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Prenatal cannabis use is associated with various detrimental outcomes in the offspring, 

the foremost being neurodevelopmental toxicity1-5. Δ9-tetrahydrocannabinol (THC) is the most 

abundant psychoactive compound in cannabis and is thought to be the cause of this toxicity. 

THC’s primary in vivo psychoactive metabolite, 11-OH-THC, may also contribute to this toxicity6. 

It is unethical to conduct a randomized clinical trial to determine if these cannabinoids are the 

causative factors in producing neurodevelopmental toxicity from prenatal cannabis use. An 

alternative approach is to conduct preclinical fetal cannabis toxicity studies in vivo in animals or 

in vitro at THC/11-OH-THC concentrations that mimic human fetal THC/11-OH-THC exposure. 

To determine the latter, we quantified the fetal circulation and tissue cannabinoid exposure 

across gestation. Since these determinations provide cannabinoid exposure at only a given 

time, we also developed a maternal-fetal physiologically based pharmacokinetic (m-f-PBPK) 

model to predict the time-dependent fetal THC/11-OH-THC exposure after chronic inhalation or 

oral THC consumption at various gestational ages.  
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To accomplish the above goals, we first determined all the potential mechanisms of 

clearance and distribution that can affect THC/11-OH-THC fetal exposure. In Chapter 27, we 

incubated 500 nM THC and 50 nM 11-OH-THC in adult human intestine, lung, placenta, and in 

fetal liver microsomes with selective inhibitors for CYP (1A, 2C19, 2C9, 2D6, 3A), UGT (1A9, 

2B7), and/or FMO enzymes to identify the drug metabolizing enzymes responsible for depletion 

of the cannabinoids. While there was no significant depletion of either cannabinoid in the human 

lung or placenta, in the intestine THC was significantly metabolized by CYP2C9 (89%) and 

CYP3A (11%) while 11-OH-THC was significantly metabolized by CYP3A (51%) and UGT2B7 

(25%). In the fetal liver, both compounds were nearly completely metabolized by CYP3A7. The 

presence of intestinal and fetal liver metabolism, respectively, will impact bioavailability after oral 

THC administration and fetal exposure, relative to the maternal exposure. 

Next, in Chapter 38, we determined the mechanism and quantified the extent of 

transplacental transfer of THC and its metabolites. To do so, we perfused THC alone (5 μM) or 

in combination (100 – 250 nM) with its metabolites (100 nM or 250 nM 11-OH-THC, 100 nM 

COOH-THC) in an ex vivo dual cotyledon, dual perfusion, term human placenta model. While 

11-OH-THC and COOH-THC appeared to passively diffuse across the placenta, 5 μM THC had 

a significantly lower maternal-fetal vs fetal-maternal clearance, suggesting that THC is actively 

transported, in the fetal-maternal direction, at the placental barrier. When a P-gp/BCRP inhibitor 

(4 μM valspodar) was added to the perfusion, the difference in clearance remained, suggesting 

that THC was transported by an unknown apical efflux or basal influx transporter(s) in the 

syncytiotrophoblast membrane.  

The estimated human fetal microsomal metabolism (Chapter 2) and the passive 

diffusion/active transport kinetics of THC (Chapter 3), which both reduce fetal cannabinoid 

exposure, were inputted in our m-f-PBPK model to predict fetal plasma and brain cannabinoid 

concentrations in trimester 1 (T1), 2 (T2), and 3 (T3) (Chapter 4). These predictions aligned well 

with the corresponding values observed in vivo, i.e. our model is considered verified. For 
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example, the predicted umbilical venous plasma (UVP)/maternal plasma (MP) at gestational 

week (GW) 38 and fetal brain/MP at GW15, 0.26 and 0.56 respectively, were similar to the 

observed values in vivo, 0.33 (38 %CV) and 0.39 (63 %CV) respectively. 

Then, we used our m-f-PBPK model to predict the steady-state total and unbound fetal 

brain and plasma THC/11-OH-THC concentrations across gestational age. The maximum 

(Cmax,ss) and average (Css,avg) steady concentrations in the UVP and fetal brain of both THC and 

11-OH-THC were highest at the earliest GW tested, 15 weeks. For example, at GW15, after a 

typical daily dose of THC consumed by inhalation (100 mg), the predicted fetal brain Css,avg of 

THC and 11-OH-THC was 37 and 70 nM, respectively. After a typical daily oral consumption of 

10 mg THC, the predicted Css,avg of THC and 11-OH-THC in the fetal brain was lower, 0.73 and 

8.9 nM, respectively. The corresponding unbound fetal brain Css,avg,u was predicted to be even 

lower due to extensive THC binding in the brain. Our verified m-f-PBPK model can be used to 

predict these fetal brain concentrations for any dose, route or frequency of consumption.  

We propose that future fetal toxicity studies (in vitro or in vivo in animals) should be 

conducted to replicate the predicted unbound fetal UVP and fetal brain THC/11-OH-THC 

concentrations at the typical doses consumed by pregnant people. Such preclinical studies will 

provide a better understanding of the potential of THC/11-OH-THC to produce neurotoxicity in 

the offspring as a result of prenatal cannabis use. 
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1.1 Specific Aims 

Cannabis is used by pregnant people for its medicinal and psychoactive properties9. This 

use is highest during the first trimester (T1)10. Fetal exposure to cannabis constituents is widely 

believed to cause neurodevelopmental toxicity. Indeed, in vivo human observational studies 

have found that prenatal cannabis use is associated with lower cognition (such as short-term 

memory, IQ, verbal reasoning and quantitative scores) and behavioral issues (such as 

hyperactivity, impulsivity, delinquency) in children between the ages of 3-14 years old1-5. These 

findings were significant even after correcting for potential confounding factors such as other 

substance abuse (e.g., tobacco, cocaine), differences in socioeconomic status, and varying 

consumption of cannabis. Nevertheless, it is impossible to correct for all confounding factors. 

Conducting a randomized controlled clinical trial in pregnant people of the effect of prenatal 

cannabis use on neurodevelopmental toxicity is unethical. However, an alternative approach is 

to conduct preclinical in vitro and in vivo animal studies with the constituents of cannabis plants, 

implicated in producing neurodevelopmental toxicity, at their relevant pharmacological 

concentrations.  

Δ9-Tetrahydrocannabinol (THC) is the most abundant psychoactive compound in 

cannabis and is thought to be the cause of its neurodevelopmental toxicity6. THC’s primary 

psychoactive metabolite, 11-OH-THC, may also contribute6. Each of the previous preclinical 

cannabis toxicity studies on brain development have been conducted in vitro at relatively high 

THC concentrations (2-15 µM)11,12 and in vivo at THC doses higher than typically used by 

humans13 as the relevant human fetal brain concentrations are not known. To conduct 

informative cannabis neurodevelopmental toxicity in vitro or in vivo animal studies, one must 

quantify (or predict) the average and maximum concentration of the psychoactive cannabinoids, 

THC and 11-OH-THC, in the fetal circulation and brain at typical cannabis doses used by 

pregnant people. Exposing animals to suprapharmacological cannabinoid concentrations can 

lead to misleading experimental results and thereby result in uninterpretable effects of prenatal 
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toxicity of cannabis. While fetal brain and umbilical cord blood samples can be obtained at the 

time of pregnancy termination and delivery, respectively, such opportunistic sampling (as in 

Aim 1, Chapter 2) can only provide a “snapshot” (at a single time-point) of fetal exposure to the 

cannabinoids. To obtain a complete picture of fetal exposure, multiple samples, over time, from 

a single pregnant individual must be obtained. Because such sampling is ethically and 

logistically challenging, here we developed a maternal-fetal physiologically based 

pharmacokinetic (m-f-PBPK) model to predict maternal and fetal exposure to THC and 11-OH-

THC after both inhalation and oral THC consumption (Aim 3). To do so, as detailed below in our 

Aims, such a model must be first populated with all the relevant maternal-fetal clearances (CL) 

and distribution parameters that determine THC/11-OH-THC fetal exposure (Aims 1 & 2). 

Parenthetically, while COOH-THC, a circulating metabolite of THC, has a long terminal half-life 

(>40 hours)14, it is not psychoactive, hence it is not a focus of our investigations.  

Since maternal drug exposure drives fetal drug exposure, quantifying the metabolic 

kinetics of THC/11-OH-THC in the adult liver15, intestine, and lungs (Aim 1) is imperative 

because cannabis is often consumed by inhalation or orally. Second, the magnitude of 

placental/fetal liver metabolic CL of the cannabinoids (Aim 1) as well as their placental transfer 

(active and passive) CLs must be determined (Aim 2) as these will also determine fetal 

cannabinoid exposure. As THC is metabolized by recombinant cytochrome P450 (CYP)1A1 and 

CYP3A16 it could be metabolized in the placenta and/or fetal liver (Aim 1). Additionally, THC 

could be a substrate of placental P-gp and/or BCRP17,18 (Aim 2). Therefore, the goals of this 

dissertation are to first accomplish the above aims. Once accomplished, our current m-f-PBPK 

model can be populated with these THC/11-OH-THC kinetic parameters to predict their fetal 

exposure at multiple gestational ages (Aim 3). Before using, all predictive models must be 

verified with in vivo data to the extent possible. Therefore, we will collect the following samples 

from pregnant people who have consumed cannabis within 2 days of termination or delivery. 

For trimester 1 (T1) and trimester 2 (T2), fetal tissue (brain, liver, kidney), placenta and maternal 
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plasma (MP) will be collected at pregnancy termination. For trimester 3 (T3), umbilical venous 

plasma (UVP), MP and placenta will be collected at delivery (Aim 3). Cannabinoid 

concentrations (THC, 11-OH-THC, and COOH-THC) will be quantified in the collected samples. 

Therefore, the specific aims of this dissertation are:  

Aim 1 (Chapter 2): Identify the drug metabolizing enzymes and quantify their metabolic kinetics 

for depleting THC/11-OH-THC in microsomes from human intestines (HIMs), lungs (HLuMs), 

placentas (HPMs), and fetal livers (HFLMs). 

Aim 2 (Chapter 3): Quantify the transplacental transfer of THC/11-OH-THC/COOH-THC by 

active transport and/or by passive diffusion using the perfused human term placenta model. 

Aim 3 (Chapter 4): Using our m-f-PBPK model, predict fetal plasma and tissue THC/11-OH-

THC exposure at typical doses, routes and frequency of maternal THC consumption.   

 

1.2 Cannabis Use Statistics 

Cannabis (i.e., marijuana, weed, pot, etc.) is a plant that has been used by humans for 

more than 2500 years for its medicinal and psychoactive properties9. Cannabis has been used 

recreationally for its physiological (e.g., muscle relaxant and appetite stimulant) and 

psychological (analgesic, anxiolytic, euphoria, etc.) effect. Eighteen percent of all adults and 

43% of young adults (19 – 30 years old) in the United States (US) report using cannabis in the 

past year and 3.9% and 11% report daily cannabis use, respectively19,20. Cannabis is primarily 

consumed orally (e.g., tincture, cookies, brownies, etc.) or by inhalation [e.g., smoking (joints, 

blunts, bongs, dabs) and vaporizing]. For inhalation use in the US, white users are more likely to 

use pipes/vaporizers and black users are more likely to use blunts21. Young adults (18 – 34 

years old) use cannabis predominantly by inhalation (74%) but some use it orally (24%) or 

topically (2%)22.  

Cannabis is widely used by pregnant individuals; its use was confirmed by quantitative 

analysis of urine samples in over 22.6% of pregnancies from universal drug screening and use 
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increased in concordance with an increase in legalization23. Pregnant people report using 

cannabis to mitigate conditions related to pregnancy (e.g., nausea, insomnia, and weight gain) 

as well as continued use for pre-existing conditions (e.g., pain and anxiety) and for euphoria, 

stress management, and mental well-being24. Both the FDA and EMA recommend 

discontinuation of any current cannabis use during pregnancy and lactation. Also, they 

recommend that medical practitioners counsel patients regarding the lack of safety and efficacy 

data and the potential detrimental effects to the developing fetus/newborn from prenatal 

cannabis use25.   

The psychological effects of cannabis arise from its constituent THC and its in vivo 

metabolite, 11-OH-THC6. In the US, cannabis is legalized for medicinal use in 13 states and 

fully legalized for both recreational and medicinal use in 23 states and 3 territories26. Eight 

countries have legalized cannabis use for recreational and medicinal use at the federal level: 

Uruguay, Georgia, South Africa, Canada, Mexico, Malta, Thailand, and Luxembourg. For 

medicinal use, THC-containing therapies have been approved by the FDA and EMA as an 

analgesic and antispasmodic for multiple sclerosis, antiemetic for chemotherapy-induced 

nausea, and orexigenic for AIDS-induced anorexia27. Each of these therapies are theorized to 

be mediated by THC and 11-OH-THC binding to the cannabinoid receptors28-31. 

 

1.3 Mechanism of Psychoactive Effect of THC/11-OH-THC  

To produce their psychoactive effect, THC and 11-OH-THC bind to cannabinoid receptor 

type 1 (CB1), a G-protein coupled receptor that is part of the endocannabinoid receptor 

signaling pathway. They also bind to cannabinoid receptor type 2 (CB2) to produce anti-

inflammatory and analgesic effects32-34. CB1 is located predominantly within the hippocampus, 

hypothalamus, basal ganglia, cerebellum, frontal cortex, spinal cord and the peripheral nervous 

system (PNS)32. In contrast, CB2 is localized primarily in the immune system (e.g., spleen), glial 

cells, and hematopoietic stem cells. While both THC and 11-OH-THC have psychoactive 
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effects, 11-OH-THC has a more potent analgesic and anticonvulsant effect in mice, as 

assessed by a hot-plate test/acetic acid-induced writhing test and latency of clonic and tonic 

seizures, respectively33,35,36. In humans, 11-OH-THC elicits a larger peak psychological high and 

a greater change in the Cornell Medical Index questionnaire value, a psychodiagnostics test, for 

the same dose (1 mg) of either THC or 11-OH-THC administered intravenously (IV)6. As 

detailed below, the effect of cannabis use during pregnancy on fetal development has also been 

investigated. 

 

1.4 Effect of Prenatal Cannabis Use on Fetal Development 

Prenatal cannabis use is associated with neurodevelopmental deficits and growth 

restriction. An in vivo observational study enrolled pregnant individuals and stratified them into 

four groups: no cannabis use (n=5,540), cannabis use before pregnancy (n=245), cannabis use 

in early pregnancy (<18 weeks gestation; n=173), and continued cannabis use (n=41). Birth 

weight and head circumference were measured in utero and at the time of birth. Individuals who 

used cannabis in early pregnancy and those who had continued use had offspring with a lower 

birth weight compared to non-users. There was no clear trend for change in head 

circumference37. Effect of prenatal cannabis use on birth weight and head circumference has 

also been investigated in 9 other studies where mixed results were seen. In total, 4 studies 

showed lower birth weight and head circumference while 6 studies showed no change.38 As the 

results were inconsistent, we do not know the true effect of prenatal cannabis on fetal growth 

outcomes, however the differences could be due to random effects in the study populations. 

More importantly, effect of prenatal cannabis use on the neurodevelopment of the offspring has 

been evaluated. Like the previous study, this observational study grouped pregnant individuals 

into non-users (n=10,834), early-users (n=413), and continued-users (n=242). The offspring 

were evaluated between 9-11 years of age using the Child Behavior Checklist and the 

Prodromal Questionnaire–Brief Child Version. Prenatal cannabis use was associated with an 
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increase in behavioral issues (such as inattention, elevated externalizing, more social and 

thought problems)5. Lastly, another set of studies found that prenatal cannabis is associated 

with additional behavioral issues (e.g., hyperactivity, impulsivity, delinquency) and lower 

cognition (e.g., short-term memory, IQ, verbal reasoning and quantitative scores) in children 

between ages 3-14 years1-4. These studies were opportunistic and attempted to correct for 

potential confounding factors (such as maternal age, BMI, height, education, nationality, parity, 

gravidity, fetal sex, and maternal psychopathology) between individuals who did and did not use 

cannabis during pregnancy and other concomitant drug use (e.g., alcohol, tobacco, cocaine). 

However, it is impossible to parse out the effect of all potential confounders and therefore 

delineate the effect of prenatal cannabis use on neurodevelopmental toxicity. 

An alternative approach to the above observational studies must be pursued to delineate 

the neurodevelopmental toxicity of cannabis since a randomized controlled study in pregnant 

people is unethical. Such an approach would be to perform in vitro and in vivo animal studies 

that replicate THC and 11-OH-THC concentrations in the fetal circulation and tissues (e.g., the 

brain) at usual cannabis doses and frequency used prenatally. Fetal plasma and tissue 

cannabinoid concentrations may be lower than the respective maternal plasma concentrations 

as the placenta may restrict fetal exposure through active efflux transport (see section 1.5 

below). The few studies in vitro and in vivo in animals that have been conducted have used 

concentrations that may not be relevant to those observed in adult human plasma (typically <1 

µM) or have used doses much greater than those used by adults (typically <100 mg for 

inhalation and <20 mg for oral consumption). For example, THC stimulates the degradation of 

microtubule-binding protein in growing axons of cortical tissue at 2 and 10 µM THC11,12. In 

pregnant mice, dosed with 3 mg/kg THC, long-lasting impact on embryonic neurodevelopment 

such as decreased fine-motor performance and cerebellum axonal growth was observed12,13. 

THC, 5 mg/kg, also inhibits the proliferation and differentiation capacity of neural stem cells in 

fetal mice, leading to reduced hippocampal development11. The hippocampus is a structure, 
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near the temporal lobe, responsible for long-term memory formation and memory retrieval. 

Unfortunately, these mouse study designs did not include measurement of the fetal brain 

concentrations. However, one study reported ~40 nmol/kg (equivalent to nM concentrations if 

brain tissue density is assumed to be 1 g/mL) in fetal brain 2 hours after 3 mg/kg THC was 

dosed subcutaneously39. Another study reported ~460 nmol/kg in fetal brain 15 minutes after 5 

mg/kg was dosed subcutaneously40. Lastly, THC inhibits BeWo cell proliferation at 3 – 30 µM 

THC41, which is a marker for placental tissue development. Since human fetal brain THC 

concentrations have never been measured, these concentrations may not be representative of 

those obtained after a typical dose of prenatal cannabis use. Therefore, human fetal plasma and 

brain concentrations must be either directly measured or accurately predicted. A limited set of 

fetal brain and plasma samples can be obtained at pregnancy termination and time of delivery, 

respectively. However, these limited “snapshot” samples at only a few time points, cannot 

provide an accurate measure of fetal drug exposure. Specific Aim 3 (Chapter 4) will address 

this gap in knowledge where we will predict, using our m-f-PBPK model, fetal tissue exposure to 

these cannabinoids. To do so, in the narrative below, we describe the pharmacokinetic 

parameters of cannabinoids that must be quantified and populated into our m-f-PBPK model.   

 

1.5 Factors that Determine Fetal Cannabis Exposure 

Unbound THC/11-OH-THC fetal circulating plasma concentration (Cavg,ss,f,u) is driven by 

the unbound maternal steady-state plasma concentration (Cavg,ss,m,u) and multiple clearance 

pathways (Figure 1.1): 1) unbound (or intrinsic) placental passive diffusion clearance (CLPD); 2) 

unbound active placental apical efflux (CLPM) and influx (CLMP) clearance; 3) unbound active 

placental basal efflux (CLPF) and influx (CLFP) clearance; 4) unbound placental metabolic 

clearance (CLp0); and 5) unbound fetal metabolic clearance (CLf0) (Eq. 1). The Cavg,ss,f,u can also 

be expressed relative to the Cavg,ss,m,u known as Kp,uu (Eq. 2). Assuming linear kinetics, Kp,uu is 

also equivalent to the ratio of unbound fetal to maternal area under the plasma concentration-
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time curve to infinity (AUCinf,u). The total fetal steady-state circulating plasma concentration 

(Cavg,ss,f) is the ratio of the Cavg,ss,f,u and the protein binding in the fetal plasma (fu,p,fetus) (Eq. 3).  

𝐶௔௩௚,௦௦,௙,௨ = 𝐶௔௩௚.௦௦.௠.௨ ∗
(஼௅ಾುା஼௅ುವ)∗(஼௅ುಷା஼௅ುವ)

൫஼௅ಷುା஼௅ುವା஼௅೑బ൯∗൫ଶ஼௅ುವା஼௅ುಾା஼௅ುಷା஼௅೛బ൯ି(஼௅ಷುା஼௅ುವ)∗(஼௅ುಷା஼௅ುವ)
  (Eq. 1) 

𝐾௣,௨௨ =
஼ೌೡ೒,ೞೞ,೑,ೠ

஼ೌೡ೒.ೞೞ.೘.ೠ
=

஺௎஼೔೙೑,೑,ೠ

஺௎஼೔೙೑,೘,ೠ
=

(஼௅ಾುା஼ ುವ)∗(஼௅ುಷା஼௅ುವ)

൫஼௅ಷುା஼௅ುವା஼௅೑బ൯∗൫ଶ஼௅ುವା஼௅ುಾା஼௅ುಷା஼ ೛బ൯ି(஼௅ಷುା஼ ುವ)∗(஼௅ುಷା஼௅ುವ)
 

 (Eq. 2) 

𝐶௔௩௚,௦௦,௙ =
஼ೌೡ೒.ೞೞ.೑,ೠ

௙ೠ,೛,೑೐೟ೠೞ
          (Eq. 3) 

Figure 1.1: Fetal plasma 
concentration is driven by 
multiple clearance pathways 
in addition to the maternal 
plasma concentration. 
Unbound (or intrinsic) 
placental passive diffusion 
clearance (CLPD) transfers 
drug across the 
syncytiotrophoblast layer. 
Unbound placental metabolic 
clearance (CLp0), unbound 
fetal metabolic clearance 
(CLf0), and unbound active 
placental apical efflux (CLPM) 
and basal influx (CLFP) 
clearance can reduce fetal 
plasma concentrations. While 
unbound active placental 
apical influx (CLMP) and basal 
efflux (CLPF) clearance can 
increase fetal plasma 
concentrations. 
 

 

 

 

Based on the above equations, active placental transport CL (mediated by CLPM or CLFP) 

could result in Kp,uu and Kp of <1. Indeed, such a possibility is suggested by studies in macaques 

where the total THC fetal plasma AUC was reduced in comparison to maternal plasma AUC 
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(Figure 1.242). Three near term (gestational days 146-151) rhesus macaques were administered 

0.3 mg/kg THC intravenously (IV) and blood was simultaneously sampled from the uterine vein 

and intraplacental artery cannula to represent maternal and fetal circulating blood/plasma 

concentrations, respectively. Plasma was sampled for 96 hours but was quantifiable in fetal 

plasma up to only 3 hours. THC fetal/maternal plasma AUCinf ratio was 0.30 ± 0.17. This 

reduction in fetal THC exposure (relative to maternal exposure) has also been seen in 

humans43. After daily cannabis consumption by inhalation, data from three maternal-fetal pairs 

showed that the fetal THC and COOH-THC plasma concentration at a single timepoint were 

0.26 ± 0.10 and 0.24 ± 0.15 of their corresponding maternal concentration, respectively. 

Similarly, in rats given THC by vapor inhalation, at 15 minutes and 6 hours after dosing, not only 

plasma but also fetal brain THC and 11-OH-THC concentrations were less than that in the 

corresponding maternal plasma, with a fetal brain/MP of ~0.3 and 3, respectively40. Since THC 

exhibits a fetal/maternal plasma Kp < 142,43, it is likely that THC is actively transported across the 

syncytiotrophoblast membrane in the placenta through CLPM or CLFP or extensively metabolized 

in the placenta and/or fetus. If the placental transport is due only to CLPM or CLFP, the Cavg,ss,f,u 

can be simplified to Eq. 4 and 5, respectively. 

𝐶௔௩௚,௦௦,௙,௨ = 𝐶௔௩௚.௦௦.௠.௨ ∗
஼௅ುವ

஼௅ುವା஼ ುಾା஼௅೛బାଶ஼௅೑బା஼௅೑బ∗
൫಴ಽುಾశ಴ಽ೛బ൯

಴ಽುವ

     (Eq. 4) 

𝐶௔௩௚,௦௦,௙,௨ = 𝐶௔௩௚.௦௦.௠.௨ ∗
஼௅ುವ

஼௅ುವା஼௅ಷುା஼ ೛బାଶ஼௅೑బା஼௅೛బ∗
ቀ಴ಽಷುశ಴ಽ೑బቁ

಴ಽುವ

      (Eq. 5) 

If THC is effluxed by the human placenta, its CLPM could be mediated by efflux 

transporters at the apical membrane of the syncytiotrophoblast (e.g., P-glycoprotein (P-gp), 

breast cancer resistance protein (BCRP), multidrug resistance protein 2 (MRP2), MRP4). 

Alternatively, THC could be transported into the placenta (CLFP) by influx transporters at the 

respective basal membrane (e.g., organic anion transporting polypeptide 2B1 (OATP2B1), 

organic cation transporter 3 (OCT3), organic anion transporter 4 (OAT4), OATP1A2, 
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OATP1B1). Whether THC or 11-OH-THC is a substrate of any of these transporters (e.g., P-gp 

and BCRP) is discussed in section 1.8. 

Figure 1.2: THC concentrations 
are lower in fetal vs. maternal 
circulation after 0.3 mg/kg THC 
dosed intravenously (IV) to three 
late-term rhesus macaques. 
Maternal plasma concentrations 
(solid circle and line) and fetal 
plasma concentrations (open circles 
and dashed line) were sampled from 
the uterine vein and the 
intraplacental artery, respectively. 
Maternal plasma concentration was 
also quantified at a 24-hour timepoint 
(data not shown). All concentrations 
are shown as mean ± SE. The data 
were digitized from Bailey 198742 
and replotted here. 

 

To understand how fetal exposure changes relative to maternal exposure, one must 

quantify the placenta and fetal liver metabolism and the placental passive diffusion and active 

transport. Placenta and fetal liver metabolism of THC/11-OH-THC was evaluated in Aim 1 

(Chapter 2) by incubating THC and 11-OH-THC in T1, T2 and term human placental 

microsomes (HPM) and T2 human fetal liver microsomes (HFLM; first trimester livers are too 

small to make microsomes). Placenta passive diffusion and active transport was evaluated in 

Aim 2 (Chapter 3) by perfusing THC and 11-OH-THC in human term placentas (early gestation 

placentas cannot be perfused). As detailed below, to predict absolute fetal plasma/tissue 

concentrations one must first accurately predict plasma concentrations after inhalation and oral 

cannabis consumption in both the non-pregnant and pregnant individuals.  
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1.6 Factors that Determine THC and 11-OH-THC Exposure in the Healthy Non-

pregnant Population 

THC is a neutral, highly lipophilic molecule at physiological pH with an alcohol and ether 

group, an acid dissociation constant (pKa) of 10.6, and an octanol-water partition coefficient 

(logP) of 6.9744 (Table 1.1; Figure 1.3). 11-OH-THC is also neutral molecule at physiological pH 

with two alcohols and one ether group, a pKa of 9.34, and a logP of 5.3344. Lastly, the major 

circulating metabolite, COOH-THC is an acidic molecule with one carboxyl, alcohol, and ether 

group, a pKa of 4.02, and an octanol-water partition coefficient (logD) of 3.07 at pH=7.4 

(ALOGPS, ChemAxon).  

Table 1.1: Physicochemical Properties of THC, 11-OH-THC, and COOH-THC 
Parameter THC 11-OH-THC COOH-THC Reference 
Molecular Weight 
(g/mol) 

314.45 330.47 344.45 ChEMBL 

LogP 6.97 5.33 --- 44 
LogD at pH=7.4 --- --- 3.07 ALOGPS 
Ionization Type Neutral Neutral Acid ChEMBL 
pKa 10.6 9.34 4.02 ChemAxon 
B/P 0.667 0.625 0.588 45 
fu,p 0.011 0.012 --- 15 

LogP: octanol-water partition coefficient; LogD: octanol-water distribution coefficient; pKa: acid 
dissociation constant; B/P: blood to plasma ratio; fu,p: fraction unbound in the adult non-pregnant 
plasma 

 

THC, 11-OH-THC, and COOH-THC pharmacokinetics in adults have been investigated 

after IV, inhalation, and oral administration. Changes in THC/11-OH-THC exposure during 

pregnancy have not been quantified but can be estimated from the non-pregnant exposure 

using the gestational age dependent changes in the relevant drug metabolizing enzymes and 

transporters. THC pharmacokinetics after IV, inhalation, and oral administration are reported to 

be highly variable. In the literature, after IV administration of THC, only two studies46,47 had rich 

sampling (>24 hours) and used a rigorous quantitative method (with liquid or gas 

chromatography) (Table 1.2). The first study47 dosed 9 subjects with 5 mg THC IV and the 

plasma AUC0-48h and Cmax for THC was 281 nM*h and 208 nM, respectively. The second study46 
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dosed 6 subjects with 2 mg THC IV and the plasma AUC0-24h and Cmax for THC were 85.1 nM*h 

and 368 nM, respectively. Upon extrapolating to time infinity, the dose normalized plasma 

AUCinf and Cmax for THC were 53.7 ± 3.52 nM*h/mg and 113 ± 100 nM/mg, respectively. This 

yields a systemic THC plasma CL of 62.1 L/h and a Vss of 11.6 L/kg via tri-phasic decay. Neither 

study quantified 11-OH-THC exposure. 

1.6.1 Absorption 

Due to a rapid absorption phase, the THC concentration vs time profile after inhalation is 

similar to that after IV administration. After inhalational administration of THC, only two 

studies47,48 had rich sampling (>20 hours) and used a rigorous quantitative method, gas 

chromatography tandem mass spectrometry (GC-MS) (Table 1.3). The first study47 dosed 9 

subjects by inhalation with 9.47 mg THC and the plasma AUC0-48h and Cmax for THC were 106 

nM*h and 79.8 nM, respectively. The second study48 dosed 10 subjects by inhalation with 10.5 

mg THC and the plasma AUC0-6h and Cmax for THC were 235 nM*h and 271 nM, respectively, 

and the plasma AUC0-22h and Cmax for 11-OH-THC were 192 nM*h and 57.3 nM, respectively. 

Upon extrapolating to time infinity, the dose normalized plasma AUCinf and Cmax for THC were 

17.1 nM*h/mg and 17.1 nM/mg, respectively. THC bioavailability after inhalation consumption is 

variable with a range of 13-39%, depending on the smoking technique. Experienced users, who 

have a superior smoking technique (e.g., larger puff volume and increased duration in lungs), 

have increased bioavailability (27%) compared to the inexperienced user (14%)47.  

Unlike inhalation, the THC plasma concentration vs time profile after oral consumption is 

quite different compared to IV administration. After oral consumption of THC, only three 

studies49-51 had rich sampling (>24 hours), a large number of subjects (>25), and used a 

rigorous quantitative method, liquid chromatography tandem mass spectrometry (LC-MS/MS) 

(Table 1.4). The first study51 dosed 51 subjects orally in the fasted state with either 4.25 mg 

THC solution or 5 mg THC in capsule. The second study50 dosed 52-54 subjects orally in both 

the fed and fasted state with either 4.25 mg THC solution or 5 mg THC in capsule. The third 
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study49 dosed 27-28 subjects orally in both the fed and fasted state with either 5 or 10 mg THC 

in capsule. Upon extrapolating to time infinity, in the fasted state the dose normalized plasma 

THC AUCinf and Cmax were 2.52 ± 0.39 nM*h/mg and 1.15 ± 0.43 nM/mg, respectively and for 

11-OH-THC these values were 6.57 ± 1.80 nM*h/mg and 1.61 ± 0.57 nM/mg, respectively. In 

the fasted condition, the oral systemic bioavailability was ~6 ± 3%. There was a considerable 

food effect on both THC and 11-OH-THC pharmacokinetics. When given a high fat meal prior to 

dosing and compared to the fasted state, THC and 11-OH-THC plasma AUCinf increased by 2.4 

and 1.30-fold, respectively while mean Cmax increased by 19% and decreased by 31%, 

respectively (the change in mean Cmax was not statistically significant)50. Both cannabinoids had 

a delay in plasma tmax by ~4 hours. We postulate that this food effect caused an increase in 

plasma AUCinf through an increase in bioavailability, primarily by increasing the fraction of THC 

absorbed across the gut lumen (fa). As THC is highly lipophilic, the fa likely increases with a high 

fat diet by increasing the solubility of THC in the intestinal fluid. However, THC solubility was 

similar in the fed state simulated intestinal fluid (FeSSIF; 36 ± 3.6 µM) compared to the fasted 

state simulated intestinal fluid (FaSSIF; 28 ± 5.9 µM)52. In addition, the difference in rate of 

dissolution between the fasted and fed states may result in lower absorption of THC in the 

fasted state. Due to the lipophilicity of THC, its fa is likely not permeability-limited.  

1.6.2 Distribution 

After absorption, as a result of the high lipophilicity (logP) of THC (6.9744) and 11-OH-

THC (5.3344), the cannabinoids rapidly sequester to adipose tissue in humans and animals. The 

observed THC tissue distribution in human postmortem samples expressed as tissue/plasma 

concentration are: lung (10.9), liver (6.78), heart (5.05), kidney (1.88), muscle (1.56), brain 

(1.38) and spleen (0.78)53-56. The corresponding values for 11-OH-THC are: liver (5.09), brain 

(3.45), heart (3.36), spleen (2.81), muscle (1.98), kidney (1.43) and lung (1.21). Extensive 

partitioning into each of these organs indicates that both compounds have a large volume of 

distribution. Interestingly, the brain distribution is higher for 11-OH-THC than THC, which could 
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potentially explain the observed higher psychoactivity of 11-OH-THC, discussed in section 1.3. 

Of note, these tissues were not cleared of blood and therefore the tissue/plasma concentration 

ratios (or their AUC ratios) cannot be interpreted as tissue Kp. The THC tissue concentration 

data are highly variable between animal species (rat, mice, pigs) but distribution into the 

adipose tissue is substantially higher than that in the liver, lung, kidney, which is generally 

higher than in brain, heart, muscle, and spleen57-61. 

Each cannabinoid is also highly protein bound. About 62-65% of THC is bound to 

lipoproteins in human plasma with the majority bound to low-density lipoproteins (34%)62,63. 

Data are not available on lipoprotein binding for the metabolites. THC and 11-OH-THC are also 

bound to human serum albumin15,62,64. All three cannabinoids, THC, 11-OH-THC, and COOH-

THC are bound to fatty-acid binding proteins (FABPs)65-67. THC has the highest affinity to 

FABPs, compared to the metabolites, with binding to FABP1, 3, 5, and 7. 11-OH-THC and 

COOH-THC have only been shown to bind to FABP1. With the combined binding to 

lipoproteins, albumin, and FABPs, THC and 11-OH-THC have a fraction unbound in plasma 

(fu,p) of 0.011 and 0.012, respectively, as measured by ultracentrifugation15. There is no reported 

fu,p for COOH-THC. THC has a large Vss (11.6 L/kg46,47), likely a result of the high lipophilicity 

despite its high plasma protein binding. COOH-THC also has a high Vss (1.28 ± 0.4268), but it is 

markedly smaller than THC, likely as it is ionized at pH=7.4. Neither THC nor 11-OH-THC 

exhibit high partitioning into the erythrocytes with a blood to plasma (B/P) ratio of 0.667 and 

0.625, respectively45. After dosing, the rapid decrease in plasma cannabinoid concentrations is 

due to not only rapid distribution but also elimination via metabolism and excretion (see below).  

1.6.3 Elimination 

Following IV administration of THC to humans, 80-90% of the drug is recovered in the 

urine (20%) and feces (65%) within 5 days after dosing46. Most of the urinary excretion is from 

conjugated COOH-THC69,70. However, most of the excretion in the feces is non-conjugated 

COOH-THC (28%), polar acids (26%), and non-conjugated 11-OH-THC (20%)69,71. THC is 
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primarily metabolized with less than 5% being excreted unchanged in the urine and feces 

(mostly feces) after IV administration. THC forms many metabolites but is primarily metabolized 

by hydroxylation at the C11 position to form 11-OH-THC and secondarily at the C8 position to 

form 8β-OH-THC69,72. In the liver, CYP2C9 is responsible for the formation of 11-OH-THC, while 

CYP3A is responsible for the formation of 8β-OH-THC73,74. The hepatic CYP2C9 pathway, 

forming 11-OH-THC, is the major pathway for THC metabolism with a predicted fraction 

metabolized (fm) of 0.91 in vitro using human liver microsomal incubations15. This fm is higher 

than that estimated from an in vivo human CYP2C9 polymorphism study where clearance was 

compared in CYP2C9 *3/*3 poor metabolizers and *1/*1 extensive metabolizers (fm = 0.68)75. 

However, if you correct for the percent of metabolic activity remaining in CYP2C9 *3/*3 poor 

metabolizers74, the adjusted CYP2C9 fm in vivo (0.92) is in concordance with the in vitro value15. 

The remaining metabolism can be attributed to either CYP3A, CYP2C19, or CYP2D616,76.  

    
Figure 1.3: THC is primarily hydroxylated in vivo, by CYP2C9, to a psychoactive 
metabolite, 11-OH-THC. 11-OH-THC is then further oxidized to a non-psychoactive metabolite, 
COOH-THC, which is the major circulating metabolite in blood. 

 

11-OH-THC is metabolized by microsomal enzymes (CYP2C9, CYP3A, UDP-

glucuronosyltransferase (UGTs)15) and cytosolic enzymes (aldehyde dehydrogenases (ALDH) 

and aldehyde oxidase (AOX)77). The UGT mediated metabolism of 11-OH-THC is likely 

catalyzed by UGT1A9, UGT2B7, or UGT1A1015,78. The CYP2C9 pathway as well as the 

cytosolic enzymes are responsible for formation of the major circulating metabolite, COOH-

THC15,77. Other than COOH-THC, 11-OH-THC is also converted to 8β-11-di-OH-THC. Following 

IV 11-OH-THC administration, 70-75% of the radiolabeled dose is excreted in the urine (20-
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25%) and feces (50%) within 7 days6. Less than 5% of the dose is excreted as unchanged 11-

OH-THC in urine. In the feces, 20% of the dose is excreted as unchanged 11-OH-THC, 18% as 

8β-11-di-OH-THC, and 10% as conjugated 11-OH-THC6. Unchanged 11-OH-THC excreted in 

the feces after IV administration indicates potential biliary excretion of 11-OH-THC which could 

lead to enterohepatic recirculation. Other than the aforementioned urinary and fecal excretion, 

COOH-THC also undergoes glucuronidation to COOH-glucuronide by UGT1A1 and 1A315,78.  

The placenta tissue expresses numerous drug metabolizing enzymes such as CYPs, 

UGTs, monoamine oxidase (MAO), xanthine oxidase (XO), sulfotransferases (SULTs), and 

glutathione-S-transferases (GSTs). CYP19A1 and CYP1A1 activity is present across trimesters 

while UGT1A, UGT2B, MAO and XO activities are present in the third trimester79. CYP19A1, 

also known as aromatase, is responsible for the conversion of androgens (e.g. testosterone) to 

estrogens (e.g. estradiol)80 and metabolism of numerous drugs (e.g. methadone81 and 

glyburide82). CYP1A is responsible for metabolism of a series of xenobiotics, including the drugs 

caffeine, phenacetin, tizanidine, granistetron, riociguat. Interestingly, placental activity of 

CYP19A1 decreases in individuals who smoke tobacco/cannabis, but CYP1A activity increases. 

Among the fetal organs, the fetal liver is the major xenobiotic metabolizing organ. Within the 

fetal liver, the most abundant enzyme is CYP3A7 and other enzymes with activity across 

trimesters are CYP2C9 and XO79. CYP3A7 activity and abundance (per gram of tissue) does 

not change across gestational age83. Though we have estimates of the magnitude of 

metabolism in the adult human liver and contribution by different enzymes15, we do not have 

these estimates for the adult intestines or lungs. Intestinal and lung metabolism of THC could 

lead to a significant first-pass effect after oral and inhalation consumption, respectively. 

Additionally, as there is substrate overlap between adult CYP3A4/5 and fetal liver CYP3A7, 

there is high potential for metabolism of THC and 11-OH-THC in the fetal liver. Therefore, in 

Aim 1 (Chapter 2), we will determine if these cannabinoids are depleted in microsomes made 
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from these tissues, and if depleted, we will determine their depletion kinetics and identify the 

enzymes involved.   

 

1.7 Changes in Maternal Metabolic Activity During Pregnancy 

Changes in enzyme abundance across gestational age of pregnancy and the 

subsequent change in enzyme activity will impact the clearance of THC and its metabolites. 

Since THC and its metabolites are metabolized primarily by CYP2C9, CYP3A, and UGTs, any 

induction of these enzymes will decrease maternal-fetal exposure.  

Hepatic CYP2C9 activity is increased by 16% during the third trimester compared to 

non-pregnancy, estimated from in vivo observed steady-state unbound phenytoin (primarily 

metabolized in the liver via CYP2C9) concentrations in pregnant people and postpartum84. 

Estrogens are a potential inducer of CYP2C9 activity, as shown by HepG2 cell studies85. This 

induction was confirmed where 4-hydroxylation of diclofenac and tolbutamide increased by 1.4 

to 2-fold when human hepatocytes were incubated with the pregnancy hormone, estradiol (1 

μM)86. However, another study showed no change in CYP2C9 activity (4-hydroxylation of 

diclofenac) when human hepatocytes were incubated with high concentrations of pregnancy-

related hormones (20 μM progesterone, 3 μM estradiol, etc.)87. THC and 11-OH-THC are 

extensively metabolized by CYP2C9 thus the generally observed pregnancy-related induction of 

CYP2C9 is expected to increase the clearance of both cannabinoids in a gestational age-

dependent manner leading to an overall decrease in maternal-fetal exposure. 

Intestinal and/or hepatic CYP3A is induced by 1.99-fold in the third trimester (28-32 

weeks gestation), estimated from in vivo observed unbound formation clearance of 1-OH-

midazolam (primarily by CYP3A) compared to postpartum88. Analyses of the pharmacokinetics 

of midazolam in addition to other CYP3A substrates (indinavir and nifedipine), in pregnancy, 

with different intestinal and hepatic extraction ratios, led to the conclusion that this induction is 

primarily hepatic and not intestinal89. However, indinavir is saturated in the intestine and when 
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only midazolam and nifedipine are considered, either sole hepatic CYP3A induction or mixed 

hepatic and intestinal CYP3A induction could explain the observed AUC ratios during pregnancy 

and postpartum. The magnitude of CYP3A induction appears to be consistent across trimesters 

when comparing the dextromethorphan/dextrorphan ratio in trimester 1 (14-18 weeks), trimester 

2 (24-28 weeks), and trimester 3 (36-40 weeks) pregnancy versus the postpartum period90. This 

consistent CYP3A induction was confirmed in vitro, in human hepatocytes, where maximum 

CYP3A induction by cortisol was achieved at the relevant trimester 1, 2, 3 plasma cortisol 

concentrations91. Others, using much higher concentrations than those observed in plasma 

during pregnancy, have found that CYP3A is induced in human hepatocytes by 1 μM estradiol 

resulting in a 0 to 2.5-fold increase in 1’-hydroxylation of midazolam depending on the donor86. 

Another study found that CYP3A abundance and activity (6β-hydroxylation of testosterone) 

increases in human hepatocytes by 1.25-fold with high concentrations of pregnancy hormones 

(20 μM progesterone, 3 μM estradiol, etc.)87. However, when pregnancy hormones were 

administered as a cocktail (estradiol, estriol, cortisol, progesterone, testosterone, pituitary 

growth hormone, and placental growth hormone) or individually at their relevant trimester 3 

pregnancy plasma concentrations, cortisol was the only hormone to induce CYP3A activity in 

each condition92. Therefore, cortisol is likely responsible for the pregnancy related induction of 

CYP3A. THC has minor hepatic metabolism by CYP3A so while CYP3A-mediated metabolism 

will be induced during pregnancy it should not have a large change on hepatic THC clearance. 

On the other hand, 11-OH-THC is extensively metabolized by CYP3A, so, as before, the 

pregnancy-related induction should increase its hepatic clearance. But any induction of the 

cannabinoid clearance by CYP3A enzymes will not be gestational age-dependent as such 

induction appears to be constant across the trimesters. 

UGT1A4 activity increases by ~1.5-fold in trimester 2 and 3 pregnancies compared to 

postpartum, as evaluated by the in vivo lamotrigine 2-N-glucuronide/lamotrigine plasma 

concentration ratio93. UGT2B7 activity does not change between pregnancy and postpartum, as 
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evaluated by the in vivo zidovudine-glucuronide/zidovudine concentration ratio94. The in vivo 

data are supported by studies using human hepatocytes, where UGT1A4 and 1A1 protein 

abundance is increased by 1.5 to 2-fold with 10 μM estradiol, but not by other pregnancy 

hormones (estriol, estetrol, progesterone, and cortisol)95. Also, UGT2B7, 1A3, 1A6, and 1A9 

protein abundance was not changed by any pregnancy hormones. Of note, these estradiol 

concentrations are much higher than those present in the plasma during pregnancy. 11-OH-

THC is metabolized by UGT1A9, 1A10, and 2B7 and COOH-THC by UGT1A1 and 1A3. 

Therefore UGT-mediated 11-OH-THC metabolism will likely not change during pregnancy but 

COOH-THC metabolism by UGT1A1 could be increased. 

 

1.8 Is THC and/or 11-OH-THC Transported across the Placenta and the BBB and How 

Does this Transport Change across Gestational Age?  

Whether THC and its metabolites are transported by P-gp and/or BCRP at the blood-

brain barrier (BBB) or gut lumen is controversial. In mice, THC appears to be efflux transported 

by either P-gp or BCRP. Mice, naturally deficient in P-gp, dosed with 25 mg/kg THC orally, had 

a 2.2-fold increase in systemic plasma THC AUC compared with wild-type mice17. This suggests 

that P-gp is involved in the transport of THC at the gut lumen preventing THC absorption. With 

regard to brain disposition, P-gp and Bcrp knock-out mice dosed intraperitoneally with 3 mg/kg 

THC had up to 3.2- and 4.7-fold increase in the brain/blood THC ratio compared with wild-type 

mice, respectively18. However, the brain/blood THC ratio was higher at only certain timepoints 

and neither the P-gp nor Bcrp knock-out mice data were significantly different than wild-type 

when all timepoints were included. Thus, it is uncertain whether P-gp and/or Bcrp effluxes THC 

at the BBB and modulates its brain distribution. There is no corresponding information on 11-

OH-THC transport in mice. However, with P-gp or BCRP-overexpressing cells using the 

Transwell or the cell accumulation assay, presence or absence of THC, 11-OH-THC, and 

COOH-THC transport was undetectable96. In the Transwell assay, THC could not be quantified 
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in the receiver compartment due to extensive intracellular binding. Similarly, THC efflux was not 

discernible in the cell accumulation assay perhaps due to its high lipophilicity.  

For the blood-placental barrier (BPB), as stated before, P-gp and BCRP are expressed 

on the apical membrane of the syncytiotrophoblast in the placenta. Active THC/11-OH-THC 

transport by either of these efflux transporters could decrease their overall fetal exposure. P-gp 

and BCRP are two of the highest expressed apical efflux transporters in the human placenta79. 

As gestational age increases, while the amount of P-gp and BCRP in the human placenta 

decreases per gram of tissue, because of increase in size, the overall abundance of both 

transporters in the placenta is highest at term97. Additionally, the fetal brain undergoes rapid 

maturation, and the fetal BBB develops between 8-18 weeks gestation. P-gp and BCRP are 

also highly expressed in the fetal BBB and P-gp reaches the highest abundance in the third 

trimester98. If THC is a substrate of either transporter, fetal brain exposure to THC would be 

reduced relative to fetal circulating plasma exposure. 

As for the highest expressed influx transporters on the basal membrane of the 

syncytiotrophoblast, these are OATP2B1, OCT3, and OAT4. Of note, because THC and 11-OH-

THC are neutral molecules at physiological pH, they do not fit the profile of molecules that are 

likely to be transported by OATPs, OATs or OCTs. While there are no data to contradict this 

assumption, if they are involved in THC/11-OH-THC active transport at the BPB, their induction 

or lack thereof could impact the magnitude of transport across gestational age. Unlike the efflux 

transporters on the apical membrane, OATP2B1 and OAT4 placental abundance per gram of 

tissue does not change across gestational age and OCT3 abundance increases with gestational 

age97. However, due to steady growth of the placenta with gestational age, the overall 

abundance of each transporter in the placenta is highest at term.  

As noted above, data in both macaques and humans suggest that THC may be effluxed 

by the human placenta. To determine if this is the case, in Aim 2 (Chapter 3) we will perfuse 

THC, 11-OH-THC and COOH-THC with and without a P-gp/BCRP inhibitor, valspodar, in 
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cotyledons from human term placenta, in the maternal-fetal and fetal-maternal direction. 

Through these studies, we will estimate the CLPD and CLT at term and identify if the 

cannabinoids are a substrate of P-gp/BCRP and if so, quantify the fraction transported by each. 

Upon identifying the fraction transported, we can scale the magnitude of transport at term to 

earlier gestational ages using changes in their placenta transporter abundance97.  

Pregnancy-induced changes in transporter activity could affect the extent of absorption 

of THC across the gut lumen and therefore the extent of distribution of the cannabinoids to fetus 

and the fetal brain. Limited data exist on the effect of pregnancy on hepatic, intestinal or renal 

transporters. The in vivo observed unbound clearance of glyburide (likely hepatic) is increased 

by 2.05-fold in the third trimester (28-32 weeks gestation) compared to postpartum, which could 

be due to induction of hepatic BCRP, OATP1B1, CYP3A4 and/or CYP2C999. Renal P-gp activity 

is increased 2.07-fold in the third trimester (28-32 weeks gestation), as estimated from in vivo 

observed unbound renal secretory clearance of digoxin compared to postpartum88. Based on 

the measurement of metformin secretory renal clearance, renal OCT2 activity is increased in the 

second and third trimester but doesn’t change in trimester 1100. Renal OAT1/2/3 activity is 

increased across gestational age101. However, given that very little THC or 11-OH-THC is 

excreted unchanged in the urine, any increased activity of renal transporters during pregnancy 

would be irrelevant to the clearance of these cannabinoids.  

The estimated metabolic (Aim 1) and placenta transfer kinetics (Aim 2) will be inputted 

into our m-f-PBPK model to predict the THC/11-OH-THC fetal exposure (e.g., fetal brain) across 

gestational age (Aim 3). This predicted exposure is vital to conducting informative studies in 

vitro and in vivo in animals to assess the impact of prenatal cannabis use on 

neurodevelopmental toxicity. 
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1.9 Specific Aims  

To predict fetal THC/11-OH-THC exposure at various gestational ages, after maternal inhalation 

and oral cannabis use, we will pursue the following aims: 

Aim 1 (Chapter 2): Identify the drug metabolizing enzymes and quantify their metabolic kinetics 

for depleting THC/11-OH-THC in microsomes from human intestines (HIMs), lungs (HLuMs), 

placentas (HPMs), and fetal livers (HFLMs).  

1.1. Use selective enzyme inhibitors to identify the relevant drug metabolizing enzymes 

mediating the depletion of THC/11-OH-THC in these microsomes. 

1.2. Through the above depletion studied, quantify the intrinsic metabolic clearance (CLint) 

and fraction metabolized (fm) by each identified enzyme. 

1.3. Populate the m-f-PBPK model in Aim 3 with the above in vitro enzyme kinetics to predict 

fetal exposure to THC/11-OH-THC at various gestational ages.  

 

Aim 2 (Chapter 3): Quantify the transplacental transfer of THC/11-OH-THC/COOH-THC by 

active transport and/or by passive diffusion using the perfused human term placenta model. 

2.1. Perfuse the human placenta with THC/11-OH-THC/COOH-THC, in a single-pass mode, 

to determine their maternal-fetal and fetal-maternal transplacental transfer in the presence and 

absence of the dual P-gp/BCRP inhibitor, valspodar.  

2.2. Through Aim 2.1, determine if THC/11-OH-THC/COOH-THC is effluxed by P-gp/BCRP. 

If yes, determine the fraction transported (ft) by each relevant transporter.  

2.3 Populate our m-f-PBPK model (Aim 3) with the estimated placenta and fetal liver 

metabolic clearances from Aim 1.2 and transplacental transfer kinetics from Aim 2.1, to predict 

the fetal exposure to THC/11-OH-THC. 

 

Aim 3 (Chapter 4): Using our m-f-PBPK model, predict fetal plasma and tissue THC/11-OH-

THC exposure at typical doses, route and frequency of maternal THC consumption.   
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3.1. Quantify the THC/11-OH-THC concentration in 1st and 2nd trimester human fetal brain, 

liver, kidney, placenta and MP and in term UVP, MP and placenta from pregnant individuals 

who have recreationally consumed cannabis prior to pregnancy termination or term delivery.  

3.2. Populate our current m-f-PBPK model with the various THC/11-OH-THC maternal-fetal 

disposition parameters from Aims 1 and 2. Then, using our m-f-PBPK model, predict fetal 

plasma and/or fetal tissue exposure to THC/11-OH-THC, at 1st, 2nd, and 3rd trimester. Verify our 

m-f-PBPK model predictions, to the extent possible, by data collected in Aim 3.1.  

3.3 Using our verified m-f-PBPK model, predict at steady-state the dynamic (time-

dependent) changes in the unbound and total fetal plasma and tissue THC/11-OH-THC 

concentrations at different gestational ages for typical routes, doses and frequency of prenatal 

cannabis use. 
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Table 1.2: Total and maximum exposure of THC and its metabolites following intravenous administration of THC  
   THC 11-OH-THC COOH-THC Reference 

Dose 
(mg) 

Sampling 
duration (h) 

Number of 
Subjects 

Method of 
Quantification 

AUC 
(nM*h) 

Cmax 
(nM) 

AUC 
(nM*h) 

Cmax 
(nM) 

AUC 
(nM*h) 

Cmax 
(nM) 

 

5 48 9 GC-MS 281 208 _ _ _ _ 47 
2 24 6 HPLC and Liquid 

Scintillation 
85.1 368 _ _ _ _ 46 

0.5 72 6 Liquid Scintillation 113 20.0 _ _ _ _ 102 
0.5 30 12 Liquid Scintillation 60.8 19.8 _ _ _ _ 103 
2.5 2 22 GC-MS 109 562 _ _ _ _ 104 
2.5 2 11 GC-MS 104 485 _ _ _ _ 105 
3.1 72 12 Thin-layer 

Chromatography 
828 231 33.4 10.9 110 2125 71 

3.71 8 8 GC-MS 294 874 41.3 28.1 606 107 106 
4.5 72 12 Thin-layer 

Chromatography 
421 29.6 391 26.6 2498 189 69 

5 4 11 GLC-MS 230 629 _ _ _ _ 107 
5 4 18 GLC-MS 274 938 _ _ _ _ 108 
5 10 8 GC-MS 406 1310 _ _ 623 112 70 

AUC: area under the plasma concentration-time curve from time=0 to the last timepoint; Cmax: maximum concentration; GC-MS: gas 
chromatography tandem mass spectrometry; GLC-MS: gas-liquid chromatography tandem mass spectrometry; underlined studies that used 
selective assays and spanned at least 24 hours were used for pharmacokinetic data. 
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Table 1.3: Total and maximum exposure of THC and its metabolites following inhalation administration of THC  
   THC 11-OH-THC COOH-THC Reference 

Dose 
(mg) 

Sampling  
duration (h) 

Number of 
Subjects 

Method of Quantification AUC 
(nM*h) 

Cmax 
(nM) 

AUC 
(nM*h) 

Cmax 
(nM) 

AUC 
(nM*h) 

Cmax 
(nM) 

 

9.47 48 9 GC-MS 106 79.8 _ _ _ _ 47 
10.5 22 10 GC-MS 235 271 192 57.3 350 103 48 
8.94 2 6 Radioimmunoassay 84.4 313 _ _ _ _ 109 
9.7 
12.8 
16.0 

6 6 GLC-MS 219 
246 
321 

300 
342 
493 

_ _ 302 
378 
422 

91.5 
125 
132 

110 

10 24 12 Liquid Scintillation 12.8 8.16 _ _ _ _ 103 
13.1 4 18 GLC-MS 95.0 262 _ _ _ _ 108 
19 4 11 GLC-MS 104 194 _ _ _ _ 107 

15.8 
33.8 

168 6 GC-MS 141 
250 

251 
483 

33.6 
94.9 

17.3 
21.9 

1453 
3484 

60.0 
147 

111 

18.2 
36.5 

6 10 GC-MS 71.6 
128 

152 
252 

13.9 
24.2 

7.56 
10.9 

_ _ 112 

25.6 4 19 GC-MS 280 356 94.1 51.1 _ _ 113 
22.5 
47.5 

8 11 
12 

GC-MS 111 
273 

156 
384 

42.4 
93.8 

20.3 
37.2 

_ _ 114 

29.3 
49.1 
69.4 

8 18 
20 
20 

LC-MS 243 
360 
478 

430 
645 
735 

73.2 
111 
122 

27.8 
49.6 
47.8 

262 
435 
467 

88.3 
173 
158 

115 

54 10 22 LC-MS/MS 350 242 57.5 30.3 610 195 116 
54 30 14 LC-MS/MS 331 109 98.3 20.3 2001 153 117 
45 8 12 GC-MS 15.6 66.7 10.0 5.45 132 21.8 118 
23 5.4 96 Radioimmunoassay 392 447 _ _ 543 

 
158 119 

15.2 
26.9 

8 8 GC-MS 34.7 
82.0 

42.6 
107 

23.0 
49.9 

8.17 
25.1 

516 
795 

84.8 
142 

120 

15.8 
33.8 

12 6 GC-MS 117 
159 

344 
699 

_ _ _ _ 121 

3.71 8 8 GC-MS 64.8 60.9 13.9 4.25 180 28.7 106 
15.3 
30.6 
61.2 

6 18 Not listed 146 
222 
308 

219 
358 
595 

_ _ _ _ 
122 
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3.08 0.5 8 GC-MS 1173 107 _ _ _ _ 123 
53.1 11 11 GC-MS 284 90.0 49.9 11.8 1022 136 124 
20 24 14 GC-MS 64.6 82.0 3.09 8.17 119 53.1 125 

14.5 
33.5 

8.3 19 LC-MS/MS 142 
179 

148 
197 

17.6 
29.7 

12.4 
21.2 

_ _ 126 

1.6 4 6 LC-MS/MS 19.9 11.7 _ _ _ _ 127 
AUC: area under the plasma concentration-time curve from time=0 to the last timepoint; Cmax: maximum concentration; GC-MS: gas 
chromatography tandem mass spectrometry; GLC-MS: gas-liquid chromatography tandem mass spectrometry; LC-MS: liquid chromatography 
tandem mass spectrometry; underlined studies that used selective assays and spanned at least 20 hours were used for pharmacokinetic data. 
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Table 1.4: Total and maximum exposure of THC and its metabolites following oral administration of THC  
   THC 11-OH-THC COOH-THC Reference 

Dose 
(mg) 

Sampling 
duration (h) 

Number of 
Subjects 

Method of 
Quantification 

AUC 
(nM*h) 

Cmax 
(nM) 

AUC 
(nM*h) 

Cmax 
(nM) 

AUC 
(nM*h) 

Cmax 
(nM) 

 

4.251,$ 
52,$ 

48 51 LC-MS/MS 11.2 
12.7 

6.19 
7.65 

32.1 
38.9 

8.38 
11.0 

_ _ 51 

4.251,# 

52,# 

52,$ 

48 52 
54 
53 

LC-MS/MS 28.9 
33.3 
14.1 

4.83 
8.27 
6.96 

38.2 
44.9 
33.8 

3.72 
6.54 
9.44 

_ _ 50 

511,$ 

511,# 

1011,$ 

1011,# 

24 28 
28 
28 
27 

LC-MS/MS 9.95 
27.8 
27.7 
56.0 

3.16 
5.35 
7.44 
9.34 

21.7 
28.4 
44.5 
53.7 

5.14 
3.63 
9.69 
6.98 

_ _ 49 

213 6 12 Liquid Scintillation 1.10 0.36 _ _ _ _ 103 
54 

6.54 

84 

8 13 
9 
9 

LC-MS/MS 9.30 
13.5 
18.3 

7.25 
11.2 
11.2 

22.5 
27.1 
34.9 

12.0 
16.3 
15.9 

_ _ 128 

52,# 

152,# 
10.5 9 GC-MS 97.3 

160 
14.9 
45.5 

44.8 
128 

9.08 
33.6 

_ _ 129 

102,$ 24 24 GC-MS 1138 10.1 2808 13.6 42375 96.0 130 
17.55 72 12 Thin-layer 

Chromatography 
666 35.6 207 18.0 4608 228 71 

152,$ 

302,$ 
452,$ 
602,$ 
752,$ 
902,$ 

12 7 LC-MS/MS 51.0 
82.8 
154 
286 
441 
693 

13.0 
21.7 
39.5 
113 
93.0 
160 

22.4 
35.9 
100 
169 
203 
334 

5.48 
11.6 
17.2 
30.2 
30.6 
58.2 

_ _ 131 

205 24 12 Thin-layer 
Chromatography 

791 197 82.9 10.3 453 40.6 69 

206 6 11 GLC-MS 54.3 17.5 _ _ _ _ 107 
206 10 12 GC-MS 62.6 16.4 _ _ _ _ 132 
202,$ 24 9 LC-MS/MS 8.43 3.26 9.51 2.99 121.94 20.71 133 

10.87,# 

10.87,$ 
24 12 GC-MS 104 

37.0 
20.6 
12.7 

107 
86.9 

11.3 
14.1 

_ _ 134 

5.47,$ 24 6 GC-MS 11.0 4.71 32.0 6.90 _ _ 135 
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10.87,$ 
21.67,$ 

12 
7 

38.9 
73.1 

12.7 
17.2 

87.2 
184 

14.1 
25.1 

10.87,$ 24 36 GC-MS 27.6 8.58 62.4 10.5 _ _ 136 
38 

58 

6.58 

2 11 LC-MS/MS 6.53 
10.3 
13.7 

4.96 
7.65 
9.91 

8.52 
11.8 
15.6 

5.64 
7.58 
10.5 

67.8 
94.2 
130 

57.7 
92.1 
114 

137 

0.758 

1.58 
6 9 

10 
LC-MS/MS 2.80 

6.39 
1.30 
3.21 

4.15 
10.1 

1.69 
3.66 

_ _ 138 

88,$ 6 12 LC-MS/MS 1422 11.4 2276.2 12.9 _ _ 139 
10.87,$ 24 9 LC-MS/MS 25.4 5.72 _ _ _ _ 140 
10.85,$ 

10.87,$ 
24 14 LC-MS/MS 64.8 

55.8 
24.1 
16.6 

97.0 
85.6 

19.9 
14.3 

_ _ 141 

0.369 

0.9510 
24 12 LC-MS/MS 15.9 

5.72 
3.18 
1.59 

20.6 
5.75 

3.63 
2.12 

267 
40.6 

49.6 
12.5 

142 

#fed, $fasted, 1: Syndros; 2:Marinol; 3: cherry syrup; 4: tablet; 5: sesame oil in gelatin capsule; 6: chocolate cookie 7: Sativex; 8: namisol; 9: 
decoction; 10: cannabis oil; 11: sunflower oil in gelatin capsule; AUC: area under the plasma concentration-time curve from time=0 to the last 
timepoint; Cmax: maximum concentration; GC-MS: gas chromatography tandem mass spectrometry; GLC-MS: gas-liquid chromatography tandem 
mass spectrometry; LC-MS: liquid chromatography tandem mass spectrometry; underlined studies that used selective assays, spanned at least 24 
hours, and had a high subject number (n>25) were used for pharmacokinetic data. 
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Chapter 2: Characterizing and Quantifying Extrahepatic Metabolism of (-)-∆9-

Tetrahydrocannabinol (THC) and Its Psychoactive Metabolite, 11-OH-THC 

 

The work presented in this chapter was previously published in Drug Metabolism and 

Disposition 50(6):734-740(2022) 
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2.1 Abstract 

(-)-∆9-tetrahydrocannabinol (THC) is the psychoactive constituent of cannabis, a drug 

recreationally consumed by inhalation and orally. Physiologically based pharmacokinetic 

(PBPK) modeling can be used to predict systemic and tissue exposure to THC and its 

psychoactive metabolite, 11-OH-THC. To populate a THC/11-OH-THC PBPK model, we 

previously characterized the depletion clearance of THC (by CYP2C9) and 11-OH-THC (by 

UGT, CYP3A, and CYP2C9) in adult human liver microsomes. Here we focused on quantifying 

extrahepatic depletion clearance of THC/11-OH-THC, important after oral (intestine) and 

inhalational (lung) consumption of THC as well as prenatal THC use (placenta and fetal liver). 

THC (500 nM) was metabolized in adult human intestinal microsomes (n = 3-5) by CYP2C9 

(Vmax: 2.0 ± 0.72 nmol/min/mg; Km: 70 nM; CLint: 29 ± 10 mL/min/mg and fm: 0.89 ± 0.038 at 

concentration << 70 nM) and CYP3A (CLint: 3.8 ± 1.7 mL/min/mg; fm: 0.11 ± 0.038). 11-OH-THC 

(50 nM) was metabolized by CYP3A (CLint: 0.41 ± 0.092 mL/min/mg; fm: 0.51 ± 0.11) and 

UGT2B7 (CLint: 0.20 ± 0.043 mL/min/mg; fm: 0.25 ± 0.053). THC at 500 nM (CLint: 7.6 ± 0.36 

mL/min/mg) and 11-OH-THC at 50 nM (CLint: 1.1 ± 0.062 mL/min/mg) were predominately (fm: 

0.99 and 0.80, respectively) metabolized by CYP3A in human fetal liver microsomes (n = 3). 

However, we did not observe significant depletion of THC/11-OH-THC in adult lung, 1st, 2nd 

trimester or term placenta microsomes. Using PBPK modeling and simulations, these data 

could be used in the future to predict systemic and tissue THC/11-OH-THC exposure in healthy 

and special populations. 

 

2.2 Introduction 

 Cannabis is the most frequently used recreational drug in the United States. It is 

primarily consumed orally or by inhalation and with increased legalization, its use has also 

increased. Currently 17.9% of the United States adult population (age 12 or older) uses 
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cannabis143. Due to the psychoactive effects of (-)-∆9-tetrahydrocannabinol (THC)144 and its 

active metabolite, (±)-11-hydroxy-∆9-THC (11-OH-THC), changes in exposure to these 

cannabinoids could cause possible negative outcomes (e.g. anxiety and panic attacks145) when 

their clearance (CL) is altered by drug-drug interactions (DDIs), pathophysiological changes 

(e.g. hepatic impairment), or other sources of inter-individual variability.  

Physiologically based pharmacokinetic (PBPK) modeling is a useful mechanistic tool to 

predict human THC and 11-OH-THC exposure in silico. PBPK modeling integrates physiological 

processes, drug specific physicochemical properties and in vitro metabolism and transport 

parameters to predict a drug’s disposition in the body. In addition to using a healthy adult PBPK 

model to estimate THC/11-OH-THC exposure in different genetic populations or in the presence 

of DDIs, such a model can be extended to predict the disposition of these cannabinoids in 

special populations that are difficult to study, for example, people with hepatic impairment or 

pregnant women. A pregnancy PBPK model could help predict fetal THC/11-OH-THC exposure 

throughout gestation following maternal cannabis consumption. Such predictions are important 

due to the potential deleterious effects of cannabis to the fetus/infant1-5). 

To build a THC PBPK model, we first need to quantify and then populate the model with 

the intrinsic metabolic and transport clearance (CLint) of THC and 11-OH-THC. Because THC 

and 11-OH-THC are cleared predominantly from the body by metabolism (and do not appear to 

be significantly transported96), here we focused on quantifying the metabolic depletion CL of 

THC and 11-OH-THC in tissues that could potentially contribute to the overall CL and 

bioavailability (F) of THC and 11-OH-THC from the body after inhalation or oral cannabis 

consumption. Because THC is cleared from the body primarily by metabolism 146, we previously 

characterized and quantified the hepatic depletion CL of THC and 11-OH-THC where we found 

that THC was predominately metabolized by cytochrome P450 (CYP)2C9 while 11-OH-THC 

was metabolized by CYP2C9, CYP3A, and uridine 5'-diphospho-glucuronosyltransferase (UGT) 

enzymes 15. In addition, through these studies and those with recombinant CYP enzymes, we 
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found that THC could be metabolized by CYP enzymes present in the lung (CYP1A1 147) and in 

the intestine (CYP3A4/5, CYP2C9, CYP2C19, CYP2D6, UGTs 148). Therefore, the tissues of 

interest here were the intestine and the lung since THC is primarily consumed orally and by 

inhalation and these organs could lead to both first pass and systemic CL of THC. In addition, to 

populate our maternal-fetal (m-f) PBPK model 149, we also characterized the metabolism of THC 

and 11-OH-THC in the human placenta and fetal liver. Indeed, our studies with recombinant 

CYP enzymes showed that THC/11-OH-THC can be metabolized by CYPs that are present in 

the fetal liver (CYP3A7 83) or the placenta (CYP1A1 150). 

 

2.3 Materials and Methods 

2.3.1 Chemical and Reagents 

THC (1 mg/ml), 11-OH-THC (1 mg/ml), and (±)-11-nor-9-carboxy-∆9-THC (11-COOH-

THC) (1 mg/ml) DEA-exempt methanol stocks and deuterated internal standards [IS; (-)-∆9-

THC-D3, (±)-11-OH-THC-D3, (±)-11-COOH-THC-D3] were purchased from Cerilliant (Round 

Rock, TX). Low-binding (LB) microcentrifuge tubes (composed of chemical-resistant 

polypropylene) were purchased from Genesee Scientific (San Diego, CA). Bovine serum 

albumin (BSA) (Fraction V - heat-shock treated), sodium phosphate, sucrose, acetonitrile, 

formic acid (liquid chromatography-mass spectrometry (LC-MS/MS grade), LC glass inserts, 

and LC pre-split snap caps were purchased from Fisher Scientific (Hampton, NH). Alamethicin, 

midazolam (MDZ), 1-hydroxymidazolam (1-OH-MDZ), resorufin (RES), and 7-ethoxyresorufin 

(7-ER) were purchased from Cayman Chemicals (Ann Arbor, MI). Uridine 5’-

diphosphoglucuronic acid (UDPGA), ethylenediaminetetraacetic acid (EDTA), β-nicotinamide 

adenine dinucleotide phosphate (NADP+), D-glucose 6-phosphate (G6P), glucose-6-phosphate 

dehydrogenase (G6PDH), phenylmethylsulfonyl fluoride (PMSF), itraconazole (ITZ), 

sulfaphenazole (SFZ), omeprazole (OMPZ), alpha-naphthoflavone (ANF), quinidine (QND), 
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methimazole (MMI), fluconazole (FLZ), and niflumic acid (NFA) were purchased from Sigma-

Aldrich (St. Louis, MO). Azamulin (AZA) was purchased from Toronto Research Chemicals 

(Toronto, ON).  

2.3.2 Biological Materials 

Pooled adult, mixed gender human intestinal microsomes (HIM) (Lot 1610314: n=15, 10 

mg/mL) and human lung microsomes from cigarette smokers (HLuM) (Lot 1910176: n=5, 10 

mg/mL; Lot 1310176: n=4, 10 mg/mL) were purchased from Xenotech (Lenexa, KS). HLuM 

from cigarette smokers were chosen because smoking induces CYP1A activity151. Human 

placentas and fetal liver tissues were acquired from the Birth Defects Research Laboratory 

(Seattle, WA). Human placental microsomes (HPM) (2 mg/mL) were prepared as described 

before from trimester 1 (T1), trimester 2 (T2), and term placentas97 and the demographics are 

shown in Table S2.1. Human fetal liver microsomes (HFLM) (18.6 mg/mL) were prepared from 

six T2 pooled livers (Table S2.2) as follows. Approximately 1 g of tissue was weighed and 

homogenized in buffer containing 20 mM sucrose, 50 mM Kpi, 10 mM EDTA and a protease 

inhibitor (0.2 mM PMSF) with an Omni Bead Ruptor Homogenizer. The homogenate was then 

centrifuged at 9,000 x g and 4C for 20 minutes in Optima L-90K Ultracentrifuge (Beckman 

Coulter, Brea, CA). The resulting S9 fraction was immediately centrifuged at 100,000 x g and 

4C for 1 hour to yield both the cytosolic and microsomal fractions. Microsomal fractions were 

resuspended in 300 µL of storage buffer (50 mM Kpi, 20 mM sucrose, 10 mM EDTA) and 

protein content was quantified by a Pierce bicinchoninic acid (BCA) assay. T2 livers were used 

as they were available to us in quantity and size needed to prepare microsomes.   

2.3.3 Cannabinoid Incubations 

HIM (0.25 and 0.75 mg/mL for THC and 11-OH-THC incubations, respectively), HFLM (1 

mg/mL), HLuM (1 and 2 mg/mL), and HPM (0.5 mg/mL) were incubated in LB tubes with either 

500 nM THC or 50 nM 11-OH-THC, at pharmacologically relevant systemic concentrations16. 
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Incubations were performed in 0.1 M potassium phosphate buffer (pH 7.4) containing 0.2 g/dL 

BSA to reduce nonspecific binding to plastic and maximize cannabinoid solubility (300 μL final 

volume). When depletion in the microsomes was observed, to identify the enzymes involved, 

THC or 11-OH-THC was incubated in the presence and absence of selective enzyme inhibitors: 

10 μM SFZ (CYP2C9), 2 μM ITZ (CYP3A), 1 μM QND (CYP2D6), 30 μM OMPZ (CYP2C19), 3 

μM ANF (CYP1A), 25 μM MMI (flavin-containing monooxygenase (FMO)), 2.5 mM FLZ 

(UGT2B), and 2.5 μM NFA (UGT1A9). Although FLZ and NFA are generally not selective for the 

enzymes listed, for our purposes they were (see reasons provided in the discussion). The same 

inhibitors were used for all microsomes with the exception of HFLM. Due to presence of 

CYP3A7 in the HFLM (vs. CYP3A4/5 in adults), and an increased selectivity of AZA for CYP3A7 

compared to ITZ, 5 μM AZA was used as the CYP3A-selective inhibitor for the HFLM 

incubations. To confirm CYP activity in the HFLM, HLuM, and HPM incubations, 1-OH-MDZ 

formation from MDZ (CYP3A), RES formation from 7-ER (CYP1A), and β-estradiol formation 

from testosterone (CYP19), were quantified as positive controls, respectively. CYP and FMO 

incubations were pre-incubated at 37C for 10 minutes in a heated shaking block and CYP-

mediated depletion of the cannabinoids was initiated with a NADPH regenerating system (1.3 

mM NADP+, 3.3 mM G6P, 3.3 mM MgCl2, 0.4 unit/mL G6PDH). For UGT-mediated depletions, 

the microsomes were pre-incubated with alamethicin (25 μg/mL) for 15 minutes on ice to allow 

for pore formation then pre-incubated as described above (with the addition of 3.3 mM MgCl2). 

Then, the reaction was initiated with 2.5 mM UDPGA (as NADPH was not included, no CYP 

metabolism was present). The incubation period (30 – 60 minutes) for each set of experiments 

was optimized to achieve extensive substrate depletion in order to estimate the depletion kinetic 

parameters with confidence. Depletion of the cannabinoids was terminated by adding 100 µL 

ice-cold acetonitrile containing the internal standards (250 nM THC-D3, 250 nM 11-OH-THC-D3, 

250 nM 11-COOH-THC-D3) to a 50 µL aliquot of the reaction mixture in LB tubes and then 

mixing using a vortex. Samples were centrifuged at 18,000 x g and 4C for 10 minutes, and 70 
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µL of the supernatant was stored at -20C in LC glass inserts until analysis by LC-MS/MS. 

Three to five independent experiments were conducted, each in duplicate or triplicate. 

2.3.4 LC-MS/MS Analysis 

Samples (10 µL injection) were analyzed with an Acquity ultra-performance liquid 

chromatography (UPLC) system (Waters Corporation, Milford, MA) coupled to an AB Sciex 

Triple Quad 6500 (SCIEX, Framingham, MA). Acquity UPLC ethylene bridged hybrid (BEH) C18 

column (1.7 μM 2.1 x 50 mm) attached to a BEH C18 5 mm guard column (Waters Corporation, 

Milford, MA) was used for chromatographic separation with a mobile phase flow rate of 0.3 

mL/min. The mobile phase consisted of acetonitrile and water containing 0.1% formic acid as 

the organic and aqueous phases, respectively. The chromatographic LC-MS/MS conditions 

used are provided in Table S2.3. Integration of the chromatographic peaks was performed using 

Analyst v1.6.2 (Framingham, MA). This method was used for all samples other than placental 

metabolism for which a previously published method was used15.  

2.3.5 Estimation of THC and 11-OH-THC Depletion Kinetic Parameters 

Depletion data were first corrected for any substrate loss observed in “no NADPH” 

incubations (mean = 3.68%). Then, for data from each set of experiments, a THC (Eq. 1) or 11-

OH-THC (Eq. 2) depletion model was simultaneously fitted to the time course of depletion in 

HIM, in the absence and presence of CYP inhibitors, using nonlinear regression (Phoenix 8.1, 

Certara (Princeton, NJ). This allowed us to estimate CL via the different CYP pathways. To 

avoid identifiability issues, the THC CYP2C9 Michaelis-Menten constant (Km) value was fixed to 

70 nM based on our previous estimate of this parameter in human adult liver microsomes 

obtained under identical incubation conditions15.   

ୢ୅౐ౄి,౟౤౪౛౩౪౟౤౗ౢ

ୢ୲
=  − ൬

୚ౣ౗౮,ిౕౌమివ ∗ େ౐ౄి

୏ౣ,ిౕౌమివ ା େ౐ౄి
+ CLେଢ଼୔ଷ୅ ∗  C୘ୌେ൰     (Eq. 1) 

ୢ୅భభషోౄష౐ౄి,౟౤౪౛౩౪౟౤౗ౢ,ిౕౌ

ୢ୲
=  −(CLେଢ଼୔ଷ୅ + CL୓୲୦ୣ୰ େଢ଼୔) ∗  Cଵଵି୓ୌି୘ୌେ    (Eq. 2) 
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ୢ୅భభషోౄష౐ౄి,౟౤౪౛౩౪౟౤౗ౢ,౑ృ౐

ୢ୲
=  −(CL୙ୋ୘ଶ୆଻ + CL୓୲୦ୣ୰ ୙ୋ୘) ∗  Cଵଵି୓ୌି୘ୌ     (Eq. 3) 

For 11-OH-THC, Eq. 2 was fitted to the CYP-mediated depletion data and Eq. 3 was 

fitted to the UGT-mediated depletion data. In the above models, CL via CYP2C9, CYP3A, or 

UGT2B7 was assumed to be completely inhibited (i.e. zero) in the presence of their respective 

inhibitors152-155. This allowed us to estimate CL via the different enzymatic pathways. Then, CLint 

was estimated using the model predicted CL, fraction unbound in the incubation (fu,inc) and 

microsomal protein amount as shown in Eq. 4.  For THC and 11-OH-THC HIM incubations, fu,inc 

was measured via ultracentrifugation (0.021 and 0.039) and microsomal protein amount was 

0.075 mg and 0.225 mg, respectively. 

CL୧୬୲ =  
େ୐

୤౫,౟౤ౙ∗୫୧୰୭ୱ୭୫ୟ୪ ୮୰୭୲ୣ୧୬ ୟ୫୭୳୬୲
        (Eq. 4) 

Unlike the HIM models, the data from all HFLM experiments were simultaneously fitted 

to the THC depletion (Eq. 5 & 6), 11-OH-THC depletion (Eq. 7 & 8) and 1-OH-MDZ formation 

(Eq. 9 & 10) in the absence and presence of AZA. This was done to account for incomplete 

CYP3A inhibition by AZA in HFLM which was estimated as shown in Eq. 11. Then, CLint was 

estimated using Eq. 4, where the microsomal protein amount was 0.3 mg for both THC and 11-

OH-THC incubations. For THC and 11-OH-THC HFLM incubations, fu,inc was measured via 

ultracentrifugation (0.0024 and 0.013, respectively).  

ୢ୅౐ౄి,౜౛౪౗ౢ ౢ౟౬౛౨

ୢ୲
=  −(CLେଢ଼୔ଷ୅ + CL୓୲୦ୣ୰ େଢ଼୔) ∗  C୘ୌେ      (Eq. 5) 

ୢ୅౐ౄిశఽ ,౜౛౪౗ౢ ౢ౟౬౛౨

ୢ୲
=  −(CLେଢ଼୔ଷ୅ ∗ inhibition correction + CL୓୲୦ୣ୰ େଢ଼୔) ∗  C୘ୌେ   (Eq. 6) 

ୢ୅భభషోౄష౐ౄి,౜౛౪౗ౢ ౢ౟౬౛౨

ୢ୲
=  −(CLେଢ଼୔ଷ୅ + CL୓୲୦ୣ୰ େଢ଼୔) ∗  Cଵଵି୓ୌି୘ୌେ    (Eq. 7) 

ୢ୅భభషోౄష౐ౄిశఽౖ ,౜౛౪౗ౢ ౢ౟౬౛౨

ୢ୲
=  −(CLେଢ଼୔ଷ୅ ∗ inhibition correction + CL୓୲୦ୣ୰ େଢ଼୔) ∗  Cଵଵି୓ୌି୘ୌେ (Eq. 8) 

ୢ୅భషోౄష౉ీౖ,౜౛౪౗ౢ ౢ౟౬౛౨

ୢ୲
=  CLେଢ଼୔ଷ୅ ∗  C୑ୈ୞        (Eq. 9) 

ୢ୅భషోౄష౉ీౖశఽౖఽ,౜౛౪౗ౢ ౢ౟౬౛౨

ୢ୲
=  CLେଢ଼୔ଷ୅,୰ୣ୫ୟ୧୬୧୬୥ ∗  C୑ୈ୞               (Eq. 10) 
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Fetal liver CYP3A inhibition correction =
େ୐ిౕౌయఽ,౨౛ౣ౗౟౤౟౤ౝ

େ୐ిౕౌయఽ
              (Eq. 11) 

Goodness of model fits was assessed by evaluating the residual plots and %CV of the 

estimates (which ranged 14 – 44% indicating excellent to good confidence in the estimates).  

Data were weighted using iterative reweighted least squares, where weight = 1/(yhat
2), to obtain 

homoscedasticity in the weighted residual plots. 

2.3.6 In Vitro to In Vivo Extrapolation of Kinetic Data 

Kinetic parameters estimated from the mathematical models were extrapolated to in vivo 

whole organ clearance values to ascertain the importance of the estimated in vitro values. 

Intestinal (CLGI) and fetal liver (CLFH) clearance were calculated using the well-stirred model 

(Eq. 12 & 13, respectively).  

𝐶𝐿ீூ =
௙ೠ,್∗஼௅௜௡௧∗ெ௉௉ூ∗ொಸ಺

௙ೠ,್∗஼௅௜௡௧∗ெ௉௉ூା ಸ಺
                  (Eq. 12) 

𝐶𝐿ிு =
௙ೠ,್∗஼௅௜௡௧∗ெ௉௉ீி௅∗ி௅ௐ∗ொಷಹ

௙ೠ,್∗஼௅௜௡௧∗ெ௉௉ீி௅∗ி௅ௐାொಷಹ
                 (Eq. 13) 

Where fraction unbound in blood (fu,b) was calculated using the previously reported 

fraction unbound in plasma (fu,p) and blood to plasma ratio (B/P)15,45. The calculated fu,b for THC 

and 11-OH-THCs were 0.016 and 0.019, respectively. Intestinal blood flow (QGI) is 625 

mL/min156 and total microsomal protein per intestine (MPPI) is 3000 mg protein157. It is important 

to note that we used blood flow for the entire gut, but the actual flow to the mucosa would be 

much lower resulting in an overall lower CL in the enterocytes than what is estimated here. Fetal 

liver blood flow (QFH), 56.1 mL/min, was estimated using the average gestational age of the 

pooled HFLM as previously described149. A microsomal protein per gram fetal liver value 

(MPPGFL) of 10.1 mg protein/g liver, was calculated using the protein concentrations estimated 

with the BCA assay and the measured weight of the fetal liver tissue from which the 

microsomes were isolated. Fetal liver weight (FLW), 8.19 g, was estimated based on gestational 
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age as previously described149. The metabolic fraction that escapes the gut (Fg) and the fraction 

that escapes the fetal liver (Ffh) were calculated using Eq. 14 and the respective CL parameter. 

𝐹 = 1 −
஼௅

ொ
                    (Eq. 14) 

 

2.4 Results 

2.4.1 THC or 11-OH-THC Depletion Kinetics in Pooled Adult Intestinal Microsomes 

 

Figure 2.1: Depletion of A) THC (500 nM), and 11-OH-THC (50 nM) by B) CYP and C) UGT 
enzymes in a representative experiment conducted with pooled human adult intestinal 
microsomes. Lines indicate model fit to the data normalized to data obtained without NADPH. 
As demonstrated by CYP-selective inhibitors, extensive metabolism of THC by CYP3A 
(inhibitor: 2 μM ITZ) and CYP2C9 (inhibitor: 10 μM SFZ) was observed as well as extensive 
metabolism of 11-OH-THC by CYP3A (inhibitor: 2 μM ITZ) and UGT2B7 (inhibitor: 2.5 mM FLZ). 
Data shown in B and C are mean ± SD of triplicates. Points that do not have error bars have a 
small SD that is within the datapoint. Data shown in A are mean of duplicates and therefore do 
not have error bars. No depletion by CYP1A, CYP2C19, CYP2D6, or FMO enzymes was 
observed (depletion was not inhibited by inhibitors of these enzymes; data not shown). 
 

At the inhibitor concentrations used, based on published data, we assumed selective 

and complete inhibition of the respective enzyme152-155. Based on these selective inhibitors, HIM 

extensively metabolized THC via CYP2C9 (SFZ) and CYP3A (ITZ) (Figure 2.1A, Table 2.1) with 

no involvement by CYP1A, CYP2C19, CYP2D6, FMO, or UGT enzymes (depletion was not 

inhibited by inhibitors of these enzymes; data not shown). In contrast, HIM extensively 

metabolized 11-OH-THC via CYP3A (ITZ) and UGT2B7 (FLZ) (Figure 2.1B & 2.1C, Table 2.1) 

with no involvement by CYP1A, CYP2C9, CYP2C19, CYP2D6, or FMO enzymes (data not 
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shown). The unsaturated (THC concentration < CYP2C9 Km) and saturated (THC concentration 

= 32 µM, maximum solubility in intestinal fed and fasted fluid) CLGI of THC were 442 ± 48 

mL/min and 142 ± 53 mL/min, respectively, yielding an Fg of 0.29 ± 0.078 and 0.77 ± 0.085, 

respectively. Also, the CLGI of 11-OH-THC was 45 ± 6.9 mL/min yielding an Fg of 0.93 ± 0.14.  

 

Table 2.1: Depletion Kinetics of THC and 11-OH-THC in Pooled Human Intestinal 
Microsomes 

 THC 11-OH-THC 
 Vmax 

(nmol/min/mg) 
Km 
(nM) 

CLint* 
(mL/min/mg) 

fm CLint 
(mL/min/mg) 

fm 

CYP2C9 2.0 ± 0.72 70 (fixed) 29 ± 10 0.89 ± 
0.038 

--- --- 

CYP3A --- --- 3.8 ± 1.7 0.11 ± 
0.038 

0.41 ± 0.092 0.51 ± 0.11 

Total 
CYP 

--- --- 33 ± 12 1.0 ± 0.053 0.54 ± 0.13 0.67 ± 0.16 

UGT2B7 --- --- NS NS 0.20 ± 0.043 0.25 ± 
0.053 

Total 
UGT 

--- --- NS NS 0.27 ± 0.037 0.33 ± 
0.046 

Data presented are mean ± SD of independent experiments (n = 3-5), each conducted in 
duplicate or triplicate. NS = not significant. 
*- when CYP2C9 is not saturated; CLint was calculated as depletion CL/fu,inc.   
 

2.4.2 THC and 11-OH-THC Depletion Kinetics in Pooled Adult Lung Microsomes 

 

Figure 2.2: Depletion of A) THC (500 nM) or  B) 11-OH-THC (50 nM) by CYP enzymes in 
pooled human adult lung microsomes (cigarette smokers). No significant depletion of THC 
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or 11-OH-THC was observed in lung microsomes. Data shown are mean ± SD of independent 
experiments (n = 3), each conducted in duplicate. ANF (3 uM): CYP1A inhibitor. 
 

HLuM did not significantly deplete either THC or 11-OH-THC via CYP metabolism 

(Figure 2.2). These microsomes demonstrated CYP1A activity as measured by the NADPH-

dependent formation of RES from 7-ER which was inhibitable by ANF (Figure S2.1).  

2.4.3 THC and 11-OH-THC Depletion Kinetics in Placenta Microsomes 

 

Figure 2.3: Depletion of A) THC (500 nM) or 11-OH-THC (50 nM) by B) CYP or C) UGT 
enzymes in human T1, T2 and term placental microsomes. No significant depletion of THC 
or 11-OH-THC was observed in the placental microsomes. Data shown are mean ± SD (where 
applicable) of 1-4 independent experiments, each conducted in single or duplicate. Microsomes 
were isolated from T1 placentas (blue, no SD shown) at gestational ages 79 and 96 days, T2 
(green, no SD shown for 11-OH-THC UGT depletion) at gestational ages 134, 135 and 137 
days, and Term (red, 2 placentas for CYP and 3 for UGT depletion).   
 

HPM (T1, T2 or term placentas) did not significantly deplete either THC or 11-OH-THC 

via CYP or UGT metabolism (Figure 2.3). As expected, these microsomes demonstrated 

CYP19 activity as measured by the NADPH-dependent formation of β-estradiol from 

testosterone (Figure S2.2).  
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2.4.4 THC and 11-OH-THC Depletion Kinetics in Pooled Fetal Liver Microsomes 

 

Figure 2.4: Depletion of A) THC (500 nM) or B) 11-OH-THC (50 nM) by CYP enzymes in 
pooled human fetal liver microsomes. Lines indicate model fit to the data normalized to those 
obtained without NADPH. Extensive metabolism of THC and 11-OH-THC by CYP3A was 
observed in the fetal liver microsomes as evidenced by inhibition by AZA (5 μM). Data shown 
are mean ± SD of 3 independent experiments, each conducted in duplicate. Points that do not 
have error bars have a small SD that is within the datapoint. No depletion by CYP2C9 or UGT 
enzymes was observed (depletion was not inhibited by inhibitors of these enzymes; data not 
shown). 
 

CYP3A was ~67% inhibited by 5 µM AZA based on inhibition of formation of 1-OH-MDZ, 

from MDZ (Figure S2.3). Similarly, THC depletion in HFLM was not completely inhibited by AZA. 

Therefore, when estimating the fraction metabolized (fm) via CYP3A-mediated metabolism of 

THC and 11-OH-THC, the lack of complete inhibition of CYP3A by AZA was taken into account 

(see Eq 6, 8, 11). Based on these and other selective inhibitors, HFLM were found to 

extensively metabolize both THC and 11-OH-THC via CYP3A enzymes (Figure 2.4, Table 2.2) 

with no involvement by CYP2C9 or UGT enzymes (data not shown). While THC (fm = 0.99) was 

predominately metabolized by CYP3A, 11-OH-THC (fm = 0.80) was extensively metabolized by 

other unidentified NADPH-mediated (likely CYP) enzyme(s). The CLFH of THC and 11-OH-THC 

were 8.8 ± 0.49 mL/min and 1.7 ± 0.10 mL/min, respectively, yielding an Ffh of 0.84 and 0.97, 

respectively. 



52 
 

 

Table 2.2: Depletion Kinetics of THC and 11-OH-THC in Pooled Human Fetal Liver 
Microsomes 
 THC 11-OH-THC 
 CLint 

(mL/min/mg) 
fm CLint 

(mL/min/mg) 
fm 

CYP3A 7.6 ± 0.28 0.99 ± 0.06 3.5 ± 0.20 0.80 ± 0.06 
Total CYP 7.6 ± 0.36 1 4.4 ± 0.24 1 

Data presented are mean ± SD of 4 independent experiments. CLint was calculated as depletion 
CL/fu,inc.   

 

2.5 Discussion 

THC and 11-OH-THC were incubated with microsomes at 500 and 50 nM respectively to 

reflect their maximum circulating plasma concentrations16 after inhalation (29.3 mg115) and oral 

administration (90 mg131) of THC. In the intestine, THC concentrations are likely to be 

considerably higher than 500 nM as the maximum fed-state simulated intestinal fluid solubility of 

THC is 36 µM52. In the microsomal incubations with THC, formation of 11-OH-THC was not 

observed. This could be due to either little 11-OH-THC being formed during the short incubation 

period or rapid sequential metabolism of 11-OH-THC or both. Formation of 11-COOH-THC, a 

metabolite of 11-OH-THC, was also not observed in any of the THC or 11-OH-THC CYP 

microsomal incubations, possibly due to limited experimental timeframe employed or the lower 

abundance of CYP2C9 in intestinal microsomes or both. 

In the absence of CYP2C9 inhibition, the depletion of THC in HIM was not log-linear 

since the slope of the depletion curve increased with time (Figure 2.1A). This was not the case 

in the presence of CYP2C9 inhibition. These observations are typical of saturable metabolism 

and consistent with our previous data in human liver microsomes15, where saturation of 

CYP2C9 was observed (THC Km of 70 nM, Km,u of 2.91 nM). Consistent with these data, when 

THC was incubated at 50 nM, depletion in HIM was found to be log-linear (data not shown). 

However, further experiments at this concentration were not conducted due to lack of analytical 
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sensitivity that limited our ability to determine THC depletion with confidence. CYP2C9 is the 

second most abundant CYP enzyme, after CYP3A, in the human intestine and it has previously 

been shown to metabolize drugs in HIM148,158,159. Therefore, saturable kinetics of CYP2C9 was 

built into the kinetic model used to fit to the THC depletion data in HIM. When CYP2C9 is 

partially saturated (e.g. at 10 min in Figure 2.1A), the estimated fm of CYP2C9 is 0.84 ± 0.081 

vs. 0.89 ± 0.038 when unsaturated, and the corresponding estimated fm of CYP3A is 0.16 ± 

0.081 vs. 0.11 ± 0.038.  

The slope of 11-OH-THC depletion appears to decrease with time in both the intestinal 

and the fetal liver microsomes, in each individual experiment as well as the mean data (Figure 

2.1B and Figure 2.4B). The basis for this phenomenon is unknown but could be due to declining 

enzyme activity over time, either from product inhibition or enzyme instability in the incubations. 

The latter is unlikely, but not impossible, as this has not been observed for other CYP3A 

substrates160. UGTs (fm = 0.33) also depleted 11-OH-THC in HIM. We have previously shown 

that recombinant UGT2B7 and UGT1A9, metabolize 11-OH-THC16. Here we observed no 

significant inhibition of 11-OH-THC depletion by NFA, a semi-selective UGT1A9 inhibitor (data 

not shown). Therefore, we concluded that inhibition of 11-OH-THC metabolism by FLZ (a semi-

selective UGT2B7 inhibitor), was entirely due to UGT2B7, an enzyme found in the human 

intestines161. In addition, the CYP inhibitors are not fully selective and there is some cross-

inhibition of other CYPs. However, since there was no inhibition seen with any of the inhibitors 

except ITZ and SFZ, it is unlikely that other CYPs beside CYP3A and CYP2C9 are responsible 

for THC or 11-OH-THC intestinal depletion. Any cross inhibition between CYP2C9 and CYP3A 

was corrected for.  

Although there was extensive metabolism observed in the HIM, the whole organ CL of 

THC and 11-OH-THC was approximately 1/3rd and 1/30th of their respective hepatic CL (THC: 

1500 mL/min; 11-OH-THC: 1350 mL/min15). This is consistent with the lower abundance of 

CYP2C9 and CYP3A in the intestine (0.0084 and 0.059 nmol/mg protein, respectively) vs. the 
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liver (0.060 and 0.096 nmol/mg protein, respectively)158,162 and a lower abundance of intestinal 

UGTs148. Nevertheless, intestinal metabolism could still contribute to the low oral bioavailability 

of THC by first-pass gut metabolism. Indeed, the estimated Fg of THC (from observed IV and 

oral administration data), assuming fraction absorbed (Fa) = 1, is 0.1747,107. Using a common 20 

mg THC oral dose and an average intestinal volume of 250 mL, the THC concentration in the 

gut would be ~250 µM which exceeds the maximum solubility in fed-state simulated intestinal 

fluid (~36 µM52). The latter would far exceed the CYP2C9 Km (70 nM) and saturate the enzyme 

resulting in a predicted Fg of THC of 0.77 ± 0.085 due to CYP3A first-pass effect metabolism. 

This discrepancy, between in vivo and in vitro estimate of Fg is likely due to Fa of THC being <1 

(estimated from these data as ~0.2). We speculate that after oral administration of THC, THC is 

incompletely absorbed and experiences limited first pass metabolism in the intestine, 

predominately by CYP3A. Thus, we predict mostly CYP2C9-based DDI at the hepatic level (first 

pass and systemic) after oral administration of THC. Indeed, CYP2C9 genetic polymorphism 

(with homozygous *3 alleles) increases oral THC plasma exposure (area under the curve 

(AUC))75.  

Of the many recombinant enzymes tested, CYP1A1 turnover of THC and 11-OH-THC 

was the highest per pmol of the CYP enzymes evaluated16. Since human lungs (and placentas) 

express CYP1A1 at relatively high levels147,163, we speculated that THC would be metabolized in 

microsomes from these organs. However, no significant THC depletion was observed in lung 

(from cigarette smokers) and placenta microsomes despite the fact that these microsomes 

exhibited functional CYP activity. While CYP1A is expressed and active in human lung tissue, 

its role in in vivo lung CYP1A metabolism has never been confirmed147,164. Therefore, we 

conclude that inhaled THC will not undergo first-pass CYP1A metabolism in the lungs.   

Data in fetal-catheterized rhesus macaques show that fetal THC plasma AUC is 0.30 of 

the corresponding maternal plasma AUC42. Theoretically, assuming that the plasma protein 

binding of THC is the same or similar in the maternal and fetal compartment, and if THC is not 
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effluxed by the placental transporters (P-glycoprotein (P-gp) and breast cancer resistance 

protein (BCRP)) or metabolized in the placenta or fetal liver, the fetal-maternal unbound plasma 

AUC ratio (Kp) should be unity149. Thus, a ratio of 0.30 suggests possible placental or fetal liver 

metabolism or placental efflux of the drug. However, data from our laboratory were inconclusive 

as to whether THC is a substrate of human P-gp or BCRP96. Therefore, we speculated that THC 

is metabolized by either the placenta or the fetal liver or both.   

Placentas from women who smoke cigarettes demonstrate increased CYP1A1 enzyme 

activity and mRNA expression151,163. CYP19 is also highly expressed in the placenta150. 

Nevertheless, consistent with our HLuM data and no turnover by recombinant CYP1916, we 

found no depletion of THC or 11-OH-THC in human placentas at any gestational age. In 

contrast, extensive CYP3A-mediated depletion of THC and 11-OH-THC was observed in pooled 

HFLM. The previously mentioned decreasing slope of 11-OH-THC depletion over time is what 

likely caused the lower estimated CYP3A fm of 0.80. If the rate of depletion throughout the 

experimental run was consistent with the elimination rate within the first 20 minutes (Figure 

2.4B), the fm of CYP3A would have been closer to 0.95. Due to the smaller fetal liver size 

(compared with maternal liver), we estimated that the fetal hepatic CL of THC and 11-OH-THC 

was approximately 1/270th and 1/240th of their respective adult hepatic CL, thereby contributing 

very little to the overall maternal THC CL. Nevertheless, such metabolism could explain a fetal 

THC Kp of less than unity (observed in macaques) provided the fetal THC CL is significant 

relative to its transplacental CL (all unbound)149. Therefore, it is imperative that we determine 

the transplacental CL of THC. Such studies are ongoing in our laboratory using the perfused 

human placenta.    

In conclusion, we quantified the enzyme kinetics of THC and 11-OH-THC in extrahepatic 

tissues (intestine, fetal liver, lung, and placenta). In the intestine, THC (at sub-saturating 

concentrations) was extensively metabolized by CYP2C9 and CYP3A while 11-OH-THC was 

extensively metabolized by CYP3A and UGT2B7. In the fetal liver, both compounds were 
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extensively metabolized by CYP3A. There was no significant metabolism of either cannabinoid 

in the human lung or placenta. Populating a THC/11-OH-THC PBPK model with the enzyme 

kinetics estimated here is necessary to predict THC and 11-OH-THC disposition in healthy 

adults. Once such a PBPK model is verified in healthy adults, it can be used to predict the 

disposition of these drugs in special populations where enzyme abundances and activities are 

altered by genetic polymorphism (e.g. CYP2C9 165), or physiological changes (e.g. hepatic 

impairment and pregnancy). The kinetic parameters calculated here and from our ongoing 

perfused human placenta studies will be used to populate our m-f-PBPK model to predict 

maternal-fetal exposure to THC and 11-OH-THC PK following both oral and inhalational 

cannabis use. Such predictions will help assess risk to the fetus after maternal cannabis 

consumption.   

 

Collaborations: Olena Anoshchenko created the placenta microsomes and Gabriela Patilea-

Vrana conducted the placenta microsomal incubations. 

 

2.6 Supplemental Information  

 
Table S2.1: Demographics of the Human Placentas 
Subject 
ID 

Gestational Age 
(days) 

Trimester Fetal Sex 
(M/F) 

Maternal Age 
(years) 

Maternal 
Ethnicity 

PL040 96 T1 M 26 White 
PL987 79 T1 Unknown 18 Hispanic 
PL037 135 T2 F 33 White 
PL041 137 T2 F Unknown Unknown 
PL946 134 T2 F 21 White/Hispanic 
PL1 --- Term Unknown Unknown Unknown 
PL5 ---- Term Unknown Unknown Unknown 
PL6 --- Term Unknown Unknown Unknown 

T1: 1 – 97 days; T2: 98 – 195 days; Term: at delivery 
 

 
Table S2.2: Demographics of Human Fetal Livers 
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Subject 
ID 

Gestational 
Age 

(days) 

Trimester Fetal Sex 
(M/F) 

Maternal 
Age 

(years) 

Maternal 
Ethnicity 

Alcohol 
Use 
(Y/N) 

H26872 113 T2 F 32 Black N 
H27078 119 T2 M 26 White N 
H27164 127 T2 F 22 White N 
H27257 113 T2 Unknown 22 Mixed Y 
H27360 115 T2 M Unknown Unknown Unknown 
H27723 125 T2 F Unknown Unknown Unknown 

T2: 98 – 195 days 
 

Table S2.3: LC-MS/MS parameters of drug quantification  
A. LC gradient program 
Time 
(min) 

Flow Rate 
(mL/min) 

A (water with 0.1% formic 
acid, %) 

B (acetonitrile with 0.1% formic 
acid, %) 

0 0.3 90 10 
0.5 0.3 90 10 
2 0.3 5 95 
4 0.3 5 95 
4.1 0.3 90 10 
4.5 0.3 90 10 
 

B.  MS/MS parameters 
Compound Parent 

Ion (m/z) 
Product Ion 

(m/z) 
Declustering 
Potential (V) 

Collision 
Energy 

(V) 

Collision 
Cell Exit 

Potential (V) 
THC 315.2 193.3 100 33 10 
d3-THC 318.3 196.3 100 33 10 
11-OH-THC 331.4 193.3 150 35 15 
d3-11-OH-
THC 

334.4 196.3 150 35 15 

COOH-THC 345.3 327.3 150 23 15 
d3-COOH-
THC 

348.3 330.3 150 23 15 

1-OH-MDZ 342.1 324.0 170 30 20 
d4-OH-MDZ 346.1 328.1 170 30 20 
RES 214.0 186.0 120 40 10 
TOL 271.3 155.0 60 30 6 
β-estradiol 255.0 159.1 80 30 9 
d4-β-estradiol 259.0 161.0 80 40 9 
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Figure S2.1: Formation of resorufin from 7-ethoxyresorufin in pooled human adult lung 
microsomes (cigarette smokers). Lines indicate linear regression fit to the data. Formation of 
resorufin was inhibited by the CYP1A inhibitor, ANF (3 μM), indicating that the HluM 
demonstrate CYP1A activity. Data shown (peak area ratio of the analyte to the internal 
standard) are mean of 2 independent experiments, each conducted in duplicate.    

 

Figure S2.2: Formation of β-Estradiol (CYP19) from testosterone in human T2 and term 
placental microsomes. Lines indicate linear regression fit to the data. Data shown (as peak 
area ratio of the analyte to the internal standard) are mean of triplicate incubations from one 
experiment. Microsomes were isolated from T2 placentas (blue; gestational ages 134 and 135 
days), and term (red, one donor).   
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Figure S2.3: Formation of 1-OH-MDZ from MDZ in pooled human fetal liver microsomes. 
Lines indicate model fit to the data normalized to those obtained without NADPH. Formation of 
1-OH-MDZ was inhibited by the CYP3A inhibitor, AZA (5 μM). Data shown (as peak area ratio of 
the analyte to the internal standard) are mean ± SD of 3 independent experiments, each 
conducted in duplicate. 
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Chapter 3: Understanding the Mechanism and Extent of Transplacental Transfer of (-)-∆9-

Tetrahydrocannabinol (THC) in the Perfused Human Placenta to Predict In Vivo Fetal THC 

Exposure 

 

The work presented in this chapter was previously published in Clinical Pharmacology 

and Therapeutics 114(2):446-458(2023) 
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3.1 Abstract 

Cannabis use during pregnancy may cause fetal toxicity driven by in utero exposure to (-

)-∆9-tetrahydrocannabinol (THC) and its psychoactive metabolite, (±)-11-hydroxy-∆9-THC (11-

OH-THC). THC concentrations in the human term fetal plasma appear to be lower than the 

corresponding maternal concentrations. Therefore, we investigated if THC and its metabolites 

are effluxed by placental transporters using the dual cotyledon, dual perfusion, term human 

placenta. The perfusates contained THC alone (5 μM) or in combination (100 – 250 nM) with its 

metabolites (100 nM or 250 nM 11-OH-THC, 100 nM COOH-THC), plus a marker of P-gp efflux 

(1 or 10 μM saquinavir), and a passive diffusion marker (106 μM antipyrine, AP). All perfusions 

were conducted with (n = 7) or without (n = 16) a P-gp/BCRP inhibitor, 4 μM valspodar (VSP). 

Unbound cotyledon clearance indexes (m-f-CLu,c,i and f-m-CLu,c,i) were normalized for 

transplacental AP clearance. At 5 μM THC, the m-f-CLu,c,i, 5.1 ± 2.1, was significantly lower than 

the f-m-CLu,c,i, 13 ± 6.1 (p = 0.004). This difference remained in the presence of VSP or when 

the lower THC concentrations were perfused. In contrast, neither metabolite, 11-OH-

THC/COOH-THC, had significantly different m-f-CLu,c,i vs. f-m-CLu,c,i. Therefore, THC appears to 

be effluxed by placental transporter(s) other than P-gp/BCRP, while 11-OH-THC and COOH-

THC appear to passively diffuse across the placenta. These findings plus our previously 

quantified human fetal liver clearance, extrapolated to in vivo, yielded a THC fetal/maternal 

steady-state plasma concentration ratio of 0.28 ± 0.09, comparable to that observed in vivo, 

0.26 ± 0.10.  

  

3.2 Introduction 

With expanded legalization, cannabis consumption during pregnancy is rising. Universal 

drug screening suggests cannabis use and/or exposure in over 22.6% of pregnancies23, and 

since 2019 more states have fully legalized cannabis26 so this value is likely higher today. In 

utero exposure to (-)-∆9-tetrahydrocannabinol (THC), the primary psychoactive compound in the 
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cannabis plant, and its psychoactive metabolite, (±)-11-hydroxy-∆9-THC (11-OH-THC) raises 

concern with respect to fetal neurodevelopmental risks following cannabis consumption. Studies 

have associated cannabis use with adverse fetal outcomes including neurodevelopmental 

deficits, lower birth weight and growth restriction5,37,166. For example, observational studies1-5 

have found decreased cognition (e.g. lower verbal or quantitative scores) and increased 

behavioral issues (e.g. increased hyperactivity) in children whose mothers used cannabis during 

pregnancy. Although such studies correct for confounding variables including concomitant use 

of alcohol or tobacco and socioeconomic factors, it is impossible to account for all potential 

confounders. Additionally, substance use with pregnancy is often self-reported and may not 

reflect the true amount and potency of cannabis or other illicit drugs utilized by study 

participants. Therefore, it remains challenging to estimate the actual risks of cannabis use 

during pregnancy on fetal development, especially because a randomized, controlled, 

prospective study of THC/11-OH-THC use during pregnancy is unethical38.  

To parse out the actual fetal risks of cannabis use, alternative (though imperfect) options 

are available to evaluate the potential of THC/11-OH-THC to produce short-term or long-term 

developmental toxicity through in vivo animal and/or in vitro experiments12,41,167. However, most 

of these studies are conducted without regard to THC/11-OH-THC concentrations in humans. 

To inform in vivo animal and in vitro studies, it is important to first ascertain maternal and fetal 

exposure to THC/11-OH-THC throughout pregnancy at recreational doses used by pregnant 

people.  

Interestingly, fetal exposure to THC and its secondary metabolite (±)-11-nor-9-carboxy-

∆9-THC (COOH-THC) is much lower than the corresponding maternal exposure, in both non-

human primates and humans. The THC fetal/maternal plasma area under the curve (AUC0-inf) 

ratio (Kp) is 0.30 ± 0.17 in a catheterized maternal-fetal macaque model42 and is consistent with 

the sparse (n = 3) human umbilical vein/maternal plasma concentration ratio data at term, THC: 

0.26 ± 0.10 and COOH-THC: 0.24 ± 0.1543. Theoretically, for drugs that passively diffuse across 
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the placenta, this ratio for the unbound drug (Kp,uu) should be one. Provided that the binding of 

the drug to maternal and fetal plasma proteins does not differ by much, the corresponding 

bound plus unbound (i.e. total) Kp value should also equal one. Therefore, the decreased Kp 

observed in non-human primates and humans could be due to efflux transport at the placenta 

barrier or metabolism in the placenta or fetal organs (e.g. liver) or all of the above. Indeed, data 

in mice which are naturally deficient of P-glycoprotein (P-gp), an efflux transporter, suggest that 

THC is a substrate of P-gp17. P-gp, along with other efflux transporters such as breast cancer 

resistance protein (BCRP), is expressed in the apical membrane of the syncytiotrophoblasts at 

the human placental barrier97. To confirm if THC is a substrate of the human P-gp, BCRP or 

both, we conducted in vitro experiments in our laboratory using P-gp or BCRP-overexpressing 

cells using the Transwell or the cell accumulation assay. However, the results were not 

definitive. With the Transwell assay, due to THC’s extensive intracellular binding, we could not 

quantify THC in the receiver compartment. Similarly, due to its high lipophilicity, we could not 

discern any efflux of THC in the cell accumulation assay96. Therefore, here we used the dual-

cotyledon, dual perfusion term human placenta model to determine if THC, 11-OH-THC, and/or 

COOH-THC are effluxed by P-gp/BCRP and, if they are, to quantify their efflux clearance and 

predict their in vivo Kp. 

 

3.3 Materials and Methods 

3.3.1 Chemicals and Reagents 

THC, d3-THC, 11-OH-THC, COOH-THC, SAQ, and d9-SAQ were purchased from 

Cayman Chemicals (Ann Arbor, MI). AP, tolbutamide (TOL), VSP, d3-11-OH-THC, d3-COOH-

THC, and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich (St. 

Louis, MO). Low-binding microcentrifuge tubes were purchased from Genesee Scientific (San 

Diego, CA). BSA (Fraction V - heat-shock treated), sodium phosphate, sucrose, acetonitrile, 

hexanes, ethyl acetate, formic acid (liquid chromatography-mass spectrometry (LC-MS/MS 
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grade)), acetic acid (LC-MS/MS grade), polycarbonate ultracentrifuge tubes, silanized glass 

culture tubes, LC glass inserts, and LC pre-split snap caps were purchased from Fisher 

Scientific (Hampton, NH).  

3.3.2 Cotyledon Perfusions 

 

Figure 3.1: THC (Arms 1 and 2) or THC + 11-OH-THC + COOH-THC (Arm 3), saquinavir 
(SAQ) and antipyrine (AP) were perfused in a single-pass mode through two cotyledons 
isolated from each placenta. One cotyledon was perfused with drugs via the intervillous space 
(A) while the second cotyledon was perfused with the drugs via the fetal artery (B). Arm 2 
perfusates also contained valspodar (VSP).  Effluent (maternal and fetal) samples were 
collected at multiple timepoints throughout the perfusion and placental tissue was sampled at 
the end of the perfusion from the intervillous space, medial between the chorionic plate to 
decidua, to measure drug concentrations. Figure Inset: Efflux transporters expressed on the 
apical membrane (P-gp, BCRP, MRP2/3/4, etc.) and influx transporters expressed on the basal 
membrane (OCT3, OAT4, OATP2B1, etc.) can actively transport drugs out of and into the 
syncytiotrophoblast, respectively, thereby reducing fetal drug exposure. 
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Placentas were acquired following IRB approval and written informed consent at 

Madigan Army Medical Center (WA). Placentas (n = 23) from term donors with no known history 

of tobacco or drug use, were collected within 30 minutes of cesarean delivery (see Table S3.1 

for demographics). The perfusion system and procedure were as previously described with 

some modification to the experimental design168-170. Briefly, two cotyledons were excised from 

each placenta and cannulated for simultaneous single pass perfusion for 2-4 hours in both the 

intervillous space (maternal side) and the fetal main artery at rates of 10 and 4 mL/min, 

respectively. The perfusate consisted of oxygenated HBSS buffer containing 0.2 g/dL bovine 

serum albumin (BSA), 2000 U/L sodium heparin and 5 mg/mL gentamicin, buffered to pH 7.4 

and maintained at 37oC. In each experiment, cotyledons were acclimated for 1 hour then 

randomized to receive perfusate containing the mixture of drugs via the intervillous space or 

fetal main artery in order to assess passage from maternal to fetal (m-f) and fetal to maternal (f-

m) compartments, respectively (Figure 3.1). The study was split into three arms and the drug 

mixture was as follows for each arm. Arm 1 (n = 8): 5 μM THC, a P-gp transporter marker (1 or 

10 µM saquinavir (SAQ))171,172, and a passive diffusion marker (106 µM antipyrine (AP))173; Arm 

2 (n = 7): 5 μM THC, 1 µM SAQ, 106 μM AP, and a P-gp/BCRP/MRP4 inhibitor (4 µM valspodar 

(VSP)); Arm 3 (n = 8): 100 or 250 nM THC/11-OH-THC, 100 nM COOH-THC, 1 μM SAQ, and 

106 μM AP. At the 4 μM concentration, VSP is predicted to completely inhibit P-gp (IC50 = 0.016 

µM) and BCRP (IC50 = 1.4 µM), and partially inhibit MRP4 (IC50 = 6.2 µM)174.  

Effluents were collected at multiple timepoints (0, 15, 30, 45, 60, 90, 120, 150, 180, 240 

min) depending on the duration of each experiment. At the end of each experiment, biopsies 

from the intervillous space, medial between the chorionic plate to decidua, (~1 cm x 0.5 cm x 

0.5 cm) were flash frozen in liquid nitrogen along with tissue samples collected from fresh 

cotyledons. Tissue samples were homogenized in buffer (1:9) containing 20 mM sucrose, 50 

mM Kpi, and 10 mM EDTA with a Bead Ruptor Homogenizer (Omni International, Kennesaw, 

GA). In Arms 1 and 2, effluent and tissue homogenate samples (100 µL) were processed by 
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adding 300 µL of acetonitrile containing 100 nM internal standard (d3-THC, d3-11-OH-THC, d3-

COOHTHC, d9-SAQ, and TOL) and were centrifuged at 18,000 x g and 4°C for 10 minutes. 100 

µL of the supernatant was stored at -20°C in LC glass inserts until analysis by LC-MS/MS. The 

drug concentration in tissue samples was normalized to the measured perfusate concentration. 

In Arm 3, where drug concentrations were below the limit of quantification using the above 

protein precipitation method, a liquid-liquid extraction/concentration method was used, where 1 

mL of effluent samples, in 20 mL silanized glass culture tubes, was spiked with 10 μL of 

acetonitrile containing 2 μM internal standard, 100 μL of 1.68% formic acid in water, and 5 mL of 

5:1 hexane:ethyl acetate. Samples were vortexed at each spiking step for 5 seconds and placed 

on a shaker for 30 min after the addition of hexane:ethyl acetate. Samples were removed from 

the shaker and centrifuged at 200 x g at room temperature for 10 minutes. The organic 

supernatant (5 mL) was pipetted into another silanized glass culture tube and evaporated under 

nitrogen at 40°C. Then, the samples were reconstituted with 100 µL acetonitrile, vortexed for 20 

seconds and then transferred to LC glass inserts and stored at -20°C until analysis by LC-

MS/MS. 

3.3.3 Estimation of the Transplacental Kinetics of the Drugs 

Transplacental clearances were estimated from drug concentrations in the fetal vein 

(CLmf) and intervillous space (CLfm) effluents opposite to the respective maternal and fetal 

compartments receiving the drugs. The area under the drug concentration-time curve from time 

0 to the last measured time point (AUClast) was estimated using the trapezoidal rule (Phoenix 

8.1, Certara (Princeton, NJ)). The amount of drug “excreted” (Ae) into the “receiver” side (i.e. 

fetal or maternal effluent for m-f and f-m perfusions, respectively), was calculated using Eq. 1 

where Qr is the flow rate on the receiver side (4 or 10 mL/min for m-f and f-m perfusions, 

respectively). 

𝐴௘ =  𝐴𝑈𝐶௟௔௦௧ ∗ 𝑄௥           (Eq. 1) 
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Then, the unbound cotyledon clearances, CLu,mf,c and CLu,fm,c, were calculated (Eq. 2 & 

3).  

𝐶𝐿௨,௠௙,௖ =  
஺೐,೑

஺௎஼೗ೌೞ೟,೘ ∗ ௙ೠ,೛೐ೝ೑,೘
          (Eq. 2) 

𝐶𝐿௨,௙௠,௖ =  
஺೐,೘

஺௎஼೗ೌೞ೟,೑ ∗ ௙ೠ,೛೐ೝ೑,೑
          (Eq. 3) 

AP passively diffuses across the placenta and therefore should have the same unbound 

CL in both directions. However, we observed that these CLs were not equal, suggesting 

difference in perfused surface area between the cotyledon where the m-f-CL and the cotyledon 

where f-m-CL was measured. To account for this difference and to reduce inter-cotyledon CL 

variability of the test drugs, their estimated unbound CLs were normalized to that of AP to obtain 

their CLu,c indexes (CLu,c,i) (Eq. 4).   

𝐶𝐿௨,௖,௜ =  
்ு஼,   ଵଵିைுି்ு஼,   ஼ைைுି்ு஼ ௢௥ ௌ஺ொ ஼௅ೠ,೎

஺௉ ஼௅ೠ,೎
       (Eq. 4) 

Lastly, the CLu,c,i ratio was calculated (Eq. 5) to determine if it deviated from unity. 

𝐶𝐿௨,௖,௜ 𝑟𝑎𝑡𝑖𝑜 =  
஼௅ೠ,೘೑,೎,೔

஼௅ೠ,೑೘,೎,೔
          (Eq. 5) 

3.3.4 Prediction of In Vivo Kp of THC  

Whole placenta clearances were calculated in both the m-f (CLmf,placenta; Eq. 6) and f-m 

(CLfm,placenta; Eq. 7) directions by multiplying the CLu,c by the fraction unbound in plasma (fu,p; 

THC: 0.01115 & SAQ: 0.02175) and adjusting for the relative weight of the cotyledon and average 

weight of the term placenta (reported 590 g176). Cotyledon weight was measured and where it 

was not, the average cotyledon weight in our experiments was used. 

𝐶𝐿௠௙,௣௟௔௖௘௡௧௔ =  ൫𝑓௨,௣ ∗ 𝐶𝐿௨,௠௙,௖൯ ∗
௣௟௔௖௘௡௧௔ ௪௘௜௚௛௧

௖௢௧௬௟௘ௗ௢௡ ௪௘௜௚௛௧
       (Eq. 6) 

𝐶𝐿௙௠,௣௟௔௖௘௡௧௔ =  ൫𝑓௨,௣ ∗ 𝐶𝐿௨,௙௠,௖൯ ∗
௣௟௔௖௘௡௧௔ ௪௘௜௚௛

௖௢௧௬௟௘ௗ௢௡ ௪௘௜௚௛
       (Eq. 7) 

CLmf,placenta was assumed to represent passive diffusion CL minus efflux transport CL of 

the drug (if any) while CLfm,placenta was assumed to represent only passive diffusion CL of the 
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drug, which is supported by the SAQ data where CLfm,placenta did not change with and without 

VSP. Since the AP transplacental CL was not the same in the m-f and f-m directions, when 

calculating the efflux transport (CLT,placenta) and passive diffusion (CLPD,placenta) of the drugs (Eq. 

10 and 11), we accounted for this difference in passive diffusion CL of AP (Eq. 8 and 9).   

𝐴𝑃௠௙  𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
஺௉ ஼௅ೠ,೘೑.೎

൫஺௉ ஼௅ೠ,೘೑,೎ା஺௉ ஼௅ೠ,೑೘,೎൯ ଶ⁄
       (Eq. 8) 

𝐴𝑃௙௠ 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
஺௉ ஼௅ೠ,೑೘.೎

൫஺௉ ஼௅ೠ,೘೑,೎ା஺௉ ஼௅ೠ,೑೘,೎൯ ଶ⁄
        (Eq. 9) 

𝐶𝐿்,௣௟௔௖௘௡௧௔ =  
஼௅೑೘,೛೗ೌ೎೐೙೟ೌ

஺௉೑೘ ௖௢௥௥௘௖௧௜௢௡ ௙௔௖௧௢௥
−

஼௅೘೑,೛೗ೌ೎೐೙೟ೌ

஺௉೘೑ ௖௢௥௥௘௖௧௜௢௡ ௙௔௖௧௢௥
               (Eq. 10) 

𝐶𝐿௉஽,௣௟௔௖௘௡௧௔ =  
஼௅೘೑,೛೗ೌ೎೐೙೟ೌ

஺௉೘೑ ௖௢௥௥௘௖௧௜௢௡ ௙௔௖௧௢௥
+ 𝐶𝐿்,௣௟௔௖௘௡௧௔ =

஼௅೑೘,೛೗ೌ೎೐೙೟ೌ

஺௉೑೘ ௖௢௥௥௘௖௧௜௢௡ ௙௔௖௧௢௥
             (Eq. 11) 

The in vivo Kp can be calculated using the estimated CLT,placenta and CLPD,placenta, the 

previously published in vivo estimated fetal hepatic CL (CLFH)7,  placenta metabolic CL 

(CLm,placenta) and the potential placenta influx CL (CLinflux,placenta) of THC (Eq. 12). Due to a lack of 

significant CLm,placenta
7 and no data to suggest CLinflux,placenta, the in vivo Kp of THC was then 

calculated with a simplified equation (Eq. 13) using the estimated CLT,placenta and CLPD,placenta, and 

the previously published in vivo estimated fetal hepatic CL (CLFH)7 of THC as follows: 

𝐾௣ =  
஼௅ುವ,೛೗ೌ೎೐೙೟ೌା஼ ೔೙೑೗ೠೣ,೛೗ೌ೎೐೙೟ೌ

஼௅ುವ,೛೗ೌ೎೐೙೟ೌାଶ∗஼௅ಷಹା஼௅೅,೛೗ೌ೎೐೙೟ೌା஼௅೘,೛೗ೌ೎೐೙೟ೌା஼ ಷಹ∗ቆ
಴ಽ೅,೛೗ೌ೎೐೙೟ೌశ಴ಽ೘,೛೗ೌ೎೐೙೟ೌ

಴ಽುವ,೛೗ೌ೎೐೙೟ೌ
ቇ

             (Eq. 12) 

𝐾௣ =  
஼௅ುವ,೛೗ೌ೎೐೙೟ೌ

஼௅ುವ,೛೗ೌ೎೐೙೟ೌାଶ∗஼௅ಷಹା஼௅೅,೛೗ೌ೎೐೙೟ೌାቆ
಴ಽ೅,೛೗ೌ೎೐೙೟ೌ∗ ಴ಽಷಹ

಴ಽುವ,೛೗ೌ೎೐೙೟ೌ
ቇ

                (Eq. 13) 

Finally, the fraction of THC and SAQ effluxed (ft) by the placenta was then calculated 

using the resulting CLT,placenta and CLPD,placenta. (Eq. 14) 

𝑓௧ = 𝐶𝐿்,௣௟௔௖௘௡௧௔ ൫𝐶𝐿்,௣௟௔௖௘௡௧௔ + 𝐶𝐿௉஽,௣௟௔௖௘௡௧௔൯⁄                 (Eq. 14) 

3.3.5 Protein Binding of the Drugs in the Effluent Samples 

For Arms 1 and 2, to determine the unbound drug concentration in representative 

maternal effluent and fetal vein effluent containing BSA, samples at the beginning (30 min) and 
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end (90 min) of each experiment were analyzed. For Arm 3, only 90 min effluent samples were 

quantified, and they were spiked with 1 µM THC, 11-OH-THC, and COOH-THC to ensure 

quantifiability in the fraction containing the unbound drug. Samples (180 µL) were 

ultracentrifuged in duplicate using a Sorval Discovery M150 SE centrifuge and a S100-AT3 rotor 

(Thermo Scientific) at 435,000 x g (100,000 rpm) for 90 min at 37°C. An identical second set of 

samples was incubated in the ultracentrifuge tubes for 90 min at 37°C without centrifugation to 

determine the total drug concentration and to account for any non-specific drug binding. The 

supernatant (50 µL) from ultracentrifuged samples and an aliquot (50 µL) from non-centrifuged 

samples was added to internal standard (100 µL) and centrifuged at 18,000 x g and 4°C for 10 

minutes. The supernatant (60 µL) was stored at -20°C in LC glass inserts until analyzed by LC-

MS/MS. Fraction unbound in perfusion (fu,perf) was calculated as the ratio of drug concentration 

in the supernatant of ultracentrifuged sample (unbound concentration) and the aliquot in the 

non-centrifuged sample (total concentration).  

3.3.6 LC-MS/MS Analysis 

The concentration of all the drugs in the effluent and tissue samples were determined by 

injecting 10 µL of the processed samples onto an Acquity ultra-performance liquid 

chromatography (UPLC) system (Waters Corporation, Milford, MA) coupled to an AB Sciex 

Triple Quadrupole 6500 in ESI mode (SCIEX, Framingham, MA) or Waters Xevo Triple 

Quadrupole XS in APCI mode (Waters Corporation, Milford, MA), for Arms 1 and 2 or 3, 

respectively. Acquity UPLC ethylene bridged hybrid (BEH) C18 column (1.7 μM 2.1 x 50 mm) 

attached to a BEH C18 5 mm guard column (Waters Corporation, Milford, MA) was used for 

chromatographic separation with a mobile phase flow rate of 0.3 mL/min. The mobile phase 

consisted of acetonitrile and water containing 0.1% formic acid (Arms 1 and 2) or 0.2% acetic 

acid (Arm 3) as the organic and aqueous phases, respectively. The chromatographic LC-

MS/MS conditions used are provided in Table S3.2. Integration of the chromatographic peaks 

was performed using Analyst v1.6.2 (SCIEX, Framingham, MA) for Arms 1 and 2 and 
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TargetLynx v4.2 (Waters Corporation, Milford, MA) for Arm 3. Buffer and placenta homogenate 

quality control samples at low, medium and high concentrations within the calibration curve 

were used to ensure reproducible results. The calibration curves were fitted with a linear 

regression and using a 1/x2 weighting scheme. For Arms 1 and 2 where protein precipitation 

was used, quality control samples at concentrations of 9.8, 156 and 5000 nM THC/SAQ 

(calibration curve range 9.8 – 5000 nM) and 3.1, 12.5 and 100 µM AP (calibration curve range 

3.1 – 100 µM) were within ± 20% of the expected values. For Arm 3 where LLE was used, 

quality control samples at concentrations of 0.5, 12.5 and 250 nM THC (calibration curve range 

0.25 – 250 nM), 2.5, 12.5 and 250 nM 11-OH-THC (calibration curve range 2.5 – 250 nM), 1, 5 

and 100 nM COOH-THC (calibration curve range 0.05 – 10 nM), 10, 50 and 1000 nM SAQ 

(calibration curve range 10 – 1000 nM), and 0.5, 5 and 100 µM AP (calibration curve range 0.5 

– 100 µM) were within ± 20% of the expected values. 

3.3.7 Data Analyses 

Pairwise comparison of CLu,c,i and cotyledon tissue concentrations between m-f and f-m 

perfusions in each placenta were conducted using the one-tailed, Wilcoxon signed rank test. A 

one-tailed test was used as our a priori hypothesis was that the maternal-to-fetal cannabinoid 

CLu,c,i will be significantly less than the fetal-to-maternal CLu,c,i. When evaluating non-paired 

samples such as assessing CLu,c,i between 1 vs. 10 µM SAQ perfusions or with and without 

VSP or comparing cotyledon tissue concentrations with and without a 10 minute washout period 

post-perfusion, a two-tailed, Mann-Whitney test was used. For comparisons across all three 

arms of the study, such as comparison of THC CLu,c,i ratio and ft, a Kruskal-Wallis test was 

utilized. Lastly, when comparing the fetal arteriole pressures across time, for the duration of the 

perfusion, for m and f perfusions in each arm, a Friedman test was used. An alpha value of 0.05 

was used as a cutoff for significance for all aforementioned tests. All data are presented as 

mean ± SD. 
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3.4 Results 

3.4.1 THC and SAQ Transplacental Kinetics with and without VSP 

 

Figure 3.2: Representative maternal and fetal effluent concentration vs. time profiles for 5 
μM THC (A and B), 250 nM 11-OH-THC (C and D), 100 nM COOH-THC (E and F), 10 μM 
SAQ (G and H), and 106 μM AP (I and J) in the maternal-fetal and fetal-maternal direction, 
respectively. THC, SAQ, and AP data shown are mean ± SD of quadruplicate LC-MS/MS 
determinations (in some case the SD are within the symbol) from placenta 5 while 11-OH-THC 
and COOH-THC data shown are mean of duplicate LC-MS/MS determinations from placenta 21 
over their respective duration of perfusions. 
 

No pressure changes in the fetal artery were observed during any of the experimental 

arms, indicating that direct drug exposure or transfer from the maternal space does not alter 

fetal vascular tone within 240 minutes of exposure (Table S3.3). THC (Figure 3.2A & 3.2B), 11-

OH-THC (Figure 3.2C & 3.2D), COOH-THC (Figure 3.2E & 3.2F), SAQ (Figure 3.2G & 3.2H), 

and AP (Figure 3.2I & 3.2J) concentrations on the donor side reached steady-state within the 
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first hour of perfusion. The concentrations on the receiver side approached or reached steady-

state rapidly for AP or much later for THC, 11-OH-THC, COOH-THC, and SAQ. The initial five 

perfusions of Arm 1 revealed that steady-state was reached for all the drugs within 120 min and 

therefore all subsequent experiments and analyses were limited to this timeframe. In addition, 

neither 11-OH-THC nor COOH-THC was detected in the effluents or placental tissue samples 

from Arms 1 and 2 perfusions, consistent with our previous finding of lack of THC metabolism in 

the placenta7.   
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Figure 3.3: CLu,mf,c,i for high (A) and low (E) THC concentration as well as SAQ (C & F) 
were significantly lower than their corresponding CLu,fm,c,i. With inhibition of P-gp, BCRP, 
MRP4 by VSP, THC’s CLu,mf,c,i remained significantly lower than its CLu,fm,c,i (B) while, as 
expected, SAQ CLu,c,i equalized (i.e. no longer significantly different (D)). 11-OH-THC (G) and 
COOH-THC (H) CLu,mf,c,i was not significantly different than its CLu,fm,c,i. The CLu,c,i values were 
compared with a one-tailed, Wilcoxon signed rank test. Data shown are mean ± SD (n = 6 – 8; 
individual values listed in Tables 3.1 – 3.3). 
 

Arms 1 & 2: In the absence of VSP, both THC (5 µM perfusions) and SAQ had a 

significantly lower CLu,mf,c,i relative to CLu,fm,c,i (Figure 3.3A & 3.3C, Table 3.1 & 3.2), with a CLu,c,i 

ratio for THC and SAQ of 0.45 ± 0.24 (Table 3.1) and 0.49 ± 0.30 (Table 3.2), respectively. In 

the presence of VSP, THC’s CLu,mf,c,i remained significantly lower than the CLu,fm,c,i (Figure 3.3B) 

and the CLu,c,i ratio remained less than 1 (0.32 ± 0.24; Table 3.1). In contrast, in the presence of 

VSP, SAQ’s CLu,mf,c,i and CLu,fm,c,i were no longer significantly different (Figure 3.3D) and its 

CLu,c,i ratio equalized (1.0 ± 0.48; Table 3.2).  

Arm 3: At the reduced perfusate drug concentration (100 – 250 nM), THC had a 

significantly lower CLu,mf,c,i relative to CLu,fm,c,i (Figure 3.3E, Table 3.1), with a CLu,c,i ratio of 0.43 

± 0.21 (Table 3.1). 11-OH-THC’s (100 – 250 nM) and COOH-THC’s (100 nM) CLu,mf,c,i and 

CLu,fm,c,i were not significantly different (Figure 3.3G and 3.3H, Table 3.3) with a CLu,c,i ratio of 

1.3 ± 0.78 and 1.5 ± 0.52 (Table 3.3), respectively.  

For all the above perfusions, as anticipated, AP’s CLu,mf,c was not significantly different 

from CLu,fm,c with or without VSP (Table S3.7).  

 

Table 3.1: Estimates of THC CLu,mf,c,i, CLu,fm,c,i, the ratio of these indexes as well as CL 
associated with transport (CLT,placenta) and passive diffusion (CLPD,placenta ) across the 
placentas in the absence (Arms 1 and 3) and presence of VSP (Arm 2) 

Placenta 
ID 

CLu,mf,c 

(mL/min) 
CLu,fm,c 

(mL/min) 
CLu,mf,c,i CLu,fm,c,i CLu,c,i ratio CLT,placenta 

(mL/min) 
CLPD,placenta 

(mL/min) 
ft 

Arm 1: 5 M THC Concentration Without VSP 
1 4.9 17 5.6 9.8 0.57 1.5 3.5 0.30 
2 12 55 6.1 21 0.29 9.5 13 0.41 
3 17 30 6.4 9.8 0.66 2.7 7.7 0.26 
4 21 21 8.3 10 0.79 1.3 6.5 0.17 
5 8.7 24 5.7 9.3 0.61 2.1 5.4 0.28 
6 5.3 18 4.3 11 0.38 1.9 3.3 0.37 
7 5.9 12 2.6 11 0.24 2.8 3.9 0.41 
8 3.1 29 2.0 25 0.078 15 16 0.49 
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Mean ± SD 9.7 ± 6.3 26 ± 13 5.1 ± 2.1* 13 ± 6.1* 0.45 ± 
0.24& 

4.6 ± 5.0 7.5 ± 4.7 0.34 ± 
0.10$ 

Arm 2: 5 M THC Concentration With VSP (4 M) 
9 2.0 15 1.1 7.6 0.15 3.5 4.1 0.46 

10 4.0 42 3.9 20 0.19 9.1 12 0.43 
11 12 4.9 4.5 5.5 0.83 2.0 3.6 0.36 
12 22 49 12 31 0.39 16 25 0.40 
13 4.9 13 2.5 13 0.19 5.9 7.2 0.45 
14 8.2 7.7 2.6 9.1 0.28 5.7 6.8 0.45 
15 2.5 18 2.8 15 0.19 2.6 5.2 0.34 

Mean ± SD 8.0 ± 7.0 21 ± 17 4.2 ± 3.7^ 15 ± 8.9^ 0.32 ± 
0.24& 

6.4 ± 4.9 9.1 ± 7.4 0.41 ± 
0.050$ 

Arm 3: 100 – 250 nM THC** Concentration Without VSP 
16 48 127 43 127 0.34 31 40 0.43 
17 25 43 13 18 0.72 5.6 14 0.29 
18 3.6 46 2.6 19 0.14 9.0 10 0.46 
19 18 30 6.7 10 0.64 2.4 6.1 0.28 
20 32 63 12 21 0.54 14 22 0.39 
21 6.8 15 4.6 17 0.27 3.4 5.0 0.41 
22 1.8 19 3.4 9.1 0.37 4.4 6.0 0.43 

23&& NA NA NA NA NA NA NA NA 
Mean ± SD 19 ± 17 49 ± 38 12 ± 14# 32 ± 42# 0.43 ± 

0.21& 
10 ± 10 15 ± 13 0.38 ± 

0.072$ 
**All placentas were perfused with 250 nM THC except 16 and 17 which were perfused with 100 
nM; m-f and f-m CLu,c,i were compared with a one-tailed Wilcoxon signed rank test: *p-value = 
0.004, ^p-value = 0.008, #p-value = 0.008; CLu,c,i ratio and ft were compared across all three 
arms with a Kruskal-Wallis test: &p-value = 0.47, $p-value = 0.27; &&data for placenta 23 were 
not available because THC was inadvertently omitted from this experiment 
  

Table 3.2: Estimates of SAQ CLu,mf,c,i, CLu,fm,c,i, the ratio of these indexes as well as CL 
associated with transport (CLT,placenta) and passive diffusion (CLPD,placenta ) across the 
placentas in the absence (Arm 1) and presence of VSP (Arm 2) 

Placenta 
ID 

CLu,mf,c 

(mL/min) 
CLu,fm,c 

(mL/min) 
CLu,mf,c,i CLu,fm,c,i CLu,c,i ratio CLT,placenta 

(mL/min) 
CLPD,placenta 

(mL/min) 
ft 

Arm 1: 1 – 10 M SAQ** Concentration Without VSP 
1 0.87 5.0 0.98 2.9 0.33 1.3 1.9 0.40 
2 1.9 3.7 0.94 1.4 0.67 0.54 1.6 0.25 
3& NA NA NA NA NA NA NA NA 
4 4.3 4.6 1.7 2.3 0.75 0.65 2.6 0.20 
5 3.2 5.8 2.1 2.2 0.93 0.16 2.3 0.065 
6 0.74 9.5 0.61 6.0 0.10 2.8 3.2 0.47 
7 4.3 4.8 1.9 4.3 0.44 1.3 2.8 0.31 
8 2.4 7.6 1.5 6.6 0.23 6.6 7.5 0.47 

Mean ± SD 2.5 ± 1.5 5.9 ± 2.0 1.4 ± 0.55* 3.7 ± 2.0* 0.49 ± 0.30 1.9 ± 2.2 3.1 ± 2.0 0.31 ± 0.15 
Arm 2: 1 M SAQ Concentration With VSP (4 M) 

9 3.7 3.6 2.1 1.8 1.1 N/A 1.7 N/A 
10 2.0 8.7 2.0 4.3 0.46 N/A 4.6 N/A 
11 15 3.7 5.4 4.1 1.3 N/A 5.0 N/A 
12 7.7 11 4.4 7.0 0.63 N/A 9.9 N/A 
13 5.7 2.9 3.0 3.1 0.97 N/A 3.0 N/A 
14 10 1.4 3.2 1.7 1.9 N/A 2.3 N/A 
15 3.2 5.3 3.5 4.4 0.81 N/A 2.8 N/A 

Mean ± SD 6.8 ± 4.5 5.2 ± 3.4 3.4 ± 1.2^ 3.8 ± 1.8^ 1.0 ± 0.48 N/A$ 4.2 ± 2.8 N/A$ 
Arm 3: 1 M SAQ Concentration Without VSP 

16 4.3 4.8 3.9 4.9 0.80 1.3 2.8 0.31 
17 5.5 8.8 2.9 3.7 0.78 1.8 5.1 0.27 
18 0.67 6.8 0.49 2.8 0.17 2.4 2.8 0.45 
19 2.9 9.1 1.1 3.2 0.35 2.2 3.3 0.40 
20 8.5 11 3.0 3.8 0.78 3.4 7.2 0.32 
21 0.82 3.5 0.55 4.0 0.14 1.7 2.1 0.46 
22 0.64 2.5 1.2 1.2 1.0 0.40 1.4 0.22 
23 0.56 4.0 0.44 1.2 0.37 1.0 1.5 0.40 
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Mean ± SD 3.0 ± 2.9 6.4 ± 3.1 1.7 ± 1.4# 3.1 ± 1.3# 0.55 ± 0.33 1.8 ± 0.92 3.3 ± 2.0 0.35 ± 
0.087 

**all placentas were perfused with 1 M SAQ except placenta 1 – 5 which were perfused with 10 
M; m-f and f-m CLu,c,i were compared with a one-tailed Wilcoxon signed rank test: *p-value = 
0.008, ^p-value = 0.34, #p-value = 0.008; &values for placenta 3 were not available because 
SAQ was inadvertently omitted from this experiment; $SAQ was not effluxed in the presence of 
VSP.  N/A = not available.  

 

Table 3.3: Estimates of 11-OH-THC and COOH-THC CLu,mf,c,i, CLu,fm,c,i, and the ratio of 
these indexes in the absence of VSP 

Placenta ID CLu,mf,c 

(mL/min) 
CLu,fm,c 

(mL/min) 
CLu,mf,c,i CLu,fm,c,i CLu,c,i ratio 

Arm 3: 100 – 250 nM 11-OH-THC** Concentration 
16 11 ND 9.8 ND ND 
17 14 9.6 7.1 4.1 1.7 
18 4.1 15 3.0 6.0 0.50 
19 18 11 6.9 3.7 1.9 
20 19 18 6.9 6.1 1.1 
21 5.8 7.8 3.9 9.0 0.43 
22 1.5 ND 2.8 ND ND 
23 6.3 7.1 5.0 2.1 2.4 

Mean ± SD 11 ± 6.7 11 ± 4.2 5.5 ± 1.8* 5.2 ± 2.4* 1.3 ± 0.78 
Arm 3: 250 nM COOH-THC Concentration 

16 10 7.5 9.0 7.6 1.2 
17 17 13 9.0 5.3 1.7 
18 8.5 23 6.2 9.5 0.65 
19 30 16 11 5.4 2.1 
20 17 14 6.1 4.8 1.3 
21 10 6.3 6.9 7.3 0.95 
22 2.9 6.0 5.5 2.8 2.0 
23 8.2 12 6.5 3.7 1.8 

Mean ± SD 13 ± 8.4 12 ± 5.7 7.6 ± 2.0^ 5.8 ± 2.2^ 1.5 ± 0.52 
**All placentas were perfused with 250 nM 11-OH-THC except 16 and 17 which were perfused 
with 100 nM; m-f and f-m CLu,c,i were compared with a one-tailed Wilcoxon signed rank test: *p-
value = 0.42, ^p-value = 0.074; ND = clearance values not determined as the effluent 
concentrations were below limit of quantification. Mean and SD values do not include placentas 
that had ND values 

 

3.4.2 THC and SAQ Placental Transport (CLT,placenta), Passive Diffusion CL (CLPD,placenta) 

and fraction transported (ft) 

At the 5 µM perfusate concentration and in the absence of VSP, THC’s CLT,placenta (4.6 ± 

5.0) and CLPD,placenta (7.5 ± 4.7) yielded a ft of 0.34 ± 0.10 (Table 3.1) and did not change in the 

presence of VSP (ft = 0.41 ± 0.050). At the reduced THC perfusate concentration (100 – 250 

nM) the estimated ft of THC remained the same (0.38 ± 0.072) (Table 3.1). The corresponding ft 

of SAQ in the absence (Arm 1/Arm 3) and presence of VSP (Arm 2) was 0.31 ± 0.15/0.35 ± 

0.087 and 0, respectively (Table 3.2). 
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3.4.3 THC and SAQ Cotyledon Tissue Concentrations 
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Figure 3.4: After Arm 1 and 2 perfusions, the THC (A, B) and SAQ (C, D) placental 
accumulation (normalized to the donor perfusate concentration) was significantly higher 
after the m-f vs. f-m  perfusions in the absence or presence of VSP. After Arm 3 perfusions, 
THC (E), SAQ (F) and 11-OH-THC (G) placental accumulation (normalized to the donor 
perfusate concentration) was significantly higher after the m-f vs. f-m  perfusions while COOH-
THC (H) placental accumulation trended towards significance. Cotyledon tissue biopsies were 
taken post-perfusion from each cotyledon. Placental accumulations were compared with a one-
tailed, Wilcoxon signed rank test. Data shown are mean ± SD (n = 7 – 8).  

 

No drug was detected in the fresh placenta tissue samples collected before the 

perfusions. The placental concentration normalized to the donor perfusate concentration in 

Arms 1 and 2 of both THC (5 M) and SAQ in tissue samples collected at the end of each 

experiment was higher for m-f vs. f-m perfused cotyledons, with and without VSP (Figure 3.4A-

D). The cotyledon tissue biopsies from the first 5 placentas were taken directly after the 

conclusion of the perfusions. However, to confirm that the high amount of THC in the tissue was 

not due to residual drug-containing perfusate in the tissue the remaining placentas were washed 

for 10 minutes with drug-free buffer prior to the tissue biopsy sampling. We did not see a 

significant difference in the THC cotyledon concentrations with or without washing (Mann-

Whitney test, p = 0.79 and 0.14 for mf and fm, respectively) and therefore combined the results. 

Similar data were obtained in the Arm 3 perfusions (Figure 3.4E – H), for all four drugs: THC, 

11-OH-THC, COOH-THC, and SAQ. 

 

3.5 Discussion 

To reduce inter-placental variability in estimating transplacental drug clearance, two 

cotyledons from each placenta were perfused on the same day in the m-f and f-m direction, 

respectively. We included in our perfusates a prototypic P-gp substrate (SAQ) and a passive 

diffusion marker (AP) and compared transplacental transfer of the drugs in the absence and 

presence of the pan P-gp, BCRP, and MRP4 inhibitor, VSP. This combination of drugs enabled 

us to obtain interpretable data on whether THC and its metabolites are effluxed by the placental 

P-gp/BCRP. The SAQ concentration (10 µM) was chosen (for the first 5 placentas) based on 
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previous studies that reported an average CLc,i ratio of 0.11171,172,177,178, and this concentration is 

below its Km (~15 µM) for P-gp179,180 (SAQ is not a substrate of BCRP181). Nevertheless, to 

ensure that P-gp was not saturated, SAQ’s concentration was decreased to 1 µM for the 

remaining 18 placentas because our LC-MS/MS assay had the sensitivity to do so. Based on 

the observation that the CLu,c,i ratios between the 1 and 10 µM concentrations were not 

significantly different (Mann-Whitney test, p = 0.11), we combined the results. In Arms 1 and 2, 

THC was perfused at a targeted 5 µM concentration (actual total and unbound concentration 4.2 

± 1.0 µM and 239 ± 143 nM, respectively). The unbound maximum adult plasma concentration 

of THC in vivo after 5 mg IV, 19 mg inhalational, or 20 mg oral consumption is ~7.6, 2.7, and 0.2 

nM, respectively182. The concentrations in these initial perfusions were supra-pharmacological to 

ensure that we could quantify THC in both the maternal and fetal effluents. To verify that THC 

concentrations in Arm 1 were not saturating transplacental transfer, subsequent perfusions (Arm 

3) were conducted at lower concentrations (target 100 – 250 nM, actual total and unbound 

concentration of 166 ± 63 and 11 ± 4.8 nM, respectively). These unbound maximum THC 

plasma concentrations are comparable to those after 5 mg THC IV dosing. Our assay sensitivity 

did not allow lowering the perfusate concentrations further.   

Theoretically, a drug such as AP that passively diffuses across the placenta, the CLu,mf,c 

and CLu,fm,c should not be significantly different. In practice, we observed that AP CLs are often 

different (Table S3.7), perhaps due to differences in the surface area perfused between the 

cotyledons. Therefore, it is customary to normalize for this difference by expressing the CLu,mf,c 

and CLu,fm,c of the drugs of interest (THC, 11-OH-THC, COOH-THC, and SAQ) as CLu,c,i (Eq. 

4)171-173,177. 

For drugs actively effluxed by the placenta, the CLu,mf,c,i should be significantly lower than 

the CLu,fm,c,i and the CLu,c,i ratio should be significantly less than 1. Indeed, this was the case for 

SAQ and as expected, the addition of VSP equalized the CLu,mf,c,i  and CLu,fm,c,i (Figure 3.3C, 

3.3D, 3.3F and Table 3.2). These results confirmed both functional and inhibitable P-gp activity 
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in the ex vivo perfused cotyledons. In Arm 1, at 5 µM, THC also exhibited a significantly lower 

CLu,mf,c,i than its corresponding CLu,fm,c,i and the CLu,c,i ratio was significantly less than 1 (Figure 

3.3A and Table 3.1). Analogous to SAQ, these results suggest THC is also effluxed by the 

human placenta. However, with Arm 2, in contrast to SAQ, the CLu,c,i for THC did not equalize in 

the presence of VSP (Figure 3.3B). We also found that THC transplacental transfer was not 

concentration dependent with the CLu,c,i ratios and ft values that were not significantly different 

between Arms 1 – 3 (Table 3.1). While the mean THC CLu,c,i values were higher in each 

direction for Arm 3 than the other arms, this was primarily driven by placenta 16. In addition, the 

mean values were not significantly different across arms (Kruskal-Wallis test, p = 0.12 and 0.47 

for mf and fm, respectively). THC binding to tubing was also examined and we observed 

negligible loss along maternal and fetal lines that could not account for the above differences 

(percent drug remaining at cotyledon insertion compared to drug in perfusate reservoir: m = 

79%, f = 78%). Unlike THC, 11-OH-THC and COOH-THC did not have significantly different 

CLu,mf,c,i and CLu,fm,c,i (Figure 3.3G and 3.3H, Table 3.3) and thereby appear to only passively 

diffuse across the placenta. At first glance, the lack of efflux of COOH-THC seems to contradict 

our in vitro findings, using BCRP overexpressing cells, that COOH-THC is a weak substrate of 

BCRP96. But, when a transporter is overexpressed in vitro, transport of a drug can be discerned 

even if it is a weak substrate of the transporter. However, in vivo, due to the lower abundance of 

the same transporter (e.g. in the placenta), such transport may not be observed. We believe 

that this is the most likely explanation for the discrepant results. 

There are several possible explanations for the observed difference in THC 

transplacental clearances: 1) THC is effluxed by an apical efflux or basal influx transporter(s) of 

the syncytiotrophoblast not inhibited by VSP. Indeed the placenta expresses several other drug 

transporters; basal influx: OAT4, OCT3, and OATP2B1; apical efflux: MRP2/3/497. Of note, 

OCT3 and OAT4 have been shown to be bi-directional transporters. However, based on the 

molecular profile of these transporters183, THC is unlikely to be a substrate, and there is no 
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evidence to suggest otherwise. 2) THC is transported by P-gp but binds at a transport site 

unaffected by VSP. P-gp has been shown to have multiple binding sites and does demonstrate 

substrate-dependent inhibition184-186. 3) THC binds and is sequestered within the intervillous 

space to a greater extent than the fetal (vascular) compartment. The intervillous space is rich 

with structural components such as marginal sinuses, chorionic villi, and connective tissue 

where THC can bind, which are lacking on the fetal side187. Hence the reduced m-f CL (vs. f-m 

CL) observed for THC may not result from placental efflux but rather from loss of the drug due 

to extensive binding of THC along the intervillous space prior to reaching the 

syncytiotrophoblast where the placental transporters are located. Indeed, we observed a greater 

accumulation of THC within the placental tissue in the m-f as compared to f-m perfusions, in the 

presence and absence of VSP and at the higher and lower concentrations (Figure 3.4A, 3.4B, 

3.4E). However, this differential binding should theoretically occur when the drug from the f-m 

perfusions reaches the maternal side as well. Importantly, any potential loss or non-specific 

binding to tissue should abate once steady-state is reached (i.e. when binding equilibrium is 

reached). In addition, 11-OH-THC and COOH-THC which also have a high degree of non-

specific binding and greater tissue accumulation in the m-f vs. f-m perfusions (Figure 3.4G and 

3.4H) similar to THC, displayed no significant difference between CLu,mf,c,i  and CLu,fm,c,i, which 

suggests that the tissue binding cannot account for the difference in THC transplacental 

clearance. Furthermore, we see the same trend in SAQ placental accumulation with and without 

VSP even though the observed difference in CLu,c,i is abolished by VSP. For these reasons, we 

consider the differential binding hypothesis to be unlikely. Thus, we conclude that either 1) an 

unknown apical efflux or basal influx transporter(s), unaffected by VSP, or 2) P-gp, which was 

not inhibited at THC’s active site, effluxes THC as the most plausible explanations. Future 

experiments that could provide some clarity are: 1) perfuse the placenta with cold (4C) buffer to 

reduce transporter activity and therefore confirm that our observations are due to efflux 

transport of THC; and 2) perfuse the placenta with a cocktail of P-gp/BCRP inhibitors (e.g. VSP, 
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elacridar, tariquidar, zosuquidar, Ko143) to mitigate the possibility of substrate-dependent 

inhibition of P-gp by VSP. 

To utilize the transplacental CLs of THC to predict the in vivo Kp (Eqs. 12 and 13), the 

placental and fetal CL of THC must be estimated. Since metabolism is the likely pathway for 

these CLs, we previously determined the depletion of THC in microsomes prepared from human 

placenta and fetal livers7. THC is not significantly depleted (or metabolized) by CYP or UGT 

enzymes in human placenta of any gestational age7. However, THC is significantly depleted by 

CYP3A7 in the 2nd trimester fetal liver7. Therefore, using the extrapolated placenta transport CL 

and passive diffusion CL from all three arms, in conjunction with the previously calculated fetal 

metabolism data7, we estimated the THC Kp (0.23 ± 0.08)188. The predicted Kp is not 

substantially different from and remarkably similar to the previously observed THC human 

umbilical venous/maternal plasma ratio at term (0.26 ± 0.10)43. This congruence supports the 

utility of this approach to predict in vivo human fetal exposure to THC at term. Importantly, THC 

is bound to albumin and apolipoproteins in the plasma62, which respectively have higher and 

lower concentration, at term, in fetal plasma vs. maternal plasma189. However, here we have 

assumed no difference in overall binding of THC between the maternal and fetal compartments. 

Notably, the observed in vivo COOH-THC Kp was 0.24 ± 0.15 and yet we observed no efflux 

transport of this cannabinoid. This could be explained by potential metabolism in the placenta or 

fetal organs, which is yet to be investigated. 

To predict fetal toxicity from the psychoactive cannabinoids THC/11-OH-THC, in utero 

exposure, in particular to the fetal CNS, must be determined. The availability of human fetal 

tissue (for research purposes) is limited to single time-points at pregnancy termination (e.g. 1st 

and 2nd trimester), insufficient to obtain dynamic, time-dependent, THC/11-OH-THC brain 

concentrations across gestational ages. However, such concentrations can be predicted using 

our maternal-fetal PBPK model149. To do so, amongst other physiological and drug-dependent 

parameters, the m-f-PBPK model would need to be populated with gestational-age dependent 
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THC/11-OH-THC CLT,placenta, CLPD,placenta, and placental/fetal liver metabolic clearance. While we 

have estimated the metabolic CLs in the placenta and the fetal liver, due to experimental 

limitations, THC transplacental clearances from perfusions can only be obtained in term 

placentas. This obstacle can be overcome if the transporter mediating the efflux of THC is 

identified. Then, such predictions can be made by scaling for the placenta transporter 

expression across gestational age as we have done for other drugs190.  

In conclusion, we quantified the transplacental kinetics of THC, 11-OH-THC, and COOH-

THC in the ex vivo perfused human term placenta. THC appears to be actively effluxed by the 

human placenta and not inhibitable by a P-gp/BCRP antagonist, VSP, congruent with previous 

results in vitro and in vivo  in animals in our lab96. In contrast, the metabolites 11-OH-THC and 

COOH-THC passively diffused across the placenta. The ex vivo extrapolated THC Kp is in 

excellent agreement with the observed in vivo Kp
43. Populating a m-f-PBPK model with the 

placental transfer kinetics estimated here is necessary to dynamically predict fetal THC, 11-OH-

THC, and COOH-THC exposure at term. If the transporter(s) responsible for our observations is 

identified, the efflux can be scaled using the placental transporter abundance at different 

gestational ages to predict fetal THC exposure throughout pregnancy97. This is crucial for 

predicting the disposition of THC in diverse populations where transport abundance and/or 

activity may be altered by genetic polymorphisms, physiologic changes, fetal sex or the 

presence of drug-drug interactions. The m-f-PBPK-predicted pharmacologically relevant fetal 

plasma and tissue concentrations can then be used to assess (in vitro or through animal 

studies) fetal neurodevelopmental risk after maternal cannabis consumption. 

 

Collaborations: Nicholas Ieronimakis, Emily D. Sheikh, Joshua W. Monson, Sarah E. Ligon, 

Rebecca L. Talley, Elisabeth M. Dornisch, Kamy J. Howitz, and Jennifer R. Damicis collected 

placentas and conducted perfusions. 
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3.6 Supplemental Information 

Table S3.1: Demographic Information of the Perfused Placentas 

  

Arm 1  
(5 M THC 

Concentration 
Without VSP) 

n = 8 

Arm 2  
(5 M THC 

Concentration 
With VSP, 4 M) 

n = 7 

Arm 3  
(100 – 250 nM THC 

Concentration 
Without VSP) 

n = 8 

D
at

a 
ar

e 
n 

(%
) 

Maternal 
Race 

White 6 (75%)  6 (86%) 5 (62.5%) 

African 
American 

0 (0%) 1 (14%) 1 (12.5%) 

American 
Indian 

0 (0%) 0 (0%) 0 (0%) 

Asian or 
Pacific 

Islander 
1 (12.5%) 0 (0%) 1 (12.5%) 

Other  1 (12.5%) 0 (0%) 1 (12.5%) 

Baby Sex  
(male ♂;  female ♀) 

3 (38%) ♂  
5 (62%) ♀  

2 (28%) ♂  
5 (72%) ♀ 

2 (25%) ♂ 
6 (75%) ♀ 

 Diabetic  0 (0%) 1 (14%)* 0 (0%) 

Tobacco / drug / 
alcohol use ** 

None None  None  

Gravidity 3 ± 1 3 ± 1 3 ± 2 

D
at

a 
ar

e 
m

e
a

n 
± 

S
D

 
Parity 2 ± 1 2 ± 0.8 2 ± 1 

Maternal age (years) 30 ± 6.8 28 ± 6.7 31 ± 3.4 

BMI at delivery (kg/m
2
) 33 ± 5.0 38 ± 7.7 27 ± 6.3 

Gestational age at 
delivery (weeks) 

39 ± 0.17 39 ± 0.80 39 ± 0.24 

Birth weight (g) 3283 ± 330 3382 ± 473 3529 ± 395 

  *Type A1 gestational diabetes. ** Self-reported  
All placentas were from C-sections 
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Table S3.2: LC-MS/MS parameters for Drug Quantification  

A. LC gradient program 

Time 
(min) 

Flow 
Rate 
(mL/min) 

A (water with 0.1% formic 
acid, %) 

B (acetonitrile with 0.1% formic 
acid, %) 

0 0.3 90 10 

0.5 0.3 90 10 

2 0.3 5 95 

4 0.3 5 95 

4.1 0.3 90 10 

4.5 0.3 90 10 

B.  ESI MS/MS parameters 

Compound Parent 
Ion 

(m/z) 

Product 
Ion (m/z) 

Declusterin
g Potential 

(V) 

Collision 
Energy 

(V) 

Collision Cell 
Exit Potential 

(V) 
THC 315.2 193.3 60 30 10 
d3-THC 318.3 196.3 60 30 12 
11-OH-THC 331.4 193.3 150 35 15 
d3-11-OH-THC 334.4 196.3 150 35 15 
COOH-THC 345.3 327.3 150 23 15 
d3-COOH-THC 348.3 330.3 150 23 15 
SAQ 671.0 128.0 80 70 10 
d9-SAQ 680.2 128.0 80 50 10 
AP 189.2 77.0 60 30 8 
TOL 271.3 155.0 60 30 6 

C.  APCI MS/MS parameters 

Compound Parent Ion (m/z) Product Ion (m/z) Collision Energy (V) 
THC 315.3 193.2 22 
d3-THC 318.3 196.3 20 
11-OH-THC 331.3 193.2 26 
d3-11-OH-THC 334.3 196.3 26 
COOH-THC 345.3 327.3 20 
d3-COOH-THC 348.3 330.3 20 
SAQ 671.0 570.0 30 
d9-SAQ 680.2 570.0 32 
AP 189.2 77.0 22 
TOL 271.3 155.0 16 
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Table S3.3: Fetal Arteriole Pressures (mmHg) Throughout each Perfusion 
 Arm 1: 5 M THC 

Concentration Without 
VSP 

Arm 2: 5 M THC 
Concentration With VSP 
(4 M) 

Arm 3: 100 – 250 nM 
THC Concentration 
Without VSP 

 M* F** M# F## M^ F^^ 
Mounting 44 ± 11 49 ± 10  42 ± 10 38 ± 5.3 35 ± 7.1 33 ± 7.4 
Acclimation 
end 

38 ± 7.1 40 ± 9.4 32 ± 6.8 34 ± 6.9 
30 ± 4.9 

30 ± 6.4 

0 min 36 ± 7.0 39 ± 9.2 32 ± 5.1 34 ± 6.8 31 ± 3.5 30 ± 5.6 
15 min 36 ± 8.2 41 ± 5.8 33 ± 5.8 36 ± 10 32 ± 5.7 30 ± 5.3 
30 min 36 ± 6.2 42 ± 6.7 33 ± 6.3 35 ± 10 31 ± 4.9 29 ± 5.6 
45 min 36 ± 6.1 42 ± 7.0 33 ± 6.9 37 ± 10 31 ± 4.8 29 ± 5.3 
60 min 37 ± 10 42 ± 7.3 34 ± 7.3 36 ± 11 32 ± 5.3 29 ± 5.1 
90 min 41 ± 20 43 ± 8.3 34 ± 7.5 34 ± 12 32 ± 6.0 31 ± 6.9 
120 min 34 ± 4.8 42 ± 8.8 33 ± 7.2 34 ± 12 32 ± 5.1 30 ± 8.2 
150 min 37 ± 4.0 42 ± 9.1 N/A N/A N/A N/A 
180 min 38 ± 3.6 42 ± 8.5 N/A N/A N/A N/A 
210 min  40 ± 5.4 41 ± 8.8 N/A N/A N/A N/A 
240 min  41 ± 8.9 41 ± 9.2 N/A N/A N/A N/A 

M and F represent maternal and fetal perfusions, respectively. Values represent mmHg (mean ± 
SD) recorded from arteriole in-line transducer. Where no values are provided, the perfusions 
were terminated at 120 min. No significant change in arteriole pressure over the duration of the 
perfusion was noted for each set of m or f perfusions within each arm: p-value = 0.82*, 0.91**, 
0.76#, 0.76##, 0.89^, 0.66^^ (Friedman test). 
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Table S3.4: Estimates of THC CLmf,c, CLfm,c, and fraction of drug unbound in the maternal 
(fu,perf,m) and fetal (fu,perf,f ) effluent in the absence and presence of VSP 

Placenta ID CLmf,c 

(mL/min) 
CLfm,c 

(mL/min) 
fu,perf,m fu,perf,f 

Arm 1: 5 M THC Concentration Without VSP 
1 0.17 0.63 0.03 0.04 
2 0.64 2.4 0.05 0.04 
3 1.4 1.4 0.08 0.05* 
4 1.6 1.1 0.08 0.05 
5 0.58 1.5 0.07 0.06 
6 0.27 0.87 0.05 0.05 
7 0.47 0.51 0.08 0.04 
8 0.47 1.0 0.15 0.03 

Mean ± SD 0.70 ± 0.51 1.2 ± 0.59 0.08 ± 0.04 0.05 ± 0.01 
Arm 2: 5 M THC Concentration With VSP (4 M) 

9 0.18 0.58 0.09 0.04 
10 0.31 1.8 0.08 0.04 
11 0.74 0.17 0.06 0.04 
12 0.78 1.4 0.04 0.03 
13 0.32 0.44 0.07 0.03 
14 0.51 0.26 0.06 0.03 
15 0.11 0.67 0.04 0.04 

Mean ± SD 0.42 ± 0.26 0.76 ± 0.61 0.06 ± 0.02 0.04 ± 0.004 
Arm 3: 100 – 250 nM THC** Concentration Without VSP 

16 1.4 3.9 0.03 0.03 
17 1.2 2.7 0.05 0.06 
18 0.40 2.3 0.11 0.05 
19 1.3 1.4 0.07 0.05 
20 1.8 3.1 0.05 0.05 
21 0.59 0.80 0.09 0.05 
22 0.096 1.1 0.05 0.06 

23&& NA NA NA NA 
Mean ± SD 1.0 ± 0.61 2.2 ± 1.1 0.07 ± 0.03 0.05 ± 0.01 

*Unbound fraction could not be measured, and therefore the mean value was used; **All 
placentas were perfused with 250 nM THC except 16 and 17 which were perfused with 100 nM; 
&&values for placenta 23 were not available because THC was inadvertently omitted from this 
experiment 
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Table S3.5: Estimates of SAQ CLmf,c, CLfm,c, and fraction of drug unbound in the maternal 
(fu,perf,m) and fetal (fu,perf,f ) effluent in the absence and presence of VSP 

Placenta ID CLmf,c 

(mL/min) 
CLfm,c 

(mL/min) 
fu,perf,m fu,perf,f 

Arm 1: 1 – 10 M SAQ** Without VSP 
1 0.24 0.94 0.28 0.19 
2 0.43 1.0 0.22 0.27 
3& NA NA NA NA 
4 1.1 0.80 0.26 0.17* 
5 0.51 1.6 0.16* 0.27 
6 0.061 0.79 0.08 0.08 
7 0.27 0.65 0.06 0.13 
8 0.13 0.67 0.06 0.09 

Mean ± SD 0.40 ± 0.36 0.92 ± 0.31 0.16 ± 0.11 0.17 ± 0.08 
Arm 2: 1 M SAQ With VSP (4 M) 

9 0.75 0.64 0.20 0.18 
10 0.35 1.8 0.18 0.21 
11 1.2 0.40 0.08 0.11 
12 0.95 1.7 0.12 0.15* 
13 0.77 0.34 0.13 0.12 
14 1.5 0.29 0.14 0.20 
15 0.18 0.55 0.06 0.10 

Mean ± SD 0.81 ± 0.45 0.82 ± 0.66 0.13 ± 0.05 0.15 ± 0.05 
Arm 3: 1 M SAQ Without VSP 

16 0.37 0.38 0.09 0.08 
17 0.33 1.4 0.06 0.16 
18 0.11 0.69 0.16 0.10 
19 0.21 0.99 0.07 0.11 
20 0.63 1.1 0.07 0.10 
21 0.093 0.33 0.11 0.10 
22 0.087 0.35 0.14 0.14 
23 0.13 1.1 0.23 0.27 

Mean ± SD 0.25 ± 0.19 0.79 ± 0.40 0.12 ± 0.06 0.13 ± 0.06 
*Unbound fraction could not be measured, and mean value was used; **all placentas were 
perfused with 1 M SAQ except placentas 1 – 5 which were perfused with 10 M; &values for 
placenta 3 were not available because SAQ was inadvertently omitted from this experiment 
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Table S3.6: Estimates of 11-OH-THC and COOH-THC CLmf,c, CLfm,c, and fraction of drug 
unbound in the maternal (fu,perf,m) and fetal (fu,perf,f ) effluent in the absence of VSP 
Placenta ID CLmf,c 

(mL/min) 
CLfm,c 

(mL/min) 
fu,perf,m fu,perf,f 

Arm 3: 100 – 250 nM 11-OH-THC** Concentration 
16 1.5 ND 0.14 0.14 
17 1.8 1.5 0.13 0.16 
18 0.57 2.0 0.14 0.14 
19 2.1 1.6 0.11 0.15 
20 2.3 2.5 0.12 0.14 
21 0.78 0.91 0.14 0.12 
22 0.21 ND 0.15 0.16 
23 1.3 1.3 0.21 0.19 

Mean ± SD 1.5 ± 0.72 1.6 ± 0.55 0.14 ± 0.03 0.15 ± 0.02 
Arm 3: 250 nM COOH-THC Concentration 

16 1.5 0.99 0.15 0.13 
17 2.4 1.8 0.14 0.15 
18 1.3 2.9 0.15 0.13 
19 3.5 2.4 0.12 0.15 
20 2.4 2.0 0.14 0.14 
21 1.2 0.79 0.12 0.13 
22 0.36 0.78 0.12 0.13 
23 1.5 1.9 0.18 0.16 

Mean ± SD 1.8 ± 0.96 1.7 ± 0.78 0.14 ± 0.02 0.14 ± 0.01 
**All placentas were perfused with 250 nM 11-OH-THC except 16 and 17 which were perfused 
with 100 nM; ND = clearance values not determined as concentrations were below limit of 
quantification. Mean and SD values do not include placentas that had ND values 
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Table S3.7: Estimates of AP CLmf,c, CLfm,c, fraction of drug unbound in the maternal 
(fu,perf,m) and fetal (fu,perf,f ) effluent, CLu,mf,c, CLu,fm,c, and the ratio of these CLs in the 
absence and presence of VSP 

Placenta 
ID 

CLmf,c 

(mL/min) 
CLfm,c 

(mL/min) 
fu,perf,m fu,perf,f CLu,mf,c 

(mL/min) 
CLu,fm,c 

(mL/min) 
CLu,c 
ratio 

Arm 1: 106 M AP Without VSP 
1 0.88 1.8 0.99 1.1 0.88 1.7 0.52 
2 2.0 3.1 0.98 1.2 2.0 2.6 0.77 
3 2.6 3.0 1.0 0.98 2.6 3.1 0.83 
4 2.8 2.1 1.1 1.1 2.5 2.0 1.2 
5 1.6 2.7 1.0 1.0 1.5 2.6 0.59 
6 1.2 1.7 1.0 1.1 1.2 1.6 0.77 
7 2.4 1.2 1.0 1.0 2.3 1.1 2.0 
8 1.7 1.2 1.1 1.0 1.6 1.2 1.3 

Mean ± 
SD 

1.9 ± 
0.69 

2.1 ± 
0.77 

1.0 ± 0.06 1.1 ± 0.06 1.8 ± 
0.62 

2.0 ± 
0.73 

1.0 ± 0.51 

Arm 2: 106 M AP With VSP (4 M) 
9 1.9 2.2 1.0 1.1 1.8 2.0 0.91 
10 1.1 2.2 1.1 1.1 1.0 2.0 0.50 
11 2.8 0.9 1.0 1.1 2.8 0.89 3.1 
12 2.0 1.9 1.1 1.2 1.8 1.6 1.1 
13 1.8 0.96 0.94 1.0 1.9 0.96 2.0 
14 2.9 0.87 0.92 1.0 3.2 0.85 3.8 
15 0.95 1.2 1.0 0.99 0.92 1.2 0.76 

Mean ± 
SD 

1.9 ± 
0.76 

1.5 ± 
0.62 

1.0 ± 0.07 1.1 ± 0.08 1.9 ± 
0.83 

1.4 ± 
0.51 

1.7 ± 1.3 

Arm 3: 106 M AP Without VSP 
16 1.1 1.0 1.0 1.0 1.1 1.0 1.1 
17 2.1 2.5 1.1 1.1 1.9 2.3 0.81 
18 1.1 2.4 0.79 1.0 1.4 2.4 0.56 
19 2.5 2.8 0.95 0.98 2.6 2.9 0.91 
20 2.5 2.7 0.90 0.93 2.8 2.9 0.95 
21 1.4 0.91 0.92 1.0 1.5 0.87 1.7 
22 0.55 2.0 1.0 0.93 0.53 2.1 0.25 
23 1.3 3.3 1.1 1.00 1.3 3.3 0.38 

Mean ± 
SD 

1.6 ± 
0.72 

2.2 ± 
0.86 

0.97 ± 
0.10 

0.99 ± 
0.048 

1.6 ± 
0.77 

2.2 ± 
0.89 

0.83 ± 
0.46 
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Chapter 4: Quantification and Prediction of Human Fetal (-)-Δ9-tetrahydrocannabinol 

(THC)/11-OH-THC Exposure Across Gestational Age to Inform Fetal Toxicity of Cannabis 
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4.1  Abstract 

Prenatal cannabis use is associated with neurodevelopmental deficits likely due to 

exposure to the psychoactive cannabinoids, (-)-Δ9-tetrahydrocannabinol (THC) and it’s 

metabolite, 11-OH-THC. To determine if these cannabinoids can produce these deficits, 

preclinical studies that mimic human fetal cannabinoid exposure must be conducted. Therefore, 

we measured cannabinoid concentrations in trimester 1 (T1), 2 (T2) fetal tissues and/or 

trimester 3 (T3) maternal (MP) and fetal umbilical venous plasma (UVP). The mean ± SD T3 

THC UVP/MP was 0.35 ± 0.13 (n=18); T1 and T2 THC fetal brain/MP was 0.50 ± 0.18 (n=3), 

0.45 ± 0.28 (n=14), respectively. To predict fetal cannabinoid exposure at different prenatal 

cannabis doses (orally or by inhalation), we used a verified maternal-fetal physiologically based 

pharmacokinetic (m-f-PBPK) model. At a typical inhalational dose of 100 mg THC or oral 10 mg 

THC, the model-predicted average fetal brain steady-state THC/11-OH-THC concentrations 

were 37/70 nM and 0.73/8.9 nM, respectively. Our m-f PBPK model can guide future studies to 

inform risks associated with prenatal cannabis use.  

 

4.2 Introduction 

With legalization, cannabis use among pregnant individuals has increased, with 

consumption detected in over 22.6% of pregnancies in the United States23. Such cannabis use 

raises concern about fetal safety. Indeed, retrospective analyses have found an association 

between maternal cannabis use and adverse fetal outcomes such as neurodevelopmental 

deficits, lower birth weight, and growth restriction5,37,166. But such retrospective analyses are 

often confounded by factors such as other substance use (including tobacco, alcohol) or 

socioeconomic status and variable or self-reported quantification of cannabis use. However, 

even after correcting for some of these confounding factors, prenatal cannabis use has been 

linked to lower cognition (e.g. IQ, verbal reasoning, quantitative scores) and increased 

behavioral problems (e.g. hyperactivity, aggression, inattention)1-5. Unfortunately, retrospective 
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analyses cannot correct for all possible confounding factors. Additionally, for ethical reasons, 

conducting a randomized controlled prospective study to determine neurodevelopmental 

outcomes due to prenatal cannabis use is not possible. Therefore, alternative approaches 

should be explored to determine if cannabis use during pregnancy results in 

neurodevelopmental deficits in the offspring.  

One alternative approach is to conduct in vivo toxicity studies in animals that mimic fetal 

exposure to the compounds causing potential neurodevelopmental deficits from cannabis use. (-

)-∆9-tetrahydrocannabinol (THC), a major psychoactive constituent of cannabis, is widely 

believed to be the causative factor. Its primary in vivo psychoactive metabolite (±)-11-hydroxy-

∆9-THC (11-OH-THC) may also contribute. While pregnant animal studies (mostly rodents) 

exposed to THC or cannabis have been conducted11,13, they could not mimic the in vivo human 

fetal plasma or fetal brain exposure to THC/11-OH-THC because these critical concentration 

values are unknown. Therefore, our primary goals were two-fold. First, to quantify the THC/11-

OH-THC concentration in 1st and 2nd trimester human fetal brain, liver, kidney, placenta and 

maternal plasma and in 3rd trimester umbilical venous plasma (UVP), maternal plasma (MP) and 

placenta from pregnant individuals who had recreationally consumed cannabis prior to 

pregnancy termination or delivery. Because these are observational studies, the dose of 

cannabis and the timing of the samples, relative to consumption, is unknown. Therefore, these 

UVP or fetal tissue concentrations are meaningful only when expressed relative to the MP 

concentration. While these samples provide a “snapshot” of the fetal cannabinoid 

concentrations in various tissues or plasma relative to MP at a single time-point, they are not 

informative of the actual total fetal exposure to cannabinoids, over time, at the recreational 

doses used. For this, one needs to not only quantify the maximum cannabinoid concentrations 

(Cmax) in each fetal tissue/plasma but also the area under the tissue/plasma concentration-time 

profile (AUC) or the average steady-state cannabinoid tissue/plasma concentration (Css,avg; i.e. 

AUC/τ; where τ represents the frequency of cannabis consumption). Though such exposure to 
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THC/11-OH-THC cannot ethically be measured in vivo, it can be predicted through a linked 

parent-metabolite maternal-fetal physiologically based pharmacokinetic (m-f-PBPK) model 

informed by parameters such as maternal-fetal disposition and placental transfer of THC/11-

OH-THC. Therefore, our second goal was to populate our current m-f-PBPK model149,190-192 with 

the various maternal-fetal disposition parameters of THC/11-OH-THC after inhalational or oral 

consumption of cannabis and determine if the predicted fetal tissue/plasma concentrations align 

with those observed in our first aim. If they do, the model could be used to predict unbound and 

total fetal plasma and tissue THC/11-OH-THC exposure at different gestational ages as well as 

different routes of administration and doses of cannabis consumption, assuming the rates of all 

processes are dose-independent. Also, such predictions could be used to inform the design of 

in vivo toxicity studies after prenatal cannabis administration to animals.  

Fetal THC/11-OH-THC exposure is driven by several factors; the first being maternal 

exposure to cannabinoids which, in turn, is driven by maternal bioavailability and pre-systemic 

disposition. A second factor is the distributional clearances of the cannabinoids across the 

placenta via either transport and/or passive diffusion as well as metabolic clearance in the 

placenta. A third parameter is the irreversible clearance of the cannabinoids by the fetus. All of 

these disposition parameters need to be incorporated into our m-f-PBPK model to successfully 

predict the absolute fetal cannabinoid exposure for a given dose and route of consumption by 

pregnant individuals. We have experimentally determined these disposition parameters by 

conducting THC/11-OH-THC depletion studies in microsomes derived from human adult liver, 

intestine, lung, placenta (of different gestational ages), and fetal livers. In the adult liver, THC is 

almost completely metabolized by hepatic cytochrome P450 (CYP) 2C9 (mostly to the 11-OH-

THC)15. In the intestine, THC is metabolized by CYP2C9 and 3A enzymes and in the fetal liver 

by CYP3A7 with no detectable depletion in the adult lung or placenta7. Similarly, 11-OH-THC is 

metabolized in the adult liver and intestine by CYP2C9, CYP3A, and uridine 5'-diphospho-

glucuronosyltransferases (UGTs) and by CYP3A7 in the fetal liver7,15. Moreover, 11-OH-THC is 
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also metabolized by the cytosolic aldehyde oxidase and aldehyde dehydrogenase but the 

fraction metabolized (fm) via these pathways is unknown77. We have also demonstrated and 

quantified THC (but not 11-OH-THC) transport across the placenta8 that is not mediated by 

either P-glycoprotein (P-gp) or Breast Cancer Resistance Protein (BCRP), efflux transporters 

that are highly expressed in the human placenta97,193. The identity of this transporter(s) is 

unknown and its location could be either on the apical or basal membrane of the 

syncytiotrophoblast8. 

Several THC PBPK models, including one from our laboratory, are able to 

simultaneously and accurately predict THC and 11-OH-THC plasma concentrations after 

intravenous (IV), oral, and inhalational administration194-198. However, they have not been 

employed to predict fetal THC/11-OH-THC exposure, with the necessary fetal/placental 

disposition parameters incorporated, nor have these model predictions been compared with the 

observed fetal UVP and tissue “snapshot” cannabinoid concentration data. Thus, our goals were 

to obtain these “snapshot” data and ascertain if our m-f-PBPK model predictions align with the 

observed data.   

 

4.3 Materials and Methods 

4.3.1 Chemicals and Reagents  

 (-)-Δ9-tetrahydrocannabinol (THC), 11-OH-THC, COOH-THC, and d3-THC were 

purchased from Cayman Chemicals (Ann Arbor, MI). d3-11-OH-THC, d3-COOH-THC, and 

ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich (St. Louis, MO). 

Sodium phosphate, sucrose, acetonitrile, hexanes, ethyl acetate, formic acid (liquid 

chromatography-mass spectrometry (LC-MS/MS grade)), acetic acid (LC-MS/MS grade), 

silanized glass culture tubes, LC glass inserts, polycarbonate ultracentrifuge tubes, and LC pre-

split snap caps were purchased from Fisher Scientific (Hampton, NH). 
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4.3.2 In Vivo Study Design and Procedures 

Fetal and maternal samples were collected in a cross-sectional, observational study, 

divided into two arms based on duration of gestation. The first arm was a first (T1) and second 

trimester (T2) study conducted at the University of Washington while the second was a third 

trimester (T3) study (see definition below) conducted at the University of Colorado. Each study 

was approved by the respective institutional review board. Prior to the study procedures, written 

informed consent was obtained from each participant. Additionally, each enrolled subject 

completed a survey to obtain data on substance use during pregnancy, demographics, and 

reproductive health history. For cannabis use, the information collected was: 1) time since last 

cannabis consumption 2) method of consumption during last use (oral or inhalation) 3) amount 

of cannabis consumed during last use and 4) frequency of cannabis use during pregnancy.  

For the T1/T2 study, the inclusion criteria were: 1) pregnant person seeking termination; 

2) 18 years of age or older; 3) intrauterine pregnancy confirmed with ultrasound; 4) gestational 

age 8-24 weeks as determined by ultrasound dating; 5) able to speak and read English; 6) have 

used THC-containing cannabis via smoking or oral ingestion within 48 hours of pregnancy 

termination; 7) already consented to an abortion procedure via dilation and curettage (D&C) or 

dilation and evacuation (D&E); 8) have not used other recreational substances (heroin, opiates, 

benzodiazepines, cocaine, amphetamines/methamphetamines, Adderall, speed, or other 

substances of abuse) during pregnancy. A urine toxicology test was conducted at the time of the 

procedure to confirm the self-reported substance use. Prior to termination, subjects routinely 

received IV sedation for their procedures: benzodiazepines (e.g. midazolam), opioids (e.g. 

fentanyl), and sedatives (e.g. propofol). Maternal blood (5 mL in ethylenediaminetetraacetic acid 

(EDTA) tubes), maternal urine, fetal brain, fetal liver, fetal kidney, and placental tissues were 

collected from each subject, where possible, at the time of termination. Due to the nature of the 

procedure, it is not possible to collect UV blood. Maternal plasma was harvested and 

immediately stored in 1 mL aliquots at 4°C. MP, fetal and placenta tissue were collected and 
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transported to the University of Washington on ice. MP was stored at -80°C immediately upon 

reaching University of Washington. Fetal tissues (brain, liver, and kidney) were visually 

identified by an experienced technologist and separated within 2.53 ± 1.26 hours of collection. 

Placental tissue was separated into 3 different regions (periphery, medial, and near umbilical 

cord) to include the villi. Once identified and separated, tissues were flash frozen within 1 hour 

of dissection and immediately stored at -80°C. 

For the T3 study, the inclusion criteria were: 1) pregnant person; 2) 18 – 45 years of age; 

3) singleton fetus; 4) gestational age >16 weeks as determined by last menstrual period and/or 

early ultrasound; 5) current reported THC-containing cannabis use; 6) able to speak and read 

English or Spanish; 7) have not used other recreational drugs (alcohol, cocaine, crack, heroin, 

hallucinogens, inhalants, methamphetamine, prescription pain relievers, or other drugs of 

abuse) during pregnancy; 8) not coronavirus disease (COVID) positive at delivery. Verbal 

screening for prenatal cannabis use occurred at the first prenatal visit, 26-28 weeks gestation 

and at delivery and hospitalization. Subjects were counseled regarding risks associated with 

perinatal cannabis use and recommended to cease or decrease cannabis use. Samples were 

collected at the time of delivery. Maternal (5 mL) and umbilical venous blood (3 mL) were 

simultaneously (or within 30 minutes of each other) collected in EDTA tubes, processed, and 

stored as in the T1/T2 study. Placental tissue was sampled over 3 different regions (~10 g each; 

periphery, medial, and near umbilical cord) to include the villi, after removal of the decidua. The 

tissue was rinsed with saline, flash frozen and stored at -80°C within 1 hour of delivery. Samples 

were shipped frozen on dry ice to the University of Washington. 

4.3.3 Sample Processing and Bioanalyses 

Tissue samples (100 – 1000 mg) were homogenized in buffer (1:4 w/v) containing 20 

mM sucrose, 50 mM KPi, and 10 mM EDTA with a Bead Ruptor Homogenizer (Omni 

International, Kennesaw, GA). One mL of plasma or tissue homogenate, in 20 mL silanized 

glass culture tubes, spiked with 10 μL of acetonitrile containing 2 μM internal standard (d3-THC, 
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d3-11-OH-THC, and d3-COOHTHC), 100 μL of 1.68% formic acid in water, and 5 mL of 5:1 

hexane:ethyl acetate were vigorously agitated on a shaker for 30 min. Then, after centrifugation 

at 200 x g at room temperature for 10 minutes, the organic supernatant (~5 mL) was transferred 

into another silanized glass culture tube and evaporated under nitrogen at 40°C. The residue, 

reconstituted with 100 µL acetonitrile and vortexed for 20 seconds, was transferred to a LC 

glass insert and stored at -20°C until analysis by LC-MS/MS. 

Fraction of THC and 11-OH-THC unbound in fetal plasma (fu,p,fetus) was measured in T3 

umbilical venous plasma (UVP) samples, as previously described15. Briefly, blank UVP was 

spiked with 500 nM THC or 11-OH-THC yielding an fu,p,fetus value of 0.0071 and 0.0067, 

respectively (Table S4.1). Using the same approach, we also measured fu,p in our T3 UVP as 

well as MP. 

All plasma and tissue cannabinoid concentrations were quantified by injecting 10 µL of 

the processed samples onto an Acquity ultra-performance liquid chromatography (UPLC) 

system (Waters Corporation, Milford, MA) coupled with a Waters Xevo Triple Quadrupole XS in 

APCI mode (Waters Corporation, Milford, MA). Acquity UPLC bridged ethylene hybrid (BEH) 

C18 column (1.7 μM 2.1 x 50 mm) attached to a BEH C18 5 mm guard column (Waters 

Corporation, Milford, MA) was used for chromatographic separation with the mobile phase flow 

rate of 0.3 mL/min. The mobile phase consisted of acetonitrile and water containing 0.2% acetic 

acid as the organic and aqueous phases, respectively (see Table S4.9). Integration of the 

chromatographic peaks was performed using TargetLynx v4.2 (Waters Corporation, Milford, 

MA). Quality control samples at 0.1, 1, 10 nM concentrations (calibration curve range 0.05 – 10 

nM) were within ± 20% of the expected values. Blank human plasma and placenta/fetal tissues, 

spiked with the above concentrations of cannabinoids, were used as calibrators and processed 

as per the unknown samples. The lower limit of quantification (LLOQ, defined by a signal to 

noise ratio > 10), for THC, 11-OH-THC, COOH-THC in MP, UVP, fetal brain and fetal kidney 

was 0.05, 0.5, and 0.5 nM, respectively and in placenta and fetal liver was 0.1, 1, and 1 nM, 
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respectively. Samples that were above the highest calibrator concentration were diluted so that 

they fell within the calibration range. 

4.3.4 M-f-PBPK Modeling and Simulations 

All non-pregnant (NP) PBPK model simulations including the impact of drug interaction 

(DDIs) and genetic polymorphism on THC/11-OH-THC pharmacokinetics were conducted in 

Simcyp V22 (Figure 4.1). The population demographics (age, sex distribution, number of 

subjects) and dosing regimen (dose amount, dosing time, route of administration) were kept 

identical to those in the corresponding in vivo study.  

 

Figure 4.1: Schematic showing THC and 11-OH-THC PBPK model development and 
verification for inhalational and oral consumption of THC by the non-pregnant population 
followed by extension to the pregnant population (m-f-PBPK model). First, the model was 
built in Simcyp V22 for the healthy non-pregnant population by optimizing and verifying the THC 
elimination and distribution kinetics after intravenous administration. Then, THC absorption 
kinetics and 11-OH-THC elimination and distribution kinetics were verified after inhalation and 
oral THC consumption. The THC kinetics in the non-pregnant model were also verified through 
DDI and pharmacogenetic studies. Then, using our in-house m-f-PBPK model, built in MATLAB 
Simulink R2023a, which includes the placental and fetal compartments as well as gestational 
age-dependent physiological changes, the UVP and fetal tissue concentrations were predicted.  

 

As an overview (see details below), the distribution and elimination kinetics of THC, after 

IV THC administration to non-pregnant adults, were optimized with a training dataset47 and then 

verified (see below for criteria) using two independent datasets46,106. Then, without changing the 

systemic disposition of THC, its inhalation and oral absorption kinetics were optimized using the 

respective training dataset (Inhalation:47; Oral:50) and then verified using independent datasets 

(Inhalation:48; Oral:49,51). To confirm the fraction of THC metabolized by each enzyme 



100 
 

determined in vitro (Table S4.1), the observed THC exposure in the presence of DDIs or 

CYP2C9 genetic polymorphism was predicted and compared to the observed values using the 

verification criteria described below28,75,136. Then, the outputs from these simulations were fed 

into our previously developed in-house m-f-PBPK model (MATLAB Simulink R2023a), refined 

by Shum et al.192, to predict UVP and fetal tissue concentrations as described before149,191. This 

m-f-PBPK model has previously been used (and verified) to predict fetal exposure to drugs that 

passively diffuse across the placenta or are transported149,190-192. This m-f PBPK model includes 

gestational age-dependent maternal-fetal physiological changes including the gestational-

dependent magnitude of induction of maternal hepatic CYP enzymes. Our in-house m-f-PBPK 

model was used since Simcyp does not have the capability to predict metabolite fetal tissue 

concentrations and we were interested in the 11-OH-THC fetal brain exposure. Additionally, the 

NP simulations were verified in MATLAB to confirm that the models were identical between the 

two software packages. However, we needed to remain with Simcyp for the NP model as our m-

f-PBPK model was not built to predict DDIs. COOH-THC exposure was not predicted with either 

the NP or m-f PBPK model as we do not have the required metabolic kinetic data. Also, since it 

is not psychoactive, COOH-THC was assumed to be not involved in fetal neurotoxicity. 

 

Non-pregnant PBPK model: The physicochemical properties, distribution parameters, 

elimination and absorption kinetics for both THC and 11-OH-THC were either estimated by us, 

derived from the literature or predicted in silico (Table S4.1). Tissue to plasma ratio (Kp,tissue) was 

determined one of two ways: 1) brain, liver, and kidney Kp was optimized to reflect the in vivo 

Kp,tissue observed from human postmortem tissue53-56,199; 2) where such data were not available, 

the Rodgers and Rowland method200 was used to predict Kp,tissue. Then, through sensitivity 

analysis we found that the THC exposure was sensitive to adipose, muscle, and skin Kp and 11-

OH-THC exposure was sensitive to muscle Kp. Accordingly, these sensitive Kp values were 

optimized using the above training datasets to recapitulate the observed concentration-time 
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profile (IV THC administration only). The hepatic intrinsic clearance (CLint) of THC was 

estimated using a middle-out approach201 using the IV training dataset47. Briefly, the CLint of 

THC was back-calculated using the dispersion model. From here, the CLint or maximum rate of 

metabolism (Vmax) by each cytochrome P450 (CYP) isoform was estimated based on the 

measured fraction metabolized (fm) and Michaelis-Menten constant (Km) in vitro15. 11-OH-THC 

hepatic clearance was estimated using the THC oral training dataset50 to recapitulate the 

observed 11-OH-THC AUC to time of infinity (AUCinf). A first order absorption model was used 

for both inhalation and oral consumption of THC. The fraction absorbed (fa) after inhalation was 

estimated using the in vivo AUCinhalation/AUCIV and the rate of absorption (ka) was optimized 

using the inhalational training dataset47. The fa after oral dosing was estimated from the in vivo 

observed AUCinf,fasted/AUCinf,fed assuming that fa was 1 in the fed state (high-fat diet), while the ka 

and fraction unbound in the gut (fu,gut) were optimized using the oral THC training dataset50. All 

parameter optimization (Kp, ka, fu,gut) was done by comparing predicted vs observed 

concentrations from the above training datasets and using weight least squares to minimize the 

variance for all the predicted concentrations along the concentration-time profile. 

 

M-f-PBPK model: The model was built to predict exposure between 15-40 GW. Lack of fetal 

physiological data for <GW15 prevented us from making predictions for T1 fetal exposure. 

Based on our previous studies, we assumed that hepatic CYP3A was induced 1.99-fold during 

the second and third trimesters88,91. Hepatic CYP2C9 induction of 1.09, 1.16, 1.29, and 1.31-fold 

at 15, 25, 38, and 40 GW, respectively, was estimated from in vivo observed steady-state 

unbound phenytoin (primarily metabolized in the liver via CYP2C9) concentration across GW84.  

Intrinsic fetal hepatic clearance (CLint,fh) across gestational age was estimated using the 

product of our previously measured CLint,fh (THC: 77.1 mL/min/g liver; 11-OH-THC: 11.3 

mL/min/g liver)7 and the fetal liver weight across gestational age (4.98, 33.0, 112, and 129 g at 
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15, 25, 38, and 40 GW, respectively)149. The fetal liver metabolism was attributed entirely to 

CYP3A77, the abundance of which does not change per gram of liver across gestational age83.  

Intrinsic placental passive diffusion (CLint,PD) at term (GW40) was estimated using the 

previously measured8, paired, unbound human placental cotyledon clearances (CLu,cotyledon) of 

midazolam, THC, and 11-OH-THC, along with the in vivo observed midazolam CLint,PD (Eq. 1). 

 𝐶𝐿௜௡௧,௉஽,்ு஼ ௢௥ ଵଵିைுି்ு஼ =
஼௅ೠ,೎೚೟೤೗೐೏೚೙,೅ಹ಴ ೚ೝ భభషೀಹష೅ಹ಴

஼௅ೠ,೎೚೟೤೗೐೏೚೙,೘೔೏ೌ೥೚೗ೌ೘
∗ 𝐶𝐿௜௡௧,௉஽,௠௜ௗ௔௭௢௟௔௠   (Eq. 1) 

Where midazolam CLint,PD is 500 L/h191 and CLu,cotyledon,11-OH-THC/CLu,cotyledon,midazolam is 0.397, 

yielding a CLint,PD,11-OH-THC of 199 L/h (Table S4.1). As indicated in the introduction, THC is 

transported across the perfused term human placenta in the fetal-maternal direction, but the 

location of this transporter(s) is unknown. We found that when THC efflux transport at the apical 

membrane of the syncytiotrophoblast (apical efflux transport) was assumed, it overpredicted 

UVP and fetal tissue exposure (Figure S4.4). However, when THC influx transport at the basal 

membrane of the syncytiotrophoblast (basal influx transport) was assumed, the T3 UVP/MP at 

GW38 and T2 fetal tissue/MP at GW15 concentration were well-recapitulated (Figure S4.4). 

Therefore, we assumed that basal influx transporter(s) was responsible for the observed 

transport. Hence, Eq. 1 yielded CLint,PD,THC of 247 L/h (Table S4.1). Passive diffusion was scaled 

to earlier GW based on change in placental weight with GW (assuming that surface area for 

diffusion also changes in proportion with placental weight).   

Intrinsic placental transport (CLint,T) for THC was estimated at term using the estimated 

fraction transported (ft), calculated from the previously published placental perfusion data8. The 

estimated ft by basal influx transporters was 0.63, resulting in a CLint,T,THC of 420 L/h (Table 

S4.1). Since the identity of this transporter(s) is unknown, we assumed that its abundance at 

earlier GW also changed in proportion to placental weight (i.e., the THC ft remained the same at 

all GW). If, however, the ft increases or decreases with gestational age, with our assumption we 

would be overpredicting and underpredicting the fetal exposure, respectively.  
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With all the above THC/11-OH-THC parameters populated into the m-f-PBPK model, we 

predicted their concentrations in MP, UVP, fetal brain, fetal kidney, and fetal liver at GW of 15, 

25, 38, and 40 weeks. Simulations were conducted following daily cannabis use as 95% of T2 

subjects reported cannabis use at least once per day and 77% of T3 subjects reported cannabis 

use at least every other day. Unbound concentrations in MP and UVP were calculated as the 

product of the predicted total concentrations and measured unbound fractions (Table S4.1). 

Fraction unbound in the adult and fetal plasma were assumed to be constant across gestation. 

Unbound fetal brain concentrations were assumed to be equivalent to the unbound fetal arterial 

concentrations (see discussion below). We could not predict placenta concentrations as we 

needed an accurate estimate of fraction of drug unbound in the placenta tissue (fu,placenta). 

Unfortunately, we did not have good confidence in either measuring or predicting fu,placenta. 

 

Model verification: Model predictive performance was evaluated by comparing the predicted 

drug exposure (NP: area under the concentration-time curve to time of infinity (AUCinf) and Cmax; 

Pregnancy: steady-state UVP/MP and fetal tissue/MP concentrations) with the observed in vivo 

data. The model was considered verified if the exposure parameter fell within the 99.998% 

geometric confidence interval determined based on variability in the corresponding observed 

exposure data202. For the NP model variability, we used the interstudy variability192 across three 

independent studies for IV and oral administration (IV:46,47,106 Oral:49-51). For inhalation 

administration, because inter-study variability, cannot be computed from only two data sets, we 

used the interindividual variability from the most data-rich study47. For the m-f-PBPK model 

predictions, we used the interindividual variability observed in our in vivo data. Our m-f-PBPK 

model predicted T1 and T2 fetal tissue cannabinoid concentrations devoid of blood while our 

corresponding observed concentrations included the cannabinoids contained in the blood within 

the tissues. Therefore, to compare the observed and predicted fetal tissue/MP values, we added 

to the predicted fetal tissue drug concentration the predicted cannabinoid blood concentrations 
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using the previously estimated residual blood volume contained within these tissues in neonates 

(values for fetus are not available) i.e. brain (4.0%), kidney (8.5%), and liver (30%)203. For the 

DDIs and genetic polymorphism effects, the acceptance range of the ratios of THC exposure, 

with and without the DDI or genetic polymorphism (AUCinfR and CmaxR) was determined based 

on the magnitude of interaction28,75,136 and in vivo observed intraindividual variability51,204. All 

observed NP concentration-time profiles were quantified using WebPlotDigitizer (version 4.6, 

https://apps.automeris.io/wpd/), unless the individual concentration-time data were available. All 

AUCinf calculations for in vivo data were estimated using Phoenix WinNonlin version 8.3.4. 

4.3.5 Statistical Analysis 

Pairwise comparison of MP to UVP, placenta, and fetal tissue in T1, T2, and T3 samples 

for each subject were conducted using the two-tailed, Wilcoxon signed rank test. For all tests, 

p<0.05 was considered significant.  

 

4.4 Results 

4.4.1 Enrollment, Dose Consumed and Time of Sampling from Last Consumption 

In the T1/T2 study, 41 participants were enrolled, 1 was disqualified due to a positive 

urine toxicology test and 40 completed the study (18 T1; 22 T2); in the T3 study, 34 participants 

enrolled, 8 withdrew and 26 completed the study (see Table S4.2 for demographics). Briefly, 

gestational age for all participants was 71 ± 8, 105 ± 14, and 267 ± 12 days, for T1, T2 and 

term, respectively. For last THC consumption prior to termination, in the T1 study 17 reported 

inhalational THC use while 1 reported oral THC use; in the T2 study all 22 T2 participants 

reported inhalation use; in the T3 study, 18 reported only inhalation use, 1 reported only oral 

use, and 7 reported mixed inhalation and oral use.  

For the T1/T2 study, the average dose consumed (self-reported per survey) by the 

participants was 1.3 g cannabis plant (THC dose unknown) by inhalation or 100 mg THC orally 

(n=1). For T1/T2 subjects, time from last consumption to survey was: <4 hours (n=10); 4-12 
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hours (n=9); 12-24 hours (n=16); 24-36 hours (n=3); 36-48 hours (n=2). For T1/T2 subjects, on 

average, there was a delay of 4.74 hours between survey recording and sample collection. For 

the T3 study, the average dose consumed by the participants was 0.79 g cannabis plant by 

inhalation (THC dose unknown) or 28 mg THC orally. For T3 subjects, time from last 

consumption to survey was: 4-12 hours (n=1); 12-24 hours (n=4); 24-36 hours (n=8); 36-48 

hours (n=2); 48-72 hours (n=2); >72 hours (n=9). For T3 subjects, on average, there was a 

delay of 16.1 hours between survey recording and sample collection. Not surprisingly, given that 

most of the samples were obtained >12 hours after last consumption, there was no apparent 

association between dosing time and either UVP/MP or fetal brain/MP irrespective of GW. Since 

THC absorption and THC/11-OH-THC distributional equilibrium between plasma and tissue 

concentrations was expected to be reached by 12 hours, concentration data from all routes of 

THC consumption and duration from last consumption were pooled and analyzed as described 

below.  

4.4.2 Observed Fetal UVP/Tissue and Maternal Concentration in Trimester 1, 2, and 3 

Pregnancies 

The average paired T3 UVP and placental THC and COOH-THC concentrations were 

significantly lower than the corresponding MP (Figure 4.2, Table 4.1). 11-OH-THC was 

detectable in many MP samples but only one UVP and placenta sample (Table 4.1). For T1, T2, 

and T3 subjects, the placenta concentrations did not differ across the sampled regions (data not 

shown), therefore the average of the three regions is reported. MP and UVP concentration 

range was within 0.45 – 46 nM and 0.13 – 14 nM for THC, respectively, 0.62 – 26 nM and 5.2 

nM for 11-OH-THC, respectively, and 0.98 – 1304 nM and 0.92 – 163 nM for COOH-THC, 

respectively (Table S4.3). Similarly, the average paired T1 placenta and T2 fetal brain, kidney, 

and placental tissue THC and COOH-THC concentrations were significantly lower than the 

corresponding MP (Figure 4.2, Table 4.1). MP and fetal brain concentration range was within 

0.52 – 51 nM and 1.0 – 18 nM for THC, respectively (Table S4.4), 0.71 – 45 nM and 13 nM for 



106 
 

11-OH-THC, respectively (Table S4.5), and 1.9 – 334 nM and 2.9 – 35 nM for COOH-THC, 

respectively (Table S4.6).  

 

Figure 4.2: Maternal plasma (MP), umbilical venous plasma (UVP), placental and fetal 
tissue THC concentrations in trimester 1 (T1), 2 (T2), and 3 (T3) pregnancies. (A) The T3 
UVP and placenta concentrations within each maternal-fetal dyad were significantly lower than 
that in the corresponding MP. (B) The T1 placenta and T2 placenta, fetal brain, and fetal kidney 
concentrations within each maternal-fetal dyad were significantly lower than that in the 
corresponding MP. The open symbols denote tissues or MP that were pooled (n=3) for analyses 
due to small volume/size available. All comparisons were made with a two-tailed, Wilcoxon 
signed rank test. 
 

Table 4.1: Mean T1, T2 and T3 Pregnancy THC, 11-OH-THC, and COOH-THC 
Concentrations in the Umbilical Venous Plasma, Placenta and Fetal Tissues as well as 
Their Values Relative to the Corresponding Maternal Plasma Concentration 

 THC 11-OH-THC COOH-THC 
 Trimester 

1 
Trimester 

2 
Trimester 

3 
Trimester 

1 
Trimester 

2 
Trimester 

3 
Trimester 

1 
Trimester 

2 
Trimester 

3 
Maternal 
Plasma 
(nM) 

15.0 ± 13.9 
(n=18)a 

14.2 ± 12.7 
(n=17)b 

7.90 ± 9.82 
(n=21)c 

6.12 ± 4.38 
(n=13) 

5.53 ± 3.85 
(n=12) 

4.81 ± 7.89 
(n=10) 

124 ± 107 
(n=18)d 

74.9 ± 59.7 
(n=18)e 

108 ± 272 
(n=22)f 

Umbilical 
Venous 
Plasma 
(nM) 

--- --- 2.55 ± 3.14 
(n=18)c 

--- --- 5.20 
(n=1) 

--- --- 23.4 ± 36.9 
(n=19)f 

UVP/MP --- --- 0.35 ± 0.13 
(n=18) 

--- --- 0.20 
(n=1) 

--- --- 0.36 ± 0.18 
(n=19) 

Fetal 
Brain 
(nM) 

12.6 ± 5.60 
(n=3) 

5.01 ± 4.00 
(n=14)b 

--- BLOQ 13.4 
(n=1) 

--- 20.6 ± 5.00 
(n=3) 

16.8 ± 10.3 
(n=9)e 

--- 

Fetal 
Brain/MP 

0.50 ± 0.18 
(n=3) 

0.45 ± 0.28 
(n=14) 

--- --- 0.29 
(n=1) 

--- 0.11 ± 0.03 
(n=3) 

0.17 ± 
0.074 
(n=9) 

--- 

Fetal 
Kidney 
(nM) 

10.7 
(n=1) 

8.64 ± 4.25 
(n=8)b 

--- 5.15 
(n=1) 

6.80 ± 5.51 
(n=6) 

--- 48.1 
(n=1) 

27.4 ± 28.6 
(n=12)e 

--- 

Fetal 
Kidney/M
P 

0.89 
(n=1) 

0.48 ± 0.24 
(n=8) 

--- 1.36 
(n=1) 

0.68 ± 0.56 
(n=6) 

--- 0.63 
(n=1) 

0.23 ± 0.14 
(n=12) 

--- 

Fetal 
Liver (nM) 

19.7 
(n=1) 

24.2 ± 25.9 
(n=11) 

--- BLOQ 14.1 ± 14.5 
(n=7) 

--- 66.7 
(n=1) 

51.3 ± 44.4 
(n=12)e 

--- 

Fetal 
Liver/MP 

0.75 
(n=1) 

1.33 ± 0.71 
(n=11) 

--- ---- 1.47 ± 0.99 
(n=6) 

--- 0.39 
(n=1) 

0.44 ± 0.11 
(n=12) 

--- 

Placenta 
(nM) 

13.8 ± 9.93 
(n=12)a 

9.10 ± 7.45 
(n=12)b 

2.37 ± 2.24 
(n=18)c 

5.21 
(n=2) 

BLOQ 
 

27.0 
(n=1) 

31.5 ± 23.9 
(n=11)d 

31.7 ± 18.1 
(n=8)e 

21.2 ± 31.8 
(n=10)f 

Placenta/
MP 

0.96 ± 1.18 
(n=12) 

0.61 ± 0.29 
(n=12) 

0.37 ± 0.18 
(n=16) 

0.66(n=2) --- 1.04 
(n=1) 

0.22 ± 
0.096 
(n=11) 

0.46 ± 0.63 
(n=8) 

0.26 ± 0.15 
(n=10) 
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Data presented as Mean ± SD, unless n=1; MP: maternal plasma; UVP: umbilical venous 
plasma; BLOQ: below limit of quantification; ---: no sample, ratio cannot be calculated; 
a,b,c,d,e,fFetal UVP or tissue cannabinoid concentrations were significantly different than the 
corresponding MP concentration (p<0.05; two-tailed, Wilcoxon signed rank test).   
 

4.4.3 Non-pregnant PBPK Model Optimization and Verification 

For the non-pregnant model, the predicted/observed THC and 11-OH-THC AUCinf and 

Cmax fell within the acceptance range for all IV, inhalation and oral datasets as did the ratio of 

the plasma THC Cmax and AUCinf in the presence and absence of drug interaction or CYP2C9 

genetic polymorphism (Figures S4.1 – 3, Table S4.7). 

4.4.4 Comparison of Maternal-Fetal PBPK Model Predicted and Observed Values of 

UVP/MP and Fetal Tissue/MP Values 

Our m-f-PBPK model predictions were in good agreement with the observed “snapshot” 

T3 UVP/MP (0.31), T2 fetal brain/MP (0.54), T2 fetal kidney/MP (0.73), and T2 fetal liver/MP 

(1.8) values and fell within the acceptance range (Figure 4.3, Table S4.8). Simulations for the 

purpose of verification were conducted following daily maternal THC inhalation (100 mg), 

however these profiles are independent of the consumed dose and route of administration. 

These predictions were made with two assumptions. First, that the “snapshot” values (observed 

and predicted) were obtained at 24 hours when distributional equilibrium between plasma and 

tissue concentrations was expected to be reached (i.e. > 12 hours; see Figure S4.4) and, 

second, that the fetal-maternal transport of THC was due to an influx transporter located at the 

basal membrane of the syncytiotrophoblast. In contrast, if THC was assumed to be due to an 

efflux transporter located at the apical membrane of the syncytiotrophoblast, all ratios were 

over-predicted (Figure S4.4). Therefore, all the m-f-PBPK model predictions presented below 

were conducted with the assumption that a basal influx transporter(s) was responsible for the 

observed THC fetal-maternal CLint,T. 



108 
 

 

Figure 4.3: m-f-PBPK model “snapshot” predicted vs. observed steady-state THC 
umbilical venous plasma (UVP) and fetal tissue concentration relative to the 
corresponding maternal plasma (MP) concentration.  The m-f-PBPK model predicted (*) 
values of trimester 3 (T3; GW38) UVP/MP and trimester 2 (T2; GW15) fetal tissue/MP fell within 
the acceptance range (horizontal lines; filled circles denote the mean observed value). The m-f-
PBPK model predicted values were those at 12 hours post THC consumption (inhalation or oral) 
when distributional equilibrium between plasma and tissue THC concentration was expected to 
have been reached (see Figure S4.4).  

 

4.4.5 m-f-PBPK Model Predicted Gestational Age-Dependent Changes in Maternal 

THC/11-OH-THC Exposure 

When compared with the NP population, as gestational age advanced, the steady-state 

THC and 11-OH-THC MP Css,avg, after THC inhalation, decreased marginally (Table 4.2, Figure 

4.4). The effect was modestly larger after oral THC consumption (Table 4.2, Figure 4.4).  
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Figure 4.4: m-f-PBPK model predicted non-pregnant and gestational age-dependent 
THC/11-OH-THC maternal plasma (MP) concentration-time profiles after daily maternal 
THC inhalation (100 mg) or oral (10 mg) consumption. When compared to the non-pregnant 
population, as gestational week (GW) advanced from 15 to 40, (A) MP THC Css,avg and Css,max, 
after daily THC (100 mg) inhalation, decreased marginally by 4-11% and 0-7%, respectively; (B) 
MP THC Css,avg and Css,max, after daily THC (10 mg) oral consumption, decreased modestly by 
15-28% and 16-28%, respectively. Likewise, there was marginal gestational-age dependent 
decrease (1-5%) in 11-OH-THC MP Css,avg and Css,max, after both inhalational and oral THC 
consumption. Insets show data truncated to 6 hours.   
 

4.4.6 m-f-PBPK Model Predicted Gestational Age-Dependent Changes in Fetal Plasma 

and Brain THC/11-OH-THC Exposure 

After THC inhalation, with the increase in GW from 15 to 40, the predicted THC and 11-

OH-THC UVP/MP Css,avgR decreased from 0.46 to 0.29 and from 1.51 to 0.98, respectively. This 

trend remained for oral THC consumption (Table 4.2). Because the fetal brain Kp was kept 

constant across gestational age, the change with GW in fetal brain/MP Css,avgR for both THC 

and 11-OH-THC mirrored that in UVP/MP Css,avgR for both inhalational and oral THC 

consumption (Table 4.2). As expected, the predicted fetal brain/UVP and the fetal brain/MP 

Css,avgR were independent of the route of administration. As the THC and 11-OH-THC MP, 

UVP/MP and fetal brain/MP all decreased with an increase in GW, the maximum predicted 

steady-state exposure (Css,avg, Css,max, and AUCss) was at GW15 (Table 4.2, Figure 4.5). For 

example, at GW15, with a typical inhalation dose of 100 mg THC, the predicted UVP Css,max 
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were 948 nM THC and 130 nM 11-OH-THC while the corresponding Css,max in the fetal brain 

were 880 nM THC and 398 nM 11-OH-THC (Figure 4.6). Similarly, with a typical dose of 10 mg 

oral THC, the predicted UVP Css,max were 2.8 nM THC and 12 nM 11-OH-THC while the 

corresponding Css,max in the fetal brain were 3.9 nM THC and 38 nM 11-OH-THC (Figure 4.6). 

The cannabinoid fetal brain/UVP, at a given timepoint, should be similar to the fetal brain Kp and 

therefore not change based upon the route of administration or amount of dose. The fetal 

brain/UVP Css,maxR is not independent of the route of consumption as the Css,max for each route 

occurred at different timepoints.   

 

Figure 4.5: m-f-PBPK model predicted gestational age-dependent changes in THC/11-OH-
THC umbilical venous plasma (UVP) and fetal brain concentration-time profiles after daily 
maternal inhalation (100 mg) or oral (10 mg) consumption of THC. The maximum THC and 
11-OH-THC exposure (Css,avg and Css,max) in the (A, C) UVP and (B, D) fetal brain was predicted 
to be at the earliest gestational week (GW15) for which predictions could be made. This was 
because the predicted maternal plasma (MP), UVP/MP and fetal brain/MP all decreased with 
increasing gestational age. Insets show data truncated to 6 hours.   
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Figure 4.6: m-f-PBPK model predicted dose-dependent average (Css,avg) and maximum 
(Css,max) steady-state THC and 11-OH-THC concentration in umbilical venous plasma 
(UVP) and fetal brain after daily maternal inhalation (100 mg) or oral (10 mg) THC 
consumption at gestational week 15. (A/B) At the typical inhalation THC dose (100 mg), the 
predicted UVP Css,avg & Cmax were 25 & 948 nM THC and 21 & 130 nM 11-OH-THC and for the 
fetal brain these were 37 & 880 nM THC and 70 & 398 nM 11-OH-THC, respectively. (C/D) At 
the typical oral THC dose (10 mg), the predicted UVP Css,avg & Css,max were 0.49 & 2.8 nM THC 
and 2.6 & 12 nM 11-OH-THC. For the fetal brain these were 0.73 & 3.9 nM THC and 8.9 & 38 
nM 11-OH-THC, respectively. Insets show the 11-OH-THC predicted concentrations.   
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Table 4.2: m-f-PBPK Model Predicted Dose-Normalized Steady-State Total and Unbound 
THC and 11-OH-THC Maternal  (or Non-pregnant) Plasma, Umbilical Venous Plasma and 
Fetal Brain Concentrations at 15, 25, and 40 GW of Pregnancy after Daily Inhalation or 
Oral Cannabis Use  

Inhalation 
 THC 11-OH-THC 
 Non-

Pregnant 
GW15 GW25 GW40 Non-

Pregnant 
GW15 GW25 GW40 

MP or NP Css,avg 
(nM/mg dose) 

0.57 0.55 0.50 0.51 0.14 0.14 0.14 0.14 

MP or NP 
Css,avg,u 
(nM/mg dose) 

0.0063 0.0060 0.0055 0.0056 0.0017 0.0017 0.0017 0.0016 

MP or NP Css,max  
(nM/mg dose) 

13.8 13.8 12.8 12.6 1.01 1.00 1.01 0.99 

MP or NP 
Css,max,u  
(nM/mg dose) 

0.15 0.15 0.14 0.14 0.012 0.012 0.012 0.012 

UVP Css,avg 
(nM/mg dose) 

NA 0.25 0.16 0.14 NA 0.21 0.17 0.13 

UVP/MP Css,avgR 
(nM/mg dose) 

NA 0.46 0.33 0.29 NA 1.51 1.20 0.98 

UVP Css,avg,u 
(nM/mg dose) 

NA 0.0018 0.0012 0.0010 NA 0.0014 0.0011 0.0009 

UVP/MP 
Css,avg,uR 
(nM/mg dose) 

NA 0.29 0.21 0.18 NA 0.84 0.67 0.55 

UVP Css,max  
(nM/mg dose) 

NA 9.48 3.97 3.70 NA 1.30 0.43 0.33 

UVP Css,max,u  
(nM/mg dose) 

NA 0.067 0.028 0.026 NA 0.0087 0.0029 0.0022 

Fetal Brain 
Css,avg 
(nM/mg dose) 

NA 0.37 0.23 0.18 NA 0.70 0.55 0.43 

Fetal Brain/MP 
Css,avgR 
(nM/mg dose) 

NA 0.68 0.46 0.35 NA 5.08 4.00 3.16 

Fetal Brain/UVP 
Css,avgR 
(nM/mg dose) 

NA 1.50 1.40 1.22 NA 3.36 3.32 3.16 

Fetal Brain 
Css,avg,u 
(nM/mg dose) 

NA 0.0014 0.0009 0.0007 NA 0.0014 0.0011 0.0008 

Fetal Brain/MP 
Css,avg,uR 
(nM/mg dose) 

NA 0.24 0.16 0.12 NA 0.81 0.64 0.51 

Fetal Brain/UVP 
Css,avg,uR 
(nM/mg dose) 

NA 0.81 0.76 0.66 NA 0.96 0.95 0.92 

Fetal Brain 
Css,max  
(nM/mg dose) 

NA 8.80 1.70 0.81 NA 3.98 1.04 0.63 

Fetal Brain 
Css,max,u  
(nM/mg dose) 

NA 0.039 0.0077 0.0033 NA 0.0079 0.0020 0.0012 
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Oral 
 THC 11-OH-THC 
 Non-

Pregnant 
GW15 GW25 GW40 Non-

Pregnant 
GW15 GW25 GW40 

MP or NP Css,avg 
(nM/mg dose) 

0.13 0.11 0.10 0.093 0.18 0.17 0.17 0.17 

MP or NP 
Css,avg,u 
(nM/mg dose) 

0.0014 0.0012 0.0011 0.0010 0.0021 0.0021 0.0021 0.0021 

MP or NP Css,max  
(nM/mg dose) 

0.68 0.57 0.55 0.49 0.80 0.78 0.78 0.78 

MP or NP 
Css,max,u  
(nM/mg dose) 

0.0075 0.0063 0.0060 0.0054 0.0096 0.0093 0.0093 0.0093 

UVP Css,avg 
(nM/mg dose) 

NA 0.049 0.034 0.025 NA 0.26 0.21 0.17 

UVP/MP Css,avgR 
(nM/mg dose) 

NA 0.44 0.33 0.27 NA 1.51 1.20 0.98 

UVP Css,avg,u 
(nM/mg dose) 

NA 0.0003 0.0002 0.0002 NA 0.0018 0.0014 0.0011 

UVP/MP 
Css,avg,uR 
(nM/mg dose) 

NA 0.28 0.21 0.18 NA 0.84 0.67 0.55 

UVP Css,max  
(nM/mg dose) 

NA 0.28 0.14 0.10 NA 1.16 0.43 0.29 

UVP Css,max,u  
(nM/mg dose) 

NA 0.0020 0.0010 0.0007 NA 0.0077 0.0029 0.0020 

Fetal Brain 
Css,avg 
(nM/mg dose) 

NA 0.073 0.048 0.031 NA 0.89 0.69 0.54 

Fetal Brain/MP 
Css,avgR 
(nM/mg dose) 

NA 0.66 0.46 0.33 NA 5.08 4.00 3.16 

Fetal Brain/UVP 
Css,avgR 
(nM/mg dose) 

NA 1.50 1.40 1.22 NA 3.36 3.32 3.16 

Fetal Brain 
Css,avg,u 
(nM/mg dose) 

NA 0.0003 0.0002 0.0001 NA 0.0017 0.0013 0.0010 

Fetal Brain/MP 
Css,avg,uR 
(nM/mg dose) 

NA 0.23 0.16 0.12 NA 0.81 0.64 0.51 

Fetal Brain/UVP 
Css,avg,uR 
(nM/mg dose) 

NA 0.81 0.76 0.66 NA 0.96 0.95 0.92 

Fetal Brain 
Css,max  
(nM/mg dose) 

NA 0.39 0.15 0.077 NA 3.80 1.35 0.84 

Fetal Brain 
Css,max,u  
(nM/mg dose) 

NA 0.0015 0.0006 0.0003 NA 0.0074 0.0026 0.0016 

NA: not applicable; MP: maternal plasma; NP: Non-pregnant plasma; UVP: umbilical venous 
plasma; Css,avg: average steady-state concentration; Css,avg,u: unbound average steady-state 
concentration; Css,max: maximum steady-state concentration; Css,max,u: unbound maximum 
steady-state concentration; Css,avgR: ratio of average steady-state concentration; Css,avg,uR: ratio 
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of unbound average steady-state concentration; Css,maxR: ratio of maximum steady-state 
concentration; Css,max,uR: ratio of unbound maximum steady-state concentration. 
 

4.5 Discussion 

To our knowledge, this is the first study to quantify cannabinoid exposure in human MP 

as well as in UVP or fetal tissues in a large number of T1, T2 and T3 pregnancy subjects (Table 

4.1). Additionally, our study is the first to apply our m-f-PBPK model to predict the average and 

maximum steady-state maternal-fetal cannabinoid exposure after chronic THC consumption via 

inhalation and oral routes. Such observations and predictions provide an in-depth understanding 

of fetal cannabinoid exposure, relative to maternal exposure, and how it varies with THC (or 

cannabis) dose and route of consumption. In addition, these data will guide future studies on the 

impact of prenatal cannabis use on fetal neurodevelopmental toxicity studies in vitro and in 

preclinical species. 

Our observed mean THC paired UVP/MP value at T3 (0.35 ± 0.13; n=18; Table 4.1) was 

similar to the previously published sparse data by Blackard et al. (0.26 ± 0.10; n=3)43. We were 

able to detect 11-OH-THC in only one UVP sample (Table 4.1) and Blackard et al. did not report 

this value. The mean observed T3 paired UVP/MP COOH-THC value (0.36 ± 0.18; n=19; Table 

4.1) was modestly higher than that reported by Blackard et al. (0.24 ± 0.15; n=10)43. The THC 

UVP/MP Css,avg,uR is also estimated to be <0.4 given the measured fraction unbound in the adult 

NP plasma (fu,p=0.011) and in fetal plasma (fu,p,fetus=0.0071) (Table S4.1). Of note, we measured 

the MP fu,p (0.013; CV=50%; n=18) and fu,p,fetus (0.0072; CV=88%; n=18) from the in vivo T3 

samples and these values were almost identical to those listed above. We did not use these 

values in our m-f-PBPK model as we wanted to use our m-f-PBPK model to make prospective 

predictions (i.e. without using our own T1/T2/T3 data). These data suggest that fetal liver 

metabolism and influx transport at the basal membrane of the syncytiotrophoblast work in 

concert to reduce total (and unbound) fetal exposure to these cannabinoids when compared 

with maternal exposure. In addition, since the unbound fetal plasma concentrations (specifically 
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unbound fetal arterial concentration which is <1% of the total fetal plasma concentration) 

determine the unbound fetal brain concentrations, such protection has the potential to decrease 

THC fetal neurotoxicity provided the cannabinoids are not actively transported into the brain 

(see below for further discussion).   

In T1 and T2, the observed THC fetal brain/MP values were 0.50 ± 0.18 and 0.45 ± 0.28, 

respectively (Table 4.1). This lack of change in fetal brain/MP across trimesters is not surprising 

as the mean difference in gestational age for our T1 and T2 samples was only 5 weeks (Table 

S4.2). In addition, the fetal brain rapidly develops in utero and the human fetal blood-brain 

barrier (BBB) develops between GW 8-18205. Although the protein expression of P-glycoprotein 

at the human fetal BBB reaches a maximum in the 3rd trimester98, THC, 11-OH-THC and 

COOH-THC are not substrates of human P-gp8,96. THC is a lipophilic compound capable of 

crossing the BBB through transcellular diffusion. Thus, we postulate that THC likely crosses the 

BBB primarily through passive diffusion and is not effluxed at the fetal BBB. Therefore, the 

steady-state unbound fetal concentration in the brain interstitial fluid and parenchymal cells 

should equal that in the fetal circulation (fetal artery). If these assumptions are correct, the 

absolute unbound steady-state fetal brain concentration will be much lower than the total fetal 

brain concentration. As discussed above for the T3 fetus, this too should reduce the potential for 

THC to cause neurotoxicity (see m-f-PBPK model predictions below). The observed THC 

concentrations in the MP (0.45 – 51 nM), UVP (0.13 – 14 nM), and fetal brain (1.0 – 18 nM), 

across all gestational ages (Tables S4.3 and S4.4), were far below those previously tested in in 

vitro (2 – 15 µM)11,12 and fetal mice (dose: 5 mg/kg THC)13 toxicity studies (unfortunately fetal 

brain concentrations were not measured in these studies). 

The cannabinoid UVP/MP and fetal brain/MP data discussed above are only “snapshots” 

at a given time and not representative of the steady-state THC exposure (e.g., Css,max or Css,avg) 

that is achieved in the various compartments. Since these concentrations cannot be measured 

in vivo, the only recourse is to predict them through m-f-PBPK modeling. This we did after we 
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verified our THC/11-OH-THC PBPK model for the NP population (Table S4.7, Figures S4.1-3). 

Since fetal exposure to drugs is driven by maternal exposure, we first predicted the latter.   

Maternal exposure of THC was only modestly reduced by gestational age or compared 

with the NP adults. The reduction in the MP Css,avg was smaller after inhalational THC (11%) 

than after oral THC (28%) (Table 4.2, Figure 4.4). This is because, due to its high hepatic 

extraction, THC’s hepatic clearance is blood-flow limited and therefore not expected to change 

after inhalation THC. Change in hepatic blood flow due to pregnancy is controversial, with some 

studies reporting no change206,207. However, after oral THC consumption, the THC MP Css,avg 

was more affected as it is no longer dependent on hepatic blood but is dependent on metabolic 

clearance. CYP2C9, the major enzyme responsible for clearance of THC is modestly induced in 

the liver during pregnancy15,84. We have shown that induction of CYP3A (an enzyme also 

important in intestinal THC metabolism) during pregnancy is hepatic, not intestinal, and the 

magnitude of induction is predicted to be constant throughout pregnancy91. Because we couldn’t 

determine the fraction of 11-OH-THC metabolized via various pathways, we did not estimate the 

pregnancy-induced enzyme induction on its maternal exposure. Moreover, since the maternal 

pharmacokinetics of these cannabinoids have not been characterized in pregnant people, our 

predictions could not be verified. 

Next, we established that our m-f-PBPK model predictions of THC UVP/MP and fetal 

tissue/MP concentration values aligned with those in our observational study. For this, we 

predicted these values post-absorption when distributional equilibrium between plasma and 

tissue concentrations is expected to be reached, i.e., >12 hours post-consumption, when these 

values remained relatively constant (Figure 4.3, Figure S4.4). The predicted T3 UVP/MP at 

GW38 and each of the predicted T2 fetal tissue/MP values at GW15 fell within the acceptance 

range (Figure 4.3). Therefore, we conclude that the model predicted fetal THC concentrations 

well and has been verified to the extent possible. Unfortunately, since 11-OH-THC was only 



117 
 

quantifiable in one UVP and fetal brain sample and only a few fetal livers and kidneys (Table 

S4.3 and S4.5) we could not verify the corresponding predictions for 11-OH-THC. 

As unbound MP THC exposure is a driving force for unbound fetal UVP (and systemic) 

exposure, the decrease in MP THC Css,avg,u with gestational age reduced the corresponding fetal 

(UVP) Css,avg,u (Table 4.2). Due to GW-dependent increases in fetal metabolic CL of THC, the 

predicted ratios (e.g., UVP/MP Css,avg,uR) decreased with GW (Table 4.1). It is important to note 

that the fetal THC systemic and UVP plasma concentrations are not equal. As expected, our m-

f-PBPK model predictions of the steady-state fetal central venous (or arterial) THC 

concentrations were modestly lower (19 – 28%) than the corresponding UVP concentrations. 

This is because all the UV blood draining the placenta does not empty into the fetal central vein; 

65% is shunted to the fetal liver149 where the cannabinoids undergo “first-pass extraction”. For 

11-OH-THC, where the first-pass extraction was lower, this difference between fetal central vein 

or artery vs UV concentrations was less (only 4 – 6%). However, for the purposes of this 

discussion we have assumed equivalency between the different fetal plasma (UVP, central vein, 

central artery) steady-state concentrations to allow comparison with the observed UVP/MP data. 

With that assumption, the THC and 11-OH-THC UVP/MP Css,avg,uR is influenced by the change 

in magnitude of CLint,fh, CLint,PD, and CLint,T (Eq. 2).  

 

Each of these three clearance parameters change across gestational age (Table S4.1). 

However, while the absolute CLint,PD and CLint,T in Eq. 2 increased with gestational age, as 

indicated earlier (Table S4.1), the ratio of CLint,PD and CLint,T did not change. Therefore, the 

predicted decrease in cannabinoid UVP/MP Css,avg,uR with GW was influenced only by the 

increase in fetal liver metabolic CL and not placental transfer CL (Table 4.2).  

As stated previously, the steady-state unbound fetal brain cannabinoid concentrations 

should be equal to unbound fetal arterial concentrations, with the assumption that both THC and 

௎௏௉ ஼ೞೞ,ೌೡ೒,ೠ

ெ௉ ஼ೞೞ,ೌೡ೒,ೠ
=  

൫஼௅೔೙೟,ುವ൯

൫஼௅೔೙೟,೅ାଶ∗஼௅೔೙೟,೑೓ା஼௅೔೙೟,ುವ൯
          (Eq. 2)
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11-OH-THC passively diffuse across the BBB. Also, we assumed cannabinoid protein binding in 

the brain to be independent of GW. Consequently, the predicted fetal brain/UVP Css,avg,uR or 

fetal brain/UVP Css,avgR did not change substantially with GW (Table 4.2). The latter is in 

agreement with our observed data (Table 4.1).  

To inform the absolute total and unbound UVP and fetal brain THC/11-OH-THC 

exposure with GW, we predicted their concentrations when they were expected to be maximum, 

that is at GW15, the earliest GW for which predictions can be made by our m-f-PBPK model 

(Table 4.2 and Figure 4.5; exposure at GW25 was in between 15 and 40 and therefore not 

shown). After a typical daily dose of THC consumed by inhalation (100 mg, range: 50 – 300 

mg), the predicted fetal brain THC and 11-OH-THC Css,avg were 37 (range: 19 – 111 nM)  and 70 

nM (range: 35 – 211 nM), respectively (Figure 4.6). Similarly, after a typical daily oral 

consumption of 10 mg THC (range: 5 – 40 mg), the predicted THC and 11-OH-THC Css,avg in the 

fetal brain were lower, 0.73 nM (range: 0.36 – 2.9) and 8.9 nM (4.4 – 35 nM), respectively 

(Figure 4.6). The fetal brain Css,avg,u is even lower due to extensive binding in the brain. 

Therefore, after a typical daily dose of 100 mg inhalation THC, the predicted fetal brain Css,avg,u 

of THC and 11-OH-THC were 3.9 nM and 0.79 nM, respectively and after a typical daily oral 

consumption of 10 mg THC, were 0.015 nM and 0.074 nM, respectively. These lower fetal brain 

steady-state (total and unbound) cannabinoid concentrations after oral vs. inhalation 

consumption (albeit the oral dose is much lower) could result in lower fetal toxicity. We do not 

know if the previously observed effects of THC on neurotoxicity in vitro (at 2 – 15 µM THC)11,12 

will be consistent when re-conducted at these lower concentrations. Of note, accumulation of 

THC and 11-OH-THC in the MP, UVP, and fetal brain at steady-state vs. single dose was 

minimal (<1.07) for once-a-day consumption (Figure S4.5). However, assuming linear 

pharmacokinetics, the maximum (Cmax,ss) and average (Css,avg) THC and 11-OH-THC 

concentrations in the UVP and fetal brain for any THC dose (for once-a-day consumption) can 
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be computed from these data as they should change proportionally with dose. For a different 

frequency of consumption, our m-f-PBPK model can be used to predict these concentrations.   

Our observational study and m-f-PBPK model have some limitations. First, because our 

in vivo study was opportunistic where pregnant individuals were already using cannabis, we did 

not have definitive information on dose, timing, and frequency of cannabis consumption. 

Second, we could collect only single timepoint data and therefore obtain only a “snapshot” of 

cannabinoid exposure. Nevertheless, we were able to interpret the UVP/MP and fetal tissue/MP 

values (at the times observed), because theoretically and as predicted, they are/should be 

independent of the dose, timing and frequency, of cannabis use. Third, 11-OH-THC was not 

quantifiable in the majority of in vivo samples and therefore our m-f-PBPK model could not be 

verified for this psychoactive metabolite. Fourth, due to lack of physiological data at early GW 

(including abundance of the placental transporter responsible for fetal-maternal efflux of THC), 

we could not simulate fetal exposure at <GW15. Incorporating these data, when available, into 

our m-f-PBPK model would allow us to predict cannabinoid exposure throughout gestation. 

Fifth, we would have preferred to verify our model with THC concentrations collected at multiple 

times points during the consumption interval.  However, this is logistically not possible. Lastly, it 

is possible that constituents other than THC/11-OH-THC are the cause of the potential 

neurodevelopmental toxicity of cannabis.  

In conclusion, this is the first time that THC, 11-OH-THC, and COOH-THC 

concentrations in MP, UVP, fetal brain, and placenta tissue have been quantified in a large 

number of T1, T2 and T3 pregnancies. In addition, this is the first time a verified m-f-PBPK 

model has been employed to predict UVP and fetal brain (and other fetal tissue) exposure to 

these cannabinoids on regular consumption of cannabis. Our model predictions are that both 

UVP and fetal brain exposure to THC was reduced relative to that in the MP at all GW; however, 

such exposure was greatest at GW15. Influx transport on the basal membrane of the 

syncytiotrophoblast and fetal liver metabolism acted in concert to reduce fetal exposure to the 
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cannabinoids and therefore protect the fetus from possible neurodevelopmental toxicity. We 

propose that future fetal toxicity studies (in vitro or in vivo in animals) should be conducted to 

replicate the predicted unbound fetal UVP and fetal brain THC/11-OH-THC concentrations at 

the typical doses consumed by pregnant people. Our m-f-PBPK model can be used to predict 

such concentrations for different doses of THC consumed by inhalation or orally. If drug-

dependent parameters are known, this model could also predict fetal exposure to other potential 

neurotoxins.  

 

Collaborations: Lyndsey S. Benson, Erica M. Wymore, Jocelyn E. Phipers, Jennifer C. 

Dempsey, and Lucinda A. Cort conducted the in vivo observational studies and collected all 

human plasma and tissue samples. 
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4.6 Supplemental Information 

 
Figure S4.1: Non-pregnant observed and PBPK model predicted THC and 11-OH-THC 
plasma concentration-time profiles after intravenous THC administration to healthy 
volunteers. (A, B) The THC systemic disposition parameters were optimized using this training 
dataset47. Panel B shows the data in panel A truncated to 6 hr. (C – E) Then, without changing 
the values of these parameters, the model was verified with two independent datasets46,106. 11-
OH-THC plasma concentrations, after THC administration, were measured in only the Naef 
2004 study106. All predicted/observed THC ratios for AUCinf (AUCinfR) and Cmax (CmaxR) fell within 
the acceptance range, i.e., 0.67-1.43 and 0.44-1.47, respectively. Data (individual or mean) 
were digitized using WebPlotDigitizer, version 4.6. 
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Figure S4.2: Non-pregnant observed and PBPK model predicted THC plasma 
concentration-time profiles after inhalation THC administration to healthy volunteers. (A, 
B) The THC inhalation absorption kinetics were optimized using this training dataset47. Panel B 
shows the data in panel A truncated to 6 hr. (C) Then, without changing the THC absorption 
parameters, the model was verified with an independent dataset48. All predicted/observed 
AUCinfR and CmaxR fell within the acceptance range, 0.45-1.27 and 0.55-1.10, respectively. 11-
OH-THC plasma concentrations were not measured in these studies. Data (individual or mean) 
were digitized using WebPlotDigitizer, version 4.6. 
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Figure S4.3: Non-pregnant observed and PBPK model predicted THC and 11-OH-THC 
plasma concentration-time profiles after oral THC administration to healthy volunteers. 
(A, B) The THC oral absorption kinetics and 11-OH-THC systemic disposition parameters were 
optimized using this training dataset50. (C-F) Then, without changing these parameters, the 
model was verified with two independent datasets49,51. All predicted/observed AUCinfR and 
CmaxR fell within the acceptance range, 0.73-1.48 and 0.69-1.41, respectively. Data (individual 
or mean) were digitized using WebPlotDigitizer, version 4.6. 
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Figure S4.4: m-f-PBPK model predicted steady-state profiles of THC umbilical venous 
plasma/maternal plasma (UVP/MP) at GW38 as well as fetal tissue/MP (fTissue/MP) at 
GW15 after daily maternal THC inhalation (100 mg). The m-f-PBPK model predicted profiles 
were generated with either THC basal influx transport (solid line) or apical efflux transport 
(dashed line) at the basal and apical membrane of the syncytiotrophoblast, respectively. Only 
THC basal influx transport predicted trimester 3 (GW38) UVP/MP (A) and trimester 2 (GW15) 
fetal brain/MP (B), fetal kidney/MP (C), and fetal liver/MP (D) values within the acceptance 
criteria (red dotted lines) as computed from the in vivo observed data. Note, these profiles are 
independent of the consumed dose and route of administration. The in vivo observed data were 
collected when distribution equilibrium between plasma and tissue THC concentrations was 
expected to have been reached (i.e. >12 hours). To compare with the observed data, the 
predicted GW15 fetal tissue concentrations included the THC concentration in the blood within 
the tissues (see methods).  
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Figure S4.5: M-f-PBPK model predicted THC and 11-OH-THC steady-state plasma 
concentrations in the MP, UVP and fetal brain after daily consumption of THC (100 mg 
inhalation or 10 mg oral) at gestational week 15. At steady-state, there was marginal 
accumulation in the plasma of both THC and 11-OH-THC (<1.1) irrespective of the route of 
administration. In addition, as expected, the AUCss and Css,avg of 11-OH-THC after oral THC 
consumption was greater than that after inhalation. Consistent with human adult postmortem 
data, 11-OH-THC fetal brain/UVP concentrations were predicted to be higher than those for 
THC.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



126 
 

Table S4.1: Drug and System-Dependent Input Parameters for the Non-pregnant and the 
Maternal-Fetal PBPK Models 

Parameter THC 11-OH-THC Reference 
Physiochemical and Binding 

Molecular Weight (g/mol) 314.15 330.46 ChEMBL 
Log P 6.97 6.31 44 
Ionization Type Neutral Neutral ChEMBL 
B/P 0.667 0.625 45 
fu,p 0.011 0.012 15 

Absorption 
Oral fa 0.38 N/A 50 
Oral ka (1/h) 0.60 N/A Optimized with 50 
fu,gut 0.38 N/A Optimized with 50 
Qgut (L/h) 16.9 N/A Simcyp Predicted 
Inhalation fa 0.21 N/A 47 
Inhalation ka (1/h) 10.4 N/A Optimized with 47 

Distribution 
Kp,liver 51.0 6.51 Optimized with 53,54,56 
Kp,kidney 2.04 1.47 Optimized with 53,54,56 
Kp,brain 1.50 3.53 Optimized THC with 53,55,56,199; 11-OH-THC 

with 53,56 
Kp,muscle 0.063 0.001 Optimized with 47 
Kp,adipose 23.1 Remaining 

tissue 
Optimized with 47 

Kp,skin 1.59 Remaining 
tissue 

Optimized with 47 

Kp,tissue (remaining tissues) Various Various Predicted via Rodgers and Rowland (Simcyp 
Method 2) 

Elimination 
CYP2C9 Vmax (pmol/min/mg 
protein) 

17.0 N/A Estimated from 47 and 15 with a middle-out 
approach 

CYP2C9 Km (nM) 2.91 N/A 15 
CYP3A CLint (µL/min/mg 
protein) 

578 N/A Estimated from THC from 47 and 15 

Total Hepatic CLint 
(µL/min/mg protein) 

N/A 3763 Estimated from 50 using a middle-out 
approach 

Pregnancy 
fu,p,fetus 0.0071 0.0067 Measured by us 
CLint,fh (L/h) GW15: 23.0 

GW25: 153 
GW38: 519 
GW40: 595 

GW15: 3.37 
GW25: 22.4 
GW38: 76.1 
GW40: 87.2 

Estimated from 7 

CLint,PD (L/h) GW15: 43.9 
GW25: 110 
GW38: 226 
GW40: 247 .   

GW15: 35.4 
GW25: 88.4 
GW38: 182 
GW40: 199 

Estimated from 8 

CLint,T (L/h) 
Assuming Influx at the 
Basal Membrane of the 
Syncytiotrophoblast 

GW15: 74.8 
GW25: 187 
GW38: 385 
GW40: 420 . 

N/A Estimated from 8 

N/A: not applicable; GW: gestational week; LogP: octanol-water partition coefficient; B/P: blood 
to plasma ratio; fu,p: fraction unbound in the adult non-pregnant plasma; fa: fraction absorbed; ka: 
rate of absorption; fu,gut: fraction unbound in the gut; Qgut: blood flow in the gut; Kp: tissue to 
plasma ratio; CYP: cytochrome P450; Vmax: maximum rate of metabolism; Km: Michaelis-Menten 
constant; CLint: intrinsic clearance; fu,p,fetus: fraction unbound in the fetal plasma; CLint,fh: intrinsic 
fetal hepatic clearance; CLint,PD: intrinsic placental passive diffusion; CLint,T: intrinsic placental 
transport. 
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Table S4.2: Demographics of the Subjects who Completed the T1/T2 or the T3 Study 

  Trimester 1 
n = 18 

Trimester 2 
n = 22 

Trimester 3 
n = 26 

Maternal 
Race 

Caucasian 10 (56%)  17 (77%) 11 (42%) 

African 
American 

2 (11%) 3 (14%) 12 (46%) 

American 
Indian 

1 (5.6%) 0 (0%) 0 (0%) 

Asian or 
Pacific 

Islander 
2 (11%) 2 (9.1%) 1 (3.8%) 

Hispanic 0 (0%) 0 (0%) 1 (3.8%) 

Other/ 
Mixed  

3 (17%) 0 (0%) 1 (3.8%) 

Gestational age at 
delivery (days) 

71 ± 8.0 105 ± 14 267 ± 12 

Fetal Sex*  
(male ♂;  female ♀) 

7 (35%) ♂  
13 (65%) ♀  

16 (73%) ♂  
6 (27%) ♀ 

Not Collected 

Maternal age (years) 29 ± 5.3 26 ± 5.3 26 ± 5.2 

Tobacco use within one 
month of sample 
collection** 

10 (56%) 9 (41%) 7 (27%)  

  *One T1 subject had triplets and one T2 subject’s fetal sex could not be ascertained;  
**Self-reported  
Data are either n (%) or mean ± SD 
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Table S4.3: Observed THC, 11-OH-THC, and COOH-THC Concentrations in Maternal Plasma, Umbilical Venous Plasma, and 
Placenta Tissues during Trimester 3 Pregnancy after Oral or Inhalation Consumption of Cannabis 

Inhalation 
Consumption 

Oral 
Consumption 

MP (nM) UVP (nM) UVP/MP Placenta 
Mean 
(nM) 

Placenta/ 
MP 

MP (nM) UVP 
(nM) 

UVP/MP Placenta 
Mean 
(nM) 

Placenta/ 
MP 

MP (nM) UVP (nM) UVP/MP Placenta 
Mean 
(nM) 

Placenta/ 
MP 

   THC 11-OH-THC COOH-THC 
1 ---; > 72 hours ---, --- BLOQ BLOQ --- --- --- BLOQ BLOQ --- BLOQ --- BLOQ BLOQ --- BLOQ --- 
2 0.75 grams; > 

72 hours 
---, --- BLOQ BLOQ --- --- --- BLOQ BLOQ --- BLOQ --- BLOQ BLOQ --- BLOQ --- 

4 0.25 grams; 12-
24 hours 

---, --- 46 14 0.31 9.2 0.20 26 5.2 0.20 27 1.04 1304 163 0.13 109 0.084 

5 0.0625 grams; 
12-24 hours 

100 mg; > 72 
hours 

3.8 1.0 0.28 1.2 0.32 BLOQ BLOQ --- BLOQ --- 12 5.40 0.45 6.0 0.50 

6 0.0625 grams; 
24-36 hours 

---, --- 7.1 1.7 0.24 2.0 0.28 1.1 BLOQ --- BLOQ --- 54 18 0.34 9.7 0.18 

7 0.125 grams; > 
72 hours 

10-20 mg; > 72 
hours 

0.98 0.13 0.14 0.21 0.21 0.62 BLOQ --- BLOQ --- 6.90 2.90 0.42 2.8 0.41 

8 ---, > 72 hours ---, --- 5.7 2.5 0.44 1.4 0.24 BLOQ BLOQ --- BLOQ --- 52 18 0.35 9.4 0.18 
9 0.75 grams; > 

72 hours 
---, --- BLOQ BLOQ --- --- --- BLOQ BLOQ --- BLOQ --- BLOQ BLOQ --- BLOQ --- 

10 ---; 24-36 hours ---, --- 17 4.2 0.25 4.9 0.29 BLOQ BLOQ --- BLOQ --- 108 41 0.38 25 0.23 
13 0.5 grams; 24-

36 hours 
50 mg; > 72 
hours 

5.9 --- --- 0.78 0.13 3.1 --- --- BLOQ --- 33 --- --- 4.2 0.13 

15 3.5 grams; 36-
48 hours 

7 mg; 48-72 
hours 

11 3.9 0.34 5.2 0.46 3.0 BLOQ --- BLOQ --- 190 40 0.21 --- --- 

18 0.75 grams; 36-
48 hours 

---, --- 3.6 1.8 0.50 1.6 0.44 BLOQ BLOQ --- BLOQ --- 21 9.0 0.44 BLOQ --- 

19 0.25 grams, > 
72 hours 

---, --- 4.5 1.2 0.27 2.5 0.56 BLOQ BLOQ --- BLOQ --- 99 19 0.19 13 0.13 

20 0.25 grams, > 
72 hours 

---, --- 7.7 2.4 0.31 3.1 0.40 0.93 BLOQ --- BLOQ --- 76 8.2 0.11 BLOQ --- 

21 1 gram; 24-36 
hours 

---, --- 3.2 1.3 0.40 1.6 0.50 0.86 BLOQ --- BLOQ --- 19 4.3 0.23 9.0 0.48 

22 1 gram; 12-24 
hours 

---, --- 1.9 0.41 0.22 1.2 0.64 BLOQ BLOQ --- BLOQ --- 17 5.1 0.30 BLOQ --- 

23 0.125 grams; 
24-36 hours 

---, --- 5.3 1.9 0.35 1.1 0.21 0.85 BLOQ --- BLOQ --- 16 6.6 0.42 BLOQ --- 

24 0.5 grams; 24-
36 hours 

5 mg; 48-72 
hours 

BLOQ BLOQ --- 0.38 --- BLOQ BLOQ --- BLOQ --- 0.98 BLOQ --- BLOQ --- 

25 ---; 48-72 hours ---, --- 6.3 1.7 0.27 1.6 0.25 BLOQ BLOQ --- BLOQ --- 82 38 0.47 24 0.29 
27 ---; --- 10 mg; > 72 

hours 
BLOQ BLOQ --- 2.3 --- BLOQ BLOQ --- BLOQ --- BLOQ BLOQ --- BLOQ --- 

28 1 gram; 4-12 
hours 

---, --- 0.90 0.62 0.69 --- --- BLOQ BLOQ --- BLOQ --- 9.60 4.6 0.48 BLOQ --- 

29 0.3 grams; 12-
24 hours 

---, --- 0.45 BLOQ --- --- --- BLOQ BLOQ --- BLOQ --- 1.60 0.92 0.58 BLOQ --- 

30 3.5 grams; >72 
hours 

---, --- 6.7 2.2 0.33 --- --- BLOQ BLOQ --- BLOQ --- 25 5.4 0.22 BLOQ --- 

32 0.125 grams; 
24-36 hours 

---; 24-36 hours 3.3 1.5 0.44 --- --- BLOQ BLOQ --- BLOQ --- 39 9.1 0.23 BLOQ --- 

33 2 vape hits; 48-
72 hours 

10 mg; >72 
hours 

18 BLOQ --- --- --- 9.4 BLOQ --- BLOQ --- 150 BLOQ --- BLOQ --- 

34 1 gram; 24-36 
hours 

---, --- 6.5 3.2 0.49 4.9 0.76 2.2 BLOQ --- BLOQ --- 53 45 0.85 BLOQ --- 

Mean ± 
SD  
(%CV) 

    
0.35 ± 
0.13 (37) 

 
0.37 ± 0.18 
(48) 

  0.20  1.04   0.36 ± 
0.18 (49) 

 0.26 ± 0.15 
(58) 

BLOQ: below limit of quantification; ---: no sample/data collected and/or ratio cannot be calculated; Self-reported dosing information 
is listed for last consumption of THC (amount; time since last consumption) prior to delivery; MP: maternal plasma; UVP: umbilical 
venous plasma. 
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Table S4.4: Observed THC Concentrations in Maternal Plasma, Placenta, and Fetal Tissue Obtained during Trimester 1 and 
2 Pregnancies after Oral or Inhalation Consumption of Cannabis 
Subject Gestational 

Age (days) 
Dosing MP 

(nM) 
Fetal Brain 
(nM) 

Fetal 
Brain/MP 

Fetal Kidney 
(nM) 

Fetal 
Kidney/MP 

Fetal Liver 
(nM) 

Fetal Liver/MP Placenta 
Mean (nM) 

Placenta/MP  

Trimester 1 
H28680 67 ---; 4-12 hours 3.4       0.89 0.26 
H28688 52 1 gram; < 4 hours 19       36 1.9 
H28761 72 3.5 grams; < 4 hours 34       6.9 0.21 
H28869 59 80 mg THC; < 4 hours 24       25 1.0 
H28928 67 3 grams; 36-48 hours 26 18 0.68   20 0.75 19 0.71 
H28960 78 0.25 grams; 4-12 hours 16       5.4 0.34 
H28972 72 0.5 grams; 12-24 hours 7.0       BLOQ   
H28986 78 1 dab/0.25 grams; 12-24 hours 20       13 0.62 
H28987 74 1 joint; 12-24 hours 0.56       BLOQ   
H29026 80 1 gram; 4-12 hours 0.52       BLOQ   
H29045 74 0.1 grams; 4-12 hours 2.5       BLOQ   
H29110 82 2 grams; 36-48 hours 20 6.7 0.33     9.9 0.49 
H29122 ~77 3 grams; < 4 hours 37       22 0.60 
H29141 67 2 grams; 12-24 hours 3.5       BLOQ   
H90004 74 1 gram; 12-24 hours 3.1       14 4.4 
H90006 59 100 mg THC oral; 12-24 hours 3.6       BLOQ   
H90015 76 2 grams; 12-24 hours 45       12 0.26 
H90020 74 100 mg THC; 4-12 hours 5.0       3.8 0.77 
Pool 1   27 13 0.48       
Pool 2   12   11 0.89     
Mean ± SD 
(%CV) 

    0.50 ± 0.18 
(35) 

     0.96 ± 1.2 (122) 

Trimester 2 
H28718 89 1 gram; 4-12 hours 13       6.2 0.49 
H28786 105 1 gram; 12-24 hours 6.4 3.3 0.52 4.0 0.62 11 1.8 4.0 0.62 
H28820  94 1 gram; < 4 hours 21       6.2 0.29 
H28870 94 0.2 grams; < 4 hours 29       11 0.36 
H28894 98 1-2 grams; 4-12 hours 31 6.8 0.22 8.0 0.26 18 0.59 21 0.69 
H28896 126 0.20; < 4 hours 0.85 1.0 1.2      BLOQ   
H28913 91 14 mg THC; 12-24 hours 6.2       3.9 0.62 
H28983 108 2 units; 24-36 hours 14 4.8 0.34 5.8 0.41 21 1.5 10 0.73 
H28998 91 1 gram; 12-24 hours 4.0 1.3 0.33      2.9 0.72 
H29046 127 <2 grams; 12-24 hours 4.4 BLOQ      BLOQ   
H29069 110 0.5 grams; 24-36 hours 14 3.0 0.22 4.6 0.33 8.3 0.59 BLOQ   
H29075 115 0.5 grams; 12-24 hours 0.59 BLOQ      BLOQ   
H29128 ~112 1 gram; 24-36 hours 28       BLOQ   
H90000 103 1 gram; 4-12 hours 30 10 0.35 9.4 0.32 38 1.3 9.0 0.31 
H90003 122 1 gram; < 4 hours 14 8.3 0.59 8.2 0.59 19 1.4 4.5 0.32 
H90005 113 ---; < 4 hours 5.7 1.8 0.31   4.3 0.75 2.5 0.44 
H90010 137 3 mg THC; 12-24 hours 13 11 0.85 12 0.97 39 3.0 15 1.2 
H90012 85 0.2 mg THC; < 4 hours 8.7        12 1.3 
H90014 105 ---; 12-24 hours 2.8 1.2 0.41     BLOQ   
H90016 101 ---; 12-24 hours 6.3 2.7 0.42   7.3 1.2 3.8 0.60 
H90018 103 0.5 mg THC oil; 4-12 hours 51 12 0.24 17 0.33 94 1.8 30 0.58 
H90022 110 3 grams; 12-24 hours 8.6 2.2 0.26   6.5 0.76 4.5 0.53 
Mean ± SD 
(%CV) 

 
   

0.45 ± 0.28 
(63) 

 0.48 ± 0.24 
(50) 

 1.33 ± 0.71 (54) 
 

0.61 ± 0.29 (47) 

BLOQ: below limit of quantification; Blank rows: no sample collected and/or ratio cannot be calculated; Unless otherwise indicated, dosing 
information is for last consumption of THC by inhalation prior to termination (amount; time since last consumption); MP: maternal plasma. 
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Table S4.5: Observed 11-OH-THC Concentrations in Maternal Plasma, Placenta, and Fetal Tissue Obtained during Trimester 
1 and 2 Pregnancies after Oral or Inhalation Consumption of Cannabis 

Subject MP (nM) Fetal Brain (nM) Fetal Brain/MP Fetal Kidney (nM) Fetal Kidney/MP Fetal Liver (nM) Fetal Liver/MP Placenta Mean (nM) Placenta/MP  
Trimester 1 

H28680 BLOQ       BLOQ  
H28688 5.4       5.4 1.0 
H28761 7.2         
H28869 6.1       BLOQ  
H28928 9.1 BLOQ    BLOQ  BLOQ  
H28960 4.2       BLOQ  
H28972 1.3       BLOQ  
H28986 5.5       BLOQ  
H28987 BLOQ       BLOQ  
H29026 0.71       BLOQ  
H29045 BLOQ       BLOQ  
H29110 9.8 BLOQ      BLOQ  
H29122 10       BLOQ  
H29141 BLOQ       BLOQ  
H90004 1.7       BLOQ  
H90006 2.2       BLOQ  
H90015 16       5.0 0.31 
H90020 BLOQ       BLOQ  
Pool 1 8.0 BLOQ        
Pool 2 3.8   5.2 1.4     
Mean ± SD 
(%CV) 

         

Trimester 2 
H28718 3.6       BLOQ  
H28786 BLOQ BLOQ  BLOQ  BLOQ  BLOQ  
H28820  4.8       BLOQ  
H28870 8.3       BLOQ  
H28894 8.4 BLOQ  3.9 0.46 BLOQ  BLOQ  
H28896 BLOQ BLOQ  BLOQ  BLOQ  BLOQ  
H28913 2.6       BLOQ  
H28983 6.1 BLOQ  BLOQ  9.2 1.5 BLOQ  
H28998 2.3 BLOQ      BLOQ  
H29046 BLOQ BLOQ      BLOQ  
H29069 BLOQ BLOQ  BLOQ  5.1  BLOQ  
H29075 BLOQ BLOQ      BLOQ  
H29128 10       BLOQ  
H90000 14 BLOQ  6.6 0.46 13 0.91 BLOQ  
H90003 9.3 BLOQ  4.1 0.44 7.7 0.82 BLOQ  
H90005 2.7 BLOQ  BLOQ  BLOQ  BLOQ  
H90010 3.5 BLOQ  6.5 1.8 12 3.4 BLOQ  
H90012 4.5       BLOQ  
H90014 0.96 BLOQ  BLOQ  BLOQ  BLOQ  
H90016 1.3 BLOQ  BLOQ  BLOQ  BLOQ  
H90018 45 13 0.29 18 0.39 46 1.0 BLOQ  
H90022 4.4 BLOQ  2.2 0.50 5.0 1.1 BLOQ  
Mean ± SD 
(%CV) 

  
  0.68 ± 0.56 (83)  1.5  ± 0.99 (67)   

BLOQ: below limit of quantification; Blank rows: no sample collected and/or ratio cannot be calculated; MP: maternal plasma. 
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Table S4.6: Observed COOH-THC Concentrations in Maternal Plasma, Placenta, and Fetal Tissue Obtained during Trimester 
1 and 2 Pregnancies after Oral or Inhalation Consumption of Cannabis 

Subject MP (nM) Fetal Brain (nM) Fetal Brain/MP Fetal Kidney (nM) Fetal Kidney/MP Fetal Liver (nM) Fetal Liver/MP Placenta Mean (nM) Placenta/MP  
H28680 24       6.3 0.26 
H28688 134       46 0.35 
H28761 295       22 0.075 
H28869 68       11 0.16 
H28928 171 24 0.14   67 0.39 29 0.17 
H28960 88       19 0.22 
H28972 25       BLOQ   
H28986 158       41 0.26 
H28987 10       BLOQ   
H29026 30       BLOQ   
H29045 16       BLOQ   
H29110 202 15 0.074     21 0.10 
H29122 331       BLOQ   
H29141 30       BLOQ   
H90004 242       91 0.38 
H90006 58       16 0.27 
H90015 278       43 0.16 
H90020 65       BLOQ   
Pool 1 189 23 0.12       
Pool 2 76   48 0.63     
Mean ± SD 
(%CV) 

  0.11 ± 0.03 (31)      0.22 ± 0.096 (44) 

H28718 135       27 0.20 
H28786 55 11 0.20 17 0.32 32 0.59 BLOQ  
H28820  53       BLOQ  
H28870 205       30 0.15 
H28894 147 17 0.11 29 0.20 72 0.49 23 0.16 
H28896 3.1 BLOQ  BLOQ  BLOQ  BLOQ  
H28913 24       BLOQ  
H28983 128 22 0.17 22 0.17 49 0.38 38 0.30 
H28998 17 BLOQ      37 2.2 
H29046 18 BLOQ      BLOQ  
H29069 84 24 0.28 13 0.15 34 0.41 BLOQ  
H29075 1.9 BLOQ      BLOQ  
H29128 151       BLOQ  
H90000 134 24 0.18 32 0.24 73 0.54 40 0.30 
H90003 76 BLOQ  12 0.15 29 0.38 25 0.33 
H90005 58 2.9 0.050 7.6 0.13 16 0.27 BLOQ  
H90010 131 BLOQ  80 0.61 80 0.61 74 0.57 
H90012 84       15 0.17 
H90014 31 6.6 0.21 3.0 0.10 8.0 0.26 7.8 0.25 
H90016 37 9.3 0.25 6.9 0.19 17 0.46 BLOQ  
H90018 334 35 0.10 91 0.27 171 0.51 BLOQ  
H90022 81 BLOQ  16 0.19 35 0.42 BLOQ  

Mean ± SD 
(%CV) 

  0.17 ± 0.07 (43)  0.23 ± 0.14 (60)  0.44 ± 0.11 (25)  0.46 ± 0.63 (136) 

BLOQ: below limit of quantification; Blank rows: no sample collected and/or ratio cannot be calculated; MP: maternal plasma. 
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Table S4.7: Non-pregnant PBPK Model Predicted and Observed THC and 11-OH-THC Plasma Exposure (AUCinf and Cmax) 
after Various Routes of THC Consumption 

Intravenous 
 Ohlsson 198247 Hunt and Jones 198046 Naef 2004106 
 THC (5 mg) 11-OH-THC THC (2 mg) 11-OH-THC THC (3.71 mg) 11-OH-THC 
 Cmax (nM) AUCinf 

(nM*h) 
Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax (nM) AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

Observed 213 256 N/A N/A 369 112 N/A N/A 868 293 27.6 41.4 
Predicted 312 365 N/A N/A 204 127 N/A N/A 378 195 22.9 43.7 
P/O 1.47 1.43 N/A N/A 0.55 1.13 N/A N/A 0.44 0.67 0.83 1.06 
Acceptance 
Range 

N N N/A N/A (0.10 – 
7.39)  

(0.62 – 
1.96) 

N/A N/A (0.08 – 
5.82)  

(0.44 – 1.40) N/A N/A 

Inhalation 
 Ohlsson 198247 McBurney 198648  
 THC (9.44 mg) 11-OH-THC THC (10.5 mg) 11-OH-THC   
 Cmax (nM) AUCinf 

(nM*h) 
Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

    

Observed 79.9 103 N/A N/A 271 245 N/A N/A     
Predicted 88.2 130 N/A N/A 149 110 N/A N/A     
P/O 1.10 1.27 N/A N/A 0.55 0.45 N/A N/A     
Acceptance 
Range 

N N N/A N/A (0.26 – 
0.65)  

(0.18 – 
0.58) 

N/A N/A     

Oral 
 Oh 201750 Lunn 201949 Parikh 201651 
 THC (5 mg) 11-OH-THC THC (10 mg) 11-OH-THC THC (4.25 mg) 11-OH-THC 
 Cmax (nM) AUCinf 

(nM*h) 
Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

Cmax (nM) AUCinf 
(nM*h) 

Cmax 
(nM) 

AUCinf 
(nM*h) 

Observed 3.79 15.5 6.49 35.9 7.44 25.6 9.70 46.6 4.26 12.3 6.75 31.7 
Predicted 3.59 15.5 4.70 26.3 6.88 29.8 13.7 68.8 2.93 13.1 5.82 29.7 
P/O 0.94 1.00 0.72 0.73 0.92 1.16 1.41 1.48 0.69 1.07 0.86 0.94 
Acceptance 
Range 

N N N N (0.73 – 
1.72)  

(0.88 – 
1.41)  

(0.74 – 
2.38)  

(0.77 – 
2.47)  

(0.54 – 
1.28)  

(0.78 – 1.25)  (0.45 – 
1.45)  

(0.48 – 
1.54)  

Drug-Drug Interactions and Genetic Polymorphism 
 Stott 2013136 Sativex: Summary of Product Characteristic28 Sachse-Seeboth 200975 
 10.8 mg THC + 400 mg 

Ketoconazole 
11-OH-THC THC (15 mg) 11-OH-THC 10.8 mg THC + 200 mg BID 

Fluconazole 
11-OH-THC 

 CmaxR AUCinfR CmaxR AUCinfR CmaxR AUCinfR CmaxR AUCinfR CmaxR AUCinfR CmaxR AUCinfR 
Observed 1.20 1.88 N/A N/A 1.22 1.32 N/A N/A 2.33 3.09 N/A N/A 
Predicted 1.71 1.70 N/A N/A 1.52 1.72 N/A N/A 2.63 3.56 N/A N/A 
P/O 1.43 0.90 N/A N/A 1.25 1.30 N/A N/A 1.13 1.15 N/A N/A 
Acceptance 
Range 

(0.41 – 
2.42) 

(0.61 – 
1.65) 

N/A N/A (0.41 – 
2.41) 

(0.67 – 
1.50) 

N/A N/A (0.32 – 
1.54) 

(0.45 – 1.46) N/A N/A 

N/A: data not available; N: not applicable as this dataset was used as a training dataset; Cmax: maximum concentration; AUCinf: area 
under the plasma concentration-time curve to time infinity; BID: dosed two times per day. 
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Table S4.8: m-f-PBPK Model Predicted and Observed Umbilical Venous Plasma and Fetal 
Tissue THC Concentration Relative to Maternal Plasma in Trimester 2 and 3 Pregnancy 
after Inhalation and Oral Consumption of THC 

 Term Trimester 2 
 UVP/MP Fetal Brain/MP Fetal Kidney/MP Fetal Liver/MP 

Observed* 0.33 (38%) 0.39 (63%) 0.44 (49%) 1.18 (54%) 
Acceptance 
Range 

(0.23 – 0.47) (0.20 – 0.75) (0.22 – 0.88) (0.62 – 2.25) 

Predicted 0.31 0.54 0.73 1.9 
*Data are Geometric Mean (%CV); MP: maternal plasma; UVP: umbilical venous plasma. The 
predicted values were at 24 hours; post-absorption when distributional equilibrium between 
plasma and tissue concentrations is expected to be reached, i.e. >12 hours. 

 

Table S4.9: LC-MS/MS parameters for Drug Quantification 

B. LC gradient program 

Time 
(min) 

Flow Rate 
(mL/min) 

A (water with 0.2% acetic 
acid) 

B (acetonitrile with 0.2% acetic 
acid) 

0 0.3 90 10 
0.5 0.3 90 10 
2 0.3 5 95 
4 0.3 5 95 
4.1 0.3 90 10 
4.5 0.3 90 10 

 

B.  APCI MS/MS parameters 

Compound Parent Ion (m/z) Product Ion (m/z) Collision Energy (V) 
THC 315.3 193.2 22 
d3-THC 318.3 196.3 20 
11-OH-THC 331.3 193.2 26 
d3-11-OH-THC 334.3 196.3 26 
COOH-THC 345.3 327.3 20 
d3-COOH-THC 348.3 330.3 20 
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Chapter 5: Conclusion 
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5.1 Major Findings 

Prenatal cannabis use is associated with various detrimental fetal outcomes, the 

foremost concern being neurodevelopmental toxicity1-5. Δ9-tetrahydrocannabinol (THC), the 

most abundant psychoactive compound in cannabis, is thought to be cause of the potential 

neurodevelopmental toxicity of prenatal cannabis use6. The primary psychoactive metabolite, 

11-OH-THC, may also contribute to the toxicity6. The observed associations, however, are 

potentially confounded by concomitant substance abuse, differences in socioeconomic status, 

and inaccurate (self-reported) cannabis dosing information. A randomized controlled clinical 

study of the effect of prenatal cannabis use on fetal toxicity is unethical. Therefore, an 

alternative approach is to conduct preclinical in vitro and in vivo animal experiments which 

mimic human fetal THC and 11-OH-THC exposure. But, to do this we must know the average 

and maximum concentration of the THC and 11-OH-THC that reach the fetal circulation and 

brain at cannabis doses typically consumed by pregnant individuals. To bridge this gap, we 

measured cannabinoid concentrations in trimester 1 and 2 fetal tissues and maternal plasma 

(MP) and in trimester 3 MP and fetal umbilical venous (UVP) plasma. Because the observed in 

vivo concentrations only provided a snapshot of the exposure, we also developed and verified a 

maternal-fetal physiologically based pharmacokinetic (m-f-PBPK) model to predict total and 

unbound fetal THC/11-OH-THC concentrations over the entire dosing interval after both 

inhalation and oral THC consumption. The predicted exposure can then be applied to 

informative fetal toxicity studies. For model development to proceed, we had to first determine 

all the potential mechanisms of clearance and distribution that affect THC/11-OH-THC fetal 

exposure.  

To begin, we characterized the drug metabolizing enzymes (DMEs) and quantified the 

metabolic kinetics by these enzymes for THC/11-OH-THC in the adult intestine, lung, placenta, 

and fetal liver7. As described in Chapter 2, there was no metabolism observed in the lung or 

placenta microsomes. However, in the intestine, THC was significantly metabolized by CYP2C9 
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(89%) and CYP3A (11%) while 11-OH-THC was significantly metabolized by CYP3A (51%) and 

UGT2B7 (25%). The contribution of intestinal metabolism to systemic THC/11-OH-THC 

clearance is smaller relative to the magnitude of hepatic metabolism. However, we predict that 

the intestinal metabolism will contribute to Fg’ of less than 1, decreasing the overall 

bioavailability following oral THC consumption. In the fetal liver, both compounds were nearly 

completely metabolized by CYP3A7. The observed fetal liver metabolism will decrease the fetal 

exposure relative to maternal exposure causing a decrease in the THC and 11-OH-THC fetal 

brain concentration. However, the magnitude of decrease is dependent on various other 

parameters (e.g. placenta passive diffusion and transport; Chapter 3).  

Next, we evaluated the transplacental transfer of THC/11-OH-THC/COOH-THC by 

passive diffusion and active transport8. As described in Chapter 3, the metabolites 11-OH-THC 

and COOH-THC appeared to passively diffuse across the placenta. However, THC was actively 

transported by an unknown apical efflux or basal influx transporter(s) on the syncytiotrophoblast 

membrane, unaffected by valspodar (a potent P-gp/BCRP inhibitor). The estimated placental 

passive diffusion and active transport clearance works in concert with the fetal liver metabolic 

clearance (above and Chapter 2) to reduce the cannabinoid fetal brain exposure. Then, the 

estimated THC/11-OH-THC microsomal enzyme and passive diffusion/active transport kinetics 

were input in our m-f-PBPK model to predict the fetal brain cannabinoid exposure (Chapter 4). 

In Chapter 4, we observed that the mean paired UVP/MP value at T3 for THC and 

COOH-THC was much less than 1 (0.35 ± 0.13 and 0.36 ± 0.18, respectively). The observed 

THC fetal brain/MP values at T1 and T2 were 0.50 ± 0.18 and 0.45 ± 0.28, respectively. The 

reduced UVP and fetal brain exposure relative MP aligns with our observed fetal liver 

metabolism (Chapter 2) and active placenta transport (Chapter 3). Using the observed in vivo 

data we then verified the m-f-PBPK model for THC fetal tissue and UVP/MP. With the verified 

m-f-PBPK model we simulated the total and unbound THC/11-OH-THC exposure during 

pregnancy, across gestational age. After a typical daily dose of THC consumed by inhalation 
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(100 mg), the predicted fetal brain Css,avg of THC and 11-OH-THC was 37 and 70 nM, 

respectively. Similarly, after a typical daily oral consumption of 10 mg THC, the predicted Css,avg 

of THC and 11-OH-THC in the fetal brain was lower, 0.73 and 8.9 nM, respectively. The fetal 

brain Css,avg,u is even lower due to extensive binding in the brain. 

  

5.2 Future Directions and Limitations of Our Studies 

We propose that future fetal toxicity studies (in vitro or in vivo in animals) should 

replicate the predicted unbound fetal UVP and fetal brain THC/11-OH-THC concentrations at 

the typical doses consumed by pregnant people. Our verified m-f-PBPK model can be used to 

predict maternal-fetal exposure to THC/11-OH-THC at various cannabis dose/route/frequency of 

cannabis used by pregnant people. The range of relevant concentrations needs to encompass 

the different routes of administration (inhalation and oral), range of dose consumed (inhalation: 

50 – 300 mg THC; oral: 5 – 40 mg THC) and frequency across all the gestational ages of 

pregnancy. This is particularly important as the incidence of prenatal cannabis use is highest in 

the first trimester10. Unfortunately, physiological information (blood flows, tissue weights, etc.) 

for the fetus at earlier gestational ages (GW<15) is not available to allow such predictions. At 

these earlier gestational ages, the fetal skin is not keratinized208 and therefore skin absorption of 

any cannabinoids present in the amniotic fluid (likely minor) would need to be taken into 

consideration. Once collected and populated with these “missing” physiological parameters, the 

m-f-PBPK model will need to be verified by quantifying THC/11-OH-THC concentrations in fetal 

samples of <15 GW.  

The m-f-PBPK model developed as part of this dissertation could only be verified for 

fetal THC plasma and fetal concentrations relative to corresponding maternal plasma 

concentration at a single, unknown, timepoint. Because of the nature of our in vivo study, we did 

not have definitive information on dose, timing, and frequency of cannabis consumption and 

samples could only be collected at one timepoint. Ideally the study would have rigorous dosing 
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information and the ability to collected samples across the entire concentration-time profile, 

however this is logistically and ethically challenging and most likely not feasible. On the other 

hand, a future study with a more sensitive assay could potentially quantify 11-OH-THC in fetal 

plasma/tissues. We were not able to quantify 11-OH-THC in the majority of samples, preventing 

us from verifying the 11-OH-THC portion of our m-f-PBPK model. Such verification would 

enhance the utility of our m-f-PBPK model predictions. Additionally, we have focused on 

THC/11-OH-THC, but it is possible that constituents other than these compounds are the cause 

of the potential neurodevelopmental toxicity of cannabis. 

 There are some gaps in the 11-OH-THC kinetic parameters used to populate our m-f-

PBPK model (Chapters 2 and 3). We do not have complete data on 11-OH-THC’s metabolic 

kinetics and fraction metabolized by both microsomal and cytosolic enzymes. This restricted our 

ability to predict the impact of DDIs and CYP2C9 genetic polymorphism on 11-OH-THC 

exposure. Without which, we could not estimate how enzyme induction in pregnancy changes 

maternal plasma 11-OH-THC exposure and thereby fetal exposure. To ascertain the fractional 

contribution for each enzyme involved in 11-OH-THC metabolism, one would need to conduct 

depletion studies with plated human hepatocytes, with and without specific inhibitors of each 

involved enzyme. If sandwich-culture human hepatocytes are used, one could also measure 

any potential biliary excretion of 11-OH-THC through the bile canaliculi. 

 In our model, we also used a simplified first-order absorption model after both 

inhalational and oral consumption of THC. The simplified oral absorption model does not 

account for blood flow segmentation along the intestinal tract and does not incorporate how the 

rate of dissolution of THC in the intestine impacts absorption across the gut epithelium. If a 

model can be developed to include these missing parameters, one could potentially better 

predict the first-pass metabolism in the gut and could predict the impact of food effect on THC 

absorption. 
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From our perfused human term placenta studies, we were able to identify that THC is 

actively transported at the syncytiotrophoblast membrane8, most likely basal. However, we were 

not able to identify the transporter responsible. To do so, one could possibly conduct the 

perfusions as we had done, but with more selective inhibitors for other known transporters at the 

syncytiotrophoblast membrane, facing in the fetal to maternal direction. Alternatively, one could 

employ in vitro experiments with placental cell lines such as BeWo to identify potential 

transporters of which the cannabinoids may be a substrate. In addition, we need to know how 

the expression and/or activity of the transporter of interest changes across gestational age in 

order to scale the observed active transporter clearance at term, to earlier gestational ages. We 

were not able to estimate transport earlier in pregnancy as, due to logistical reasons, the 

perfusions can only be done with term placentas. Once the transporter is identified one could 

use quantitative targeted proteomics to measure the expression across the gestational ages of 

pregnancy. Once these data are collected, and the kinetic parameters estimated, the m-f-PBPK 

model could be applied with higher confidence to early gestational ages and therefore further 

inform fetal exposure to THC/11-OH-THC, as well as other biologically active molecules, for 

future preclinical in vitro and in vivo studies.   
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