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Quantification and prediction of human fetal
(-)-Δ9-tetrahydrocannabinol/(±)-11-OH-Δ9-
tetrahydrocannabinol exposure during
pregnancy to inform fetal cannabis toxicity

AdityaR. Kumar 1, LyndseyS. Benson 2, EricaM.Wymore3, JocelynE. Phipers3,
Jennifer C. Dempsey4, Lucinda A. Cort4 & Jashvant D. Unadkat 1

Prenatal cannabis use is associated with neurodevelopmental deficits, likely due
to exposure to the psychoactive cannabinoid, (-)-Δ9-tetrahydrocannabinol, and
its active metabolite, (±)-11-OH-Δ9-tetrahydrocannabinol. To determine caus-
ality, preclinical studies mimicking human fetal cannabinoid exposure must be
conducted. Here we show cannabinoid concentrations across gestation in
maternal plasma and paired fetal tissues in trimester 1 and 2 and maternal
plasma and fetal umbilical venous plasma in trimester 3. The mean± SD trime-
ster 1 and 2 (-)-Δ9-tetrahydrocannabinol fetal brain/maternal plasma is
0.50±0.18 (n = 3), 0.45 ±0.28 (n= 14), respectively; trimester 3 (-)-Δ9-tetra-
hydrocannabinol umbilical venous plasma/maternal plasma is 0.35 ±0.13
(n= 18). To predict fetal cannabinoid exposure at different prenatal cannabis
doses (oral or inhaled), we used a verified maternal-fetal physiologically based
pharmacokinetic model. At an inhalational and oral dose of 10mg (-)-Δ9-tetra-
hydrocannabinol, the model-predicted average fetal brain steady-state (-)-Δ9-
tetrahydrocannabinol/(±)-11-OH-Δ9-tetrahydrocannabinol concentrations, at
gestational week 15, are 3.7/7.0 nM and 0.73/8.9 nM, respectively. Ourmaternal-
fetal physiologically based pharmacokinetic model can guide future studies to
inform risks associated with prenatal cannabis use.

In the United States, 10-23% of pregnant people consume cannabis1,2

raising concerns about the effect of such consumption on the off-
spring. Retrospective analysis to determine association between neu-
rodevelopmental deficits in the offspring andmaternal cannabis use3–5

is confounded by factors such as variable frequency and potency of
cannabis use, abuse of other drugs, and lack of data on cannabis
exposure throughout pregnancy. Despite accounting for some of
these confounding factors, prenatal cannabis use appears linked to
increased behavioral problems (e.g., inattention, aggression, hyper-
activity) and lower cognition (e.g., quantitative scores, verbal

reasoning, IQ)5–9 in the offspring. However, all potential confounding
factors cannot be accounted for by these retrospective analyses. At the
same time, it is unethical to conduct a randomized controlled pro-
spective study to investigate the effects of prenatal cannabis on human
neurodevelopment.

To resolve the abovedilemma, studies can be conducted in animals
with cannabis constituents that are thought to cause the cannabis-
related neurodevelopmental deficits. These studies should be con-
ducted at thehuman relevant observed exposures of these constituents.
(-)-Δ9-tetrahydrocannabinol (Δ9-THC), the main active psychoactive
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constituent in cannabis, along with its primary metabolite (±)-11-
hydroxy-Δ9-THC (11-OH-THC), are thought to be consituents causing
neurodevelopmental deficits from prenatal cannabis use. While studies
where pregnant animals (primarily rodents) were exposed to the can-
nabis plant or the active constituent (Δ9-THC) have been performed10,11,
the fetal brain or plasmaΔ9-THC/11-OH-THCwerenotmeasured,making
it unclear whether they were conducted at human relevant exposures.
For this reason, the primary goals of our study were two-fold. First, to
quantify theconcentrationofΔ9-THCand11-OH-THC inhumanmaternal
plasma (MP), placenta, and fetal tissue from the 1st and 2nd trimester (T1
and T2) and in MP, placenta, and umbilical venous plasma (UVP) from
the 3rd trimester (T3) of pregnant individuals who had consumed
recreational cannabis prior to delivery or termination. These samples
provide a single time-point (snapshot) of the fetal cannabinoid con-
centrations in plasma and various tissues, relative to MP, but are not
informative of the time-dependent cannabinoid fetal exposure (i.e., the
area under the plasma concentration-time profile). For obvious reasons,
such Δ9-THC/11-OH-THC exposure cannot be measured in vivo. How-
ever, such exposure can be predicted using our linked Δ9-THC/11-OH-
THC maternal-fetal physiologically based pharmacokinetic (m-f-PBPK)
model. Therefore, our secondary goal was to populate our current m-f-
PBPK model12–15 with the various Δ9-THC/11-OH-THC maternal-fetal dis-
position parameters following oral or inhalational cannabis consump-
tion (Supplementary Table 1). Then, we determined if these predicted
fetal plasma/tissue concentrations agreewith those observed (Fig. 1). An
agreement would deem the model to be verified and, therefore, could
be used to predict the total and unbound fetal tissue and plasma Δ9-
THC/11-OH-THC exposure across different gestational ages for different
routes, doses and frequencyof cannabis consumption. Suchpredictions
will provide critical data for design of in vitro and in vivo Δ9-THC/11-OH-
THC neurodevelopmental toxicity studies. Here we show that,
throughout gestation, bothUVP and fetal brain exposure toΔ9-THCwas
reduced relative to that in the MP; however, such exposure was pre-
dicted to be greatest at gestation week (GW) 15. In addition, our m-f-
PBPK model was able to predict these exposures.

Results
Enrollment, Dose Consumed and Time of Sampling from Last
Consumption
Forty-one participants were enrolled in the T1/T2 study and 40 com-
pleted the study (18 T1; 22 T2); a positive urine toxicology test for
cannabinoids disqualified one participant. Thirty-four participants
were enrolled in the T3 study, 26 completed the study and 8 withdrew
(see SupplementaryTable 2 for demographics). The gestational age for

the participants was 10 ± 1.1, 15 ± 1.9, and 38± 1.7 weeks, for T1, T2 and
T3, respectively. In the T1 study, 1 reported oral Δ9-THC and 17
reported inhalation Δ9-THC consumption prior to pregnancy termi-
nation; in the T2 study all 22 T2 participants reported inhalation con-
sumption; in the T3 study, 1 reported only oral consumption, 18
reported only inhalation consumption, and 7 reported mixed oral and
inhalation consumption.

On the terminationday, the T1/T2 study participants self-reported
consuming, on average, 1.3 g cannabis plant (inhalation, n = 27;Δ9-THC
dose unknown) or 100mg (318 µmol) Δ9-THC (oral, n = 1). The time
between the last consumption of cannabis and the survey was: < 4 h
(n = 10); 4–12 h (n = 9); 12–24 h (n = 16); 24–36h (n = 3); 36–48 h (n = 2);
these were the time bins provided to the participants. On average,
there was a 4.74-hour delay between the survey and sample collection.

In the T3 study, prior to delivery, the participants reported con-
suming, on average, 0.79 g cannabis plant by inhalation (n = 20; Δ9-
THCdoseunknown) or 28mg (89 µmol)Δ9-THCorally (n = 7). The time
between the last consumption and the survey was: 4–12 h (n = 1);
12–24 h (n = 4); 24–36 h (n = 8); 36–48 h (n = 2); 48–72 h (n = 2); > 72 h
(n = 9). On average, there was a 16.1-hour delay between survey and
sample collection.

Given that a majority of the above samples were obtained more
than 12 h after last consumption, irrespective of GW, not surprisingly,
there was no evident association between the cannabinoid UVP/MP or
fetal tissue/MP concentration ratio and sampling time since the last
dose. This is because distributional equilibrium of Δ9-THC and 11-OH-
THC between maternal plasma and tissue (including fetal) was
expected to be reached by 12 h. For this reason, the concentration data
(all normalized to MP concentration), for all routes of Δ9-THC con-
sumption and sampling times, were pooled and analyzed as
described below.

Observed Fetal UVP/Tissue and Maternal Concentration in Tri-
mester 1, 2, and 3
For T1, T2, and T3 participants, the average placenta concentration
across the three sampled regions is reported as they did not differ
between the regions. The average paired T1 placenta and T2 placenta,
fetal brain, and kidney concentrations of Δ9-THC and COOH-THCwere
significantly lower than the corresponding MP concentration (Fig. 2,
Table 1). The average paired T3placenta andUVP concentrations ofΔ9-
THC and COOH-THC were significantly lower than the corresponding
MP concentration (Fig. 2, Table 1). While 11-OH-THC was detectable in
severalMPsamples, itwasdetectable in only oneUVPandoneplacenta
sample (Table 1). T3 MP and UVP as well as T1/T2 MP and fetal tissue

Fig. 1 | Schematic showing Δ9-THC and 11-OH-THC PBPK model development
and verification for inhalation and oral consumption of Δ9-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 Δ9-THC elimination and
distribution kinetics after intravenous administration. Then, Δ9-THC absorption
kinetics and 11-OH-THC elimination and distribution kinetics were verified after

inhalation and oral Δ9-THC consumption. The Δ9-THC kinetics in the non-
pregnant model were also verified through drug-drug interaction and pharma-
cogenetic 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 umbilical venous plasma
(UVP) and fetal tissue concentrations were predicted. Figure was created with
BioRender.com.
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cannabinoid concentrations were highly variable (Supplementary
Tables 3–6) likely because of variability in the time since last con-
sumption and in the amount of Δ9-THC consumed that resulted in
variable MP concentration. This conclusion is reinforced by the
observation that the variability is greatly reduced when the fetal tissue
or UVP concentration is expressed relative to the corresponding MP
(Supplementary Tables 3-6).

Non-pregnant PBPK model optimization and verification
For the non-pregnant (NP) model, the predicted/observed Δ9-THC
and 11-OH-THC area under the concentration-time curve to time of
infinity (AUCinf) and maximum concentration (Cmax) fell within the
acceptance range for all datasets regardless of route of consumption
(IV, inhalation, or oral). The same was true for the ratio of the plasma
exposure of Δ9-THC Cmax and AUCinf in the presence and absence of
drug interaction (cytochrome P450s, CYP2C9 and CYP3A) or CYP2C9
genetic polymorphism (Supplementary Figs. 1–3, Supplementary
Table 7).

Comparison of the maternal-fetal PBPK model predicted and
observed UVP/MP and fetal tissue/MP values
Our m-f-PBPK model predictions at GW15 and 38 aligned with the
observed snapshot T2 fetal brain/MP (0.54), T2 fetal liver/MP (1.8), T2
fetal kidney/MP (0.73), and T3 UVP/MP (0.31) values and were within
the acceptance range (Fig. 3, Supplementary Table 8). These verifica-
tion simulations were conducted following daily maternal Δ9-THC
inhalation (100mg; 318 µmol) at GW15 and 38 to mirror the average
gestational age of T2 and T3 participants in our study and the fre-
quency/amount of Δ9-THC consumed. Two assumptions were made
for these predictions. First, that the snapshot values (observed and
predicted) were obtained when distributional equilibrium between
tissue and plasma was reached (i.e., > 12 h; see Supplementary Fig. 4).
Parenthetically, assuming linear pharmacokinetics, these concentra-
tion ratios should be and are independent of the consumed dose and
route of consumption. Second, that the Δ9-THC fetal-maternal trans-
port was at the basal membrane of the syncytiotrophoblast, mediated
by an influx transporter located there. In contrast, all fetal toMP ratios
were over-predicted (Supplementary Fig. 4) if Δ9-THC transport was
assumed to be due to efflux transport at the apical membrane of the
syncytiotrophoblast. Therefore, all subsequent m-f-PBPK model pre-
dictions were conducted assuming that the observed Δ9-THC fetal-
maternal intrinsic placental transport (CLint,T) was by a basal influx
transporter(s).

m-f-PBPKModel Predicted Gestational Age-Dependent Changes
in Maternal Δ9-THC/11-OH-THC Exposure
After Δ9-THC inhalation, the Δ9-THC and 11-OH-THC MP average
steady-state concentration (Css,avg) decreased marginally as gesta-
tional age advanced (Table 2, Fig. 4). After oral Δ9-THC consumption,
the effect was modestly larger (Table 3, Fig. 4).

m-f-PBPKModel Predicted Gestational Age-Dependent Changes
in Fetal Plasma and Brain Δ9-THC/11-OH-THC Exposure
GW15 is the earliest GW for which predictions can bemade by ourm-f-
PBPK model. For this reason, we predicted the changes in total and
unbound UVP and fetal brain Δ9-THC/11-OH-THC at GW 15-40
(Tables 2 and 3, Fig. 5; exposure at GW25 and 38 was in between 15
and 40). AfterΔ9-THC inhalation, the predictedΔ9-THC and 11-OH-THC
UVP/MP Css,avg ratio (Css,avgR) decreased from 0.46 to 0.29 and from
1.51 to 0.98, respectively, with an increase in GW from 15 to 40. This
trend was reproduced after oral Δ9-THC consumption (Table 3). Irre-
spective of inhalational or oral Δ9-THC consumption, with a change in
theGW, bothΔ9-THCand 11-OH-THC fetal brain/MPCss,avgR changed in
parallel with their corresponding UVP/MP Css,avgR (Tables 2 and 3).
This is because the fetal brain tissue to plasma ratio (Kp) was assumed
to be constant across gestational age. As expected, the predicted
cannabinoid fetal brain/MP and fetal brain/UVP Css,avgR were inde-
pendent of the route of consumption. At GW15, after a 10mg (32 µmol)
daily dose of Δ9-THC consumed by inhalation (range: 5–40mg), the
predicted fetal brain Δ9-THC and 11-OH-THC Css,avg were 3.7 nM
(1.9–14.8 nM for dose range 5–40mg) and 7.0 nM (range: 3.5–28.1 nM),
respectively (Fig. 6). After daily oral consumption of 10mg (32 µmol)
Δ9-THC (range: 5–40mg), the predicted fetal brain Δ9-THC and 11-OH-
THC Css,avg were lower, 0.73 nM (range: 0.36–2.9) and 8.9 nM (4.4 –

35 nM), respectively (Fig. 6). The fetal brain Css,avg,u of these cannabi-
noids is even lower due to extensive binding to the brain tissue.
Therefore, after a daily inhalation dose of 10mg (32 µmol) Δ9-THC at
GW15, the predicted fetal brain Css,avg,u ofΔ

9-THC and 11-OH-THCwere
0.014 nM and 0.014 nM, respectively and after a typical daily oral
consumption of 10mg (32 µmol) Δ9-THC, they were 0.003 nM and
0.017 nM, respectively.

As expected, the predicted cannabinoid Css,max values for each
tissue or UVP were much higher than the Css,avg values. For example,
with an inhalation dose of 10mg (32 µmol) Δ9-THC at GW15, the pre-
dicted UVP Css,max were 95 nM Δ9-THC and 13 nM 11-OH-THC and the
corresponding fetal brainCss,maxwere88 nMΔ9-THC and40 nM11-OH-
THC (Fig. 6). Likewise, with a typical oral dose of 10mg (32 µmol) Δ9-

Fig. 2 | Maternal plasma (MP), umbilical venous plasma (UVP), placental and
fetal tissue Δ9-THC concentrations in trimester 1 (T1), 2 (T2), and 3 (T3) preg-
nancies. A The T3 UVP (n = 18) and placenta (n = 18) concentrations within each
maternal-fetal dyad were significantly lower than that in the corresponding MP
(n = 21). B The T1 placenta (n = 12) and T2 placenta (n = 16), fetal brain (n = 14), and
fetal kidney (n = 8) concentrations within each maternal-fetal dyad were

significantly lower than that in the corresponding MP. T2 fetal liver (n = 11) con-
centrations are not significantly different than its corresponding MP. Data are
represented as mean± SD and the open symbols denote tissues or MP that were
pooled (n = 3) for analyses due to small volume/size available. All comparisonswere
made with a two-tailed, Wilcoxon signed rank test. Δ9-THC: 1 nM = 0.314 ng/mL.
Source data are provided in Supplementary Tables 3–4.
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THC, at GW15, the predicted UVP Css,max were 2.8 nM Δ9-THC and
12 nM 11-OH-THC and the corresponding fetal brain Css,max were
3.9 nM Δ9-THC and 38 nM 11-OH-THC (Fig. 6). Theoretically, at any
given timepoint the THC and 11-OH-THC fetal brain/UVP should reflect
their respective fetal brain Kp. Therefore, they should not change
based upon the dosing amount or the route of consumption. However,
the absorption rate differs with different routes of consumption
causing a difference in the time to reach Css,max for each route. Thus,
the fetal brain/UVP Css,maxR is not independent of the route of con-
sumption. Note, the above are the predicted total (not unbound)
cannabinoid concentrations. Due to significant tissue or plasma pro-
tein binding, the corresponding predicted unbound cannabinoid
concentrations were much lower (Tables 2 and 3).

Discussion
Wepresent here quantificationof cannabinoid exposure inhumanUVP
or fetal tissues and MP in a large cohort of T1, T2 and T3 pregnant
individuals (Table 1). To our knowledge, this is also the first time that a
m-f-PBPK model has been applied to predict maternal-fetal cannabi-
noid exposure after daily consumption of Δ9-THC via inhalational or
oral route. Our predictions and observations provide insight into how
fetal:maternal cannabinoid exposure varies with respect to Δ9-THC (or
cannabis) dose and route of consumption. In addition, our study
provides critical data to inform the design of future in vitro and animal
studies to determine the impact of prenatal cannabis use on neuro-
developmental toxicity.

Our mean Δ9-THC paired UVP/MP observed value at delivery
(0.35 ± 0.13; n = 18; Table 1) agrees with data from a sparse dataset
(n = 3) by Blackard et al. (0.26 ± 0.10)16. Blackard et al. did not report
the concentrations of 11-OH-THCwhichwas quantifiable in only one of
our UVP samples (Table 1). Our observed T3 paired mean UVP/MP
COOH-THC value (0.36 ±0.18; n = 19; Table 1) was slightly greater thanTa
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Fig. 3 | m-f-PBPK model snapshot predicted vs. observed steady-state Δ9-THC
umbilical venous plasma (UVP) and fetal tissue concentration relative to the
corresponding maternal plasma (MP) concentration. The m-f-PBPK model pre-
dicted (*) trimester 3 (T3; GW38) UVP/MP (n = 18) and trimester 2 (T2; GW15) fetal
tissue/MP (fetal brain/MP: n = 14; fetal kidney/MP: n = 8; fetal liver/MP: n = 11) fell
within the acceptance range (horizontal lines; filled circles denote the median and
bars denote the range of the observed values). The m-f-PBPK model predicted
values were those at 12 h post Δ9-THC consumption (inhalation or oral) when dis-
tributional equilibrium between plasma and tissue Δ9-THC concentration was
expected to have been reached (see Supplementary Fig. 4). Source data are pro-
vided in Supplementary Tables 3-4.
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Fig. 4 | m-f-PBPK model predicted non-pregnant and gestational age-
dependent Δ9-THC/11-OH-THC maternal plasma (MP) concentration-time pro-
files after daily maternal Δ9-THC inhalation (10mg) or oral (10mg) consump-
tion. When compared to the non-pregnant population, as gestational week (GW)
advanced from 15 to 40,AMP Δ9-THC Css,avg and Css,max, after dailyΔ

9-THC (10mg;
32 µmol) inhalation, decreasedmarginally by 4−11% and0-7%, respectively;BMPΔ9-

THC Css,avg and Css,max, after daily Δ9-THC (10mg; 32 µmol) 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 Δ9-THC consumption. Insets show data
truncated to 6 h. Δ9-THC: 1 nM=;0.314 ng/mL; 11-OH-THC: 1 nM=0.330 ng/mL.
Source data are provided as a Source Data file.

Table 2 | m-f-PBPK Model Predicted Dose-Normalized Steady-State Total and Unbound Δ9-THC and 11-OH-THC Maternal (or
Non-pregnant) Plasma, Umbilical Venous Plasma and Fetal BrainConcentrations at 15, 25, and 40GWof Pregnancy after Daily
Inhalation Cannabis Use

Inhalation

Δ9-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 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 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 NA 0.68 0.46 0.35 NA 5.08 4.00 3.16

Fetal Brain/UVP Css,avgR 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 NA 0.24 0.16 0.12 NA 0.81 0.64 0.51

Fetal Brain/UVP Css,avg,uR 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

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 con-
centration; Css,max: maximum steady-state concentration; Css,max,u: unboundmaximum steady-state concentration; Css,avgR: ratio of average steady-state concentration; Css,avg,uR: ratio of unbound
average steady-state concentration; Δ9-THC: 1 nM = 0.314ng/mL; 11-OH-THC: 1 nM = 0.330ng/mL.
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that of Blackard et al. (0.24 ±0.15; n = 10)16. Based on the measured
fraction unbound of Δ9-THC in adult NP plasma (fu,p = 0.011) and in
fetal plasma (fu,p,fetus = 0.0071), we estimated Δ9-THC UVP/MP
Css,avg,uR to be <0.4 (Supplementary Table 1). The values of Δ9-THC
fraction unbound (MP fu,p of 0.013, CV = 50%,n = 18; fu,p,fetus of 0.0072,
CV = 88%, n = 18) in our in vivo T3 samples were virtually identical to
those listed above. These values were not used in our m-f-PBPKmodel
to keep our predictions prospective, i.e., not dependent on the
observed T1/T2/T3 values. Even if the observed values had been used,
our predictions would be similar. Collectively, these data suggest that
fetal exposure to these cannabinoids (total and unbound) is lower than
their corresponding maternal exposure because of influx transport at
the basal membrane of the syncytiotrophoblast and fetal liver meta-
bolism. Furthermore, the high degree of plasma protein binding of the
cannabinoids will further reduce fetal brain exposure to the unbound
cannabinoids provided they are not actively transported into the brain
(for further discussion please see below).

The observed Δ9-THC fetal brain/MP values in T1 and T2, were
0.50±0.18 and 0.45 ± 0.28, respectively (Table 1). This similarity for T1
and T2 is not surprising as the mean difference between T1 and T2
gestational age was only 5 weeks (Supplementary Table 2). The human
fetal blood-brain barrier (BBB) develops between GW 8-1817 and the
fetal BBB P-glycoprotein protein expression is maximum in the 3rd

trimester18. However, Δ9-THC/11-OH-THC and COOH-THC do not
appear to be substrates of human P-glycoprotein (P-gp)19,20. Instead,
Δ9-THC, a lipophilic compound, seems to cross the BBB by

transcellular diffusion. Assuming passive diffusion (and no efflux) of
Δ9-THCacross the BBB, the steady-state unbound fetal brain interstitial
fluid:fetal plasma concentration should theoretically be 1.0. Due to the
likely significant binding of Δ9-THC to fetal brain tissue, the Δ9-THC
total steady-state fetal brain concentration will be much greater than
its corresponding unbound fetal brain concentration. The observed
totalΔ9-THCconcentrations in theMP (0.45–51 nM),UVP (0.13–14 nM),
and fetal brain (1.0–18 nM), across all gestational ages (Supplementary
Tables 3 and 4), and its corresponding unbound concentrations were
considerably below those previously tested in in vitro (2–15 µM)11,21 and
in mouse (dose: 3–5mg/kg Δ9-THC)10,11,21 fetal toxicity studies. While
the mouse toxicity studies did not measure fetal brain Δ9-THC con-
centrations, we can estimate them because another study measured
~40 nmol/kg (equivalent to nM if brain tissue density is assumed to be
1 g/mL) in fetal brain 2 h after 3mg/kg Δ9-THC was dosed sub-
cutaneously to mice22. Yet another study measured ~460 nmol/kg in
fetal brain 15min after 5mg/kg was dosed subcutaneously to rats23.

The cannabinoid UVP/MP and fetal brain/MP values presented
above are only snapshots values which are time-dependent and do not
represent the steady-state Δ9-THC tissue exposure (e.g., Css,max or
Css,avg). Since in vivomeasurements of., Css,max or Css,avg is not possible,
prediction by m-f-PBPK modeling is one method to estimate them.
This is what we did after our Δ9-THC/11-OH-THC PBPK model was
verified for theNPpopulation (Supplementary Table 7, Supplementary
Figs. 1–3). Since maternal exposure drives fetal exposure to drugs, we
first predicted the former.

Table 3 | m-f-PBPK Model Predicted Dose-Normalized Steady-State Total and Unbound Δ9-THC and 11-OH-THC Maternal (or
Non-pregnant) Plasma, Umbilical Venous Plasma and Fetal BrainConcentrations at 15, 25, and 40GWof Pregnancy after Daily
Oral Cannabis Use

Oral

Δ9-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 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 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 NA 0.66 0.46 0.33 NA 5.08 4.00 3.16

Fetal Brain/UVP Css,avgR 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 NA 0.23 0.16 0.12 NA 0.81 0.64 0.51

Fetal Brain/UVP Css,avg,uR 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 con-
centration; Css,max: maximum steady-state concentration; Css,max,u: unboundmaximum steady-state concentration; Css,avgR: ratio of average steady-state concentration; Css,avg,uR: ratio of unbound
average steady-state concentration; Δ9-THC: 1 nM = 0.314ng/mL; 11-OH-THC: 1 nM = 0.330ng/mL.
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When comparedwith theNP adults, pregnancy andprogression in
gestational age modestly reduced maternal exposure to Δ9-THC. The
reduction in the MP Css,avg was greater after oral Δ9-THC (28%) vs.
inhalational Δ9-THC (11%) consumption (Tables 2 and 3, Fig. 4). This is
not surprising as Δ9-THC’s hepatic clearance (due to its high hepatic
extraction) is blood-flow limited. Hepatic blood flow appears not to
change during pregnancy24,25. Therefore, its hepatic clearance of Δ9-
THC is not expected to change after inhalational consumption. In
contrast, the Δ9-THC MP Css,avg after oral Δ9-THC consumption was
affected to a greater extent because Δ9-THC’s oral clearance is
dependent on metabolic clearance rather than hepatic blood flow.
And, during pregnancy CYP2C9 is induced, the enzyme primarily
responsible for hepatic clearance of Δ9-THC26,27. Although hepatic (and
not intestinal) CYP3A4 enzyme is induced during pregnancy, it is a
significant contributor to only intestinal (but not hepatic) Δ9-THC
metabolism28. We could not estimate the effect of pregnancy-induced
enzyme induction on thematernal exposure of 11-OH-THC because we
did not have estimates of the fraction of 11-OH-THC metabolized via
various pathways. The above predictions need to be verified when the
pharmacokinetics of the cannabinoids are characterized in pregnant
people.

Next, we determined if our observed Δ9-THC UVP/MP and fetal
tissue/MP values were well predicted by our m-f-PBPK model. The
predicted values were for sampling times greater than 12 h post-
consumption when these values are expected to be relatively constant
andwhenmost of our samples were obtained. The values are expected

to be constant because at these times distributional equilibrium
between plasma and tissue Δ9-THC concentrations should be (and is)
achieved (Fig. 3, Supplementary Fig. 4). Each of the predicted T2 fetal
tissue/MP values as well as the predicted T3 UVP/MP fell within the
acceptance range (Fig. 3). That is, ourm-f-PBPKmodelwas successfully
verified within the possible time-frame of sampling. The correspond-
ing 11-OH-THC predictions could not be verified because these con-
centrations could not be quantified in any of the fetal samples except
for oneUVP and fetal brain sample and only a few fetal liver and kidney
samples (Supplementary Table 3 and 5).

As the unbound fetal UVP (and systemic) exposure is determined
by the unbound MP Δ9-THC exposure, the reduction in fetal (UVP)
Css,avg,u with increasing gestational age reflected the corresponding
decrease in MP Δ9-THC Css,avg,u (Tables 2 and 3). At the same time, the
predicted ratios (e.g., UVP/MP Css,avg,uR) decreased with GW (Table 1)
due to the increase in fetalmetabolic CL ofΔ9-THCwith GW.Of note, it
is important to recognize that the UVP and the fetal circulatingΔ9-THC
concentrations are not the same. As expected, the m-f-PBPK model
predicted UVP steady-state concentrations were slightly greater than
the corresponding fetal central venous (or arterial) Δ9-THC con-
centrations. This is because the majority (~65%) of UV blood draining
theplacenta is shunted to the fetal liver12 (the rest empties into the fetal
central vein) where the cannabinoids are metabolized during the first-
pass through the fetal liver. This difference between fetal central vein/
artery vs UVP concentrations was lesser for 11-OH-THC (only 4 – 6%),
because its first-pass fetal liver metabolism was lesser. Here, for

Fig. 5 | m-f-PBPK model predicted gestational age-dependent changes in Δ9-
THC/11-OH-THC umbilical venous plasma (UVP) and fetal brain concentration-
time profiles after dailymaternal inhalation (10mg; 32 µmol) or oral (10mg; 32
µmol) consumption of Δ9-THC. The maximum Δ9-THC and 11-OH-THC exposure
(Css,avg andCss,max) in the (A,C) UVP and (B,D) fetal brain waspredicted tobe 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 h. Δ9-
THC: 1 nM = 0.314 ng/mL; 11-OH-THC: 1 nM = 0.330 ng/mL. Source data are pro-
vided as a Source Data file.
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simplicity, we have assumed that the different fetal plasma (UVP,
central vein, central artery) steady-state concentrations are the same
to allow comparison with the observed UVP/MP data. The Δ9-THC and
11-OH-THC UVP/MP Css,avg,uR is determined by the extent of intrinsic
placental passive diffusion (CLint,PD), intrinsic placental transport
clearance (CLint,T) and intrinsic fetal hepatic clearance (CLint,fh) (Eq. 1).

UVP Css,avg,u

MP Css,avg,u
=

CLint,PD
� �

CLint,T +2 � CLint, f h +CLint, PD
� � ð1Þ

All these clearance values change with gestational age (Supple-
mentary Table 1). But, as indicated earlier (Supplementary Table 1), the
ratio of CLint,PD and CLint,T remained the same. Consequently, the
predicted decrease in cannabinoid UVP/MP Css,avg,uR with GWwas due
to the increase in fetal liver metabolic CL and not placental transfer CL
of the cannabinoids (Tables 2 and 3).

Assuming that both Δ9-THC and 11-OH-THC passively diffuse
across the fetal BBB, the steady-state unbound fetal brain cannabinoid
concentrations should equal the corresponding unbound fetal carotid
arterial concentrations. Basedon these assumptions, and in agreement
with our observed data (Table 1), the predicted fetal brain/UVP
Css,avg,uR or fetal brain/UVP Css,avgR were mostly unchanged by GW
(Tables 2 and 3). However, the fetal brain steady-state (total and

unbound) THC concentrations, including the Css,max were much lower
after oral vs. inhalation consumption (i.e., for the same dose). These
lower concentrations could potentially result in lower fetal toxicity
while still producing the pharmacological effects desired by pregnant
people (e.g., alleviation of nausea). The previously observed effects of
Δ9-THC on neurotoxicity in vitro (at 2 – 15 µM Δ9-THC)11,21 may not be
observed if re-conducted at the much lower predicted unbound fetal
brain concentrations for either 10mg (32 µmol) inhalation or oral Δ9-
THC dose. Of note, accumulation of Δ9-THC and 11-OH-THC in the MP,
UVP, and fetal brain, at steady-state, for once daily consumption vs.
single dose consumption was minimal (<1.07) (Supplementary Fig. 5).
From these data, assuming linear pharmacokinetics, the Css,max and
Css,avg of Δ9-THC and 11-OH-THC in the UVP and fetal brain can be
computed for any Δ9-THC dose (for once-a-day consumption) as they
will be proportional to the dose (Fig. 6). Also, our m-f-PBPKmodel can
be used to predict these concentrations for a different frequency of
consumption.

Our study has some limitations. First, we did not have definitive
information on dose, timing, and frequency of cannabis consumption
because our study enrolled pregnant individuals who were already
using cannabis (an opportunistic study). Second, we had only a single
data point of cannabinoid exposure in each participant. Nevertheless,
these single concentration ratio data points were interpretable
because, at the times observed, they are/should be independent of the

Fig. 6 | m-f-PBPK model predicted dose-dependent average (Css,avg) and max-
imum (Css,max) steady-state Δ9-THC and 11-OH-THC concentration in umbilical
venous plasma (UVP) and fetal brain after dailymaternal inhalation (10mg) or
oral (10mg) Δ9-THC consumption at gestational week 15. A/B At the inhalation
Δ9-THCdose (10mg; 32 µmol), the predictedUVPCss,avg &Cmaxwere 2.5 &95 nMΔ9-
THC and 2.1 & 13 nM 11-OH-THC and for the fetal brain these were 3.7 & 88nM Δ9-

THC and 7.0 & 40nM 11-OH-THC, respectively. C/D At the typical oral Δ9-THC dose
(10mg; 32 µmol), the predictedUVPCss,avg &Css,maxwere0.49& 2.8 nMΔ9-THC and
2.6 & 12 nM 11-OH-THC. For the fetal brain these were 0.73 & 3.9 nMΔ9-THC and 8.9
& 38nM 11-OH-THC, respectively. Insets show the 11-OH-THC predicted con-
centrations. Δ9-THC: 1 nM = 0.314 ng/mL; 11-OH-THC: 1 nM = 0.330ng/mL. Source
data are provided as a Source Data file.
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dose, timing, and frequency of cannabis use. Understandably, the fetal
brain concentrations were not verifiable past T2. Though the myeli-
nation of fetal neurons may increase as the brain matures, since Δ9-
THC/11-OH-THC are lipophilicmolecules, this will affect their total, but
not the unbound brain concentrations; the latter are pharmacologi-
cally relevant. Third, our m-f-PBPK model could not be verified for 11-
OH-THC, as it was not quantifiable in the majority of in vivo samples.
Fourth, we could not predict fetal exposure at <GW15 because we lack
physiological data at these GW. When these data are available, such
predictions would be important for understanding the impact of
cannabis use during a period of rapid brain growth. Lastly, it is possible
that constituents of the cannabis plant (e.g., cannabidiol, cannabinol)
other than Δ9-THC/11-OH-THC or other Δ9-THC metabolites (e.g.,
COOH-THC, 8-OH-THC) contribute to the neurodevelopmental toxi-
city of cannabis.

In conclusion, we have quantified for the first timeΔ9-THC, 11-OH-
THC, and COOH-THC concentrations in MP, UVP, fetal brain, and
placenta tissue in a large cohort of T1, T2 and T3 pregnant people.
Moreover, this is the first time a m-f-PBPK Δ9-THC model has been
employed and verifiedwith respect to fetal tissue exposure toΔ9-THC/
11-OH-THC after regular cannabis consumption. Our observations and
model predictions showed that, throughout gestation, Δ9-THC fetal
UVP and fetal brain exposure was lower than that in the MP, but, such
exposure was greatest at GW15. This lower exposure was due to influx
transport at the basal membrane of the syncytiotrophoblast and fetal
liver metabolism of Δ9-THC. This reduced fetal exposure has the
potential to limit neurodevelopmental toxicity from cannabinoid
exposure. As randomized clinical trials in pregnant women to deter-
mine fetal outcomes are not ethical, future fetal toxicity studies
(in vitro or in animals) should be conducted to replicate our predicted
unbound fetal UVP and fetal brain Δ9-THC/11-OH-THC concentrations
at the typical doses consumed by pregnant people. In addition, our m-
f-PBPK model could be used to predict fetal exposure for different
frequency (anddose) after oralor inhalational consumptionofΔ9-THC.

Methods
Chemicals and reagents
Ethylenediaminetetraacetic acid (EDTA), d3-11-OH-THC, and d3-
COOH-THC were purchased from Sigma-Aldrich (St. Louis, MO). Δ9-
THC, 11-OH-THC, COOH-THC, and d3-Δ9-THC were purchased from
Cayman Chemicals (Ann Arbor, MI). Ethyl acetate, hexanes, acetoni-
trile, sodium phosphate, sucrose, acetic acid (LC-MS/MS grade), for-
mic acid (liquid chromatography-mass spectrometry (LC-MS/MS)
grade), LC glass inserts, LC pre-split snap caps, silanized glass culture
tubes, and polycarbonate ultracentrifuge tubes were purchased from
Fisher Scientific (Hampton, NH).

In vivo study design and procedures
Each study was approved by the respective institutional review board
(University of Washington IRB STUDY00008126; Colorado Multiple
IRB 19-1757) and performed in accordance with ethical and legal
guidelines. Paired fetal and maternal samples were collected from
pregnant individuals with known cannabis use. Based on duration of
gestation, the samples were divided into two arms. The first arm was a
T1 and T2 pregnancy termination study done at the University of
Washington while the second was a T3 (termor close to term) delivery
study done at the University of Colorado. T1 was defined as up to 11 6/
7 GW and T2 was defined as 12 0/7 through 27 6/7GW, with GW con-
firmed by a combination of ultrasound and fetal foot length
measurement29,30. All collected T2 samples were less than 21 weeks
gestation. T3 was defined as > 28 0/7 GW as measured by ultrasound.
Informedwritten consent was obtained from each participant, prior to
the study procedures. In addition, all enrolled participants completed
a survey on reproductive health history, substance use during preg-
nancy, anddemographics. Regarding theuseof cannabis, the collected

information was: 1) route of last use (oral or inhalation); 2) amount
consumed during the last use; 3) time since the last use; 4) frequency
of use during pregnancy. Participants were compensated $40 for
completing the survey (T1/T2 only) or $100 for enrollment, the pre-
natal visit, and the blood draw at delivery (T3 only).

In the T1/T2 termination study, the eligibility criteria were: 1)
pregnant individual, 18 years of age or older, seeking termination who
had already consented to a termination procedure via dilation and
curettage (D&C) or dilation and evacuation (D&E); 2) able to speak and
read English; 3) ultrasound-confirmed intrauterine pregnancy; 4)
ultrasound dating-determined gestational age of 8–24 weeks; 5) have
used, within 48 h of pregnancy termination, Δ9-THC-containing can-
nabis via either oral ingestion or smoking; 6) have not used, during
pregnancy, other recreational substances (cocaine, benzodiazepines,
opiates, heroin, amphetamines/methamphetamines, or other sub-
stances of abuse). A urine toxicology test was administered on the day
of theprocedure to verify cannabis use and absenceof other substance
use. Prior to the termination procedure, participants routinely
received intravenous (IV) sedatives (e.g., propofol), opioids (e.g., fen-
tanyl), and benzodiazepines (e.g., midazolam). At the time of termi-
nation, where possible,maternal blood (5mL in EDTA tubes), maternal
urine, placenta, fetal liver, fetal kidney, and fetal brain tissues were
collected. Because of the procedures used for termination, umbilical
venous blood could not be collected. MPwas separated fromblood by
centrifugation and immediately stored at 4°C in 1mL aliquots. MP,
placenta and fetal tissues were collected and transported on ice to the
University of Washington. Fetal tissues (liver, kidney, and brain) were
identified visually and separated within 3 h of collection by an
experienced technologist. Placental tissue was divided into 3 specific
regions while keeping the villi intact (near umbilical cord, medial, and
periphery). Upon identification and separation, the tissues were flash
frozen within 1 h of dissection and then immediately stored at −80 °C.

In the T3 delivery study, the eligibility criteria were: 1) pregnant
individual, 18–45 years of age; 2) gestational age > 16 weeks as deter-
mined by last menstrual period and/or early ultrasound; 3) able to
speak and read English or Spanish; 4) singleton fetus; 5) current and
ongoinguseofΔ9-THC-containing cannabis; 6) duringpregnancy, have
not used other recreational drugs (heroin, inhalants, crack, cocaine,
alcohol, methamphetamine, hallucinogens, prescription pain relie-
vers, or other drugs of abuse); 7) not positive for coronavirus disease
(COVID) at delivery (for safety of study personnel during the pan-
demic). Per obstetrical clinical policy, verbal screening for prenatal
cannabis use was conducted at the first prenatal visit, at 26-28 weeks
gestation, and at delivery/hospitalization. Participants, upon dis-
closure of perinatal cannabis use, were counseled regarding prenatal
cannabis use-associated risks and were recommended to decrease or
cease cannabis use as part of standardized obstetrical practice. At the
delivery time,maternal (5mL) and umbilical venous blood (3mL) were
simultaneously (or < 30min of one another) collected in EDTA tubes.
The samples were processed and stored identically to the T1/T2 study.
Decidua was removed from the placenta tissue and the remaining
tissue was divided into 3 specific regions while keeping the villi intact
(~10 g each; near umbilical cord, medial, and periphery). Within 1 h of
delivery, the tissue was rinsed with saline, flash frozen and stored at
-80 °C. Samples were shipped to the University of Washington frozen
on dry ice.

Sample processing and bioanalyses
Tissue samples (100–1000mg)were homogenizedwith a Bead Ruptor
Homogenizer (Omni International, Kennesaw, GA) in buffer (1:4 w/v)
containing 10mM EDTA, 50mM potassium phosphate buffer (KPi),
and 20mM sucrose. In 20mL silanized glass culture tubes, 1mL of
tissue homogenate or plasma was spiked in the following order, with
10μL of acetonitrile containing 2μM internal standard (d3-Δ9-THC, d3-
11-OH-THC, and d3-COOHTHC), 100μL of 1.68% formic acid in water,
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and 5mL of 5:1 hexane:ethyl acetate. The mixture was then agitated
vigorously for 30min on a shaker. Following centrifugation at 200 × g
for 10min at room temperature, the organic supernatant (~5mL) was
transferred to a second silanized glass culture tube and evaporated
under nitrogen (40 °C). The residue was reconstituted in 100 µL acet-
onitrile and vortexed for 20 seconds. The sample was then transferred
to a LC glass insert and stored at -20 °C with a sealed cap until analysis
by LC-MS/MS. Fetal and placenta tissue samples were used for sample
analyses in their entirety or are being used for further analyses and
therefore cannot be made available.

Δ9-THC and 11-OH-THC fu,p,fetus was measured in trimester 3 UVP
samples, as previously described26. In brief, blank UVP spiked with
500 nM Δ9-THC or 11-OH-THC, yielded an fu,p,fetus value of 0.0071 and
0.0067, respectively, as measured by ultracentrifugation (Supple-
mentary Table 1). Similarly, fu,p of these cannabinoids in the T3 UVP
and MP was also measured.

Cannabinoid concentrations in plasma and tissue samples were
quantified on an Acquity ultra-performance liquid chromatography
(UPLC) system (Waters Corporation, Milford, MA) coupled with a
Waters XevoTripleQuadrupole XS in APCImode (WatersCorporation,
Milford, MA). Ten µL of the processed samples were injected on an
Acquity UPLC ethylene bridged hybrid (BEH) C18 column (1.7μM
2.1 × 50mm) attached to a BEH C18 5mm guard column (Waters Cor-
poration, Milford, MA) for chromatographic separation. The column
was eluted with amobile phase (0.3mL/min), consisting of 0.2% acetic
acid in acetonitrile and 0.2% acetic acid in water (see Supplementary
Table 9 for the gradient conditions). TargetLynx v4.2 (Waters Cor-
poration, Milford, MA) was used to integrate the chromatographic
peaks. Blank human plasma and placenta/fetal tissues, spiked at can-
nabinoid concentrations of 0.05–10 nM, were used as calibrators and
processed as per the unknown samples. Quality control samples at 0.1,
1, 10 nM concentrations werewithin ± 20% of the expected values. The
lower limit of quantification (LLOQ, defined by a signal to noise ratio
> 10), for Δ9-THC, 11-OH-THC, COOH-THC inMP, UVP, fetal kidney and
fetal brain was 0.05, 0.5, and 0.5 nM, respectively and in placenta and
fetal liver was 0.1, 1, and 1 nM, respectively. Samples with concentra-
tions above the highest calibrator concentration were diluted to
ensure that they fell within the calibration range.

M-f-PBPK modeling and simulations
In summary, (details listed in Fig. 1), model input values for IV Δ9-THC
distribution and elimination kinetics in NP adults were first optimized
using a training dataset31 and then verified (criteria listed below) with
two independent datasets32,33. Following this verification, the systemic
disposition kinetics of Δ9-THC were keep constant and the absorption
kinetics were optimized following inhalation and oral consumption
using the respective training dataset (Inhalation31; Oral34). The
absorption kinetics were then verified using independent datasets
(Inhalation35; Oral36,37). The fraction of Δ9-THC metabolized by each
enzyme, determined in vitro (Supplementary Table 1), was confirmed
as follows. Δ9-THC exposure in individuals with CYP2C9 genetic poly-
morphism or in the presence of drug-drug interactions (DDIs) was
predicted and compared to the observed values (verification criteria
listed below)38–40. The verified parameters from these simulations were
input into our previously developed m-f-PBPK model41 (MATLAB
Simulink R2023a) refined by Shum et al. 15. This m-f-PBPK model has
been developed and verified to predict fetal drug exposure of drugs
that cross the placenta passively or by active transport12–15. The model
also incorporates gestational age-dependent maternal and fetal phy-
siological parameters12,13,42,43 (e.g., magnitude of induction of maternal
hepatic CYP enzymes43). This m-f-PBPK model is composed of a full
maternal PBPK model with a compartment for each individual organ
and a truncated fetal PBPK model with a compartment for each tissue
of interest (brain, liver, kidney, intestine) and a lumped compartment
that encompasses all the remaining fetal organs. Our MATLAB-based

m-f-PBPK model was utilized in place of Simcyp, as the latter does not
have the ability to predict fetal tissue concentrations of metabolites
and predicting 11-OH-THC fetal brain exposure was important for this
study. To ensure that the models were identical between the two
software packages, the NP simulations (initially conducted in Simcyp)
were verified in MATLAB. We needed to utilize the Simcyp model for
theNP simulations asourMATLABmodelwas not built to predictDDIs.
The population demographics (age, sex distribution, number of par-
ticipants) and dosing regimen (dose amount, dosing time, route of
consumption) for the PBPK model predictions were kept identical to
those in the corresponding in vivo study. Unfortunately, we lacked the
relevant kinetic data to predict COOH-THC exposure with either the
NP or the m-f-PBPK model. However, since COOH-THC is not psy-
choactive, it is less likely to be involved in fetal neurotoxicity.

Non-pregnant PBPK model. The absorption, distribution and elim-
ination kinetics and physicochemical properties for both Δ9-THC and
11-OH-THC were either derived from the literature, estimated by us, or
predicted in silico (Supplementary Table 1). Kp,tissue was estimated by
two different methods: 1) liver, kidney, and brain Kp was optimized to
recapitulate the in vivo observed Kp,tissue in human postmortem
tissue44–48; 2) the Rodgers and Rowland method was used for tissues
where postmortem tissue data were not available. We found that Δ9-
THC exposure, following IV Δ9-THC administration only, was sensitive
to the Kp of adipose, muscle, and skin and 11-OH-THC exposure was
sensitive to the Kp of muscle. Accordingly, these Kp values, for which
the cannabinoid concentrations were sensitive, were optimized using
the training datasets (listed above) to recapitulate the observed
concentration-time profiles following IV Δ9-THC dosing. Δ9-THC
hepatic intrinsic clearance (CLint) was estimated through a middle-out
approach49 by using the IV training dataset31. Briefly, using the dis-
persionCLmodel,Δ9-THCCLint was back-calculated. Then, the CLint by
each CYP isoform was estimated based on the measured fraction
metabolized (fm). If the in vitro Michaelis-Menten constant (Km)

26 was
available, the maximum rate of metabolism (Vmax) was also estimated.
The hepatic clearance of 11-OH-THC was estimated using the Δ9-THC
oral training dataset34 by recapitulating the observed 11-OH-THC
AUCinf. For both inhalation and oral consumption of Δ9-THC, a first
order absorption model was utilized. The rate of absorption (ka) fol-
lowing inhalation consumption was optimized using the inhalational
trainingdataset31 and the fraction absorbed (fa)was estimated fromthe
in vivo AUCinhalation/AUCIV. The fa following oral consumption was
estimated using the in vivo observed AUCinf,fasted/AUCinf,fed with the
assumption that fa wouldbe 1 in the fed state (high-fat diet). The ka and
fraction unbound in the gut (fu,gut) were both optimized using the oral
Δ9-THC training dataset34. All parameter optimization (Kp, ka, fu,gut) was
conducted by comparing the predicted vs observed concentrations
from the above training datasets using weighted least squares.

M-f-PBPK model. The model41 was built to predict maternal and fetal
exposure to cannabinoids between GW 15-40. Making predictions for
T1 fetal exposure <GW15 was not possible due to lack of fetal phy-
siological data for those ages. Fetal Δ9-THC/11-OH-THC exposure is
driven by several factors: 1) their maternal exposure which in turn is
driven by their maternal bioavailability and disposition; 2) their extent
of distribution across the placenta, determined by their active trans-
port and/or passive diffusion plus placental metabolism; 3) their
extent of fetal metabolism (likely by fetal hepatic metabolism). To
successfully predict the absolute fetal cannabinoid exposure for a
givendoseand route of consumptionbypregnant individuals, all these
disposition parameters need to be estimated (as described below) and
incorporated into our m-f-PBPK model.

By conducting Δ9-THC/11-OH-THC depletion studies in micro-
somes derived from human adult liver, intestine, lung, placenta (of
different gestational ages), and fetal livers (T2), we have
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experimentally determined the metabolic disposition parameters of
the cannabinoids. Δ9-THC is almost completely metabolized in the
adult liver by hepatic CYP2C9 (mostly to 11-OH-THC)26, with some
contribution by CYP3A.We assumed that, during the second and third
trimesters, hepatic CYP3A was induced 1.99-fold28,50. From in vivo
observed steady-state unbound phenytoin (primarily metabolized in
the liver via CYP2C9) concentration across GW27, hepatic CYP2C9
inductionwasestimated tobe (1.09, 1.16, 1.29, and 1.31-fold at 15, 25, 38,
and 40GW, respectively). Δ9-THC is not metabolized in the placenta
but is metabolized in the fetal liver by CYP3A751. 11-OH-THC is meta-
bolized in the adult liver by CYP3A, CYP2C9 and uridine 5’-diphospho-
glucuronosyltransferases (UGTs) and in the fetal liver by CYP3A726,51.
Although 11-OH-THC is metabolized by the cytosolic alcohol dehy-
drogenase, aldehyde oxidase and aldehyde dehydrogenase the frac-
tion metabolized via each of these pathways is unknown52. CLint,fh was
estimated using the product of our previously measured CLint,fh (Δ9-
THC: 77.1mL/min/g liver; 11-OH-THC: 11.3mL/min/g liver)51 and the
fetal liver weight across gestational age (4.98, 33.0, 112, and 129 g at 15,
25, 38, and 40GW, respectively)12. Based on previous studies, wemade
an assumption that CYP3A7 was entirely responsible for the fetal liver
metabolism of the cannabinoids51. CYP3A7 abundance (per gram of
liver) does not change with gestational age53.

We have previously quantified thatΔ9-THC (but not 11-OH-THC) is
effluxed in the fetal-maternal direction across the placenta19. We have
shown that this transport is by a transporter(s) other than P-gp or
Breast Cancer Resistance Protein (BCRP), efflux transporters that are
highly expressed in the human placenta54,55. The location of this
unknown transporter(s) could be either on the basal or the apical
membrane of the syncytiotrophoblast19. CLint,PD at term (GW40) was
estimated using the previously measured19, paired, unbound human
placental cotyledon clearances (CLu,cotyledon) of Δ9-THC, 11-OH-THC,
and midazolam, along with the in vivo observed midazolam CLint,PD
(Eq. 2)

CLint, PD,THC or 11�OH�THC =
CLu, cotyledon,THC or 11�OH�THC

CLu, cotyledon,midazolam
� CLint, PD,midazolam ð2Þ

where midazolam CLint,PD is 500 L/h13 and CLu,cotyledon,11-OH-THC/
CLu,cotyledon,midazolam is 0.397, yielding a CLint,PD,11-OH-THC of 199 L/h
(Supplementary Table 1). When Δ9-THC placental transport was
attributed to efflux at the apical membrane of the syncytiotropho-
blast (apical efflux transport) the Δ9-THC UVP (at GW38) and fetal
tissue (at GW15) exposure was overpredicted (Supplementary
Fig. 4). However, the T3 (GW38) UVP/MP and T2 (GW15) fetal tissue/
MP concentrations were well-recapitulated when Δ9-THC transport
was attributed to an influx transporter at the basal membrane of the
syncytiotrophoblast (Supplementary Fig. 4). Therefore, we
assumed that the observed placenta transport of Δ9-THC was due
to basal influx transporter(s). Hence, Eq. 2 yielded CLint,PD,THC of
247 L/h (Supplementary Table 1). Passive diffusion of Δ9-THC was
scaled to earlier gestation based on change in placental weight with
GW (assuming that surface area for diffusion changes in proportion
with placental weight).

Term (GW40) Δ9-THC CLint,T was estimated using the previously
calculated fraction transported (ft) from placental perfusion data19.
The estimated CLint,T,THC was 420 L/h based on a projected ft by basal
influx transporter(s)of0.63 (SupplementaryTable 1).We assumed that
at earlier GW, the abundance of this unknown Δ9-THC transporter also
changed inproportion to placental weight (i.e., theΔ9-THC ft remained
the same at all GW).

Using our m-f-PBPK model, populated with the above Δ9-THC/
11-OH-THC parameters, we predicted Δ9-THC/11-OH-THC con-
centrations in MP, UVP, fetal liver, fetal kidney, and fetal brain at
GW 15, 25, 38, and 40 weeks. Predictions weremade following once
daily cannabis use since 95% of T2 participants reported cannabis

use at least once per day and 77% of T3 participants reported
cannabis use at least every other day. For these simulations, an
inhalation and oral dose of 10mg Δ9-THC was chosen based on a
common consumer dose. While the average inhalation dose
reported by the in vivo study participants was ~1 gram of cannabis
plant (see below; ~100mg Δ9-THC assuming 10% Δ9-THC), due to
the design of the study, verification was not possible of actual
product content, combusted weight, number of puffs, frequency,
or time over which the cannabis was consumed. Since this 100mg
dose is higher than what is typically used, we chose a lower average
dose and dose-range for simulations (10mg, dose range 5–40mg)
for both inhalation and oral Δ9-THC consumption. We also com-
puted the dose-normalized values for extrapolation to
other doses.

The product ofmeasured unbound fractions (in NP plasma as well
as an independent set of UVP; Supplementary Table 1) and the pre-
dicted total concentrations in MP and UVP was used to calculated
unbound concentrations. The fup of the cannabinoids was assumed to
be constant across gestational age. We made the assumption that
unbound fetal brain concentrations were equivalent to unbound fetal
carotid artery concentrations (see discussion above). We could not
predict placenta concentrations as we did not have an accurate esti-
mate (predicted or measured) of the fraction of cannabinoids
unbound in the placenta tissue (fu,placenta) as this fraction, when mea-
sured, can be confounded by the significant amount (unknown) of
blood contained within the placenta.

Model verification. Predictions from the model were evaluated by
comparing the predicted drug exposure with the observed in vivo
data (NP: AUCinf and Cmax; pregnancy: UVP/MP and fetal tissue/MP
concentration ratios at steady-state). If the predicted exposure was
within the 99.998% geometric confidence interval (determined
based on variability)56 of the observed exposure value, the model
was considered verified. The interstudy variability15 across three
independent studies was used for verification of the NP model fol-
lowing IV and oral dosing (IV31–33 Oral34,36,37). Since inter-study
variability is impossible to compute from just two data sets, for
verification of the NP model following inhalation dosing, we used
the interindividual variability from the most data-rich study31. The
interindividual variability observed within our in vivo data was also
used for verification of them-f-PBPKmodel. The observed T1 and T2
fetal tissue concentrations included the cannabinoids contained in
the residual bloodwithin the tissues, however the correspondingm-
f-PBPK model predicted these concentrations that are devoid of
blood. Thus, using the previously estimated residual blood volume
contained within these tissues in neonates [i.e., brain (4.0%), kidney
(8.5%), and liver (30%)57; values for fetus are not available] we added
the predicted blood concentrations to the predicted fetal tissue
concentrations for comparison of the predicted and observed fetal
tissue/MP values. The acceptance range of the Δ9-THC AUCinfR and
CmaxR, with and without the DDI or genetic polymorphism was
determined based on themagnitude of the effect38–40 and the in vivo
observed intraindividual variability37,58. The observed NP
concentration-time profiles were obtained by digitization using the
WebPlotDigitizer (version 4.6, https://apps.automeris.io/wpd/) or
the published individual concentration-time data. For the in vivo
data, all AUCinf calculations were estimated using Phoenix Win-
Nonlin version 8.3.4.

Statistical analysis
For T1, T2, and T3 studies, a pairwise comparison of MP to UVP, pla-
centa, and fetal tissue for each participant was conducted using the
two-tailed, Wilcoxon signed rank test with p < 0.05 as statistically sig-
nificant. All statistical tests were conducted in GraphPad Prism
version 8.0.2.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this
published article, its supplementary information, and source data files.
All tissue samples were either used in their entirety for sample analysis
or are being used for further analyses and therefore cannot be made
available. Source data are provided with this paper.

Code availability
The code used for theMATLABm-f-PBPKmodel has been deposited at
https://doi.org/10.5281/zenodo.1402776041. The model equations for
maternal-fetal transfer and fetal disposition have been previously
published12.
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