50, nebulizing gas (GS1) at 70, drying 
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gas (GS2) at 70, collision activated dissociation gas at -2, ion-spray voltage at 5500, declustering 

potential at 15, and entrance potential at 10. Collision energy (CE) for MS2 analysis was set as 

24 and excitation energy (AF2) for MS3 EPI scans was set at 0.05. For MS2 EPI scans, Q1 was 

set to filter for the precursor ions [M + H]+ m/z 312 for DA and m/z 316 for THDA. For MS3 EPI 

scans, the QTRAP function was used and Q3 filter was set up to filter for m/z 312 > 294 (CE 15) 

and m/z 312 > 266 (CE 20) for DA, and m/z 316 > 298 (CE 15) and m/z 316 > 270 (CE 20) for 

THDA. 

The LC-MS method was developed and validated using a Shimadzu UFLC XR DGU-

20A5 (Kyoto, Japan) equipped with a Phenomenex Synergi™ Hydro-RP 100 Å (2.5 µm, 50 x 2 

mm) LC column and a guard cartridge (2 x 2.1 mm, sub 2 µm) (Torrance, CA) coupled to a 

Sciex 6500 QTRAP system (Foster City, CA). A 9-minute gradient elution was employed using 

(A) water with 0.1% formic acid and (B) 95% acetonitrile with 0.1% formic acid at a flow rate of 

0.5 mL/min. Sample injection volume was 10 µL. The gradient was initiated at 5% B for one1 

min, increased to 100% B over the next 3 min, kept at 100% B for 30 s before decreasing to 5% 

B over 30 s, and re-equilibrating at 5% B for another 4 min. Three product ions for DA (m/z 312 

> 266, m/z 312 > 248, m/z 312 > 220) and for THDA (m/z 316 > 270, m/z 316 > 252, m/z 316 > 

224) were monitored to confirm the identity of the analytes.  MRM conditions were optimized to 

collision energy (CE) at 24 eV and collision cell exit potential (CXP) at 10 eV.  

The on-column LOD for DA was determined by injecting 10 µL of DA standard in water 

at concentrations ranging from 0.031 to 0.31 ng/mL (0.1 to 1 nM). The LOD was defined as the 

lowest amount of DA injected producing a S/N >3 for the DA transition m/z 312 > 266. The on-

column LLOQ was defined as the lowest amount of injected DA producing a S/N >3 for all three 

DA mass transitions m/z 312 > 266, 248, 220. Calibration standards covering 4 orders of 
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magnitude at concentrations ranging from 0.031 to 310 ng/mL (0.1 to 1,000 nM) of DA were 

prepared in water to determine the linearity of response (peak area of DA mass transition m/z 

312 > 266). 

2.3.3 DA extraction from plasma and urine samples 

DA was extracted from plasma by mixing 60 µL of plasma standards or samples with 120 

µL LC/MS grade methanol containing 0.63 ng/mL (2 nM) THDA and vortexed for 30 s to 

precipitate proteins. The precipitated plasma standards and samples were centrifuged at 16 100 g 

for 60 min, and the supernatant was removed for HPLC-MS/MS analysis. DA was extracted 

from urine by mixing 10 µL of urine standards or samples with 490 µL of LC/MS grade water 

containing 0.63 ng/mL (2 nM) THDA and subsequently 500 µL of methanol. The urine was 

vortexed for 30 s to precipitate proteins and centrifuged at 16 100 g for 15 min. The supernatant 

was removed for HPLC-MS/MS analysis. 

2.3.4 Method Validation 

The method was validated according to the FDA Guidance for Industry Bioanalytical 

Method Validation149 using pooled cynomolgus monkey plasma and urine. The plasma 

calibration standards were prepared by spiking plasma with the DA certified standard and 

serially diluting with plasma to nine concentrations ranging between 0.16 and 16 ng/mL (0.5-50 

nM). The urine calibration standards were prepared by spiking urine with DA certified standard 

and serially diluting with urine to nine concentrations ranging between 7.8 and 1000 ng/mL (25-

3,200 nM). The calibration standards were processed and analyzed by HPLC-MS/MS as 

described above. The MRM chromatograms were integrated using AB Sciex MultiQuant 

software version 2.1.1 (Foster City, CA). DA was quantified using the peak area ratio of m/z 312 
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> 266 (DA) and m/z 316 > 252 (THDA), and a weighted (1/y2) calibration curve was fitted 

linearly to the data. The 1/y2 weighing was used as the simplest weighing scheme providing 

sufficient accuracy over the concentration range used. The 1/y2 weighing provided better 

accuracy over the concentration range studied in comparison to uniform weighing. The 

acceptance criteria for each calibration curve was defined as greater than 75% of all nonzero 

concentrations determined with less than 15% error from the nominal concentrations, except at 

the LLOQ, which was accepted with less than 20% error.  

Plasma QCs were prepared by spiking blank plasma with DA certified standard to 0.31 

ng/mL (LLOQ), 0.93 ng/mL (LQC), 7.8 ng/mL (MQC), 12 ng/mL (HQC) (1, 3, 25, 40 nM). 

Urine QCs were prepared by spiking blank urine with DA certified standard to 7.8 ng/mL 

(LLOQ), 23 ng/mL (LQC), 500 ng/mL (MQC), 780 ng/mL (HQC) (25, 75, 1600, 2500 nM). 

Blank plasma and urine from six treatment-naïve cynomolgus monkeys with and without internal 

standard were analyzed for potential interference. The accuracy and precision of the method 

were determined on three different days. Interday variability was calculated with at least 12 

replicates of each QC analyzed on three different days.  Intraday variability was determined with 

five replicates analyzed on the same day. Calibration standards were analyzed in duplicates along 

with blanks and replicates of QCs (LLOQ, LQC, MQC, HQC) in each run. The LLOQ was 

defined as the lowest concentration in plasma or urine with S/N >3 for DA transition m/z 312 > 

266 that could be repeatedly determined with less than 20% error and within 20% CV. The % 

error and % CV were calculated according to equations 1 and 2. 

  % 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 × 100  (1) 

   % 𝐶𝐶𝐶𝐶 =  
�∑ (𝑥𝑥𝑖𝑖−𝑥̅𝑥)2𝑛𝑛

𝑖𝑖=1
𝑛𝑛−1�

𝑥̅𝑥
× 100     (2)   
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The LOD was defined as the lowest concentration in plasma and urine with S/N > 3 for the DA 

transition m/z 312 > 266 but did not meet the LLOQ acceptance criteria for reproducibility. QCs 

with less than 15% error from the nominal concentration or less than 20% error at LLOQ were 

accepted.  

Stability of extracted samples was determined by repeated injections of QC samples 

(LQC, MQC, HQC) stored either in the auto-sampler at 4°C for up to five days or on bench-top 

at room temperature for a day. Acceptance criterion of extracted sample stability was defined as 

less than 15% CV from repeated injections. Long-term stability was determined by repeated 

analysis of spiked plasma controls at 0.93, 1.9, 3.7 ng/mL (3, 6, 12 nM) and spiked urine controls 

at 16, 160, 620 ng/mL (50, 500, 2000 nM) stored at -20°C and that were subjected to at least five 

freeze-thaw cycles. Acceptance criterion of long-term stability was defined as less than 15% CV 

of measured concentration from repeated analysis. 

Recovery of DA was determined at 0.31, 0.93, 7.8, 12 ng/mL (1, 3, 25, 40 nM) of DA in 

plasma and 7.8, 23, 500, 780 ng/mL (25, 75, 1600, 2500 nM) of DA in urine in triplicates. The 

recovery was calculated by comparing the DA/THDA peak area ratio of samples spiked with DA 

prior to methanol extraction to DA/THDA peak area ratio in samples extracted with methanol 

and subsequently spiked with the DA at matching amount. The THDA (0.32 ng/mL) was added 

to all samples following extraction. The percent recovery was reported as the percentage of peak 

area ratio of recovery samples divided by the mean peak area ratio of control samples. 

Cross validation using human plasma and urine was performed in a single accuracy and 

precision validation run. Plasma and urine calibration standards and QCs were prepared as 

described for monkey standards and QCs. Plasma and urine were pooled from banked tissue 

from six individuals. Potential matrix interferences were assessed by analyzing blank plasma and 
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urine. Duplicates of calibration standards and five replicates of LQC, MQC, HQC and four 

replicates of LLOQ were included in the cross validation to assess variability. 

2.3.5 Animal study samples and application of the method 

Monkey plasma and urine samples from a DA toxicokinetic study were analyzed to 

evaluate the applicability of the assay to determine DA exposure after a single oral dose at the 

proposed TDI of 0.075 mg/kg. All animal procedures followed the guidelines set by the Animal 

Welfare Act and the Guide for Care and Use of Laboratory Animals of National Research 

Council. The research protocol was approved by the University of Washington Institutional 

Animal Care and Use Committee. Fresh blood and urine samples were obtained at 1, 2, 4, 6, 8, 

10, 12, and 24 h from 20 healthy adult female cynomolgus monkeys following a single oral dose 

of 0.075 mg/kg DA in 5 % sucrose in water (n = 10) or a single oral dose of 5% sucrose in water 

(n = 10). Training protocols using positive reinforcement were implemented to collect blood 

without sedation. Fresh blood was collected from the peripheral vein using sodium heparin 

coated collection tubes and centrifuged at 3000g for 15 min within 1 h of collection to isolate 

plasma from blood cells. The plasma samples were stored at -20 °C until analysis. Urine was 

collected from the cage pans equipped with metabolic urine collection trays at the same time 

fresh blood was collected. The total volume of urine in the pan was measured and a 2 mL sample 

was collected before discarding the rest of the urine. The urine samples were stored at -20 °C 

until analysis. 

2.3.6 Pharmacokinetic analysis 

Pharmacokinetic parameters, including area under the plasma concentration-time curve 

(AUC) and maximum plasma concentration (Cmax) were estimated by noncompartmental 
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analysis using Phoenix WinNonlin (St. Louis, MO). The plasma concentration was assigned to 

be 0.2 ng/mL when DA was detected but was below the LLOQ for AUC calculation. The 

cumulative amount of unchanged DA excreted in urine (Ae) was calculated from the determined 

concentration and the volume of urine at all collection time intervals using equation 3. Renal 

clearance (CLr) was estimated from the cumulative amount excreted unchanged in urine and the 

plasma AUC using equation 4. 

    𝐴𝐴𝑒𝑒 =  ∑ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖 ∗𝑛𝑛
𝑖𝑖=1  𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖   (3)  

     𝐶𝐶𝐶𝐶𝑟𝑟 =   𝐴𝐴𝑒𝑒,   0−24
𝐴𝐴𝐴𝐴𝐴𝐴0−24

      (4)  

2.4 RESULTS 

2.4.1 Fragmentation patterns and HPLC-MS/MS optimization 

To characterize the ionization and fragmentation of DA and THDA, MS2 scans of the 

precursor ions and MS3 scans of the two product ions were collected. The enhanced product ion 

(EPI) mass spectra are shown in Figure 2.2. The product ions observed in the MS2 spectra for 

DA ([M + H]+ m/z 312) are consistent with published spectral data.150,151 The MS3 spectra of the 

two product ions of DA (m/z 312 > 294 and m/z 312 > 266) and THDA (m/z 316 > 298 and m/z 

316 > 270) support the analogous fragmentation of the two compounds. HPLC-MS/MS multiple 

reaction monitoring (MRM) was optimized for quantification of DA. The three most sensitive 

MS2 product ions for DA (m/z 312 > 266, m/z 312 > 248, and m/z 312 > 220) and THDA (m/z 

316 > 270, m/z 316 > 252, and m/z 316 > 224) were chosen for each compound. The final 

MS/MS conditions are described in the Materials and Methods section. Representative 

chromatograms of DA and THDA are shown in Figure 2.3. 
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The on-column limit of detection (LOD) of DA was determined to be 0.52 pg (1.7 fmol) 

(Figure 2.4A). Signal-to-noise ratio (S/N) was greater than three for transition m/z 312 > 266, 

while the S/N was less than three for transitions m/z 312 > 248 and m/z 312 > 220 at LOD. The 

on-column lower limit of quantification (LLOQ) was 1.0 pg (3.3 fmol) (Figure 2.4B). The S/N 

was greater than three for all three transitions at LLOQ.  

2.4.2 Method validation 

Selectivity of the method was assessed by analyzing blank plasma and urine samples 

from six treatment-naïve monkeys to determine potential matrix interference. An interference 

peak was observed at 2.4 minutes in both plasma and urine chromatograms with the MRM 

transition m/z 316 > 270 and hence, this MRM transition was not used. No interference peak was 

observed in the chromatograms with the other MRM transitions (Figure 2.5a,b). Specificity of 

the method was assessed by analyzing plasma and urine samples with THDA as an internal 

standard and without DA to determine potential interference from the internal standard. No 

interference peak was observed at any of the DA MRM transitions. (Figure 2.5c,d). DA 

recovery was complete in all samples with measured recoveries of 105 ± 10%, 108 ± 2%, 107 ± 

10%, and 101 ± 2% at 0.31, 0.93, 7.8, 12 ng/mL (1, 3, 25, 40 nM), respectively, in plasma and 

113 ± 9%, 110 ± 8%, 107 ± 3% and 106 ± 5% at 7.8, 23, 500, 780 ng/mL (25, 75, 1600, 2500 

nM), respectively, in urine. Extracted samples were stable for up to five days in the autosampler 

and up to a day on bench-top. Plasma and urine samples were stable at -20 °C storage for at least 

five freeze-thaw cycles and for up to 28 weeks in plasma and 34 weeks in urine. 

The DA/THDA peak area ratio was linear between 0.31 and 16 ng/mL (1 and 50 nM) of 

DA in plasma and between 7.8 and 1,000 ng/mL (25 and 3,200 nM) of DA in urine. All 

calibration curves satisfied the predefined acceptance criteria with greater than 80% non-zero 
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calibration standards within 15% of nominal concentration. The LLOQ in plasma was 0.31 

ng/mL (1 nM), at which concentration all three mass transitions (m/z 312 > 266, 248, 220) were 

detected with S/N > 3. The LOD in plasma was 0.16 ng/mL (0.5 nM), at which concentration 

only mass transition m/z 312 > 266 was detected with S/N > 3. The LLOQ in urine was 7.8 

ng/mL (25 nM), at which concentration all three mass transitions were detected with S/N > 3. 

The representative LC-MS chromatograms at LLOQ in plasma and urine are shown in Figure 

2.5e,f. The intraday and interday accuracy (% error) and precision (% CV) in plasma and urine 

are shown in Table 2.2.  

Overall, the accuracy and precision parameters would have passed assay validation 

criteria if samples were quantified without an internal standard. However, the variability in the 

quantification of extracted samples nearly doubled in the absence of an internal standard, and in 

long LC-MS run batches spanning more than a day (>150 samples), the variability exceeded 

15% across the run without internal standard normalization. In addition, occasional samples 

prepared from plasma of individual animals plasma had approximately 50% error in accuracy 

when quantified without internal standard normalization. This poor accuracy was corrected to 

6% via the normalization to the internal standard. This error is likely due to matrix effects on DA 

and THDA. Based on an analysis of calibration curves of DA and THDA in solvent and matrix, 

matrix effects were present for both compounds, and the matrix effect was not different between 

the compounds. 

This LC-MS method was also cross-validated in pooled human plasma and urine. 

Although different background peaks were detected in human plasma and urine when compared 

to monkey plasma and urine, none of these interfered with the quantification of DA or THDA. 

The human plasma LLOQ was 0.31 ng/mL (1 nM) and the urine LLOQ was 7.8 ng/mL (25 nM). 



 34 

Plasma and urine calibration standards satisfied the predefined acceptance criteria with 89 and 

100% non-zero calibration standards of plasma and urine, respectively, falling within 15% of 

nominal concentration. The accuracy and precision data are shown in Table 2.2. 

2.4.3 Measuring DA in monkey plasma and urine after oral exposure to DA 

Plasma and urine DA concentrations were determined in samples collected over a 24 h 

period from healthy female cynomolgus monkeys (n = 10) following single oral doses of DA at 

the human TDI of 0.075 mg/kg. Plasma and urine concentrations from these monkeys are shown 

in Figure 2.6. A total of 77 plasma samples were collected and analyzed to measure DA 

concentrations. Sixty-three samples (82%) contained DA above the LLOQ at 0.31 ng/mL (1 

nM). The range of determined plasma concentrations was between 0.31 and 11 ng/mL (1 and 35 

nM). In the remaining 18% of samples (n = 14), DA was detected, indicating that the 

concentration of DA in these samples was between 0.16 ng/mL (0.5 nM, LOD) and 0.31 ng/mL 

(1 nM, LLOQ). A total of 60 urine samples were collected and analyzed to measure DA 

concentrations and DA excretion into urine. All 60 samples contained DA above the LLOQ of 

7.8 ng/mL (25 nM). The range of determined urine concentrations was between 9.4 and 745 

ng/mL (30 and 2400 nM). Pharmacokinetic parameters were estimated from nine monkeys (n = 

9) because the AUC could not be reliably estimated from one monkey, as more than 50% of the 

plasma concentrations were below LLOQ. A geometric mean peak plasma concentration (Cmax) 

of 2.3 ng/mL (95% confidence interval (CI): 1.2 – 4.4) was observed between 1 and 12 hours 

after the dose (tmax). The geometric mean area under the plasma concentration versus time curve 

(AUC0-24) was 19 ng*h/mL (95% CI: 13–28), the geometric mean amount of DA excreted 

unchanged in urine (Ae, 0-24) was 5.2 µg (95% CI: 3.6–7.4), and the geometric mean renal 

clearance (CLr) was 4.5 mL/min (95% CI: 2.5–8.2). The potential presence of DA or any 
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potential interference in the assay was also measured in plasma samples collected over a 24 h 

period from control healthy female cynomolgus monkeys (n = 10) following a single dose of 5% 

sucrose vehicle solution. A total of 20 plasma samples were analyzed and none of the samples 

contained detectable DA.  

2.5 DISCUSSION 

Recent reports of DA consumption exceeding the proposed TDIs in recreational shellfish 

harvesters133 and the health risks associated with chronic exposure to subacute levels of DA134 

highlight the need to investigate the exposure-effect relationship of DA. A sensitive method to 

detect low DA concentrations in plasma and urine, such as the one described here, would provide 

quantitative biomarker data to define this exposure-effect relationship. On the basis of DA 

pharmacokinetics observed in monkeys and PBPK modeling, a Cmax of 2 ng/mL (6.5 nM) was 

predicted in humans following a single oral DA consumption at the TDI (0.075 mg/kg).103 This 

prediction set the required sensitivity threshold of analytical methods for DA quantification at 

about 5-10-fold below the predicted Cmax (i.e. 0.2-0.4 ng/mL) to detect and quantify DA in 

samples from people with DA exposure near the proposed TDIs.  

Despite many analytical methods having been developed for DA, only a few of them 

have been developed to determine DA in biological fluids such as plasma and urine.122,123,140–143 

Current published LC-MS/MS methods have largely been used to confirm the presence of DA in 

samples that were positive by ELISA detection,123,135 although the analytical sensitivity of most 

reported LC-MS/MS methods is lower than ELISA (Table 2.1). ELISA methods have been 

validated for DA quantification in serum and urine,122,142 whereas no validation data exist for 

LC-MS/MS methods used for DA quantification in plasma and only a single LC-MS/MS assay 

has been validated for measuring DA in urine samples.143 The method reported here is the first 
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LC-MS/MS method for DA analysis that has been validated for measurement of DA in plasma 

samples. Importantly, the assay was validated to detect concentrations at 0.16 ng/mL (0.5 nM, 

LOD) and to reproducibly quantify concentrations at or above 0.3 ng/mL (1 nM, LLOQ) of DA 

in plasma, demonstrating sufficient sensitivity to assess subchronic exposures to DA. As shown 

by our study in cynomolgus monkeys, the sensitivity of this validated method was sufficient to 

quantify DA in plasma following a single oral dose at the proposed TDI. Similarly, our method 

was validated to detect and quantify DA at or above 7.8 ng/mL (25 nM, LLOQ) in urine. All 

urine samples collected from the monkeys dosed with DA contained quantifiable DA 

concentrations. Yet, the LLOQ for urine samples can be further reduced with less dilution to 

increase the sensitivity of the assay if needed. 

One of the major challenges when developing analytical methods to detect DA in 

biological samples is variable recovery following complex extraction or variable MS response 

due to matrix effects. The recovery of DA from different marine animal samples following SPE 

ranged between 20 and 100% resulting in challenging quantitation of DA.123 A few published 

methods used KA and ENK as internal standards in seawater and mussel analysis to control for 

assay variability,124,126,145 but the distinct chromatographic and mass spectrometric properties of 

KA and ENK may decrease their usefulness as internal standards for DA. Another recently 

published method introduced the use of the labelled dansyl chloride derivative of DA as an 

internal standard,144 but the sample and internal standard are derivatized separately. To address 

these issue with selection of an internal standard, we synthesized and validated THDA as an 

internal standard. THDA is structurally similar to DA and shares similar chromatographic and 

mass spectrometric properties. We demonstrated the appropriate chromatographic and mass 

spectrometric performance of THDA to control for assay variability. The use of THDA improved 



 37 

the reproducibility of the method as demonstrated by acceptable accuracy and precision when the 

internal standard was used, but inadequate accuracy and precision in the absence of an internal 

standard during long LC-MS/MS runs. Importantly, although this method uses a simple single 

methanol extraction step, THDA can easily be applied to other LC-MS/MS and sample 

preparation methods that quantify DA in more complex matrices.  

ELISA-based methods to determine DA concentrations in samples from marine mammals 

are convenient to use with minimal lab equipment requirements. However, discrepancies 

between results from ELISA and LC-MS/MS methods have been reported.142 One of the possible 

reasons for these discrepancies is that marine mammals chronically exposed to DA may produce 

antibodies against DA which may interfere with the ELISA assays, and hence ELISA assays 

would underestimate the DA content. Another possible reason is that complex biological 

matrices, like plasma or serum, may contain interfering components that bind to the anti-DA 

antibody used in the ELISA assay which would overestimate the DA content. The validated 

HPLC-MS/MS method described here provides a key advantage over the ELISA by obviating 

the above issues and allowing direct detection of DA concentrations and exposure in chronically 

exposed marine animals. However, the assay described will require the investment or access to a 

state-of-the-art LC-MS/MS instrumentation. 

In summary, the developed HPLC-MS/MS method described here has sufficient 

sensitivity to determine DA concentrations in monkeys following low level (~TDI) exposures. It 

also meets the reproducibility criteria for method validation providing improved quality of DA 

quantification in biological matrices. This validated HPLC-MS/MS method and the new internal 

standard THDA can be widely applicable to research studies and sentinel programs related to the 

health risks and exposure levels of DA. 
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Table 2.1. Summary of published bioanalytical methods and the available validation data for measurement of DA in serum or 

urine. 

Bioanalytical 
method Matrix Species Extraction Sample 

required 
LOD 

(ng/mL) 
LLOQ 

(ng/mL) 
Recovery 

(%) 

Intra-day 
variability 

(%) 

Inter-day 
variability 

(%) 
Reference 

LC-MS Serum Bovine SPE-HLB 1 g 5 ng/g  92-95   140 
LC-MS Serum Rat SPE-C18 200 µL 3  95   141 

LC-MS Serum Marine 
mammals SPE-C18 500 µL   89-93   123 

LC-MS Serum CSL MeOH + 
Filtration 1 – 4 g  >20    122 

LC-MS Serum CSLb SPE-C18  0.48     142 
ELISAb Serum Rat MeOH    >100 11.50 7.80 141 

ELISAb Serum CSLb MeOH + 
Filtration 1 – 4 g  0.4    122 

ELISAb Serum CSLb n/a  0.25   18  142 
ELISAc Serum CSLb SPE-C18  2.5   4  142 
LC-MS Urine Bovine SPE-HLB 1 g 5 ng/g  90-98   140 

LC-MS Urine Marine 
mammals SPE-C18 1000 µL   79-104   123 

LC-MS Urine CSLb MeOH + 
Filtration 1 – 4 g  >20    122 

LC-MS Urine CSLb SPE-C18  0.48     142 
LC-MS Urine Human SPE-PAX 100 µL 0.12 0.37 88-103 2.1-7.6 2.6-12.7 143 

ELISAb Urine CSLb MeOH + 
Filtration 1 – 4 g  0.4    122 

ELISAb Urine CSLb n/a  0.25   14  142 
ELISAc Urine CSL SPE-C18  2.5   4  142 

aEmpty spaces indicate lack of available data. CSL, California sea lion. bUsing polyclonal antibody (Biosense). cUsing monoclonal 
antibody (MeS). 
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Table 2.2. Accuracy and precision data for monkey and human plasma and urinea 

 LLOQ LQC MQC HQC 

 Plasma 

 0.31 ng/mL 0.93 ng/mL 7.8 ng/mL 12 ng/mL 

 % error % CV % error % CV % error % CV % error % CV 

Monkey intraday -2.3 5.6 4.4 2.6 2.4 3.7 -2.9 3.1 

Monkey interday  -5.6 6.9 -1.2 5.9 0.6 4.7 -2.3 4.7 

Human intraday 7.3 11 -6.2 6.9 -7.0 3.5 0.0 3.8 

 Urine 

 7.8 ng/mL 23 ng/mL 500 ng/mL 780 ng/mL 

 % error % CV % error % CV % error % CV % error % CV 

Monkey intraday 1.8 13 -2.3 4.2 -3.4 3.2 0.0 1.9 

Monkey interday  -2.9 10 2.8 7.7 -2.4 4.7 -0.5 2.1 

Human intraday 4.4 7.3 8.4 1.8 11.3 3.7 11.4 0.8 
a Intraday and interday accuracy (% error) and precision (% CV) of plasma and urine quality control (QC) samples. LQC, low QC; 
MQC, middle QC; HQC, high QC 
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Figure 2.1. UV spectra of (A) 30 µM DA in water and (B) 20 µM tetrahydrodomoic acid 

(THDA) in 10% aqueous methanol. 
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Figure 2.2. Mass spectral analysis of DA and THDA. MS2 EPI scans of (A) 3.1 ng/mL (10 

nM) DA and (B) 0.63 ng/mL (2 nM) THDA. MS3 EPI scans of DA product ions (C) m/z 312 > 

294 and (E) m/z 312 > 266. MS3 EPI scans of THDA product ions (D) m/z 316 > 298 and (F) 

m/z 316 > 270. 
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Figure 2.3. MRM chromatogram of 3.1 ng/mL (10 nM) DA and 0.63 ng/mL (2 nM) of 

THDA. DA elutes at 2.4 minute while THDA elutes at 2.6 minute.  
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Figure 2.4. MRM chromatograms of DA at (A) on-column LOD at 0.52 pg (1.7 fmol) and (B) 

on-column LLOQ at 1.0 pg (3.3 fmol). 
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Figure 2.5. MRM chromatograms monitored for DA transitions in plasma and urine. The 

transitions monitored were m/z 312 > 266, 248, 220 for DA and m/z 316 > 252 for THDA. (A) 

blank plasma, (B) blank urine, (C) plasma with IS, (D) urine with IS, (E) plasma spiked with 

0.31 ng/mL (1 nM) DA (LLOQ), and (F) urine spiked with 7.8 ng/mL (25 nM) DA (LLOQ).   
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Figure 2.6. DA pharmacokinetics following a single 0.075 mg/kg dose of DA to a group of 
10 healthy adult female cynomolgus monkeys. (A) Geometric mean plasma concentration-time 
curve (black line) with individual data above the LLOQ (82%, n=63) shown as symbols. Mean 
maximum plasma concentration (Cmax) and area under the plasma concentration versus curve 
(AUC) from 0 to 24 h are reported on the graph; (B) Individual urine concentration data 
measured above the LLOQ (100%, n=60); and (C) individual cumulative % dose excreted 
unchanged in urine. Geometric mean amount of unchanged DA excreted (Ae) from 0 to 24 h and 
renal clearance (CLr) are reported as inset in the graph. 
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Chapter 3.  

Maternal-fetal disposition of domoic acid following repeated oral dosing during pregnancy 

in nonhuman primate 

 

A version of this chapter was published as a research article: Toxicology and Applied 

Pharmacology (2020) Jul 1;398:115027  
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3.1 ABSTRACT 

Domoic acid (DA) is a marine algal toxin that causes acute and chronic neurotoxicity in 

animals and humans. Prenatal exposure to DA has been associated with neuronal damage and 

cognitive and behavioral deficits in juvenile California sea lions, cynomolgus monkeys, and 

rodents. Yet, the toxicokinetics (TK) of DA during pregnancy and the maternal-fetal disposition 

of DA have not been fully elucidated. In this study, we investigated the TK before, during and 

after pregnancy and the maternal-fetal disposition of DA in 22 cynomolgus monkeys following 

daily oral doses of 0.075 or 0.15 mg/kg/day of DA. The AUC0-τ of DA was not changed while 

the renal clearance of DA was increased by 30-90% during and after pregnancy when compared 

to the pre-pregnancy values. DA was detected in the infant plasma and in the amniotic fluid at 

delivery. The infant plasma concentrations correlated positively with both the maternal plasma 

and the amniotic fluid concentrations. The paired infant-to-maternal plasma DA concentration 

ratios ranged from 0.3 to 0.6 and increased as a function of time which suggests placental efflux 

and longer apparent fetal half-life than the maternal half-life. The paired amniotic fluid-to-infant 

plasma DA concentration ratios ranged from 4.5 to 7.5 which indicates significant accumulation 

of DA in the amniotic fluid. A maternal-fetal TK model was developed to explore the processes 

that give the observed maternal-fetal disposition of DA. The final model suggests that placental 

transport and recirculation of DA between the fetus and amniotic fluid are major determining 

factors of the maternal-fetal TK of DA. 

3.2 INTRODUCTION 

Domoic acid (DA) is a naturally occurring neurotoxin produced by species of the marine 

phytoplankton, Pseudo-nitzschia.87 It is a potent non-NMDA glutamate receptor agonist88 which 
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potentiates the NMDA receptor89,152 to cause severe excitotoxicity in humans and 

animals.90,91,120,135 Over the past decade, an increasing number of DA-producing species of 

Pseudo-nitzschia have been identified around the globe; making this a prominent global 

problem.153 To protect humans from DA toxicity, regulatory agencies have established 

regulatory limit of 20 µg of DA per gram of shellfish154 and proposed a tolerable daily intake 

(acute TDI) level of 0.075 – 0.1 mg/kg/day.136,139 While this limit has successfully protected 

humans from acute DA toxicity, emerging evidence shows that chronic asymptomatic exposure 

to DA may cause detrimental health effects in humans and animals.92,93,159,94,95,134,135,155–158 

Chronic low-level DA exposure from the consumption of contaminated shellfish in humans has 

recently been associated with adverse changes in memory that impacts daily living skills.95,134 

DA caused memory impairments in adults have also been documented in preclinical rodent 

models and wild populations of California sea lions.93,159 In animals, the effect of DA on the 

mammalian brain includes neuronal death, increased oxidative stress, alter glutamatergic 

transmission and neuronal connectivity in the hippocampus, and altered gene transcription in the 

central nervous system.92–94,157,159  

There are compelling data from animal studies that the fetus may be particularly sensitive 

to the effects of DA.87,160 Laboratory studies in rodents have shown that DA causes neuronal 

damage in fetuses and impairments in the behavioral development of young animals following 

single or repeated dosing.96–99,161 In California sea lions, DA exposure during pregnancy has 

been linked to reproductive failure, fetal death, and significant neurological injuries in exposed 

offspring.135,162,163 These observations have raised a concern that low-level maternal DA 

exposure in humans could have significant consequences on fetal brain development160 similar to 

other environmental chemicals such as methylmercury, polychlorinated biphenyls (PCBs) or 
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lead.85,164 To address the concern of reproductive and fetal toxicity following chronic oral DA 

exposure, our group initiated a long-term neurotoxicity study in cynomolgus monkeys (Macaca 

fascicularis),165 in which adult female monkeys received daily DA doses of the proposed TDI 

(0.075 mg/kg/day), two-times the proposed TDI (0.15 mg/kg/day) or vehicle control before and 

throughout pregnancy. While DA did not cause reproductive toxicity, our studies demonstrated 

that chronic subacute DA exposure in adult female monkeys resulted in a significant increase in 

observations of intentional-tremor and altered brain morphometry.165,166 Infants born to the 

female monkeys in the 0.15 mg/kg/day DA group scored poorly on some aspects of a 

standardized memory test, suggesting that chronic fetal exposure to DA may impact developing 

cognitive processes.167 

Our group has previously reported the toxicokinetics (TK) of DA following single 

intravenous and oral doses in non-pregnant female cynomolgus monkeys103 but the TK of DA 

following repeated oral doses and TK changes during pregnancy have not been reported. We 

have shown that in monkeys, DA follows flip-flop kinetics after a single oral dose and 

consequently has a terminal half-life of about 10 hours103. Based on this half-life, little 

accumulation (<1.2-fold) of DA is expected following repeated daily oral doses, and plasma 

concentrations of DA after chronic dosing were predicted to be similar to those after a single 

dose. DA is mainly eliminated by the kidney with about 40 - 70% of intravenously dosed DA 

excreted unchanged in the urine in cynomolgus monkeys102,103. It is well recognized that the 

renal clearance of exogenous and endogenous compounds increases during pregnancy in humans 

due to increased renal blood flow and glomerular filtration14. Hence, renal clearance of DA may 

increase during pregnancy which may lead to an increase in the systemic clearance and a 

decrease in the area under the plasma concentration-time curve (AUC). Despite the polarity, 
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ionization at physiological pH, and poor permeability of DA, it has been shown to cross the 

placenta and distribute to the fetus in California sea lions and rodents.104,162,168,169 The cognitive 

effects we observed in this study also support these findings. One study in rats showed that the 

apparent half-life of DA in fetal rats was twice of the dams’ and the fetal-to-maternal plasma 

AUC ratio was 0.3 following a single intravenous dose to pregnant rats.169 The residence time of 

DA in amniotic fluid was longer than in fetal plasma169 and re-exposure through fetus ingestion 

of amniotic fluid has been attributed to the long apparent fetal half-life of DA.104,169 

The goal of this study was to describe the maternal-fetal TK of DA following repeated 

oral doses of DA around the TDI during pregnancy in a nonhuman primate model. We herein 

report the maternal TK of DA before, during, and after pregnancy and the fetal disposition of DA 

at delivery, and provide a kinetic model to explore the mechanisms of maternal-fetal distribution 

kinetics of DA. Based on the known TK of DA and physiological changes during pregnancy in 

the nonhuman primate, we hypothesized that the renal clearance of DA would increase and the 

AUC of DA would decrease during pregnancy and that DA would accumulate in the fetus 

following repeated DA doses. This is the first report to describe maternal-fetal disposition of DA 

following chronic oral exposure, a relevant route of exposure in humans. The findings provide 

new insights into the health risks associated with exposure to this increasingly prevalent 

neurotoxin, particularly in the sensitive pregnant population. 

3.3 MATERIALS AND METHODS 

3.3.1 Chemicals and reagents 

DA powder purified from biological sources was purchased from BioVectra 

(Charlottetown, PE, Canada) to prepare dosing solutions. Purity of this DA powder was 

measured by HPLC-MS/MS as described below and the powder was found to be 94% pure. A 
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certified calibration standard solution of DA (332 µM) in acetonitrile/water (v/v 1:19) was 

purchased from National Research Council Canada (Halifax, NS, Canada). HPLC solvents 

including Optima LC/MS grade water, methanol, acetonitrile, and formic acid were purchased 

from Fisher Scientific (Pittsburgh, PA). The analytical internal standard, tetrahydrodomoic acid 

(THDA), was synthesized as previously described 170. Frozen treatment-naïve monkey plasma 

and urine were obtained from the Washington National Primate Research Center (WaNPRC) at 

the University of Washington (Seattle, WA). 

3.3.2 Animal study protocol 

All the monkeys in this toxicokinetic (TK) study were part of a double-blinded 

randomized vehicle controlled long-term toxicology study of the effects of DA on reproduction 

and fetal neurodevelopment165–167. The animal procedures followed the Animal Welfare Act and 

the Guide for Care and Use of Laboratory Animals of the National Research Council. All 

protocols were previously described and approved by the University of Washington Institutional 

Animal Care and Use Committee to meet the highest standards of ethical conduct and 

compassionate use of animals in research. Briefly, thirty-two DA-naïve adult female cynomolgus 

macaques (Macaca fascicularis) were randomized to either the vehicle-dosed control group 

(n=10), or two groups receiving daily oral doses of 0.075 mg/kg/day (TDI) (n=11) or 0.15 

mg/kg/day (2-times TDI) (n=11) (Figure 3.1). The average age and weight of the monkeys at 

randomization were 7 years (range: 5.5 – 11 years) and 3.5 kg (range: 2.8 – 4.2 kg), respectively. 

The monkeys were monitored daily to assess their health and behavior throughout the study. The 

health and behavior assessments were initiated immediately after randomization and dosing was 

initiated two months after randomization to allow for time to capture baseline values. Individual 

dosing solutions were prepared weekly according to the weight of each animal. Powder of DA 
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was dissolved in tap water with 5% (w/v) sucrose, sonicated for 10 min, and the individual 

dosing solution was filter-sterilized into a glass vial and stored at 4°C until dosing. All dosing 

solutions were analyzed by LC-MS/MS to confirm DA concentration. After two months of 

dosing, the female monkeys were paired with DA-naïve male monkeys for breeding. All 

monkeys, except for two in the 0.075 mg/kg/day group, conceived between one to seven months 

after initiation of breeding. After confirmation of pregnancy, the dosing solutions were prepared 

according to the last recorded pre-pregnancy weight165. The pregnant monkeys delivered either 

naturally or through caesarean sections after 21 to 25 weeks of gestation. Health and behavior 

monitoring of the infants was initiated after birth. DA dosing continued for the adult female 

monkeys according to their pre-pregnancy weight until necropsy.  

Five TK studies were performed over the course of the study (Figure 3.1): on the first 

day of dosing (Day1), on the 56th day of dosing (Day56), on a day during gestational week eight 

to ten (GW8-10), on a day during gestational week 16 to 18 (GW16-18), and on a day during two 

to four weeks post-partum (PP2-4) for each animal. Only Day1 and Day56 TK studies were 

performed for monkeys who did not get pregnant. The PP2-4 TK study was not performed in 

three monkeys, two in the 0.075 mg/kg/day group and one in the 0.15 mg/kg/day group. On each 

TK study day, blood samples were collected from the saphenous vein into sodium heparin tubes 

at pre-dose and 1, 2, 4, 6, 8, 10, 12, and 24 h post-dose. Extensive behavioral training with 

positive reinforcement allowed the blood samples to be collected without anesthesia. Collected 

blood samples were centrifuged at 3,000 g for 15 minutes to isolate plasma within an hour of 

collection. Plasma samples were aliquoted and stored at -20°C until analysis. At each TK day, all 

the urine was collected at designated time points over a dosing interval (24 h) from a metabolic 

pan placed at the bottom of the cage. Volume of the urine collected was recorded and urine 
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samples were aliquoted and stored at -20°C until analysis. At delivery, maternal blood and infant 

blood were sampled and processed as described above and amniotic fluid was sampled and 

stored at -20°C until analysis. Maternal blood was not sampled in one monkey in the 0.15 

mg/kg/day group and infant blood was not sampled in one infant in the 0.075 mg/kg/day group 

and two infants in the 0.15 mg/kg/day group. Amniotic fluid was sampled following c-section 

delivery in two monkeys in the 0.075 mg/kg/day and five monkeys in the 0.15 mg/k/day group. 

3.3.3 HPLC-MS/MS analysis 

DA concentrations in plasma, urine, and amniotic fluid were measured using a published 

validated HPLC-MS/MS method170. Briefly, plasma, urine, and amniotic fluid samples were 

thawed at room temperature on the day of analysis. For each plasma and amniotic fluid sample, 

120 µL of methanol containing 5 nM THDA (internal standard) was added to 60 µL of sample. 

The samples were vortexed briefly, centrifuged at 16,100 g for an hour at room temperature, and 

supernatant was collected. For each urine sample, 490 µL of water containing 10 nM THDA 

(internal standard) was added to 10 µL of sample. The samples were vortexed briefly, 

centrifuged at 16,100 g for 15 minutes at room temperature, and supernatant was collected. 

Calibration standards were prepared in DA-naïve plasma and urine with concentrations ranging 

between 0.16 and 15.6 ng/mL for plasma and 7.8 and 1000 ng/mL for urine. Amniotic fluid 

concentrations were measured using the plasma calibration curve. For each urine sample with 

preliminary measured concentration >1000 ng/mL, 10 µL of sample was first diluted with 90 µL 

of water before processing as above. Supernatants were analyzed using a Shimadzu UFLC XR 

DGU-20A5 (Kyoto, Japan) equipped with a Phenomenex Synergi Hydro-RP 100 Å (2.5 µm, 50 

x 2 mm2) LC column and a guard cartridge (2 x 2.1 mm2, sub 2 µm) (Torrange, CA) linked to a 

Sciex 6500 QTRAP system (Foster City, CA). The limit of detection (LOD) and the lower limit 
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of quantitation (LLOQ) in plasma were 0.16 ng/mL and 0.31 ng/mL, respectively170. Plasma 

concentrations below LLOQ but above LOD were assigned a value of 0.23 ng/mL (mid-point 

between LOD and LLOQ) and plasma concentrations below LOD were assigned as 0 ng/mL. 

The LLOQ in urine was 7.8 ng/mL170. All urine concentrations were above the LLOQ.  

3.3.4 Creatinine analysis 

One plasma and one urine sample from each animal on each TK study were analyzed for 

creatinine concentrations. The measurement was done by clinical laboratory tests at the 

Department of Laboratory Medicine at the University of Washington Medical Center. Creatinine 

concentrations were measured in all but two monkeys at GW8-10 and PP2-4 in the 0.075 

mg/kg/day group, one monkey at GW16-18 in the 0.075 mg/kg/day group, and one monkey at 

PP2-4 in the 0.15 mg/kg/day group. 

3.3.5 Toxicokinetic analysis 

TK parameters including steady-state area under the plasma concentration time curve 

over a dosing interval (AUC0-τ) and oral clearance (CL/F) at each TK study for each monkey 

were calculated by noncompartmental analysis (NCA) using Phoenix WinNonlin (St Louis, 

MO). AUC0-τ was calculated by the linear up log down method and CL/F was calculated using 

the following equation: 

𝐶𝐶𝐶𝐶/𝐹𝐹 =
𝐷𝐷𝜏𝜏

𝐴𝐴𝐴𝐴𝐴𝐴0−𝜏𝜏
 

where τ is a dosing interval (24 h) and Dτ is the amount of daily dose received. The rest of the 

TK parameters including renal clearance (CLR), creatinine clearance (CLcreatinine), ratio between 

CLR and CLcreatinine, and fraction of the dose excreted in urine unchanged (fe) at each TK study 
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for each animal were calculated using Microsoft Excel 2013 (Redmond, WA). Renal clearance 

(CLR) was calculated using the following equation: 

𝐶𝐶𝐶𝐶𝑅𝑅 =
A𝑒𝑒,0−𝜏𝜏

𝐴𝐴𝐴𝐴𝐴𝐴0−𝜏𝜏
 

where Ae,0-τ is the total amount of DA excreted in urine unchanged over a dosing interval and 

was calculated by summation of urine DA concentrations multiplied by urine volumes for 

cumulative urine samples collected. Fraction of the oral dose excreted unchanged in urine (fe) 

was calculated using the following equation: 

𝑓𝑓𝑒𝑒(%) =  
𝐴𝐴𝑒𝑒,0−𝜏𝜏

𝐷𝐷𝜏𝜏
× 100% 

Creatinine clearance (CLcreatinine) was calculated using the following equation: 

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝐴𝐴𝑒𝑒,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

∆𝑡𝑡
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

where Ae,creatinine is the amount of creatinine excreted in urine over a collection period calculated 

by multiplying the urine creatinine concentration by the urine volume, ∆t is the duration of the 

urine collection period, and Ccreatinine is the plasma creatinine concentration. Renal clearance to 

creatinine clearance (CLR/CLcreatinine) ratio was calculated by dividing CLR by CLcreatinine. Infant-

to-maternal plasma concentration ratio was calculated by dividing the infant plasma 

concentration by the maternal plasma concentration at the time of delivery when both 

concentrations were above the LLOQ. The geometric mean and the 95% confidence interval for 

each TK parameter were calculated using GraphPad Prism version 5 (San Diego, CA). 

3.3.6 Power analysis 

Intra-individual variability of the plasma AUC before and during pregnancy was assessed 

using the biweekly 5-h-post-dose plasma concentrations sampled prior to and during pregnancy, 
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respectively, from each monkey165. A power analysis using the averaged intra-individual 

variability before and during pregnancy showed that 11 animals per group would allow detection 

of 70% increase or 40% decrease in AUC0-τ of DA during pregnancy with 80% power (β = 0.2) 

and significance level of α = 0.017. 

3.3.7 Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 5 (San Diego, CA). 

Differences in the natural log-transformed AUC0-τ, CL/F, CLR, and CLcreatinine during pregnancy 

(GW8-10 and GW16-18), and after pregnancy (PP2-4) in comparison to before pregnancy 

(Day56) were tested for each dose group by paired t-tests with p-value <0.017 (Bonferroni 

correction for multiple comparisons, α = 0.05/3) considered significant. The correlations 

between (1) maternal plasma and infant plasma concentration at delivery, (2) infant plasma and 

amniotic fluid concentration at delivery, (3) maternal plasma concentration at delivery and 

infant-to-maternal plasma concentration ratio, and (4) infant plasma concentration at delivery 

and infant-to-maternal plasma concentration ratio, were tested by simple linear regression. The 

deviation of the slope of the linear regression line from zero was tested using t-test with a p-

value ≤ 0.05 considered significant.  

3.3.8 Maternal-fetal toxicokinetic model of DA 

3.3.8.1 Model structure 

A maternal-fetal TK model of DA was developed using SimBiology R2018b (Natick, 

MA) to simulate late pregnancy maternal-fetal DA disposition. This model was structured to 

include compartments of the maternal whole-body, fetal whole-body, and amniotic fluid. Each 

compartment has a fixed volume of distribution assigned for a 4 kg cynomolgus monkey. The 
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maternal volume of distribution was assigned to be 0.6 L according to the observed volume of 

distribution of DA in cynomolgus monkeys following an IV dose (0.15 L/kg bodyweight).103 The 

fetal volume of distribution was assigned to be 0.06 L according to the mean birthweight of the 

infant monkeys observed in this study (0.4 kg) and the observed volume of distribution of DA in 

adult cynomolgus monkeys (0.15 L/kg bodyweight) assuming fetal DA distribution is similar to 

adult monkeys.  

3.3.8.2 Absorption 

The steady-state maternal and fetal DA disposition following repeated oral DA doses 

during pregnancy was simulated by applying fifty daily (every 24 h) DA doses of 0.075 or 0.15 

mg/kg/day to the maternal compartment. DA absorption was assumed to be first-order defined by 

an oral absorption rate constant (ka). The initial ka was assigned as 0.07 h-1 as previously reported 

in adult non-pregnant monkeys.103 The bioavailability of DA was set at 7.5% as previously 

reported in the same study.103  

3.3.8.3 Distribution 

DA distribution from the maternal compartment to the fetal compartment (kmf) and vice 

versa (kfm) was modeled according to first-order kinetics. The initial distribution rate constant kmf 

was calculated by dividing the transplacental clearance from mother to fetus (CLmf) with the 

maternal volume of distribution (0.6 L). The initial CLmf was assigned as 0.1 L/h, a value 

estimated by multiplying the reported Caco2 permeability171 with the extrapolated placental 

microvillus surface area based on human physiology172,173. The initial distribution rate kfm was 

calculated by dividing the transplacental clearance from fetus to mother (CLfm) with the fetal 

volume of distribution (0.06 L). The initial CLfm was assigned to be the same as CLmf. (0.1 L/h). 

DA distribution from the fetal compartment to the amniotic fluid compartment (through fetal 
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urination) with assumed to be according to first order kinetics with a first order rate constant (ke, 

amniotic fluid). The ke, amniotic fluid was calculated by dividing fetal renal clearance (CLe, fetal) by the 

fetal volume of distribution (0.06 L). The initial CLe, fetal was assigned as 0.015 L/h, a value 

calculated assuming fetal renal clearance is 2.5%174–176 of the maternal renal clearance observed 

in this study. DA distribution from the amniotic fluid compartment to the fetal compartment 

(through fetal swallowing of amniotic fluid) was modeled according to first order kinetics with a 

first order rate constant (ka, amniotic fluid). The initial ka, amniotic fluid was assigned to be the same as ka 

(0.07 h-1).  

3.3.8.4 Elimination 

DA elimination from the maternal compartment was assumed to be first order with a first 

order elimination rate constant (ke). The initial ke was calculated by dividing the maternal 

systemic clearance (CLe, maternal) by the maternal volume of distribution (0.6 L). The initial CLe, 

maternal was assigned as 1.66 L/h and 0.97 L/h, which was calculated by multiplying the observed 

oral clearance at GW16-18 in the 0.075 mg/kg/day group and 0.15 mg/kg/day group, 

respectively, with the 7.5% bioavailability reported previously.103  

3.3.8.5 Simulations 

Steady-state (after the 50th dose) maternal-fetal disposition was first simulated using the 

initial parameters described above. Local sensitivity analyses were then conducted to explore 

how specific TK parameters (ka, ka, amniotic fluid, CLe, maternal, CLe, fetal, CLmf, and CLfm) impact 

simulation results of maternal fetal disposition of DA. Sensitivity analyses were conducted by 

altering the value of each of the above parameters individually within the range of 10% to 10-

fold of the initial values. Based on the sensitivity analyses, specific parameters for maternal-fetal 

disposition (CLmf, CLfm, and CLe, fetal) were optimized simultaneously to capture the time course 
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of the observed infant-to-maternal plasma concentration ratio. All other parameters were kept as 

described above for the model. The simulated maternal and fetal steady-state AUC0-τ (after the 

50th dose, from 1200 to 1224 h) and terminal half-lives (t1/2, after distribution equilibrium is 

reached) were analyzed using Phoenix WinNonlin (St Louis, MO). The fetal-to-maternal AUC0-τ 

and plasma concentration ratios were calculated using Microsoft Excel 2013 (Redmond, WA). 

The maternal DA concentrations observed at GW16-18 were compared to the simulated maternal 

DA concentrations using GraphPad Prism version 8 (San Diego, CA). Similarly, observed 

maternal and infant concentrations at delivery were compared to the simulated maternal and fetal 

concentrations at term using GraphPad Prism version 8 (San Diego, CA). 

3.4 RESULTS 

3.4.1 Toxicokinetics (TK) of DA following daily oral doses in adult female monkeys before, 

during, and after pregnancy 

TK of DA following daily oral doses in adult female monkeys before, during, and after 

pregnancy is reported in Table 3.1 and Figure 3.2. The AUC0-τ on Day56 following a dose of 

0.075 mg/kg/day was 20 h*ng/mL (95% CI: 16 – 25 h*ng/mL), when the dose was increased by 

2-fold to 0.15 mg/kg/day, the AUC0-τ increased by 3.3-fold to 65 h*ng/mL (95% CI: 48 – 87 

h*ng/mL). This more than dose-proportional increase was observed throughout the study, with 

the AUC0-τ in the 0.15 mg/kg/day group being 2.5 to 3.3-fold greater than that of the 0.075 

mg/kg/day group. The weight-normalized CL/F of DA was 22 to 41% lower in the 0.15 

mg/kg/day group in comparison to the 0.075 mg/kg/day group throughout the study. The CLR of 

DA, CLcreatinine, and the CLR/CLcreatinine ratio were not different between the two dose groups on 

any study day. However, the CLcreatinine of the control group appeared to be consistently lower 

than the CLcreatinine in the 0.15 mg/kg/day group throughout the study (Table 3.1). Both the CLR 
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of DA and the CLcreatinine showed a trend to increase during and after pregnancy in both dose 

groups when compared to the pre-pregnancy values (Figure 3.2e-h), but these increases did not 

translate to a change in AUC0-τ and CL/F of DA during and after pregnancy (Figure 3.2a-d). The 

CLR/CLcreatinine was <1 throughout the study and was not altered by pregnancy.  

3.4.2 Maternal plasma, infant plasma and amniotic fluid DA concentrations at delivery 

The DA concentrations in maternal plasma, infant plasma, and amniotic fluid were 

measured at delivery to assess maternal-fetal disposition of DA (Figure 3.3a-b). The infant 

plasma concentration correlated positively with both the maternal plasma (Figure 3.3c) and the 

amniotic fluid concentrations (Figure 3.3d), and the infant plasma DA concentrations were 

consistently lower than the maternal plasma and amniotic fluid DA concentrations. The infant-

to-maternal plasma concentration ratios were 0.3 (range: 0.2 – 0.5) in the 0.075 mg/kg/day group 

and 0.6 (range: 0.3 – 1.0) in the 0.15 mg/kg/day group while the amniotic fluid-to-infant plasma 

concentration ratios were 4.5 (range: 3.9 – 5.1) in the 0.075 mg/kg/day group and 8.9 (range: 2.7 

– 13) in the 0.15 mg/kg/day group (Figure 3.3e,f). Correlations between the infant-to-maternal 

plasma concentration ratios and the maternal and infant plasma concentrations were tested to 

explore whether any potential nonlinearity in the maternal-fetal distribution could be observed 

but no correlation was detected (Figure 3.3g,h). Instead, the infant-to-maternal plasma 

concentration ratio appeared to vary with time after dosing of DA, with lower ratios observed in 

monkeys who delivered shortly (<12 h) after dosing and higher ratios observed in monkeys who 

delivered later (>12 h) after dosing. 
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3.4.3 DA maternal-fetal toxicokinetic modeling and simulations 

To explore the potential mechanisms controlling maternal-fetal disposition of DA, a TK 

model was developed to simulate DA maternal-fetal disposition at the time of delivery (Figure 

3.4). The initial parameter values were assigned either as values observed in this and previous 

studies or estimated based on the known physiology of pregnant monkeys at late gestation as 

described in materials and methods. The steady-state maternal-fetal disposition of DA (after the 

50th dose) was first simulated using the initial parameter values. The simulation showed an 

increase in fetal-to-maternal plasma concentration ratio with time after dosing, but the simulated 

fetal-to-maternal plasma concentration ratio overpredicted the observed ratios at delivery 

(Figure 3.5a). To address this overprediction, local sensitivity analyses were conducted to define 

the impact of each individual model parameter on the simulated maternal-fetal disposition of DA 

(Table 3.2).  

Local sensitivity analyses were conducted by changing one parameter at a time while 

keeping the rest of the parameters at their initial values. Decreasing maternal absorption rate (ka) 

increased both the fetal and maternal half-lives of DA (Table 3.2) due to the flip-flop kinetics (ke 

> ka, elimination is absorption rate limited) of DA, but decreasing ka had a minimal effect on the 

fetal-to-maternal plasma concentration ratio. Increasing ka had no impact on the fetal and 

maternal half-lives of DA once distribution equilibrium was achieved (Table 3.2) as under this 

scenario the reabsorption from the amniotic fluid becomes rate-limiting. Increasing ka shortened 

the initial half-life and also increased the fetal-to-maternal plasma concentration ratio. 

As expected, fetal and maternal AUCs of DA correlated positively with maternal 

clearance (CLe, maternal and ke) (Table 3.2) but changing CLe, maternal had no impact on the fetal-to-

maternal plasma concentration ratio. Conversely, decreasing maternal-to-fetal transfer clearance 
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(CLmf) or increasing fetal-to-maternal transfer clearance (CLfm), as would happen in the presence 

of active transport in the placenta, decreased fetal AUC but had no effect on maternal AUC 

(Table 3.2) and resulted in a considerable decrease in both the fetal-to-maternal AUC and 

plasma concentration ratio. Decreasing fetal reabsorption rate of DA from amniotic fluid (ka, 

amniofic fluid) increased the fetal and maternal half-lives (Table 3.2) and increased the fetal-to-

maternal plasma concentration ratio (Figure 3.6b-e). It is interesting to note that the fetal and 

maternal half-lives were the shortest in the absence of fetal reabsorption (ka, amniofic fluid = 0) 

(Figure 3.6a) due to the switch of amniotic fluid from a distribution compartment to an 

elimination compartment under this scenario. Increasing fetal renal clearance of DA into the 

amniotic fluid (CLe, fetal and ke, amniotic fluid) increased the fetal and maternal half-lives (Table 3.2) 

and increased the fetal-to-maternal plasma concentration ratio (Figure 3.5a, Figure 3.6f-j). 

These simulations demonstrated that the CLmf, CLfm, ka, amniotic fluid, and CLe, fetal have significant 

impact on the maternal-fetal distribution kinetics of DA. Moreover, altering each parameter 

alone did not fully replicate the observed infant-to-maternal plasma concentration ratio over time 

(Figure 3.5a). Therefore, the kinetic model parameters were optimized to define the combination 

of model parameters that can capture the observed data. 

Since the maternal-fetal TK model was developed using observed maternal TK during 

pregnancy and the sensitivity analysis showed that ka and ke has minimal effect on maternal-fetal 

distribution kinetics of DA, we focused on optimizing CLmf, CLfm, and CLe, fetal to capture the 

maternal-fetal disposition of DA. The optimized physiologically plausible model incorporated a 

4-fold higher CLe, fetal together with an 82% lower CLfm and a 94% lower CLmf compared to the 

initial values (Figure 3.4). This optimized model captured the observed maternal plasma 

concentration-time profiles during pregnancy (GW16-18) well (Figure 3.5b). However, it 
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slightly underpredicted the maternal and fetal concentrations at delivery. Hence, a bioavailability 

of 12% was applied (initial value was 7.5%) in the final model to predict the maternal and fetal 

plasma concentration-time profiles at delivery. The final model captured the maternal and fetal 

plasma concentration time profiles at delivery (Figure 3.5c) and the time course of the maternal-

to-fetal concentration ratios observed in this study (Figure 3.5d) with a simulated fetal-to-

maternal AUC ratio of 0.35. 

3.5 DISCUSSION 

Despite the abundance of evidence that DA acts as a developmental neurotoxin,96–

99,135,161,162 only a limited number of studies have reported TK of DA during pregnancy and fetal 

disposition following in utero exposure.104,162,168,169 A previous study in rats showed that DA 

crosses the placenta and distributes to the fetus with a fetal-to-maternal plasma AUC ratio of 0.3 

following a single intravenous dose.169 However, since DA follows flip-flop kinetics after oral 

doses in monkeys and possibly in humans,  route of administration could have a profound impact 

on maternal-fetal TK due to different maximum concentrations (Cmax) and duration of exposure. 

As previously demonstrated through physiologically-based pharmacokinetic (PBPK) modeling, 

the Cmax and concentration-time profile of DA in the brain varied drastically following 

intravenous or oral dosing.103 To date, fetal TK analyses following oral DA exposure have been 

limited to opportunistic studies in California sea lions.104,162 Based on these observations, a 

maternal-fetal TK model of DA was proposed which suggests that the fetus is continuously re-

exposed to DA through swallowing of amniotic fluid which increased fetal exposure.104 

However, the extent and duration of DA exposure in the fetus cannot be ascertained in these 

opportunistic studies and verification of the proposed model is not possible. This study is the first 

to describe the TK of DA during pregnancy and maternal-fetal disposition following oral doses 
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in any species. In this study, we show that the renal clearance of DA is increased by 30 – 90% 

during pregnancy, however, this renal clearance increase did not alter the AUC of DA. The AUC 

of DA was not significantly different before, during, and after pregnancy. We also show that the 

fetal plasma DA concentrations were lower than, but positively correlated with, maternal plasma 

and amniotic fluid concentrations. A maternal-fetal TK model was developed to simulate 

maternal-fetal distribution kinetics of DA. The kinetic simulations suggested that placental 

transport and recirculation of DA between the fetus and amniotic fluid are the main determining 

factors of the maternal-fetal distribution kinetics of DA. 

The pre-pregnancy weight-normalized mean oral clearance following 0.075 or 0.15 

mg/kg/day of DA observed in this study was 40 – 90% higher than that observed in our previous 

crossover study where three non-pregnant female monkeys were given a single oral dose of 

0.075 or 0.15 mg/kg of DA.103 This difference can be due to the inter-individual variability of 

DA disposition. A greater than dose proportional increase of AUC (~ 3-fold) was observed 

between the groups that received 0.075 or 0.15 mg/kg/day DA throughout the study, consistent 

with the greater than dose proportional increase observed in our previous crossover study.103 The 

fact that the CLR of DA and the CLR/CLcreatinine were not different between the two dose groups 

in this study suggests that renal clearance and renal clearance processes (filtration and active 

reabsorption) of DA are not affected by the dose. Together, the data suggest saturation of either 

extra-renal elimination or efflux transporters during absorption of DA. 

As we hypothesized, the renal clearance of DA was increased during and after pregnancy 

when compared to the pre-pregnancy values. The increase in DA renal clearance was likely due 

to the increase in GFR as the CLR/CLcreatinine values were not different throughout pregnancy 

when compared to pre-pregnancy. Although renal clearance is a major elimination pathway of 
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DA (fe = 0.4 – 0.7), the increased renal clearance during and after pregnancy did not alter the 

AUC of DA during pregnancy likely due to the presence of other elimination pathways and the 

large intraindividual variability.103 Hence, the dose-exposure relationship determined in non-

pregnant monkeys is likely to predict the relationship in pregnant monkeys. While we cannot 

rule out the possibility that pregnant women are pharmacologically more susceptible to DA 

toxicity, our results suggest that pregnant women are exposed to similar concentrations of DA as 

non-pregnant individuals following the same dose. 

Consistent with previous studies in other species,104,162,168,169 our study shows that DA 

crosses the placenta and distributes to the fetus. The infant-to-maternal plasma concentration 

ratio at delivery was between 0.3 and 0.6, which agrees with the fetal-to-maternal AUC ratio of 

0.3 observed previously in rats following a single intravenous dose.169 As demonstrated through 

the sensitivity analyses, either a decrease in CLmf or an increase in CLfm (both can occur in the 

presence of placental efflux) lead to a <1 fetal-to-maternal AUC ratio. This <1 fetal-to-maternal 

AUC ratio suggests that the placenta is partially protecting the fetus from exposing to DA, likely 

via active transport. DA has been shown to be transported by MRP5,177 an ABC efflux 

transporter that is expressed in the syncytiotrophoblasts,178,179 and other anion transporters171 

which may be present in the placenta and decrease DA distribution to the fetus. Although 

irreversible fetal elimination may also decrease fetal-to-maternal AUC ratio, such clearance 

pathway is not likely because there is no evidence of DA metabolism. Hence, our results suggest 

that the placenta acts as a partial protective barrier that decreases the risk of fetal toxicity. 

Despite the placenta acting as a partial barrier to protect the fetus from DA, fetal AUC is driven 

by maternal AUC as shown by the positive correlation between fetal and maternal plasma 

concentrations at delivery, and by the sensitivity analyses that both maternal and fetal DA AUCs 
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significantly changed with altered maternal elimination. Therefore, an increase in maternal AUC 

will increase the risk of DA toxicity in both the mother and the fetus, consistent with the 

observed dose-dependent increase in tremor rates in the adult female monkeys and dose-

dependent impact on the developing cognitive processes in the infants of this study.165,167 

As observed previously in rats,169 the apparent fetal half-life was longer than the maternal 

half-life in this study as evidenced by the infant-to-maternal plasma concentration ratio increase 

over time after dosing. The longer apparent fetal half-life has been attributed to fetal re-exposure 

through swallowing of amniotic fluid.169 We observed a 4.5 – 7.5-fold higher DA concentration 

in amniotic fluid compared to fetal plasma which, in agreement with the previous studies,104,169 

suggests that DA accumulates and is eliminated slowly from the amniotic fluid. We 

demonstrated using the maternal-fetal TK modeling and simulations, that placental transport and 

the recirculation between fetus and amniotic fluid are likely the main determining factors of the 

maternal-fetal distribution kinetics of DA. We proposed a final model to simulate a kinetic 

scenario of maternal-fetal disposition of DA that can explain the observed maternal and infant 

plasma concentrations at delivery. The final model incorporated the presence of placental efflux 

which resulted in a CLmf to CLfm ratio of 0.3, rapid fetal elimination (fetal renal clearance equals 

to 10% maternal renal clearance), and fetal reabsorption of DA through swallowing of amniotic 

fluid. It is important to note that, as shown through simulations, the maternal and fetal terminal 

half-lives are the same, however, the apparent fetal half-life (0-24 hour) was longer than the 

apparent maternal half-life due to the delay in reaching distribution equilibrium (Figure 3.5c). 

As we hypothesized, the prolonged apparent half-life may increase the duration of fetal exposure 

to DA and hence, the risk of fetal toxicity. Nevertheless, the observed <1 infant-to-maternal 
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plasma concentration ratio suggests that the fetus is exposed to lower plasma concentrations of 

DA than the mother.  

In conclusion, this study shows that the plasma AUC of DA is not significantly changed 

by pregnancy, the fetal AUC of DA is less than the maternal AUC likely due to placental efflux, 

and that the maternal fetal distribution kinetics increases the duration of DA exposure in the 

fetus. Overall, our study suggests that pregnant women and developing fetuses are not subjected 

to additional exposures in comparison to non-pregnant population based on the maternal-fetal 

TK. To fully assess the risks of DA toxicity, future studies to elucidate the toxicological response 

and exposure-toxicity relationships in pregnant women and developing fetuses are warranted. 
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Table 3.1 Toxicokinetic (TK) parameters of DA measured following daily oral doses of 
0.075 mg/kg/day and 0.15 mg/kg/day before, during, and after pregnancy in adult female 
monkeys. The creatinine clearance values measured in vehicle control animals are also reported 
for the study days. TK parameters are reported as geometric means (95% confidence interval). 
Pregnancy (GW8-10 and GW16-18) and post-partum (PP2-4) parameters were compared to pre-
pregnancy (Day56) parameters and a p-value of 0.017 was considered significant (Significance 
level adjusted for multiple comparisons). Values that are significantly different from values on 
Day56 are bolded. 
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  n= 

aAUC0-τ 
(ng/mL*h) 

aCL/F  
(mL/min/kg) 

aCLR  
(mL/min) 

bCLcreatinine 
(mL/min) 

c 𝑪𝑪𝑪𝑪𝑹𝑹
𝑪𝑪𝑪𝑪𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

 
fe 

(%) 

 

0.075 
mg/kg/day 

Day1 11 19 
(14 – 27) -- 5.2 

(2.8 – 9.9) 
5.9 

(4.0 – 8.7) 
0.8 

(0.4 – 1.7) -- 

Day56 11 20 
(16 – 25) 

61 
(49 – 76) 

6.2 
(5.3 – 7.4) 

8.1 
(4.9 – 13) 

0.8 
(0.4 – 1.5) 

2.7 
(2.1 – 3.4) 

GW8-10 9 
19 

(13 – 28) 
p = 0.54 

67 
(44 – 100) 
p = 0.54 

7.7 
(4.6 – 13) 
p = 0.34 

15 
(11 – 19) 
p = 0.06 

0.7 
(0.4 – 1.1) 
p = 0.93 

3.3 
(1.9 – 5.9) 
p = 0.40 

GW16-18 9 
14 

(8.5 – 22) 
p = 0.04 

92 
(58 – 146) 
p = 0.04 

11 
(7.3 – 17) 
p = 0.014 

16 
(12 – 22) 
p = 0.07 

0.6 
(0.5 – 0.8) 
p = 0.94 

3.2 
(2.5 – 4.1) 
p = 0.19 

PP2-4 7 
17 

(8.8 – 34) 
p = 0.41 

72 
(37 – 142) 
p = 0.41 

10 
(5.1 - 20) 
p = 0.11 

12 
(10 – 14) 
p = 0.15 

0.9 
(0.4 – 1.9) 
p = 0.60 

3.5 
(1.8 – 6.9) 
p = 0.20 

 
0.15 

mg/kg/day 

Day1 11 44 
(34 – 57) -- 6.4 

(4.9 – 8.2) 
12 

(7.5 – 20) 
0.5 

(0.3 – 0.9) -- 

Day56 11 65 
(48 – 87) 

39 
(29 – 52) 

6.2 
(4.7 – 8.2) 

11 
(7.9 – 14) 

0.6 
(0.5 – 0.8) 

4.2 
(3.0 – 5.9) 

GW8-10 11 
48 

(38 – 62) 
p = 0.06 

52 
(40 – 67) 
p = 0.06 

10 
(8.2 - 13) 
p <0.001 

17 
(14 – 20) 
p = 0.003 

0.6 
(0.5 – 0.8) 
p = 0.73 

5.1 
(3.9 – 6.8) 
p = 0.30 

GW16-18 11 
46 

(33 – 65) 
p = 0.04 

54 
(38 – 76) 
p = 0.04 

9.4 
(6.6 - 13) 
p = 0.018 

17 
(15 – 20) 
p = 0.006 

0.5 
(0.4 – 0.8) 
p = 0.54 

4.5 
(3.2 – 6.3) 
p = 0.75 

PP2-4 10 
51 

(39 – 68) 
p = 0.13 

49 
(37 – 65) 
p = 0.13 

9.1 
(6.9 - 12) 
p = 0.002 

17 
(14 – 21) 
p = 0.002 

0.5 
(0.4 – 0.6) 
p = 0.56 

4.9 
(3.8 – 6.2) 
p = 0.13 

 
Control 

Day1 10 -- -- -- 5.7 
(4.0 – 8.0) -- -- 

Day56 10 -- -- -- 6.5 
(5.3 – 8.0) -- -- 

GW8-10 8 -- -- -- 
12 

(8.7 – 16) 
p = 0.005 

-- -- 

GW16-18 8 -- -- -- 
11 

(8.2 – 16) 
p = 0.002 

-- -- 

PP2-4 7 -- -- -- 
11 

(7.8 – 14) 
p = 0.006 

-- -- 

 
a. More than 50% of plasma samples collected from one monkey in the 0.075 mg/kg/day group were below BLQ (0.3 ng/mL), hence, AUC0-τ, CL/F, and 
CLR were not calculated for that monkey for the whole study (i.e. Day1, n=10; Day56, n=10; GW8-10, n=8; GW16-18, n=8; PP2-4, n=6) 
b. For the 0.075 mg/kg/day group, CLcreatinine was measured in n=7 monkeys at GW8-10 and n=8 monkeys at GW16-18 
c. For the 0.075 mg/kg/day group CLR/CLcreatinine ratio was calculated only when both values were availbale (i.e.  Day1, n=10; Day56, n=10; GW8-10, 
n=6; GW16-18, n=7; PP2-4, n=6) 
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Table 3.2. Sensitivity analyses to illustrate the effect of altering individual TK parameters on steady state (after the 50th dose) 
maternal-fetal DA disposition. Simulations were performed by changing only one parameter as listed in the first column within the 
range described for New k and New CL, while keeping the other parameters at their initial values. Initial values were as described in 
materials and methods: ka = 0.07 h-1, ke = 2.76 h-1 (CLe,maternal = 1.66 L/h), kmf = 0.17 h-1 (CLmf = 0.1 L/h), kfm = 1.7 h-1 (CLfm = 0.1 
L/h), ke, amniotic fluid = 0.25 h-1 (CLe, fetal = 0.015 L/h) and ka, amniotic fluid = 0.07 h-1. Greater than 30% changes in the simulated AUC0-τ, 
terminal half-life (t1/2), and fetal-to-maternal (F/M) AUC0-τ ratio with altered individual TK parameters compared to initial condition 
are bolded. 
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Altered 
TK parameter 

New k 
(h-1) 

New CL 
(L/h) 

Maternal  Fetal F/M  
AUC0-τ 
 ratio 

t1/2 

(h) 
AUC0-τ 

(h*ng/mL) 
 t1/2 

(h) 
AUC0-τ 

(h*ng/mL) 
None  

(Initial parameters) -- -- 11 14  12 14 1.0 

ka 

0.007 -- 99 14  99 14 1.0 
0.02 -- 35 14  35 14 1.0 
0.2 -- 11 14  11 14 1.0 
0.7 -- 11 14  11 14 1.0 

ke 

0.3 0.18 13 130  13 130 1.0 
1.0 0.6 12 37  12 37 1.0 
8.0 4.8 11 4.7  11 4.7 1.0 
25 15 10 1.5  11 1.5 1.0 

kmf 

0.017 0.01 10 14  11 1.4 0.1 
0.051 0.03 11 14  11 4.1 0.3 
0.51 0.3 12 14  12 41 3.0 
1.7 1.0 12 14  12 140 10 

kfm 

0.17 0.01 28 14  28 140 10 
0.51 0.03 16 14  16 45 3.3 
5.1 0.3 10 14  10 4.5 0.3 
17 1.0 10 14  10 1.4 0.1 

ke, amniotic fluid 

0.025 0.0015 10 14  10 14 1.0 
0.08 0.0048 10 14  10 14 1.0 
0.8 0.048 15 14  15 14 1.0 
2.5 0.15 26 14  26 14 1.0 

ka, amniotic fluid 

0.0 -- 10 13  10 12 0.9 
0.007 -- 115 14  115 14 1.0 
0.02 -- 40 14  40 14 1.0 
0.2 -- 10 14  10 14 1.0 
0.7 -- 10 14  10 14 1.0 
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Figure 3.1. Toxicokinetic study design 
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Figure 3.2. Toxicokinetic parameters of DA measured in individual animals before (Day 
56), during (GW8-10 and GW16-18) and after (PP2-4) pregnancy. Panel (a, b) AUC0-τ, panel 
(c, d) oral clearance (CL/F), panel (e, f) renal clearance (CLR), and panel (g, h) creatinine 
clearance (CLcreatinine). Each open circle represents the observed value in an individual monkey 
and the values observed in each monkey over the course of the study are linked with lines. (* p 
<0.017, ** p <0.003, *** p <0.001). Black symbols are for the 0.075 mg/kg group and red 
symbols are for the 0.15 mg/kg group.  
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Figure 3.3. Maternal-fetal disposition of DA at delivery. Paired maternal plasma, infant 
plasma, and amniotic fluid DA concentrations of (a) 0.075 mg/kg/day group and (b) 0.15 
mg/kg/day group. Open circles represent concentrations measured in each individual animal, and 
data for each maternal-infant pair are linked with lines. Data presented as (*) represents samples 
where DA was detected but concentrations were less than LOQ. Mean and range of 
concentrations in the maternal, infant and amniotic fluid samples are listed on the graph above 
corresponding datapoints. Panel (c) shows the correlation between maternal and infant plasma 
DA concentrations and panel (d) shows the correlation between amniotic fluid and infant plasma 
DA concentrations. Open black circles and red circles represent data from the 0.075 mg/kg/day 
and 0.15 mg/kg/day groups, respectively. Panel (e) shows the infant-to-maternal plasma DA 
concentration ratios and panel (f) shows the amniotic fluid-to-infant plasma DA concentration 
ratios with the mean values and range of ratios listed next to each dataset. The correlation 
between infant-to-maternal plasma concentration ratio and maternal plasma DA concentration is 
shown in panel (g) while panel (h) shows the correlation between the infant-to-maternal plasma 
concentration ratio and infant plasma DA concentration at delivery. Open black circles and red 
circles represent data from the 0.075 mg/kg/day and 0.15 mg/kg/day groups, respectively. The 
mean values and ranges of maternal and fetal DA concentrations at delivery indicated with # 
were reported previously165  
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Figure 3.4. Structure and parameters of the final DA maternal-fetal TK model. The two 
CLe, maternal values used in the model were assigned based on the observed oral clearance values 
in the two different DA dose groups at GW16-18. 
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Figure 3.5. Simulated steady-state (after the 50th dose) maternal-fetal disposition of DA 
overlaid with observed maternal and infant plasma concentrations at delivery. (a) 
Simulated fetal-to-maternal plasma concentration ratio over time under the initial parameter 
values (ka = 0.07 h-1, ke = 2.76 h-1 (CLe,maternal = 1.66 L/h), kmf = 0.17 h-1 (CLmf = 0.1 L/h), kfm = 
1.7 h-1 (CLfm = 0.1 L/h), ke, amniotic fluid = 0.25 h-1 (CLe, fetal = 0.015 L/h) and ka, amniotic fluid = 0.07 h-

1),  and with decreased kmf, increase kfm, or increased ke,amniotic fluid as described for the sensitivity 
analyses. The simulated fetal-to-maternal ratios are overlaid with observed infant-to-maternal 
ratios from individual monkeys at delivery. (b) Simulated (using the final model) maternal 
plasma concentration-time profiles overlaid with observed maternal concentration-time profiles 
from individual monkeys at GW16-18. (c) Simulated maternal and fetal plasma concentration 
profiles overlaid with observed maternal and infant concentrations at delivery. (d) Simulated 
fetal-to-maternal plasma concentration ratio using the final kinetic model (kmf = 0.01 h-1 (CLmf = 
0.006 L/h), kfm = 0.3 h-1 (CLfm = 0.018 L/h), ke, amniotic fluid = 1 h-1 (CLe, fetal = 0.06 L/h), and initial 
values for ka, ke, and ke, amniotic fluid) overlaid with observed infant-to-maternal ratios from 
individual monkeys at delivery. 
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Figure 3.6. Sensitivity analyses to illustrate the effect of altering ka, amniotic fluid and ke, amniotic 

fluid on steady-state maternal and fetal plasma concentration time profiles up to 200 h post 
last (the 50th) dose. Simulated maternal and fetal plasma concentration time profiles with (a) in 
the absence of ka, amniotic fluid, (b-e) altering ka, amniotic fluid values ranging from 0.007 to 0.7 h-1, (f-j) 
altering ke, amniotic fluid values ranging from 0.007 to 0.7 h-1. Simulations were performed by 
changing either ka, amniotic fluid or ke, amniotic fluid while keeping the other parameters at their initial 
values (ka = 0.07 h-1, ke = 2.76 h-1 (CLe,maternal = 1.66 L/h), kmf = 0.17 h-1 (CLmf = 0.1 L/h), kfm = 
1.7 h-1 (CLfm = 0.1 L/h), ke, amniotic fluid = 0.25 h-1 (CLe, fetal = 0.015 L/h) and ka, amniotic fluid = 0.07 h-

1). 
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4.1 ABSTRACT 

Oxycodone is an opioid analgesic that is commonly prescribed to pregnant women to treat 

moderate to severe pain. It has been shown to cross the placenta and distribute to the fetus. 

Oxycodone is mainly metabolized by CYP3A4 in adult liver. Since CYP3A7 is abundantly 

expressed in the fetal liver and has overlapping substrate specificity with CYP3A4, we 

hypothesized that the fetal liver may significantly limit fetal exposure to oxycodone. This study 

showed that oxycodone is metabolized by CYP3A7 to noroxycodone in fetal liver microsomes 

(FLMs). The measured CYP3A7 expression was 191 – 409 pmol/mg protein in 14 FLMs and an 

intersystem extrapolation factor (ISEF) for CYP3A7 was 0.016-0.066 in the panel of fetal livers 

using 6β-OH-testosterone formation as the probe reaction. Noroxycodone formation in the fetal 

liver was predicted from formation rate by recombinant CYP3A7, CYP3A7 expression level and 

the established ISEF value with average fold error of 1.25. Based on the intrinsic clearance of 

oxycodone measured in FLM, the fetal hepatic clearance (CLh) at term was predicted to be 495 

(range: 66.4 – 936) µL/min, a value that is > 99% lower than the predicted adult liver CLh. The 

predicted fetal hepatic extraction ratio was 0.0019 (range: 0.00003 – 0.0036). These results 

suggest that fetal liver metabolism does not quantitatively contribute to the total systemic 

clearance of oxycodone in pregnant women nor does it provide a barrier for limiting fetal 

exposure to oxycodone. Additionally, since CYP3A7 forms noroxycodone, an inactive 

metabolite, the metabolism in the fetal liver is unlikely to affect fetal opioid activity. 

4.2 INTRODUCTION 

The use of opioid analgesics close to term is associated with neonatal opioid withdrawal 

syndrome (NOWS)180–182 and developmental delay in children exposed prenatally.84,183 In the 
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United States, there has been a significant increase in the rate of opioid use during pregnancy,184 

and the incidence of NOWS increased from 1.2 per 1000 births in year 2000 to 5.8 per 1000 

births in 2012.185 Yet, large scale epidemiological studies have not established a relationship 

between maternal opioid dose during pregnancy and associated fetal outcomes.186,187 While many 

reasons contribute to the lack of correlation, poor knowledge of the maternal-fetal disposition of 

opioid analgesics likely impacts the analysis. For example, it has been shown that 

norbuprenorphine interacts with P-glycoprotein,188 an efflux transporter that is expressed in the 

placenta potentially limiting fetal norbuprenorphine exposure. Similarly, fetal metabolism has 

been observed for morphine,55 codeine,52 and dextromethorphan,52,53 potentially decreasing fetal 

exposure to these drugs. Fetal metabolism can also result in formation of active metabolites. For 

example, in nonhuman primates, morphine-6-glucuronide, an active metabolite of morphine, is 

formed in the fetus.49 The increased fetal exposure to an active metabolite formed locally in the 

fetus adds complexity to the maternal-fetal disposition and fetal pharmacological responses to 

opioids. 

 Oxycodone is an opioid commonly prescribed during pregnancy to treat moderate to 

severe pain.106,182 Oxycodone concentrations in the umbilical cord are similar to those in 

maternal plasma following intravenous or subcutaneous doses of oxycodone given during early 

stages of labor,108,109 demonstrating that oxycodone crosses the placenta and distributes to the 

fetus. Despite the common usage of oxycodone during pregnancy, knowledge of the mechanisms 

of maternal-fetal disposition of oxycodone is limited, and whether the fetal liver or the placenta 

limits exposure of the fetus to oxycodone or its metabolites is not known. In adults, oxycodone is 

extensively metabolized by CYP3A4 to form noroxycodone (fraction metabolized (fm): 0.4 – 

0.5), an inactive metabolite, and by CYP2D6 to form oxymorphone (fm: 0.1 – 0.2), an active 
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metabolite.110,111 Although CYP3A4 and CYP2D6 expression in the fetal liver is very low,38,61 

CYP3A7 is abundantly expressed in the fetal liver38,61,189 and has been shown to metabolize 

many CYP3A4 substrates including midazolam, clarithromycin, carbamazepine, and 

alfentanil.59,112,190 In addition, the CYP3A4-mediated metabolic reactions of  norcodeine 

formation from codeine52 and 3-methoxymorphinan formation from dextromethorphan52,53 in the 

adult liver were also observed in fetal liver microsomes (FLM) presumably mediated by 

CYP3A7. Based on these data of significant xenobiotic metabolic activities of CYP3A7 and 

FLM in metabolizing opioids that are CYP3A4 substrates, we hypothesized that CYP3A7 

metabolizes oxycodone and that the fetal liver metabolism decreases the fetal exposure to 

oxycodone. The goal of this study was to define the fetal liver metabolism of oxycodone and 

predict the quantitative importance of fetal liver metabolism of oxycodone. 

4.3 MATERIALS AND METHODS 

4.3.1 Fetal liver microsomes (FLM), adult human liver microsomes (HLM), and recombinant 

cytochrome P450 enzymes (CYPs) 

Previously collected57 banked fetal livers from 18 individuals (9 males, 7 females and 2 

unidentified sex) were used. All tissues were from healthy pregnancies with no known maternal 

drug use and with previously published donor characteristics.57 Tissue collection was approved 

by the Institutional Review Board (IRB) of the University of Washington and was conducted 

according to the guidance of the Office of Human Research Protections (OHRP). The estimated 

gestational age at the time of  fetal liver collection ranged from 85 to 137 days.57 To prepare 

FLM, approximately 100 mg of fetal liver was homogenized in 0.5 mL 10 mM phosphate buffer 

(pH 7.4) with 250 mM sucrose and 0.2 mM phenylmethylsulfonyl fluoride (PMSF) using an 

Omni Bead Ruptor 24 (Kennesaw, GA) at <4°C. The homogenates were centrifuged at 10,000g 
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for 20 min at 4°C and the supernatants were centrifuged at 100,000g on the Sorvall Discovery 

M150SE ultracentrifuge (Waltham, MA) for 1 h at 4°C to collect microsomes. The microsomal 

pellets were reconstituted and stored at -80°C until experiments. Pooled FLM were prepared by 

pooling 14 individual FLMs. Human liver microsomes pooled from 50 donors were purchased 

from Sekisui Xenotech, LLC (Kansas City, KS). Membrane preparations of recombinant 

CYP2D6, CYP3A4, CYP3A5, and CYP3A7 coexpressed with P450 reductase and cytochrome 

b5 were purchased from Corning Life Sciences (Corning, NY). Recombinant, purified CYP3A7 

expressed in E. coli and used as a calibration standard for CYP3A7 quantification in FLM was a 

gift from Emily E. Scott, University of Michigan. 

4.3.2 Quantification of CYP3A7 protein in FLM by HPLC-MS/MS 

The CYP3A7 protein contents of the pooled FLM and 14 individual FLMs were 

quantified using a previously published HPLC-MS/MS method.56 Briefly, FLMs were diluted to 

1 mg/mL using 100 mM ammonium bicarbonate buffer, 20 µg of protein (20 µL) was denatured 

and reduced with the addition of 4 µL of 100 mM dithiothreitol, 10 µL of 2.6% w/v sodium 

deoxycholate, and 10 µL of 100 mM ammonium bicarbonate buffer, and the mixture was 

incubated at 95°C for 5 min. The denatured protein was alkylated under yellow light using 4 µL 

of 200 mM iodoacetamide at room temperature for 20 min. Thereafter, 0.4 µg of trypsin (1:50) 

was added to digest microsomal protein at 37°C for 20 h. The digestion time was adapted from a 

previously published method56 and confirmed to result in stable digestion from pooled FLM with 

no change in signal intensity between 20 and 24 h in a digestion time-course from 4 to 24 h. The 

digestion was stopped by the addition of 30 µL 50% aqueous acetonitrile containing 0.1% formic 

acid and 15 nM [13C6 15N2]-lysine labelled peptide as an internal standard. The samples were 

centrifuged at 20,000g for 45 min. Calibration standards were prepared by spiking a known 
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amount of purified soluble CYP3A7 protein (expressed in E. coli) to pooled HLM (confirmed to 

lack detectable CYP3A7 expression). Seven calibration concentrations at 40 – 800 pmol/mg 

protein and three quality control samples (QCs) along with blank controls were included in each 

assay. The experiment was performed in singlet on three different days, and the protein 

concentration of each FLM is reported as the arithmetic mean and the standard deviation of the 

data from three different days. 

Target peptide (FNPLDPFVLSIK) concentrations were measured using an AB Sciex 

Triple Quad™ 5500+ QTRAP mass spectrometer (Foster City, CA) equipped with an Agilent 

1290 UHPLC (Santa Clara, CA) and a Phenomenex Aeris™ PEPTIDE XB-C18 LC column (1.7 

µm, 50 x 2.1 mm) with a Phenomenex SecurityGuard™ C18-Peptide cartridge (sub-2 µm, 2.1 

mm) (Torrance, CA). A 16-min gradient was employed using (A) water containing 0.1% formic 

acid and (B) acetonitrile containing 0.1% formic acid at a flow rate of 0.4 mL/min. The target 

peptide and its labelled internal standard were detected by electrospray ionization operated in 

positive ion mode and two product ions were monitored (m/z 695>918 and 695>565; and m/z 

699>927 and 699>569 for target and heavy labeled peptide, respectively) to confirm the analytes 

and the most sensitive product ion was used for quantification (m/z 695 > 565 and m/z 699 > 569 

for target and heavy labeled peptide, respectively). The lower limit of quantification (LLOQ) for 

CYP3A7 was 20 pmol/mg protein. 

4.3.3 In vitro incubations 

All incubation experiments were done in potassium phosphate buffer (pH 7.4) at 37°C 

and were initiated by addition of NADPH and included no NADPH controls. Incubations were 

conducted in duplicates on three different days except for four individual FLMs for which the 

oxycodone incubations were done in duplicates on two different days due to limited availability 
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of the fetal liver. Incubations were quenched by addition of two parts of ice-cold methanol 

containing noroxycodone-d3 and oxymorphone-d3 as internal standards, vortexed and centrifuged 

at 16,100g, and supernatants were stored at -20°C until HPLC-MS/MS analysis. Oxycodone, 

noroxycodone, oxymorphone, noroxycodone-d3 and oxymorphone-d3 were purchased from 

Millipore Sigma (St Louis, MO). 

Noroxycodone and oxymorphone formation kinetics was characterized in recombinant 

CYP microsomes, pooled HLM, and pooled FLM. Under conditions of protein and time 

linearity, oxycodone (1, 2, 5, 15, 30 µM) was incubated with recombinant CYP2D6 (5 

pmol/mL), CYP3A4 (1 pmol/mL), CYP3A5 (5 pmol/mL), CYP3A7 (5 pmol/mL), pooled HLM 

(0.05 mg/mL), or pooled FLM (0.1 mg/mL) for 15 min. Additionally, 6β-OH-testosterone 

formation kinetics was characterized in recombinant CYP3A7 and pooled FLM. Testosterone (5, 

10, 15 µM) was incubated with recombinant CYP3A7 (10 pmol/mL) and pooled FLM (0.2 

mg/mL) for 15 min. To further evaluate the intrinsic capacity and interindividual variability of 

the fetal liver metabolism of oxycodone, noroxycodone and oxymorphone formation was 

measured in FLM from 18 individual fetal livers. Oxycodone (5 µM) was incubated in FLM (0.2 

mg/mL) for 30 min. The percent contribution of CYP3A to metabolite formation in FLMs and 

HLM was determined in incubations with 1 µM of ketoconazole to inhibit CYP3A activity. To 

measure CYP3A activity in each FLMs (n=18), 6β-OH-testosterone formation from 35 µM 

testosterone was measured.  

4.3.4 HPLC-MS/MS analysis 

Metabolite concentrations were measured using an AB Sciex 6500 qTrap Q-LIT mass 

spectrometer (Foster City, CA) equipped with a Shimadzu UPLC XR DGU-20A5 (Columbia, 

MD) and a Kinetex® EVO C18 LC column (2.6 µm, 100 x 2.1 mm) with a Phenomenex 
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SecurityGuard™ EVO-C18 cartridge (sub-2 µm, 2.1 mm) (Torrance, CA). For noroxycodone 

and oxymorphone analysis, a 10-min gradient elution (0.35 mL/min) with (A) 20 mM 

ammonium formate and (B) 50:50 v/v acetonitrile and methanol starting at 0% (B) for 1 min, 

increased to 25% (B) over 2 min, kept at 25% (B) for 1.5 min, increased to 100% (B) over 0.5 

min and kept at 100% (B) for 0.5 min before returning to initial conditions over 0.5 min was 

used. An 8-min gradient using the same mobile phases (flow 0.3 mL/min) was used for 6β-OH-

testosterone analysis. The gradient was from 5% (B) for 1 min, increased to 100% (B) over 3 

min and kept at 100% (B) for 0.5 min, returning to initial conditions over 0.1 min. The analytes 

were detected by positive ion electrospray ionization. Three product ions were monitored to 

confirm the identity of analytes, and the most sensitive product ion was used to quantify each 

analyte (noroxycodone m/z 302 > 187, oxymorphone m/z 302 > 227, 6β-OH-testosterone m/z 

305 > 269). Calibration standards were prepared in phosphate buffer. For oxycodone and 

oxymorphone (calibration range 1 – 300nM), the LLOQ were 1 nM. QCs (3, 30, 150 and 240 

nM) were included in every run and the intraday and interday precision and accuracy were 

within 10% for both analytes throughout. For 6β-OH-testosterone (calibration range 1 – 300 

nM), LLOQ was 10 nM. QCs (16, 130 and 230 nM) included in every LC-MS/MS run and the 

intraday and interday precision were within 15% and accuracy within 10% throughout. 

4.3.5 Data analysis 

The metabolite formation rates were normalized to either pmol CYP or mg microsomal 

protein. Straight lines were fitted to the noroxycodone formation rate over oxycodone 

concentration to estimate the intrinsic clearances (CLint)191 of noroxycodone formation by 

CYP3A4, CYP3A7, pooled HLM, and pooled FLM. Similarly, straight lines were fitted to the 

6β-OH-testosterone formation rate over testosterone concentration to estimate the CLint of 6β-
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OH-testosterone formation by CYP3A7 and pooled FLM (CLint,FLM). The Michaelis-Menten 

equation was fitted to the oxymorphone formation rate over oxycodone concentration data to 

estimate the kcat, Km, and CLint of oxymorphone formation by CYP2D6. All results are reported 

as the arithmetic means and standard deviations of data from three different days. The 

intersystem extrapolation factor (ISEF) for CYP3A7 for 6β-OH-testosterone formation was 

calculated using equation 1: 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝐹𝐹𝐹𝐹𝐹𝐹
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝐶𝐶𝐶𝐶𝐶𝐶3𝐴𝐴7×𝐶𝐶𝐶𝐶𝐶𝐶3𝐴𝐴7 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

    (1) 

where CYP3A7 abundance is the measured CYP3A7 expression in the pooled FLM. The 

calculated ISEF was applied to predict the CLint of noroxycodone formation in pooled FLM from 

the CLint of noroxycodone formation in recombinant CYP3A7 by multiplying the CLint of 

CYP3A7 with the CYP3A7 expression (pmol CYP/mg protein) and the calculated ISEF. The 

CLint,FLM of noroxycodone formation were predicted similarly for each individual FLM using the 

ISEF value calculated from the 6β-OH-testosterone formation in each respective FLM. 

The CLint,FLM in 16 livers (two FLMs showed no noroxycodone formation) was 

calculated as the noroxycodone formation rate divided by the oxycodone concentration. The 

CLint,FLM of 6β-OH-testosterone formation was calculated as the formation rate divided by the 

testosterone concentration. The formation rate, intrinsic clearance, and ketoconazole % inhibition 

were reported as the arithmetic means of data from three different days or as the average of two 

days when limited data was available. The differences between the mean noroxycodone 

formation rate in the presence and absence of ketoconazole for individual FLMs were tested 

using the paired t-test. Correlation between the mean CLint,FLM of noroxycodone formation and 

the mean CLint,FLM of 6β-OH-testosterone formation or the mean CYP3A7 expression in each 

FLM were tested by linear regression.  
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All calculations were performed using Microsoft Excel for Microsoft 365 (Redmond, 

WA). Graphical presentation of results and statistical analysis were done using GraphPad Prism 

version 8 (San Diego, CA). 

4.3.6 In vitro-to-in vivo extrapolation (IVIVE) 

Fetal hepatic clearance (CLh) and extraction ratio (ER) of oxycodone were first predicted 

for each of the 16 donor livers that showed noroxycodone formation. To do this, the unbound 

intrinsic clearance for the fetal liver (CLint,u) was calculated from  CLint,FLM, the microsomal 

protein per gram of liver (MPPGL) yield, and the estimated fetal liver weight using equation 2: 

𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑢𝑢 =  𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝐹𝐹𝐹𝐹𝐹𝐹 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡    (2) 

The measured MPPGL was 8 – 33 mg/g. The liver weight was calculated using the reported 192 

equation 16.6-2.9*GA+0.143GA2 for fetal liver volume (mL) assuming fetal liver density of 

1g/mL and based on the reported57 gestational age in weeks (GA) in each donor resulting in liver 

weight 2.2-14.2g.  The fetal liver blood flow (Qh) was calculated as QUV + Qfetal_portal_vein – 

Qductus_venosus (resulting range 1.8-4.4 L/h) using the published 192 equations for QUV = 0.647–

0.227*GA+0.0179*GA2 (resulting range 0.5-3.1 L/h), Qductus_venosus = 2.05–0.297*GA + 

0.0116*GA2 (resulting range 0.2-0.7 L/h), and Qfetal_portal_vein = 0.714+0.0489*GA+0.0008*GA2 

(resulting range 1.4-2.0 L/h).  

Fetal CLh was then calculated using equation 3 (the well-stirred model60): 

𝐶𝐶𝐶𝐶ℎ =  
𝑓𝑓𝑢𝑢

𝐵𝐵𝐵𝐵 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟×𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑢𝑢× 𝑄𝑄ℎ
𝑓𝑓𝑢𝑢

𝐵𝐵𝐵𝐵 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟×𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑢𝑢 + 𝑄𝑄ℎ
   (3) 

where fu is the unbound fraction in fetal plasma (same as in adult, fu=0.55) and BP ratio is the 

blood to plasma concentration ratio (same as adult, BP ratio=1.3193). The extraction ratio (ER) by 

the fetal liver was calculated as CLh/Qh.  
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To extrapolate the findings from early gestation to later gestational ages, fetal CLh and 

ER from gestational weeks 12 to 40 were predicted using equations 2 and 3 with the average 

CLint,FLM*MPPGL measured in the 16 individual fetal livers used in equation 2 together with the 

calculated fetal liver weight and blood flows for each GA incorporated into equations 2 and 3. 

The CYP3A7 expression and hence CLint,FLM was assumed to be independent of gestational age 

as CYP3A7 expression has been shown to be relatively constant from early to late gestation 

based on mRNA expression, protein expression, and enzymatic activity data.61,189 The upper and 

lower limits of the CLh and ER from gestational weeks 12 to 40 were predicted using the 

maximum and minimum values obtained for CLint,FLM*MPPGL of the 16 fetal livers.  

Adult hepatic clearance (CLh) and extraction ratio (ER) of oxycodone were also predicted 

using the well stirred model with Qh = 1.5 L/min and incorporating the sum of the pooled HLM 

measured noroyxoconde and oxymorphone CLint‘s multiplied by MPPGL of 39.8 mg/g and liver 

weight of 1,648 g.  

4.4 RESULTS 

Recombinant CYP3A7 metabolized oxycodone to noroxycodone similar to recombinant 

CYP3A4, while no quantifiable noroxycodone formation was observed by CYP3A5 (Figure 

4.1a). With CYP3A4 and CYP3A7, noroxycodone formation was linear from 1 to 30 µM 

oxycodone suggesting that the Km’s of oxycodone with CYP3A4 and CYP3A7 are much greater 

than 30 µM (Figure 4.1b,c). The intrinsic clearance (CLint) of noroxycodone formation by 

CYP3A7 (0.042 ± 0.007 µL/min/pmol CYP) was 89% lower than that by CYP3A4 (0.38 ± 0.07 

µL/min/pmol CYP). No oxymorphone formation was observed with any of the recombinant 

CYP3A enzymes, but recombinant CYP2D6 formed oxymorphone and not noroxycodone 

(Figure 4.1a). The Km of oxycodone with CYP2D6 was estimated to be 14 ± 1.8 µM. The CLint 
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of oxymorphone formation by recombinant CYP2D6 (0.27 ± 0.05 µL/min/pmol CYP) was 29% 

lower than that of noroxycodone formation by recombinant CYP3A4 (Figure 4.1d). Based on 

the recombinant enzyme kinetics, a reported ISEF value for CYP3A4 (ISEF: 0.15),194 and 

reported CYP3A4 expression data in HLM (78 pmol/mg protein),62 noroxycodone formation 

CLint in HLM (CLint,HLM) was predicted to be 4.4 µL/min/mg protein. Since no published ISEF 

value has been reported for CYP3A7, the ISEF value for CYP3A7 was estimated in this study. 

To determine the CYP3A7 ISEF value for FLMs, CYP3A7 protein expression was measured in 

pooled FLM and in 14 individual FLMs. The measured CYP3A7 expression was 359 ± 41 

pmol/mg protein in pooled FLM (Figure 4.2) and ranged from 191 to 409 pmol/mg protein in 

the individual FLMs (mean 326 ± 74). The 6β-OH-testosterone formation CLint was used for 

ISEF value estimation and measured in recombinant CYP3A7 to be 0.072 ± 0.002 µL/min/pmol 

CYP, in pooled FLM to be 1.13 ± 0.21 µL/min/mg protein, and in 14 individual FLMs to be 

between 0.035 and 1.95 (mean 0.77 ± 0.51) µL/min/mg protein. The ISEF value of CYP3A7 was 

calculated to be 0.044 based on the pooled FLM and to range from 0.016 to 0.066 (mean 0.036 ± 

0.016) in the individual FLMs. The calculated ISEF of CYP3A7 was then applied to the mean 

noroxycodone formation CLint by recombinant CYP3A7 multiplied by the CYP3A7 expression 

in pooled FLM, and the CLint,FLM of noroxycodone formation in pooled FLM was predicted to be 

0.66 µL/min/mg protein, 85% lower than the predicted CLint,HLM. The corresponding individual 

FLM ISEF and CYP3A7 expression values were used to predict the CLint,FLM of each individual 

FLM and CLint,FLM were predicted to range from 0.15 to 1.13 (mean 0.50 ± 0.27) µL/min/mg 

protein. Similarly, the oxymorphone formation CLint,HLM was predicted to be 0.44 µL/min/mg 

protein using the reported ISEF of 0.18 for CYP2D6194 and the reported CYP2D6 expression 
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data in HLM (9.1 pmol/mg protein).62 No oxymorphone was predicted to form in FLM based on 

the minimal CYP2D6 expression reported in FLM.36,53,56 

Both noroxycodone and oxymorphone formation were observed in pooled HLM (Figure 

4.1e). The noroxycodone formation was linear from 1 to 30 µM oxycodone while the 

oxymorphone formation was saturated at high oxycodone concentrations consistent with 

observations with recombinant CYP3A4 and CYP2D6 (Figure 4.1f). The CLint,HLM for 

noroxycodone formation in pooled HLM was 5.8 ± 0.4 µL/min/mg protein and the CLint,HLM for 

oxymorphone formation in pooled HLM was 0.47 ± 0.06 µL/min/mg protein (Figure 4.1h) 

which were 1.32-fold and 1.07-fold of the respective CLint,HLM values predicted from 

recombinant CYP3A4 and CYP2D6. In contrast, only noroxycodone and no oxymorphone 

formation was observed in pooled FLM (Figure 4.1g). The CLint,FLM for noroxycodone 

formation in pooled FLM was 0.60 ± 0.07 µL/min/mg protein which was only 9% lower than 

that predicted from recombinant CYP3A7.  

Noroxycodone formation was characterized in 16 individual FLMs. The mean 

noroxycodone formation CLint,FLM in the individual FLMs was 0.53 ± 0.30 (range: 0.064 – 1.0) 

µL/min/mg protein (Figure 4.3a). When FLMs were incubated with ketoconazole, a CYP3A 

inhibitor, noroxycodone formation was decreased by 87 ± 9%, supporting the notion that 

noroxycodone formation in FLMs is primarily, and nearly entirely, mediated by CYP3A. The 

noroxycodone formation CLint,FLM correlated significantly with CYP3A7 expression (p=0.0078) 

and 6β-OH-testosterone formation CLint,FLM (p < 0.0001), a CYP3A probe reaction,195 in the 

individual FLMs (Figure 4.3b,c), demonstrating that oxycodone metabolism in fetal liver is 

predominantly mediated by CYP3A7. The observed CLint.FLM for noroxycodone formation 

correlated significantly with that predicted from recombinant CYP3A7 in the individual FLMs (p 
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< 0.0001) (Figure 4.3d) and the observed CLint were within 83 – 177% (mean 127 ± 24%) of the 

predicted CLint,FLM. 

The fetal hepatic clearance (CLh) and extraction ratio (ER) for oxycodone were predicted 

based on the noroxycodone formation data obtained for each fetal liver tested and the known 

fetal liver size and hepatic blood flow at different gestational stages. The predicted values for 

fetal CLh and ER were 0.020 ± 0.012 (range: 0.002 – 0.044) mL/min and 0.00042 ± 0.00021 

(range: 0.00005 – 0.00081), respectively for the fetal livers from early gestation (85 – 137 days) 

(Figure 4.4a). The predicted fetal liver CLh and ER at term (GA 40 weeks) were 0.496 (range: 

0.066 – 0.936) mL/min and 0.0019 (range: 0.00003 – 0.0036), respectively (Figure 4.4b). In 

comparison, the predicted adult CLh was 154 mL/min, more than 300-fold greater than that of 

the fetus at term, reflecting the substantial difference in the size of adult and fetal livers and the 

higher catalytic activity of CYP3A4 in comparison to CYP3A7. The predicted adult hepatic ER 

was 0.10, more than 50-fold greater than that of the fetal liver. 

4.5 DISCUSSION 

Fetal metabolism of drugs has been extensively studied for more than 60 years,196,197 and 

the anatomical and biochemical functions of the fetal liver have been shown to be different from 

those of the adult liver.196,198 For example, the fetal liver receives a significant fraction of its 

blood supply from the placenta in addition to the portal vein and hepatic artery,33 the morphology 

of the endoplasmic reticulum changes over gestation,196 and the zonation of drug metabolizing 

enzyme expression along the acinus is less apparent than in the adult liver.198 Drug metabolizing 

enzyme expression in the fetal liver is also substantially different from that in the adult liver. It 

has been shown through gene expression analysis,36,53,61 protein quantification,38,56 and 

measurements of enzyme activities38,52,53 that CYP3A7 is the most abundant CYP expressed in 
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the fetal liver while the expression of other CYPs including CYP3A4 and CYP2D6 in the fetal 

liver is minimal.36,38,56,61,189 Additionally, FMO1 and GSTP proteins have been shown to be 

abundantly expressed in the fetal liver at levels comparable to FMO3 and GSTM in adult liver.37 

Of the conjugation enzymes, SULTs and UGTs have been detected in the fetal liver.37 For 

example, UGT2B7, UGT2B15, and UGT2B17 are expressed in the fetal liver but at levels of 

about 10% of the adult liver.37,199 Taken together these findings show that the fetal liver 

possesses its own unique complement of drug metabolizing enzymes and may have different 

metabolic capacity and specificity than the adult liver. 

This study clearly shows that CYP3A7, the most abundantly expressed CYP enzyme in 

the fetal liver,38,61 metabolizes oxycodone. Oxycodone is N-demethylated by CYP3A4 to 

noroxycodone, a major metabolite, and O-demethylated by CYP2D6 to oxymorphone, an active 

metabolite.111 These metabolic pathways of oxycodone by CYP3A4 and CYP2D6 were 

confirmed in this study and CYP3A7 was found to N-demethylate oxycodone similar to 

CYP3A4. This finding is in agreement with the shared substrate specificity between CYP3A4 

and CYP3A7.112 However, in contrast to a previous report,111 no noroxycodone formation by 

CYP3A5 was observed in this study despite the fact that a positive control (testosterone) was 

metabolized by the recombinant CYP3A5 at a rate similar to what has been previously 

observed195 (data not shown). The difference between the studies could be due to different 

expression systems used (i.e. baculovirus-infected insect cells in this study compared to human 

lymphoblastoid cells in the previous study) or the coexpression of reductase with the CYPs used 

in this study. The observation that oxycodone is metabolized by both CYP3A4 and CYP3A7 but 

not by CYP3A5 is somewhat surprising, since CYP3A5 has overlapping substrate specificity 
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with CYP3A4 and CYP3A7,112,200 and the CLint of CYP3A5 is often higher than that of 

CYP3A7.112 

The CYP3A7 protein expression in FLM quantified in this study (191 – 409 pmol/mg 

protein) is consistent with that observed before based on CYP3A7 activity towards metabolizing 

DHEA (201 – 311 pmol/mg protein)38 while higher than that quantified by LC-MS/MS (10 – 160 

pmol/mg protein).56 This discrepancy is likely due to the difference in calibration standards. In 

this study, purified CYP3A7 protein spiked into HLMs was used as a calibration standard while 

surrogate peptide was used in the previous study. To our knowledge, this is the first study to use 

purified CYP3A7 protein to quantify CYP3A7 expression in microsomes. The use of whole 

protein as a standard digested in the HLM matrix will correct for digestion efficacy and 

variability and is less likely to underpredict true protein expression as shown before.201 Although 

CYP2D6 expression was not measured in this study, multiple studies have reported that CYP2D6 

is minimally expressed in the fetal liver.36,53,56 As expected from the CYP3A7 and CYP2D6 

expression patterns, this study showed that noroxycodone was formed in FLM, but oxymorphone 

was not. Similarly, CYP3A7 mediated metabolism has been observed for other opioids in FLM. 

For example, norcodeine formation from codeine, 3-methxymorphinan formation from 

dextromethorphan, and norethylmorphine formation from ethylmorphine have been observed in 

FLM.53,54 On the other hand, CYP2D6 mediated metabolism, such as morphine formation from 

codeine or dextrorphan formation from dextromethorphan has not been observed in FLM when 

tested.52 With the finding of lack of oxymorphone formation by the fetal liver in this study it may 

be concluded that fetal liver metabolism does not increase the risk of fetal exposure to active 

opioid metabolites formed by CYP2D6.  
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All of the data collected in this study support the conclusion that CYP3A7 is the main 

enzyme catalyzing noroxycodone formation from oxycodone in FLMs. This conclusion is 

supported by the nearly complete inhibition of noroxycodone formation in the FLM by 

ketoconazole, a CYP3A7 inhibitor,202 and tight correlations of noroxycodone formation 

clearance with 6β-OH-testosterone formation clearance and CYP3A7 expression in each FLM.195 

Although the role of CYP3A4 and CYP3A5 cannot be ruled out in the above experiments, the 

combination of the observations in this study that show minimal noroxycodone formation 

activity by CYP3A5 and previous studies that show that expression of CYP3A7 in fetal liver is 

more than 100-fold greater than CYP3A461 suggest that CYP3A7 is the main enzyme 

responsible for noroxycodone formation in FLM.  

It has been shown for several CYPs that the activities measured in recombinant CYPs 

cannot be directly scaled to the adult or fetal liver without the consideration of the ISEF or a 

relative activity factor (RAF).62,194 This study is the first to establish an ISEF value to scale 

CYP3A7 activity to FLM enabling predictions of FLM metabolism of variety of drugs based on 

recombinant enzyme data. However, ISEF values can vary between substrates and they are 

sensitive to the lot of enzyme, cytochrome b5 and reductase expression and expression system 62 

and as such may vary between sources or even with gestational age if reductase or b5 expression 

is gestational age dependent. It should be noted that the fetal liver CLh for GA 20-40 weeks 

shown here is based on extrapolation and assuming minimal changes in intrinsic activity of 

CYP3A7 or changes in fu or B/P ratio with gestational age. The fact that these parameters may 

change with gestational age yields some uncertainty to the CLh and ER values predicted beyond 

20 weeks. The ISEF value established here based on 6β-OH-testosterone formation was applied 

to predicting noroxycodone formation CLint,FLM at early gestation fetal liver from activity 
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measured with recombinant CYP3A7. The observed noroxycodone formation CLint,FLM were 83 

– 177% of those predicted suggesting that the CYP3A7 expression is a major contributor to the 

observed variability in noroxycodone formation CLint in FLM. Notably, there was a 4-fold range 

of ISEF values (0.016 – 0.066) calculated for the individual FLMs indicating that intrinsic 

factors such as membrane environment and reductase or b5 expression in the individual livers 

also contribute to the interindividual variability independent of CYP3A7 expression. Without an 

ISEF (i.e. ISEF = 1), the scaled noroxycodone formation CLint in FLM overpredicts the observed 

CLint,FLM of noroxycodone 25-fold. There are examples of drugs commonly used during 

pregnancy that are metabolized by CYP3A7, including midazolam, clarithromycin, alfentanil, 

glyburide, and carbamazepine.56,59,61,112,190 The catalytic activity of CYP3A7 to metabolize these 

drugs has been shown to be up to 26% of that of CYP3A4. The establishment and further 

refinement of an ISEF value for CYP3A7 using several substrates together with the robust 

measurement of CYP3A7 protein expression in FLMs, provides a valuable tool to quantitatively 

predict fetal liver metabolism for these drugs and other CYP3A substrates administered to 

pregnant women without the need to acquire fetal liver tissue.  

The quantitative in vitro-to-in vivo extrapolation (IVIVE) of fetal liver clearance of 

oxycodone suggests that the fetal liver plays a minor role in the maternal-fetal disposition of 

oxycodone. An obvious factor for the insignificant contribution by the fetal liver is that the fetal 

liver weight is less than 10% of that of the adult liver,60 and hence, the fetal liver CLh is 

predicted to be small when compared to the adult CLh as demonstrated previously for retinoic 

acid.57 Another factor is the low intrinsic capacity of the fetal liver to metabolize oxycodone.  

The interindividual variability observed in the CLint of noroxycodone formation in individual 

FLM was considerable (16-fold), consistent with the observed variability in 6β-OH-testosterone 
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formation and CLint of retinoic acid metabolism reported previously.57 However, this 

interindividual variability has a minor impact on the systemic clearance of oxycodone in 

pregnant women, as shown by the predicted ranges of fetal CLh in comparison to the adult CLh. 

Since the fetal liver is acting as a first-pass organ for the fetus that half of the blood coming from 

the placenta passes through the fetal liver before entering the fetal circulation, the fetal hepatic 

ER can be used to predict how well the fetal liver protects the fetus from exposure to 

xenobiotics. The extremely low predicted fetal hepatic ER of oxycodone suggest that the fetal 

liver does not act as a barrier to protect the fetus from exposure to oxycodone that passes through 

the placenta. Similar to the predicted low fetal hepatic ER for oxycodone, the fetal hepatic ERs 

were predicted to be <0.05 for other drugs with available FLM metabolism information including 

codeine,52 dextromethorphan,53 and glyburide.56 These predictions further support the results of 

this study that the fetal liver does not act as a barrier to protect the fetus from exposure to 

xenobiotics. Based on the data obtained in this study a xenobiotic with no protein binding and 

B/P ratio = 1 would need to have an CLint,FLM of at least 45 µL/min/mg protein to have an ER > 

0.3 by the fetal liver that could provide some protection to the fetus from maternal exposures. 

In conclusion, this study demonstrates that CYP3A7 in the fetal liver metabolizes 

oxycodone but the role of the fetal liver is minimal in the maternal-fetal disposition of 

oxycodone. These results complement the clinical and preclinical studies performed to study the 

maternal-fetal disposition of opioids during pregnancy.108,109,203–207 The findings of this study are 

in agreement with previous work showing that the quantitative contribution of fetal hepatic 

clearance to the total body clearance of CYP3A4/7 substrates is predicted to be minimal and the 

fetal liver does not act as a first-pass barrier to protect the fetus. This study also highlights the 

need to quantitatively scale CYP3A7 activity to fetal liver to assess significance of fetal liver 
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metabolism. An ISEF value for CYP3A7 was established together with CYP3A7 expression 

levels in FLMs to provide tools to predict fetal liver metabolism from recombinant enzyme data. 

Altogether, this study suggests that fetal liver is unlikely to generally contribute to the maternal-

fetal disposition of xenobiotics unless the CYP3A7 catalytic activity is significantly greater than 

that of CYP3A4. 
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Figure 4.1. Noroxycodone and oxymorphone formation kinetics in recombinant CYPs, pooled HLM (50 donors), and pooled 
FLM (14 donors). HPLC-MS/MS chromatograms showing noroxycodone (NOR) and oxymorphone (OM) formation from 5 µM 
oxycodone after 15 min incubation with 5 pmol/mL CYP2D6, CYP3A4, CYP3A5, and CYP3A7 are shown in (a). Metabolite 
formation rate as a function of oxycodone concentration for noroxycodone formation by recombinant CYP3A4 (b) and CYP3A7 (c), 
and for oxymorphone formation by recombinant CYP2D6 (d) are shown with CLint or Michaelis-Menten parameters determined for 
the metabolite formation listed in inset. The CLint values were normalized to per pmol of CYP. HPLC-MS/MS chromatograms 
showing NOR and OM formation from 5 µM oxycodone after 15 min incubation with 0.1 mg/mL pooled HLM and 0.1 mg/mL pooled 
FLM are shown in (e). Metabolite formation rate as a function of oxycodone concentration for noroxycodone formation with pooled 
HLM (f) and pooled FLM (g), and for oxymorphone formation pooled HLM (h) are shown with the estimated CLint values for the 
metabolite formation listed in inset. The CLint values were normalized to per mg of microsomal protein. Oxymorphone formation in 
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pooled HLM was not linear but Vmax and Km could not be reliably estimated from 1 to 30 µM oxycodone and CLint of oxymorphone 
formation was estimated using the initial concentration from 1 to 5 µM oxycodone (linear regression shown in inset). Mean and 
standard deviation of intrinsic clearance (CLint), Vmax, and Km reported were calculated from three different experiments conducted 
on separate days.
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Figure 4.2. HPLC-MS/MS chromatograms of CYP3A7 a) pooled FLM, b) HLM spiked with 
20 pmol CYP3A7 per mg microsomal protein (LLOQ), and c) blank HLM matrix control. The 
targeted peptide sequence and the MRM transitions are listed as insets in panel (a). 
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Figure 4.3. Characterization of noroxycodone formation from oxycodone in FLMs. a) 
Noroxycodone formation rate in the absence (filled circles) and presence (open circles) of 1 µM 
of ketoconazole in the individual FLMs (n=16). b) Correlation between noroxycodone formation 
clearance with CYP3A7 protein expression in the individual FLMs (R2: 0.46) with a slope 
significantly different from zero (p-value: 0.0078) (n=14). The mean CYP3A7 expression in the 
FLMs was 326 ± 74 pmol/mg protein. c) Correlation between noroxycodone and 6β-OH-
testosterone formation clearances in the individual FLMs. The mean 6β-OH-testosterone 
CLint,FLM was 0.68 ± 0.54 µL/min/mg protein and the 6β-OH-testosterone CLint, FLM correlated 
with the noroxycodone CLint, FLM (R2: 0.88) with a slope significantly different from zero (p-
value <0.0001) (n=16). d) Correlation between the predicted noroxycodone formation clearance 
using ISEFs calculated for individual FLMs and the measured CYP3A7 expression in individual 
microsomes with the observed noroxycodone formation clearance in the individual FLMs (R2: 
0.84) with a slope significantly different from zero (p-value <0.0001) (n=14). 
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Figure 4.4. Predicted a) fetal hepatic clearance (CLh) and b) fetal liver extraction ratio 
(ER) from gestational week 12 to gestational week 40. The open circles represent the 
predicted fetal CLh and fetal liver ER for each individual donor liver. The solid lines represent 
the CLh and ER extrapolated using the mean estimated fetal liver intrinsic clearance (CLint); the 
dotted lines represent CLh and ER extrapolated using the range of the estimated CLint, in the fetal 
livers tested. 
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Chapter 5.  

Predicting maternal-fetal disposition of fentanyl following intravenous and epidural 

administration using physiologically-based pharmacokinetic modeling 

 

A version of this chapter was submitted as a research article to the Drug Metabolism and 

Disposition. 
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5.1 ABSTRACT 

Fentanyl is an opioid analgesic commonly given to parturient women through epidural or 

intravenous route resulting in fetal exposure to fentanyl. The observed umbilical venous to 

maternal venous (UV/MV) plasma fentanyl concentration ratio following epidural and IV 

injections to parturient women varies with time post-dose and route of administration. Hence, 

single timepoint UV/MV ratio is insufficient to capture the maternal-fetal disposition of fentanyl. 

We hypothesized that the maternal and fetal plasma concentration-time profiles of fentanyl 

following various dosing regimens to parturient women can be predicted by PBPK modeling. A 

maternal-fetal PBPK (mf-PBPK) model with an epidural dosing site was developed for fentanyl. 

Fetal hepatic clearance of fentanyl was predicted from CYP3A7 mediated norfentanyl formation 

in fetal liver microsomes (CLint = 0.20 ± 0.05 µL/min/mg protein). Fetal fentanyl metabolism 

was predicted to have minimal impact on the maternal-fetal disposition of fentanyl. The 

simulations using the verified mf-PBPK model of fentanyl showed that maternal and fetal Cmax-

values are 3 to 42-fold higher following an IV bolus dose in comparison to an epidural bolus 

dose, depending on the sampling site, but Cmax-values following IV and epidural infusion are 

similar in maternal and fetal compartments. The mf-PBPK model successfully simulated 

individual subject maternal and umbilical vein concentrations of fentanyl after epidural infusion 

during delivery with AAFE of 1.45 and 1.68, respectively, demonstrating that mf-PBPK 

modeling can be used successfully to predict fentanyl disposition in pregnant women, 

transplacental distribution, and exposures to the fetus. 
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5.2 INTRODUCTION 

Fentanyl and other opioid analgesics are commonly used together with local anesthetics 

to relieve pain during surgical procedures. Depending on the procedure, fentanyl is typically 

given epidurally or intrathecally for regional anesthesia. Despite the similar plasma 

concentrations observed following epidural and IV infusion,208,209 epidural fentanyl has been 

considered superior for pain relief based on proposed spinal mechanisms suggesting that less 

fentanyl is needed via epidural administration to produce the same analgesic effect when 

compared to IV fentanyl.210,211 However, others have reported that the pain relief of epidural 

fentanyl is mainly mediated through systemic action and that the analgesic effect is the same for 

epidural and IV fentanyl.212 

Fentanyl is often given regionally through epidural and intrathecal injections to parturient 

women during labor and delivery.213 Although undesirable maternal and fetal side effects such as 

hypotension, nausea, and pruritus in the mom213–215 and bradycardia and lower neurologic and 

adaptive capacity score in the newborns214,216 were observed following the use of fentanyl during 

labor and delivery, these effects are considered transient, and the use of fentanyl is generally 

considered safe in parturient women.115,217 Epidural fentanyl was shown to provide superior pain 

relief compared to IV fentanyl in post caesarean-section women,211 and it is commonly believed 

that epidural fentanyl is safer than IV fentanyl for parturient women because fetal exposure is 

believed to be lower following epidural dosing. On the other hand, there is an increasing interest 

in exploring the option to use IV fentanyl during early stages of labor because IV dosing is 

feasible and less invasive in many settings.114 Hence, it is important to compare fetal exposure 

following epidural and IV fentanyl. Fentanyl crosses the placenta and has been detected in the 

umbilical vein (UV) within 30 min of an epidural dose to parturient women.116,218–220 However, 



 109 

the UV to maternal venous (UV/MV) plasma concentration ratios following epidural and IV 

fentanyl dosing have only been reported from single timepoints during labor. Following a single 

epidural dose of fentanyl, the UV/MV ratios were 0.3-3.4 within an hour after dosing.206,218–220 

Following epidural infusion, the UV/MV ratios were 0.6-3.1 at 1-15 h after dosing.116,117,214 

Following IV fentanyl, the UV/MV ratios were 0.3-1.9 within an hour after dosing.221 These data 

demonstrate the variability of UV/MV ratios observed with time of delivery and route of 

administration. 

Fentanyl is a synthetic opioid more potent than morphine.222 It is a lipophilic (logP = 

4.05) weak base (pKa = 8.99)118 that is widely distributed in the body with an estimated steady-

state volume of distribution (Vss) of 4 L/kg.223,224 The elimination of fentanyl is mainly through 

hepatic metabolism mediated by CYP3A4 with less than 5% of IV dose eliminated unchanged in 

urine.119 The pharmacokinetics (PK) of fentanyl following epidural injections in parturient 

women has been reported in multiple studies116,218–220 and the steady-state concentrations (Css) 

following IV and epidural infusion of fentanyl to women after caesarean-section were shown to 

be similar.208 Yet comparisons of fentanyl PK after IV and epidural injections during labor have 

not been reported leaving a gap in the knowledge of maternal-fetal disposition of fentanyl. We 

hypothesized that the maternal-fetal disposition of fentanyl following an epidural or IV dosing to 

parturient women can be predicted using physiologically-based pharmacokinetic (PBPK) 

modeling. To test this hypothesis a maternal-fetal-PBPK (mf-PBPK) model for fentanyl was 

developed with incorporation of a novel epidural dosing site. The goal of this study was to 

predict the fetal concentration-time profile of fentanyl following maternal epidural and IV doses 

and to establish a PK basis to inform future decisions on opioid analgesic dosing during labor 

and delivery. 



 110 

5.3 MATERIALS AND METHODS 

5.3.1 Development of a maternal-fetal physiologically based pharmacokinetic (mf-PBPK) 

model with an epidural dosing site 

A mf-PBPK model was developed in MATLAB and the Simulink platform (R2019b; 

MathWorks, Natick, MA). The structure of the model was modified from a previously published 

mf-PBPK model which includes a 14-compartment maternal PBPK model and a 7-compartment 

fetal PBPK model linked together by a placenta compartment.192 A similar structural model 

without the placenta and fetal PBPK model was used for simulations of drug disposition in 

nonpregnant population (Figure 5.1). Drug distribution to all organs was modeled as perfusion-

limited process except for the clearances to and from the placenta which incorporated potential 

permeability-limited kinetics. Simulated concentrations were sampled from the same site as 

reported in the observed studies. To accomplish this, a previously developed peripheral sampling 

site (arm vein)225 was incorporated into the maternal PBPK model. Additionally, to model the 

maternal-fetal disposition following epidural dosing, an epidural dosing site model was 

developed and incorporated in parallel to the other organ compartments in the maternal PBPK 

model. 

The structure of the epidural dosing site model was developed based on known 

physiology of the human epidural space. The epidural space is located between the ligamentum 

flavum posteriorly and the posterior longitudinal ligament anteriorly surrounding the spinal cord 

outside of the dura mater which is filled mainly with adipose tissue.226–228 The epidural space is 

highly vascularized and receives oxygenated blood from the spinal arteries superiorly from the 

aorta and drains to the internal vertebral venous plexus that empties into the inferior vena 

cava.226,227 An epidural bolus injection is usually given with volume between 4 and 20 mL which 
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creates a sheath of solution surrounding the epidural space upon injection.229 The dose will either 

partition into the epidural adipose tissue or be taken up by the venous system according to the 

direct connection between the epidural space and the venous system.230 Based on the physiology, 

the epidural dosing site was modeled such that the dose is given into the epidural fluid 

surrounding the epidural space. From there, the dose can either passively diffuse to and partition 

into the adipose tissue or passively diffuse to and be taken up by the epidural vein (i.e. internal 

vertebral venous plexus) (Figure 5.1). Distribution to CSF (through the dura mater) was not 

included in the model as most of the volume injected into the epidural space has been shown to 

stay outside of the dura mater,229 and the rate of opioid transfer from the epidural space to the 

CSF has been shown to be significantly slower than that to the epidural adipose tissue and 

venous plasma.231 A sensitivity analysis was also performed to assess whether a direct 

connection between the CSF and the vasculature can be kinetically discerned from plasma 

kinetics. 

The physiological parameters (i.e. organ volumes and blood flows) of the nonpregnant 

model (including the arm sampling site model) were adopted from a previously published PBPK 

model.225 The physiological parameters of the mf-PBPK model to match a pregnant woman at 

term (gestational week 40) were calculated using previously published equations to describe 

physiological changes of pregnant women and fetuses during gestation.73,77 A CYP3A4 induction 

factor of 1.99 was used in the maternal-fetal model based on previous observation that CYP3A4 

expression increased by 1.99-fold during late pregnancy.16 Parameters without published values 

in pregnant women were assigned to be the same as those in the nonpregnant model (Table 5.1). 

For the drugs studied, the transplacental clearances were assumed to be mediated by passive 

processes although active transport could be incorporated in the model if present, and only 
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unbound fraction of the drug was assumed to passively diffuse across the placenta (i.e. 

syncytiotrophoblast monolayer). 

 The physiological parameters for the epidural dosing site were the parameters for the 

lumbar vertebrae region (L1 to L5) since epidural injection is typically given into the lumbar 

section. The volume of the epidural adipose tissue (Vepidural,adipose) in the lumbar region has been 

reported to be around 3.5 mL232 and the blood flow to the epidural space (Qepidural) was calculated 

based on the reported velocity of blood flow in spinal arteries into the lumbar region and the 

diameter of spinal arteries (calculated arterial blood flow = 1.12 L/h).233,234 Since the spinal 

blood drains through the internal vertebral venous plexus (inside the epidural space) and the 

external vertebral venous plexus (outside of epidural space), the Qepidural was assumed to be 50% 

of the arterial blood flow (i.e. 0.56 L/h). The volume of the epidural vein (Vepidural,vein) was 

assumed to be the same as Vepidural,adipose (3.5 mL). The volume of the epidural fluid (Vepidural,fluid) 

was assumed to be the same as the typical epidural injection volume of 10 mL. The clearances 

from the epidural fluid to the epidural adipose tissue and the epidural vein were assumed to be 

mediated by passive processes and only unbound fraction of the drug was assumed to passively 

diffuse across the adipocyte cell membrane and the venous endothelium lining. The 

bioavailability following epidural administration was assumed to be 100% based on the previous 

observations that similar Css was observed following IV and epidural infusions at the same 

dose208,209 (Table 5.1).  

5.3.2 Sensitivity analyses of the epidural dosing site model 

The absorption profile of epidurally dosed drugs including the rate of absorption and the 

fraction of dose sequestered in the epidural adipose tissue have been shown to depend on the 

physicochemical properties (i.e. molecular weight, logP, pKa, etc) of the dosed drug.231,235 
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Hence, sensitivity analyses were performed for the developed epidural dosing site model to 

identify the sensitive physicochemical and physiological parameters. To do this, a hypothetical 

drug X model was developed. Drug X was assumed to be a neutral compound with tissue 

partitioning coefficients (Kp’s), blood-to-plasma (B/P) ratio, and plasma fraction unbound (fu) 

assumed to be 1 unless the parameter was assessed in the sensitivity analysis. The hepatic 

clearance of drug X was assumed to be 45 L/h (ER = 0.5) and the renal clearance of drug X was 

assumed to equal to the GFR (i.e. 7.2 L/h). The bidirectional unbound permeability clearance 

from the epidural fluid to the epidural adipose tissue (CLpd,adipose) of drug X was calculated to be 

0.003 L/h using the estimated surface area of the epidural adipose tissue based on reported 

anatomical dimensions of the epidural fat in the lumbar region (8.6 cm2)236 and an assumed 

permeability (Papp) of 100 × 10-6 cm/s. Since the exact surface area for the epidural venous 

compartment is not well characterized, the bidirectional unbound permeability clearance from 

the epidural fluid to the epidural vein (CLpd,vein) of drug X was assumed to be the same as 

CLpd,adipose (i.e. 0.003 L/h). 

Four sets of three-dimensional local sensitivity analyses were performed by varying two 

parameters at a time to evaluate the impact of covarying parameters on the simulated Cmax and 

tmax following a single epidural bolus dose of 100 µg of drug X. The Cmax and tmax were chosen 

as the measurements of the rate of absorption following epidural administration. The range of 

values explored for each parameter was divided into 25 equal steps and the possible 

combinations of the two varying parameters were simulated (i.e. 25x25 = 625 simulations per 

sensitivity analysis). To identify the sensitive physicochemical parameters that affect drug 

disposition following epidural dose, sensitivity analyses were performed with (1) varying 

CLpd,adipose and CLpd,vein each from 0.00003 to 0.3 L/h (i.e. Papp from 1x10-6 to 1x10-2 cm/s), (2) 
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varying fu from 0.1 to 1 (only in the epidural venous plasma to assess the effect of protein 

binding on the distribution kinetics at the epidural site to avoid the effect on hepatic and renal 

clearances) and Kp,epidural,adipose from 0.01 to 100 (while keeping the Kp of the adipose tissue for 

the rest of the body constant at 1 to avoid the effect on varying Vss). To evaluate the effect of 

epidural blood flow on drug disposition following epidural dose, sensitivity analysis was 

performed with (3) Qepidural from 0.056 to 5.6 L/h (10% to 10-fold of the physiological value of 

0.56 L/h) and CLpd,vein from 0.00003 to 0.3 L/h (same range as (1)). To test whether a direct 

connection between the CSF and the vasculature (i.e. epidural fluid  CSF  spinal vein) can 

be kinetically discerned, additional sensitivity analysis was performed with (4) asymmetrical 

CLpd,vein, in which the CLpd,vein from epidural vein to epidural fluid (CLpd,veintofluid) ranged 

between 10 and 100% of each test value of CLpd,vein from epidural fluid to epidural vein 

(CLpd,fluidtovein). 

5.3.3 Verification of the epidural dosing site model using alfentanil as a model compound 

Since the exact surface areas for the epidural vein are not well characterized to predict the 

CLpd,vein by extrapolation, the CLpd,vein was first optimized and verified using a structurally 

similar compound, alfentanil, as a model compound. Then the CLpd,vein of fentanyl and other 

epidurally administered compounds can be scaled using the optimized CLpd,vein of alfentanil 

using a similar approach as previously described to scale placental passive diffusion clearance.79 

To do this, a PBPK model of alfentanil was developed. The B/P ratio, plasma fu, and Kp’s of 

alfentanil were collected from literature237–239 and the parameter values are listed in Table 5.2. 

Alfentanil is exclusively eliminated through hepatic metabolism mediated by CYP3A4 with only 

1% of the dose excreted unchanged in urine.240 The unbound hepatic intrinsic clearance of 

alfentanil (CLint,u = 185 L/h) was calculated using the hepatic well-stirred model from the 
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averaged total body clearance (average CL = 13.5 L/h) observed following IV dose of alfentanil 

to healthy subjects reported in five studies.241–245 The alfentanil model was verified using the 

plasma concentrations observed in the above five IV studies. Simulations of alfentanil plasma 

concentration-time profiles following IV dose were performed using the nonpregnant PBPK 

model and the same dose and sampling site (arm vein) as in the original studies. One of the five 

studies did not specify the sampling site and comparison was done to the simulated plasma 

concentrations at the arm vein sampling site. 

All observed mean plasma concentrations throughout were digitized using 

WebPlotDigitizer (version 4.3, https://apps.automeris.io/wpd/). The performance of all 

simulations was quantitatively evaluated based on the absolute average fold error (AAFE) 

calculated for each study according to equation 1: 

(1)                                        𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  10
1
𝑛𝑛
∑�𝑙𝑙𝑙𝑙𝑙𝑙10

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 � 

An AAFE of ≤ 2 was considered acceptable for the alfentanil model based on the interstudy 

variability of alfentanil CL observed in the above five IV studies (CV = 17.4%). The 99.998% 

geometric confidence interval of the AUC was calculated as previously described246 to be 48% to 

2.1-fold of the mean. 

After verification of the PBPK model of alfentanil, an epidural dosing model was 

developed for alfentanil. The CLpd,adipose of alfentanil was extrapolated to be 0.01 L/h by 

multiplying the observed Caco-2 permeability of alfentanil at pH 7.4 (Papp = 300 × 10-6 cm/s) and 

the surface area of the epidural adipose tissue estimated based on the reported anatomical 

dimension of the epidural fat in the lumbar region (8.6 cm2).236 The Kp of the epidural adipose 

tissue was assumed to be the same as the rest of the adipose tissue in the body (Kp = 2.1). The fu 

in the epidural fluid was assumed to be 1. The CLpd,vein was optimized from 0.01 L/h (same as 
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CLpd,adipose) to 0.3 L/h and verified using the observed mean plasma concentration-time profiles 

in healthy subjects from two epidural dosing studies of alfentanil247,248 (Table 5.2). Simulations 

of alfentanil plasma concentration-time profiles following epidural dose were performed using 

the nonpregnant PBPK model and the same dose and sampling from the arm vein as in the 

original studies. 

5.3.4 Verification of the epidural dosing site model of fentanyl 

To develop the epidural dosing PBPK model of fentanyl, a previously reported and 

verified PBPK model of fentanyl was adopted (Table 5.2).225 This model was previously verified 

for arterial and venous sampling of fentanyl following IV and buccal administration defining the 

distribution parameters of fentanyl. The B/P ratio, fu in plasma, and Kp’s for different tissues for 

fentanyl were adopted as previously reported. The previous model only considered overall 

plasma CL in each study and it did not define the enzymatic pathways of fentanyl CL. Therefore, 

a hepatic clearance (CLh) of fentanyl was calculated from the average observed plasma clearance 

(CL = 62 L/h) following IV administration of fentanyl to healthy subjects from four 

studies119,223,224,249 and the observed renal clearance (CLr) of 3 L/h.119 The CLint,u was calculated 

from the mean CLh using the hepatic well-stirred model resulting in CLint,u of 1,055 L/h. Of the 

calculated CLint,u, 80% was assumed to be mediated by CYP3A4 based on the result of a drug-

drug interaction study119 (CLint,u,CYP3A4 = 844 L/h) and the remaining 20% was assigned to 

unknown pathways (CLint,u,other = 211 L/h). The modified fentanyl PBPK model was verified 

using the plasma concentrations observed in the above four IV studies. Simulations of fentanyl 

plasma concentration-time profiles following IV dose were performed using the nonpregnant 

PBPK model using the same dose and sampling site as specified in the original studies (three 

studies reported venous concentrations 119,224,249 and one study reported arterial concentrations 
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223). An AAFE was decided based on the interstudy variability of fentanyl CL observed in the 

above mentioned four IV studies (CV = 22.0%). The 99.998% geometric confidence interval of 

the AUC was calculated as previous described246 to be 40% to 2.5-fold of the mean. Therefore, 

an AAFE of ≤ 2 was used as an acceptance criterion for verification of the fentanyl model. 

After verification of the PBPK model of fentanyl following IV dosing, the epidural 

dosing model of fentanyl was developed and verified using the observed plasma concentration-

time profiles following epidural dosing in healthy subjects from two studies.250,251 The Kp of the 

epidural adipose tissue was assumed to be the same as the rest of the adipose tissue in the body. 

The fu in the epidural fluid was assumed to be 1. The CLpd,adipose and CLpd,vein of fentanyl were 

scaled from the observed Caco-2 permeability of fentanyl at pH 7.4 (Papp = 35 × 10-6 cm/s)252 

using alfentanil as a scaler, a similar scaling approach as previously described for placental 

passive diffusion.79 The CLpd,adipose and CLpd,vein of fentanyl for the epidural site were scaled 

using equation 2: 

(2)                                𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑎𝑎𝑎𝑎𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
  

The CLpd,adipose and CLpd,vein of fentanyl were scaled to be 0.0012 and 0.023 L/h, respectively. 

Simulations of fentanyl plasma concentration-time profiles following epidural dose were 

performed using the nonpregnant PBPK model at the same dose and sampling from the artery as 

in the original studies. An AAFE of ≤ 2 was considered acceptable as described above. 

5.3.5 Metabolism of fentanyl by fetal liver microsome (FLM) and recombinant CYP3A7 and 

in vitro-to-in vivo extrapolation (IVIVE) 

Pooled FLM were prepared from 14 individual fetal livers (mixture of males and 

females) previously collected from healthy pregnancies with no known maternal drug use.57 The 

estimated gestational age at the time of tissue collection ranged from 87 to 137 days. Fetal liver 
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microsomes (FLM) were prepared and pooled as previously described (chapter 4) and the 

microsomal pellets stored at -80°C until experiments. Stock solutions of fentanyl, norfentanyl, 

and deuterated norfentanyl-d5 were purchased from Millipore Sigma (St Louis, MO). 

Norfentanyl formation kinetics was characterized in the pooled FLM and recombinant CYP3A7 

supersomes purchased from Corning, Inc. (Corning, NY). All incubations were done in 

potassium phosphate buffer (pH 7.4) at 37°C in a shaking water bath under conditions of protein 

and time linearity. Fentanyl (2, 5, 15, 30 µM) was incubated with pooled FLM (0.2 mg/mL) and 

recombinant CYP3A7 (10 pmol/mL) for 15 minutes after reactions were initiated with 1 mM 

NADPH (or potassium phosphate buffer for no NADPH controls) and quenched by addition of 

four parts of ice-cold acetonitrile containing norfentanyl-d5 as internal standard. Samples were 

vortexed briefly and centrifuged at 16,100 g for 15 min. The supernatants were stored at -20°C 

until HPLC-MS/MS analysis. 

Norfentanyl formation clearance (CLint) by pooled FLM or CYP3A7 was estimated 

through linear regression as described previously (chapter 4). The CLint’s were reported as the 

arithmetic means of data generated on three different days. The CLint,FLM was scaled to the whole 

fetal liver CLint (fCLint) at term through IVIVE by multiplying the CLint,FLM with the measured 

microsomal protein per gram of liver (MPPGL: 17.8 ± 4.2 mg protein/g liver) and the estimated 

fetal liver weight at term (i.e. 129 g)192 to be used in the mf-PBPK model. 

5.3.6 HPLC-MS/MS analysis 

The HPLC-MS/MS method to quantify norfentanyl was modified from a previously 

reported method.253 Briefly, norfentanyl concentrations were measured using an AB Sciex 6500 

qTrap Q-LIT mass spectrometer (Foster City, CA) equipped with an Agilent 1290 Infinity II 

UHPLC (Santa Clara, CA) and a Phenomenex Kinetex® EVO C18 LC column (2.6 µm, 100 x 
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2.1 mm) with a Phenomenex SecurityGuard™ EVO-C18 cartridge (sub-2 µm, 2.1 mm) 

(Torrance, CA). A 7-min gradient was employed using (A) 0.1% formic acid in water and (B) 

0.1% formic acid in acetonitrile at a flow rate of 0.35 mL/min. The analytes were detected by 

positive ion electrospray ionization. A product ion each was monitored and quantified for 

norfentanyl (m/z 233 > 84) and norfentanyl-d5 (m/z 238 > 84). The lower limit of quantitation 

(LLOQ) of norfentanyl was 1 nM. 

5.3.7 Development of the mf-PBPK model of fentanyl 

After verification of the PBPK model with epidural dosing of fentanyl, the mf-PBPK 

model was applied to predict fentanyl disposition in pregnant women and the maternal-fetal 

disposition of fentanyl at term. The Kp’s and B/P ratio of fentanyl were assumed to be the same 

as those verified using the nonpregnant model. The maternal and fetal plasma fu were set as 0.12 

and 0.14, respectively, as reported in a group of 40 parturient women and their newborns.254 The 

maternal hepatic CLint,u of fentanyl was predicted to be 1,891 L/h based on the built-in 1.99 

induction factor for CYP3A4, and the reported calculated CLint for CYP3A4 described in the 

above sections. The fetal CLint,u was scaled from the measured CLint,FLM described above. The 

syncytiotrophoblast metabolism (CLsyncytiotrophoblast) of fentanyl was assumed to be negligible 

(Table 5.2). 

 The unbound transplacental clearance (CLpd,placenta) of fentanyl (CLpd,placenta,fentanyl) was 

scaled using midazolam as the scaler as previously described79 using equation 3: 

(3)    𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  ×  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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The CLpd,placenta,midazolam was previously estimated to be 500 L/h79 and the CLpd,placenta,fentanyl was 

scaled to be 357 L/h using the observed Caco-2 permeability at pH 7.4 of fentanyl (Papp = 35 × 

10-6 cm/s)252 and midazolam (Papp = 49 × 10-6 cm/s).79 

5.3.8 Verification of the mf-PBPK model of fentanyl and simulation of maternal-fetal 

disposition of fentanyl 

The mf-PBPK model of fentanyl was verified by comparing the simulated maternal arm 

venous (MV), umbilical venous (UV) and umbilical arterial (UA) plasma fentanyl concentrations 

with the same dose and sampling site (Figure 5.1) to the respective plasma concentration 

observed in seven PK studies.116,117,206,214,218–220 These studies were performed in parturient 

women at the first two stages of labor administered either a bolus epidural injection or 

continuous infusion of fentanyl. Four out of the seven studies reported maternal venous plasma 

concentrations during labor116,218–220 and all seven studies reported MV, UV and/or UA 

concentrations at delivery. The reported mean maternal plasma concentrations were digitized 

except one study that reported individual plasma concentrations for which mean plasma 

concentrations were calculated from individual data. One of the seven studies reported individual 

MV and UV concentrations at the time of delivery 117 and the reported concentrations were 

digitized. The AAFE was calculated by comparing the simulated and individual observed 

concentrations. For the remaining six studies, the mean delivery time and the mean MV, UV, and 

UA plasma concentrations were reported as numerical values and used as is. The absolute fold 

error was calculated by comparing the simulated concentration at the mean time of delivery with 

the mean observed plasma concentration at delivery. Since the interstudy variability of maternal-

fetal disposition of fentanyl cannot be estimated based on the available data, the same AAFE (≤ 
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2-fold) as the nonpregnant model was adopted as an acceptance criterion for verification of the 

fentanyl mf-PBPK model. 

After verification of the mf-PBPK model of fentanyl, the maternal-fetal disposition of 

fentanyl at term was simulated following a single 100 µg epidural or IV bolus dose and 

following continuous epidural or IV infusion of 20 µg/h of fentanyl for 48 h using the mf-PBPK 

model and plasma fentanyl concentrations were sampled from the maternal artery (MA), MV, 

UV and UA. The absolute concentrations and concentration ratios between epidural and IV dose 

were compared to define the differences in maternal and fetal exposure to fentanyl. 

5.4 RESULTS 

5.4.1 Development of an epidural dosing site model 

A novel epidural dosing site model was developed according to the physiology of the 

epidural space and incorporated into a full PBPK model to simulate drug disposition following 

epidural administration (Figure 5.1). To evaluate the impact of physicochemical properties on 

drug disposition following epidural administration, sensitivity analyses were performed using the 

PBPK model of a hypothetical drug X (Figure 5.2). First, the effect of apparent permeability 

(Papp) of drug X was tested by increasing CLpd,adipose and CLpd,vein.( Figure 5.2a,b) The Cmax of 

drug X increased by 282-fold while the tmax decreased from 10 to 0.2 h when CLpd,vein increased 

from 0.00003 to 0.3 L/h, suggesting that increasing Papp increases the rate of absorption 

following epidural administration and that CLpd,vein is a sensitive parameter in the model. In 

contrast, the Cmax and the tmax of drug X were relatively insensitive to changes in CLpd,adipose. 

Second, the effect of increasing adipose tissue partitioning and increasing plasma fu were tested 

(Figure 5.2c,d). The Cmax and tmax of drug X were insensitive to changes in Kp,adipose (increased 

from 0.01 to 100) and fu (increased from 0.1 to 1), suggesting that sequestration of drug X in the 
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adipose tissue and plasma protein binding have minimal effect on the rate of absorption 

following epidural administration. As such, neither Kp,adipose nor fu are sensitive parameters in the 

model. Third, the effect of decreasing epidural blood flow (Qepidural decreased from 5.6 to 0.056 

L/h) was tested (Figure 5.2e,f). The Cmax of drug X was not affected by decreasing Qepidural when 

CLpd,vein was low (<0.01 L/h, Papp = 3 × 10-4 cm/s), but Cmax was sensitive to Qepidural under high 

CLpd,vein conditions. This suggests that the rate of absorption becomes limited by blood-flow for 

drugs with a high Papp and hence correct parameterization for blood flow is important for high 

permeability compounds. Last, sensitivity analysis was performed to evaluate whether uptake 

through CSF to the venous system is kinetically discernable by introducing asymmetrical 

CLpd,fluidtovein and CLpd,veintofluid (Figure 5.2g,h). The simulations showed that the Cmax and tmax of 

drug X were not affected by the asymmetrical CLpd,vein suggesting that an alternative route of 

drug absorption through the CSF is not kinetically discernable following epidural dosing. 

5.4.2 Verification of the epidural dosing model using alfentanil as the model compound 

The epidural model was optimized and verified using alfentanil as the model drug. The 

final parameters of the alfentanil model are listed in Table 5.2. First, a PBPK model of alfentanil 

was developed to simulate the plasma concentration-time profile of alfentanil following IV 

administration to nonpregnant healthy subjects (Figure 5.3a-c). The simulated venous plasma 

concentration-time profiles captured the observed mean venous alfentanil plasma concentration-

time profiles from five IV studies within the acceptance criterion (AAFE) of 1.20 – 1.98, 

verifying the alfentanil model. Then, the CLpd,vein of alfentanil was optimized to 0.2 L/h based on 

the observed venous plasma concentration-time profile following epidural administration in 

nonpregnant healthy subjects reported in two epidural dosing studies (Figure 5.3d,e). The 

simulated plasma concentration-time profiles using the optimized PBPK model of alfentanil 
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captured the observed mean alfentanil plasma concentration-time profiles following epidural 

dosing acceptably (AAFE: 1.21 – 1.31) verifying the epidural dosing model. 

5.4.3 Development and verification of an epidural dosing model of fentanyl 

After verification of the epidural dosing model of alfentanil, an epidural dosing model of 

fentanyl was developed and verified. First, a previously published225 fentanyl PBPK model was 

adopted and modified with a refined hepatic clearance parameters reflecting the CYP3A4 

intrinsic clearance (Table 5.2). The fentanyl model was verified using the mean venous plasma 

concentrations observed in three studies and the mean arterial plasma concentrations observed in 

one study following IV dosing of fentanyl (Figure 5.4a-c). All simulations met the acceptance 

criterion of AAFE ≤ 2 (AAFE: 1.25 – 1.84) when compared to the observed data verifying the 

fentanyl model. Then, the epidural dosing model of fentanyl was developed using alfentanil as a 

scaler. The simulated plasma concentration-time profiles following epidural administration of 

fentanyl to healthy nonpregnant subjects captured the observed venous plasma concentration 

time-profiles (Figure 5.4d-f) with all AAFEs within the acceptance criteria of ≤ 2 (AAFE: 1.21 

– 1.99) verifying the epidural dosing model of fentanyl in nonpregnant women.  

5.4.4 FLM metabolism of fentanyl and IVIVE to predict fetal hepatic intrinsic clearance 

(CLint) 

Since fentanyl is mainly metabolized by CYP3A4 to norfentanyl in the liver in adults255 

but no fetal hepatic metabolism has been reported for fentanyl, norfentanyl formation was 

measured in FLM and recombinant CYP3A7 to estimate the fetal hepatic metabolism of 

fentanyl. The norfentanyl formation CLint was 0.20 ± 0.05 µL/min/mg protein measured in FLM 

and 0.019 ± 0.001 µL/min/pmol CYP measured with recombinant CYP3A7 (Figure 5.5) 
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suggesting that the fetal liver metabolizes fentanyl. Using the established intersystem 

extrapolation factor (ISEF) of 0.044 for CYP3A7 previously established (chapter 4) and the 

measured CYP3A7 expression in the pooled FLM (359 pmol/mg protein) (chapter 4), the 

norfentanyl formation CLint was predicted to be 0.3 µL/min/mg protein in FLM, 1.5-fold of the 

observed CLint suggesting that CYP3A7 is the main enzyme responsible for norfentanyl 

formation in the fetal liver. The fetal hepatic CLint,u was predicted to be 0.028 L/h through IVIVE 

using the measured norfentanyl formation CLint in FLM and this CLint,u was incorporated to the 

mf-PBPK model of fentanyl (Table 5.2). 

5.4.5 Verification of the mf-PBPK model of fentanyl and simulations of fentanyl disposition 

The developed mf-PBPK model of fentanyl was verified by comparing the simulations to 

the observed mean MV fentanyl plasma concentration-time profiles following epidural doses to 

parturient women in four studies and the observed MV, UV and UA concentrations at delivery 

following epidural doses observed in seven studies. The AAFE for the simulated MV plasma 

concentration-time profiles were 1.34 – 1.91 when compared to the mean observed data (Figure 

5.6a-d). The AAFE for the simulated MV and UV concentrations from a study that reported data 

from individual subjects were 1.45 and 1.68, respectively, when compared to the observed 

individual MV and UV concentrations (Figure 5.6e,f). ). For the remaining six studies, 75% 

(3/4) of simulated maternal plasma concentrations, 67% (4/6) of simulated UV plasma 

concentrations, and 100% (4/4) of simulated UA plasma concentrations at the mean time of 

delivery were within 2-fold of the mean observed concentrations at delivery (Table 5.3) 

verifying the fentanyl mf-PBPK model. 

The verified mf-PBPK model of fentanyl was then used to simulate the maternal (MA 

and MV) and fetal (UV and UA) plasma concentration-time profiles in pregnant women at term 
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following a single IV or epidural bolus dose of 100 µg fentanyl or continuous IV or epidural 

infusion of 20 µg/h of fentanyl. The fentanyl Cmax values in MA, MV, UV, and UA were 42-fold, 

3-fold, 7-fold and 4-fold higher, respectively, after an IV bolus dose in comparison to an equal 

epidural bolus dose (Figure 5.7a-d), suggesting that pregnant woman and fetus are exposed to 

significantly higher maximum fentanyl concentration following an IV bolus dose than after 

epidural bolus despite the similar AUC following IV and epidural dosing. In contrast, the 

simulated plasma concentration-time profiles were similar following IV or epidural infusion 

(Figure 5.7e-h) suggesting that pregnant woman and fetus are exposed to similar fentanyl 

concentrations including similar Cmax concentrations following IV and epidural infusion. 

The time courses of the UV/MA, UV/MV, UA/UV, and UA/MV plasma fentanyl 

concentration ratios were similar when compared between IV and epidural bolus doses 

illustrating similar distribution kinetics to the fetus with different dosing routes. However the 

time courses of the specific concentration ratios were different from one another demonstrating 

that the fetal/maternal plasma concentration ratio is highly dependent on the sampling time and 

sampling sites such as maternal vein or artery and umbilical vein or artery (Figure 5.8). Notably, 

the commonly measured UV/MV ratio was as high as 3.5 in the initial 30 minutes following 

either bolus or epidural dose while the UV/MA ratio was <1 for the same time period illustrating 

the effect of arteriovenous differences on the fetal/maternal plasma concentration ratio. Also, the 

fetal/maternal plasma concentration ratios following a bolus dose and continuous infusion were 

different. The fetal/maternal plasma concentration ratios (i.e. UV/MA, UV/MV, UA/MV) and 

the UV/UA ratios increased to >1 following a bolus dose while those following continuous 

infusion were <1, demonstrating the impact of the maternal and fetal distribution kinetics of 

fentanyl on the fetal/maternal plasma concentration ratios. The UV/MA, UV/MV, and UA/MV 
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were 0.9 at steady state reflecting the differential maternal and fetal plasma fu. The UA/UV was 

1 at steady-state following continuous IV or epidural infusion consistent with the lack of 

significant fetal elimination of fentanyl. 

5.5 DISCUSSION 

In recent years, there has been an increasing interest to use mf-PBPK modeling to study 

maternal-fetal disposition of xenobiotics because of the ethical concerns and challenges in 

conducting clinical studies in pregnant women.256,257 Fentanyl is of particular interest114 because 

it is commonly used to manage pain during labor and delivery and it is a drug of abuse 

sometimes used by pregnant women with opioid addiction. The fetal disposition of fentanyl and 

alternative opioid analgesics is of interest to better predict, prevent and manage fetal side effects 

of opioids. However, information on the fetal disposition of fentanyl is limited to measurements 

of single timepoint UV/MV ratios at delivery. Moreover, the reported UV/MV ratio appears to 

be dependent on the time post-dose which makes it difficult to assess overall fetal exposure and 

the Cmax reached in the fetus from a single timepoint data. Therefore, we used mf-PBPK 

modeling to simulate the maternal and fetal disposition of fentanyl to inform future clinical 

decisions and to establish a modeling and simulations workflow that could be used for other 

drugs administered to pregnant women. 

To simulate the maternal-fetal disposition of fentanyl following epidural dose, an 

epidural PBPK model was first developed. Drug absorption following epidural administration is 

a complex process because of the unique physiology of the epidural space. Drug absorption 

following epidural doses has been reported to be biphasic235,258,259 with a rapid absorption phase 

attributed to direct uptake by the spinal vein and slow absorption phase attributed to the 

sequestration of lipophilic drugs by the epidural adipose tissue.235 The sensitivity analyses using 
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a hypothetical drug X demonstrated that CLpd,vein is the major rate-determining factor of drug 

absorption following epidural injection. Since there is currently no information on the surface 

area of the epidural venous system, the CLpd,vein of fentanyl was defined using a scaler compound 

alfentanil. The observed Caco-2 permeability for alfentanil and fentanyl together with alfentanil 

optimized CLpd,vein were used consistent with a method previously established to predict 

transplacental clearance.79 The optimized CLpd,vein was 20-fold higher than the estimated 

CLpd,adipose scaled based on the surface area of the adipose tissue likely due to larger venous 

surface area and fenestration in the blood vessels227 increasing drug permeability. The scaling 

approach yielded a fentanyl model that successfully simulated fentanyl PK after epidural dosing. 

This suggests that epidural absorption kinetics is directly proportional to drug permeability and 

that this method and the developed epidural dosing model can be used more broadly for other 

drugs and for dosing in non-pregnant individuals to aid in the design of dosing strategies. The 

model can also be coupled with a pharmacodynamic (PD) model to allow PK-PD simulations for 

pain management. 

Fetal liver metabolism of fentanyl has been suggested based on the high CYP3A4 

mediated hepatic CLint,u of fentanyl observed in adults255 and similar substrate specificity of 

CYP3A4 and CYP3A7.112 However, no metabolism of fentanyl by CYP3A7 has been reported to 

support understanding of fetal fentanyl disposition. This study showed that both CYP3A7 and 

pooled FLM metabolize fentanyl to norfentanyl, the major fentanyl metabolite formed by 

CYP3A4 in adults. Fentanyl metabolism in FLM is likely mediated by CYP3A7 based on the 

extrapolation using a measured CYP3A7 expression and established ISEF for CP3A7. However, 

the extrapolated fetal hepatic CLint,u (0.028 L/h) was significantly less than the observed adult 

hepatic CLint,u (1,055 L/h) suggesting that fetal liver is unlikely to quantitatively contribute to the 
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maternal-fetal disposition of fentanyl. Similarly, the fetal hepatic CLint,u is low in comparison to 

fetal hepatic blood flow and transplacental clearance suggesting that fetal liver metabolism does 

not affect fetal drug disposition. The minor role of fetal liver metabolism was also confirmed 

through the simulations using the mf-PBPK model that the UA/UV ratio was unity following 

epidural infusion to steady-state. 

Using the verified mf-PBPK model, this study compared the maternal and fetal 

disposition of fentanyl following epidural or IV dosing. The significantly higher maternal and 

fetal Cmax following an IV bolus in comparison to epidural bolus dose suggests a higher chance 

of pharmacological effects including the risk of undesirable effects (e.g. respiratory depression) 

with IV bolus dose compared to epidural bolus dose of fentanyl. On the other hand, use of IV or 

epidural infusion of fentanyl avoided the high Cmax possibly resulting in slow onset of analgesic 

effect. 

The maternal-fetal disposition simulations illustrate an important concept that the 

umbilical venous and arterial concentrations (commonly collected to reflect fetal exposure) and 

the maternal arterial and venous concentrations following a bolus dose depend on the distribution 

kinetics in the mom, fetus, and across the placenta. The UV/MV ratio is most commonly 

reported to reflect the transplacental transfer from the mom to the fetus. However, 

physiologically the placenta is perfused with maternal arterial blood instead of venous blood and 

hence, the maternal arterial blood concentration is the main driver of the distribution kinetics 

across the placenta (i.e. syncytiotrophoblast monolayer). Depending on the PK properties of the 

drug, the arteriovenous concentration difference in the mom could be large.225 The arteriovenous 

concentration difference of fentanyl was captured by these simulations and is also supported by 

the observed 2-fold higher placental intervillous space plasma fentanyl concentration (maternal 
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side) (2.02 nM) compared with the MV plasma concentration (0.92 nM) at about 30 min post 

epidural bolus dose.206 Hence, the high UV/MV ratio of fentanyl does not reflect a rapid 

transplacental transfer but rather the arteriovenous distribution kinetics in the mother. Using MV 

concentrations as a surrogate of exposure of the fetus may be misleading in early timepoints after 

drug dosing. As illustrated by the UV/MA ratio, the transplacental distribution of fentanyl to the 

fetus is relatively slow taking several hours to reach distribution equilibrium. Notably the 

simulated UV/MA ratios were considerably different than the commonly reported UV/MV 

ratios, in particular during the earlier time points suggesting a systematic error in assessing 

transplacental permeability from UV/MV ratios.  

The UA/UV ratio reflects the distribution (and metabolism) kinetics in the fetus. The UV 

concentration is the concentration on the fetal side of the placenta after the drug crosses the 

placenta and before fetal distribution and metabolism. The UA concentration is the fetal arterial 

concentration after fetal distribution and metabolism. The UA/UV ratio following a bolus dose of 

fentanyl suggested that the fetal distribution of fentanyl is slow as distribution equilibrium was 

not reached until 30 h post-dose. The data presented suggests that to best capture maternal-fetal 

distribution and potential fetal clearance, steady-state concentration ratios should be measured.  

In conclusion, our study demonstrates that maternal-fetal disposition of drugs can be 

predicted using mf-PBPK modeling and this tool can be further explored to study maternal-fetal 

disposition of other drugs that are difficult to study in the clinic. The simulations using the mf-

PBPK model illustrate that the fetal/maternal plasma concentration ratio is significantly impacted 

by maternal, fetal, and transplacental distribution kinetics after a bolus dose. The fetal 

distribution of fentanyl is relatively slow and the maternal and fetal exposures are similar 

following IV or epidural infusion while the Cmax is significantly higher following an IV bolus 
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dose compared to an epidural bolus dose. This study provides PK insights to better understand 

maternal-fetal disposition kinetics of fentanyl and provide a PK basis to make future clinical 

decisions on fentanyl dosing to parturient women. 
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Table 5.1 Physiological parameters of the PBPK models with epidural dosing site. (GW = 
gestational week) 
 

 Nonpregnant Modela  Maternal Modelb 
(GW 40)  Fetal Modelb 

(GW 40) 
 Volume 

(L) 
Blood flow 

(L/h)  Volume 
(L) 

Blood flow 
(L/h)  Volume 

(L) 
Blood flow 

(L/h) 
Adipose 15 16.2  22.6 24.4  -- -- 

Bone 10 13.1  10 13.1  -- -- 
Brain 1.4 35.6  1.4 35.6  0.375 13.28 

Gut 1.2 46.8  1.2 46.8  0.1 3.95 
Heart 0.33 12.5  0.33 12.5  -- -- 

Kidney 0.31 60  0.31 64.7  0.031 4.16 
Liver 1.8 90  1.8 90  0.129 16.42 
Lung 0.53 308  0.53 391  -- -- 

Pancreas 0.098 3.1  0.098 3.1  -- -- 
Skin 2.6 18.1  2.6 18.1  -- -- 

Muscle 28 57.3  28.17 57.3    
Spleen 0.18 6.2  0.18 6.2  -- -- 
Blood 5 --  5.64 --  0.42 -- 

Rest of body -- --  -- --  2.384 47.41 
Arm adipose 0.0338 0.0709  0.0338 0.0709  -- -- 
Arm muscle 0.268 0.29  0.268 0.29  -- -- 

Arm skin 0.0363 0.218  0.0363 0.218  -- -- 
Arm anastomoses -- 0.06432  -- 0.06432  -- -- 
Epidural adipose 0.0035 --  0.0035 --  -- -- 

Epidural fluid 0.01 --  0.01 --  -- -- 
Epidural vein 0.0035 0.56  0.0035 0.297  -- -- 

Placenta -- --  0.659 49.1  0.151 20.21 
Ductus venosus -- --  -- --  -- 8.73 

Syncytiotrophoblast -- --  0.08 --  -- -- 
Amniotic fluid -- --  0.758 --  -- -- 

a. Physiological parameters used in the nonpregnant PBPK model with arm sampling site model for a 66.8 kg nonpregnant individual 
were adopted from Huang and Isoherranen, 2020.225 

b. Physiological parameters used in the maternal-fetal PBPK model for a 75.2 kg pregnant woman and a 3.44 kg fetus were calculated 
from equations published in Abduljalil et al., 2012 and Zhang et al, 2017.73,77 
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Table 5.2 Physicochemical and pharmacokinetic parameters of alfentanil and fentanyl used 
in the PBPK models. 
 

Parameter Alfentanil  Fentanyla 
Physicochemical propertiesb   

MW (g/mol) 416.52 336.47 
logP 2.16 4.05 
pKa 6.5 8.99 

B/P Ratio 0.55 1 
fu,plasmac 0.1 0.16 

fu,epiduralfluid 1 1 
fu,syncytiotrophoblast -- 1 

fu,amnioticfluid -- 1 
Tissue partitioning coefficient (Kp)d   

Adipose 2.1 26.7 
Bone 0.1 1 

Brain 0.13 3.5 
Gut 2.12 8.4 

Heart 0.55 4.5 
Kidney 0.82 12.1 

Liver 1 3.8 
Lung 0.78 13.5 

Muscle 0.31 3.1 
Skin 0.1 2.1 

Spleen 0.73 27.6 
Pancreas 0.96 21.3 

Metabolism and excretion   
CLint,u (L/h)e 185 1055 

CLr (L/h) 0.4 3.3 
CLsyncytiotrophoblast (L/h) -- 0 

Fetal hepatic CLint,u (L/h)f -- 0.028 
Passive permeability clearance   

CLpd,adipose (L/h) 0.010 0.0012 
CLpd,vein (L/h) 0.20 0.023 

CLpd,placenta (L/h) -- 357 
a. Fentanyl model parameters were adopted from a previously published PBPK model of fentanyl,225 parameters were assumed to be 

the same in pregnant women and fetuses unless otherwise stated. 
b. Physicochemical properties of alfentanil were collected from Bower and Hull, 1982239 and Palm et al., 1999.238 
c. fu,plasma of pregnant women and fetus were measured to be 0.12 and 0.14, respectively in a group of 40 parturient women and their 

newborns.254 
d. Kp’s of alfentanil were adopted from values measured in rats237, Kp’s of bone and skin were not reported and were assigned as 0.1 

based on the observed Vss of alfentanil (0.7 L/kg) in human. 
e. CLint,u of fentanyl was predicted to be 1,891 L/h for pregnant women as described in the method. 
f. Measured. 
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Table 5.3 Simulated and observed MV, UV, and UA plasma concentrations at delivery following epidural bolus or infusion 
dosing to parturient women during labor. Time is the average (range) reported delivery time since first dose of epidural fentanyl, 
the observed are the reported mean (range) or mean ± SD concentrations at delivery and the simulated are the simulated concentrations 
at the mean time of delivery (range of concentration at the range of delivery time). The absolute fold error was calculated using the 
following equation: absolute fold error = 10|log(simulated concentration/observed concentration)| 
 

Dosing 
route 

Dose 
(µg) 

Time 

(h) 

MV (ng/mL) 
Absolute 
fold error 

UV (ng/mL) 
Absolute 
fold error 

UA (ng/mL) 
Absolute 
fold error 

Observed Simulated Observed Simulated Observed Simulated 

Epidural 
bolusa 100 0.45 

(0.32 – 0.70) -- -- -- 0.13  
(0.05 – 0.19) 

0.29 
(0.23 – 0.32)  2.36 0.06  

(0.02 – 0.12) 
0.11 

(0.10 – 0.11)  1.65 

Epidural 
bolusb 100 0.48  

(0.43 – 0.54)c 
0.31  

(0.28 – 0.32)c 
0.26  

(0.25 – 0.27) 1.19 0.25  
(0.19 – 0.51)c 

0.29 
(0.27 – 0.30) 1.15 -- -- -- 

Epidural 
bolusd 100 0.50e 0.31  

(0.17 – 0.72) 0.26 1.18 0.24  
(0.13 – 0.65) 0.28 1.18 0.19  

(0.14 – 0.75) 0.11 1.82 

Epidural 
bolusf 100 0.58  

(0.42 – 1.00) -- -- -- 0.12  
(0.02 – 0.24) 

0.26  
(0.17 – 0.30) 2.18 0.08  

(0.01 – 0.22) 
0.10  

(0.09 – 0.11) 1.30 

Epidural 
bolus + 

infusiong 

75 µg +  
15 µg/h 

3.45 
(0.33 – 12.7) 0.52 ± 0.03 0.16  

(0.16 – 0.21) 3.31 0.18 ± 0.03 0.12  
(0.12 – 0.24) 1.51 0.10 ± 0.07 0.09  

(0.08 – 0.13) 1.07 

Epidural 
bolus + 

infusionh 

10 µg + 
10 µg +  
10 µg/h 

5.80 
(4.47 – 8.10)c 

0.10  
(0.07 – 0.17)c 

0.09  
(0.08 – 0.10) 1.13 0.05 ± 0.02 0.07  

(0.07 – 0.08) 1.41 -- -- -- 

a. Desprats et al., 1991218, n = 16. 
b. Moises et al., 2005220, n = 8. 
c. Data reported as median (25th percentile – 75th percentile). 
d. De Barros Duarte et al., 2009206, n = 10. 
e. No range of delivery time reported. 
f. Desprats et al., 1995219, n = 10. 
g. Loftus et al., 1995214, n = 13 (UA, n = 9). 
h. Haidl et al., 2018116, n = 20 (UV, n = 19). 
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Figure 5.1 Model structure of the maternal-fetal PBPK (mf-PBPK) model with an arm 
sampling site and an epidural dosing site incorporated. The blue arrows indicate the 
intravenous and epidural dosing sites to the mother and the red arrows indicate the maternal 
arterial (MA) and arm venous (MV) plasma sampling locations of the mother and the umbilical 
arterial (UA) and umbilical venous (UV) plasma sampling site of the fetus. A nonpregnant PBPK 
model used in this study was structurally identical as the maternal PBPK model but the linkage 
to the placenta and fetal PBPK model was removed as indicated by the dashed lines. 
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Figure 5.2 Sensitivity analysis for epidural dosing site parameters of drug X. The effect of 
altered CLpd,adipose and CLpd,vein (ranging from 0.00003 to 0.3 L/h) on Cmax and tmax of drug X is 
shown in a and b. The impacts of varying Kp (0.01 to 100) and fu (0.1 to 1) (c,d), and the Qepidural 
(0.056 to 5.6 L/h) and CLpd,vein (0.00003  to 0.3 L/h) (e,f), and asymmetrical CLpd,vein with 
CLpd,fluidtovein (10% to 100% of CLpd,veintofluid) (g,h) on Cmax and tmax of drug X is shown in c-h. 
The parameters were kept constant unless stated otherwise (CLpd,adipose = 0.003 L/h, CLpd,vein = 
0.003 L/h, Kp = 1, fu = 1, Qepidural = 0.56 L/h). For comparison, the scales of the heat map for 
Cmax and tmax were kept unchanged across the sensitivity analyses.  
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Figure 5.3 Simulated plasma concentration-time profiles following IV and epidural 
administration of alfentanil using the nonpregnant PBPK model overlaid with mean 
observed plasma alfentanil concentrations in nonpregnant subjects. Simulated (solid lines) 
and mean observed (open circles) plasma concentrations from the arm vein following a) a single 
IV bolus dose of 50 µg/kg (n=10), b) a single IV bolus dose of 20 µg/kg (n=9), c) a single IV 
bolus dose of 15 µg/kg (n=6), d) a single epidural dose of 750 µg (n=7) and e) a single epidural 
bolus dose of 400 µg plus an epidural infusion of 400 µg/h for 2 h (n=12). The mean observed 
fentanyl concentrations are from Ferrier et al., 1985241 (a), Kharasch et al., 1997244 (b), black 
circles: Phimmasone and Kharasch, 2001,243 blue circles: Kharasch et al., 2004,244 red circles: 
Kharasch et al., 2011245 (c), Coda et al., 1995247 (d), and Coda et al., 1999248 (e). The error bars 
in panels a, b, c, and e represent the SD as reported in the respective study. The AAFE reported 
in each figure was calculated from the simulated and observed concentrations of each respective 
study. 
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Figure 5.4 Simulated plasma concentration-time profiles following IV and epidural 
administration of fentanyl using the nonpregnant PBPK model overlaid with mean 
observed plasma fentanyl concentrations in nonpregnant subjects. Simulated plasma 
concentrations from the arm vein (solid lines) and the artery (dashed lines), and the mean 
observed plasma concentrations from the arm vein (open circles) and the artery (closed circles) 
following a) a single IV bolus dose of 6.4 µg/kg (n=5), b) a single IV bolus dose of 5 µg/kg 
(n=16), c) a single IV bolus dose of 50 µg (n=10) in black, and a single IV bolus dose of 200 µg 
(n=8) in blue, d) an epidural bolus dose of 100 µg and continuous epidural infusion of 114.3 
µg/h for 24 h (n=10), e) epidural infusion at 30 µg/h for 3.5 h and increased to 100 µg/h for 
another 3.3 h (n=10), and f) an epidural bolus dose of 30 µg followed by a second epidural bolus 
dose of 100 µg at 3.5 h (n=10). The mean observed fentanyl concentrations are from McClain 
and Hug, 1980223 (a), Ziesenitz et al., 2015119 (b), Rauck et al., 2017249 and Nozari et al., 2019224 
(c), Badner et al., 1990251 (d), and Ginosar et al., 2003250 (e,f). The error bars in panels b-d 
represent the SD and in panels e and f represent the 25th quartile as reported in the respective 
study. The AAFE reported in each figure was calculated from the simulated and mean observed 
concentrations of each respective study. 
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Figure 5.5 Norfentanyl formation kinetics in pooled FLM (14 donors) and recombinant 
CYP3A7. Metabolite formation rate as a function of fentanyl concentration for norfentanyl 
formation by a) pooled FLM and b) CYP3A7. The CLint shown were estimated by linear 
regression. Mean and standard deviation of CLint reported were calculated from three different 
experiments conducted on separate days. 
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Figure 5.6 Simulated and observed maternal and umbilical venous plasma concentration-
time profiles following epidural administration of fentanyl overlaid with observed plasma 
concentrations. The simulated (solid lines) and observed (open circles) maternal venous 
concentrations following a) a single epidural bolus dose of 100 µg fentanyl (n=16), b) a single 
epidural bolus dose of 100 µg fentanyl (n=16), c) a single epidural bolus dose of 100 µg fentanyl 
(n=10), and d) two bolus doses of 10 µg fentanyl and continuous 10 µg/h infusion of fentanyl 
(n=19). The AAFE reported in a-d were calculated from the simulated and the mean observed 
maternal venous concentrations at each timepoint of each respective study. The mean observed 
fentanyl concentrations are from Desprats et al., 1991218 (a), Desprats et al., 1995219 (b), Moises 
et al., 2005220 (c),  and Haidl et al., 2018116 (d). Error bars in panels a, b, d represent the SD and 
in panel c represent the 25th and 75th quartile as reported in the respective study. Panel (e) shows 
the simulated concentrations in the maternal arm vein (solid line) in comparison to individual 
subject data at delivery (open circles) (n=16) following epidural infusion of fentanyl at 20 µg/h 
from Bader et al., 1995117 and panel (f) shows the corresponding simulated (solid line) and 
observed individual subject (open circles) concentrations in the umbilical vein at delivery 
observed in the same study. The AAFE reported in panels e and f were calculated from the 
simulated and observed concentration of each individual subject. 



 140 

 
Figure 5.7 Simulated maternal and fetal fentanyl plasma concentration-time curves using 
the optimized mf-PBPK model. The simulated plasma concentration-time profiles (0-48 h) 
from a) maternal artery (MA), b) maternal arm vein (MV), c) umbilical vein (UV), and d) 
umbilical artery (UA) following single IV (red lines) or epidural (blue lines) bolus dose of 100 
µg fentanyl. The Cmax following IV dose was 42-fold, 3-fold, 7-fold, and 4-fold higher than 
following epidural dose for MA, MV, UV, and UA plasma, respectively. The insets show the 
data for the first hour after dosing. The simulated plasma concentrations (0 - 48 h) from e) 
maternal arterial (MA), f) maternal arm vein (MV), g) umbilical vein (UV), and h) umbilical 
artery (UA) following continuous IV (red lines) or epidural (blue lines) infusion of fentanyl at 20 
µg/h.   
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Figure 5.8 The fentanyl plasma concentration ratios between umbilical vein (UV), maternal 
artery (MA), maternal vein (MV), and umbilical artery (UA) as a function of time 
simulated using the optimized mf-PBPK model. The simulated UV/MA, UV/MV, UA/UV, 
and UV/MV concentration ratios (0 - 48 h) following a) an IV bolus dose of 100 µg fentanyl, b) 
an epidural bolus dose of 100 µg fentanyl, c) IV infusion of fentanyl at 20 µg/h, and d) epidural 
infusion of fentanyl at 20 µg/h. The insets show the first 2 hours of the data. 
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Chapter 6.  

Discussion and future directions 
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It is well recognized that disposition of xenobiotics can be substantially different in 

pregnant women when compared to nonpregnant individuals. Also, the knowledge of fetal 

disposition of drugs taken by the mom is an indispensable piece of information to determine safe 

and efficacious drug use or to establish a safe exposure limit of xenobiotics in pregnant women. 

However, despite the recent efforts to study maternal-fetal disposition of xenobiotics,17,48 it 

remains an understudied area in pharmaceutical research.256,257 One major reason is that clinical 

research in pregnant women is hampered by ethical concerns.46 Limited information (e.g. 

maternal PK and single timepoint umbilical cord concentration at birth) can be ascertained from 

restricted opportunistic studies where sampling is performed in pregnant women already taking 

medications for therapeutic reasons. The physiological changes (e.g. increased GFR, CYP3A4 

induction, and P-gp induction) and their effects on the maternal PK of xenobiotics over the 

gestational period have been defined through clinical studies of probe drugs (e.g. metformin, 

midazolam, digoxin) in pregnant women.14,16 Fetal disposition, on the other hand, is difficult to 

capture through a single umbilical cord sampling at birth. The transplacental clearance, via 

passive and active processes governs the rate and extent of fetal disposition of xenobiotics and is 

a major determining factor of the maternal-fetal distribution kinetics. The amniotic fluid has been 

proposed to increase the residence time and alter the plasma concentration-time profile of 

hydrophilic xenobiotics in the fetus because these compounds are likely to be ‘trapped’ in the 

amniotic fluid. The fetal liver has been shown to metabolize xenobiotics which may contribute to 

maternal-fetal disposition and limit fetal exposure to xenobiotics. These attributes of fetal 

disposition of xenobiotics cannot be fully elucidated in clinical studies unless fetal plasma is also 

sampled, which would involve invasive procedures and as such is unethical. Therefore, various 
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in vivo, in vitro, and in silico methodologies have been established to study maternal-fetal 

disposition of xenobiotics. 

In this dissertation, the maternal-fetal disposition of DA was studied in vivo in 

cynomolgus monkeys employing a novel LC-MS method for DA quantification (Chapter 2). 

The effect of pregnancy on the disposition of DA was determined, and a PK model was built to 

kinetically describe the fetal disposition of DA (Chapter 3). The fetal liver metabolism of 

oxycodone was studied in vitro using FLM and recombinant CYP3A7 to quantitatively predict 

the contribution of fetal liver in maternal-fetal disposition of oxycodone as a model compound 

(Chapter 4). Finally, these concepts were integrated in an in silico study of the maternal-fetal 

disposition of fentanyl following IV and epidural dosing to parturient women using mf-PBPK 

modeling built based on the known physiology of pregnant women (Chapter 5). 

6.1 MATERNAL-FETAL DISPOSITION OF DA IN CYNOMOLGUS MONKEYS 

The renal clearance of DA was shown to be increased during pregnancy proportionally to 

the increased GFR by about 30-90% when compared to the individual pre-pregnancy baseline. In 

contrast, the AUC of DA was not altered during pregnancy because of the presence of alternative 

elimination pathways in monkeys (fe = 0.4-0.7) and the variability of bioavailability following 

oral doses which limits the power of this study to detect a small change (<40%) in AUC.260 This 

observation, when extrapolated to human, suggested that pregnant women are not at risk of 

higher DA exposure during pregnancy. However, based on the observed dose-dependent increase 

in tremor frequency in the adult female monkeys,165 the current TDI (0.075 mg/kg/day) is 

insufficient to protect human from chronic toxicity. These findings suggest that the TDI for DA 

has to be lowered to 10% of the current TDI (0.0075 mg/kg/day) or even lower, especially for 

people who include DA containing seafood in their regular diet.95,133,134 In fact, a recent study 
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proposed a new TDI of 167 ng/kg/day (0.2% of the current TDI) based on the impaired memory 

associated with DA consumption in the coastal population who are chronically exposed to DA 

through their diet.261 One major research gap to protect human exposure to toxic level of DA is a 

reliable method to estimate human exposure since DA was not detected in the plasma collected 

from subjects who are chronically exposed through their diet.155 A recent discovery of a serum 

DA antibody might shed light for a reliable method to determine chronic DA exposure in 

humans.155 

The infant plasma DA concentration at birth together with the maternal-fetal PK 

modeling suggested that the placenta is partially limiting fetal disposition of DA, likely through 

active processes (i.e. placental efflux transporters), resulting in a fetal/maternal AUC ratio of 

0.35. This lower fetal AUC may explain why the fetus did not display sign of tremors while the 

mom did. Nevertheless, delay in cognitive development was observed in infants born to the 

monkeys in the high dose group (0.15 mg/kg/day) suggesting that the fetus is not completely 

protected from DA toxicity.100 Moreover, despite a <1 fetal/maternal ratio, DA has a longer 

apparent residence time in the fetus compared to the mom.260 The maternal-fetal PK model 

suggested that the long fetal residence time is due to the long residence time of DA in the 

amniotic fluid. The long residence time and long apparent half-life of DA in the fetus may 

increase the risk of fetal toxicity following repeated exposure.  

Future research on maternal-fetal disposition of DA should focus on the mechanisms of 

transplacental clearance, for example, to identify the efflux transporters responsible for DA 

transport in the placenta. Since species differences exist in the expression and localization of 

drug transporters in the placenta, the mechanisms of placental transport can be used to better and 
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more confidently predict the function of the human placenta in the maternal-fetal disposition of 

DA and the risks of fetal toxicity in humans. 

6.2 FETAL LIVER METABOLISM AND ITS CONTRIBUTION TO THE MATERNAL-FETAL 

DISPOSITION OF OXYCODONE 

Consistent with the abundant CYP3A7 and minimal CYP2D6 expression in the fetal liver 

as shown previously through gene expression, protein quantification, and enzyme activity,38,53,61 

the fetal liver was shown to metabolize oxycodone to form noroxycodone (a reaction mediated 

by CYP3A7) but not oxymorphone (a reaction mediated by CYP2D6). Despite a higher CYP3A7 

expression in FLM compared to CYP3A4 expression in HLM, the FLM capacity (i.e. CLint) in 

metabolizing oxycodone is about 10% of that of the HLM suggesting a significantly lower 

metabolic capacity of CYP3A7 in metabolizing oxycodone compared to CYP3A4. An ISEF was 

established in this dissertation to predict FLM activity from CYP3A7 activity which provides a 

convenient way to predict fetal liver metabolism without FLM. 

Theoretically, fetal liver metabolism can contribute to maternal-fetal disposition of 

oxycodone and other xenobiotics in two ways. First, it may contribute to the total body clearance 

in pregnant women (although it is unlikely because of the size difference between the adult and 

fetal livers). Second, it may decrease fetal exposure by acting as a first pass organ or clearing 

oxycodone within the fetal compartment. These potential contributions of fetal liver to the 

maternal-fetal disposition of oxycodone were addressed quantitatively using IVIVE, and it was 

shown that the fetal liver does not quantitatively contribute to the maternal-fetal disposition of 

oxycodone. The low FLM capacity in metabolizing oxycodone compared to that in HLM 

together with the significantly smaller fetal liver compared to the adult liver in size (fetal liver at 

term: 0.13 kg vs adult liver: 1.8 kg) predicted an insignificant contribution of fetal hepatic 
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clearance to the total body clearance of oxycodone in pregnant women. The small extraction 

ratio of the fetal liver (<1%) predicted that the fetal liver does not provide first pass metabolism 

to limit fetal exposure to oxycodone. These results highlight the importance and provided a 

framework to quantitatively predict the fetal hepatic clearance of xenobiotics from FLM and 

recombinant enzyme activity. 

6.3 PREDICTION OF MATERNAL-FETAL DISPOSITION OF FENTANYL FOLLOWING IV 

AND EPIDURAL ADMINISTRATION TO PARTURIENT WOMEN 

The development and verification of the mf-PBPK model of fentanyl demonstrated that 

the maternal-fetal disposition of xenobiotics can be reliably predicted in silico using PBPK 

modeling built using a hybrid middle-out approach. Importantly, the predicted maternal (MV and 

MA) and fetal (UV and UA) plasma concentration-time profiles of fentanyl using the mf-PBPK 

model illustrated that the F/M plasma concentration ratio of fentanyl is dependent on the 

maternal, fetal, and transplacental distribution kinetics. Depending on the sampling site and 

sampling time, a single sample of the umbilical cord plasma at birth could lead to over-

estimation or under-estimation of fetal exposure. The simulations using the mf-PBPK model 

demonstrated that the transplacental and fetal distribution of fentanyl is relatively slow. Also, the 

simulations showed that both the mother and the fetus are exposed to significantly higher Cmax 

following an IV bolus dose compared to that following an epidural bolus dose which may 

increase the risks of undesirable fentanyl effects for both the mother and the fetus. In contrast, 

the Cmax following IV and epidural infusion are similar. 

Future mf-PBPK model development should focus on verification of the physiology in 

pregnant women and fetus as PBPK modeling has been increasingly used to predict maternal-

fetal disposition of xenobiotics. Ideally, a mf-PBPK model would be built ‘bottom-up’ based on 
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the known physiology of pregnant women and the fetus, and the ADME properties of the 

xenobiotics of interest. However, the incomplete knowledge of the physiology of pregnant 

women and fetus limits the possibilities to build a mf-PBPK model using the ‘bottom-up’ 

approach. Therefore, improvement of knowledge in this area is critical to the future development 

of mf-PBPK models. Moreover, pregnancy is a dynamic process, and the temporal physiological 

changes will have a gestational-age-dependent impact on maternal-fetal disposition. Future 

research should focus on characterization of the time course of these physiological changes (e.g. 

time course of CYP enzyme induction or downregulation, ontogeny of drug metabolizing 

enzymes in the fetal liver) to allow prediction of maternal-fetal disposition at different 

gestational age. 

6.4 CONCLUSION 

In conclusion, the maternal-fetal disposition of DA, oxycodone, and fentanyl was 

quantitatively studied using in vivo preclinical study, in vitro FLM incubations, and in silico 

PBPK modeling. These studies demonstrated that maternal-fetal disposition can be studied using 

nonclinical methodologies which yield information that is otherwise difficult to obtain through 

clinical studies. The knowledge from this dissertation can be used to inform future regulatory 

and clinical decisions in protecting pregnant women, a vulnerable population. And the 

framework established in this dissertation to study maternal-fetal disposition using these 

methodologies can be applied to other xenobiotics in the future. 
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