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Abstract

Pregnancy-related hormones (PRH) have emerged as key regulators of hepatic cytochrome P450 

(CYP) enzyme expression and function. The impact of PRH on protein levels of CYP3A4 and 

other key CYP enzymes, and the metabolism of nifedipine (a CYP3A4 substrate commonly 

prescribed during pregnancy), was evaluated in primary human hepatocytes. Sandwich-cultured 

human hepatocytes (SCHH) from female donors were exposed to PRH (estradiol, estriol, estetrol, 

progesterone, and cortisol), individually or in combination as a cocktail. Absolute protein 

concentrations of twelve CYP isoforms in SCHH membrane fractions were quantified by nanoLC-

MS/MS, and metabolism of nifedipine to dehydronifedipine in SCHH was evaluated. PRH 

significantly increased CYP3A4 protein concentrations and nifedipine metabolism to 

dehydronifedipine in a concentration-dependent manner. CYP3A4 mRNA levels in hepatocyte-

derived exosomes positively correlated with CYP3A4 protein levels and dehydronifedipine 

formation in SCHH. PRH also increased CYP2B6, CYP2C8 and CYP2A6 levels. Our findings 

demonstrate that PRH increase nifedipine metabolism in SCHH by inducing CYP3A4 expression 

and alter expression of other key CYP proteins in an isoform-specific manner, and suggest that 

hepatocyte-derived exosomes warrant further investigation as biomarkers of hepatic CYP3A4 
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metabolism. Together, these results offer mechanistic insight into the increases in nifedipine 

metabolism and clearance observed in pregnant women.
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Introduction

Approximately 80% of pregnant women in the U.S. take at least one medication (1). 

Although extensive physiological and biochemical changes occur during pregnancy that can 

alter the pharmacokinetics (PK) and effects of drugs, most drugs used in obstetric patients 

lack dosing information specific to this vulnerable population (2–4). More precise dosing 

recommendations in pregnancy are lacking, in large part, because the key mechanistic 

factors that alter hepatic drug disposition in pregnant women remain poorly understood.

Studies in pregnant rodents have illustrated marked gestational changes in hepatic 

cytochrome P450 (CYP) expression (5–7). Based on the known role of steroids in nuclear 

receptor regulation of CYPs (8), pregnancy-related hormones (PRH) have been hypothesized 

as a central mechanism underlying these effects (9,10). Numerous hormones including 

estrogens, progesterone (P4) and cortisol (CRT) increase progressively during pregnancy 

and then decrease post-partum (11–14). Critical early work by several groups established 

that PRH significantly alter mRNA levels of certain CYP isoforms and the metabolism of 

probe substrates in cultured human hepatocytes (9,11,13,15–17). Notably, 17β-estradiol (E2) 

and P4 increased CYP2B6 mRNA levels, as well as S-mephenytoin and bupropion 

metabolism, by activating nuclear receptor-dependent transcription (11,15,16). Additionally, 

E2, P4, and CRT induced CYP3A4 and CYP3A5 mRNA levels and midazolam metabolism 

in human hepatocytes (11,13,17). However, major gaps in this line of research remain and 

require rigorous study. Notably, although absolute protein quantification of CYPs provides 

more precise insight into functional alterations than mRNA levels (18), the impact of PRH 

on protein concentrations of key CYPs in human hepatocytes has not been quantified and 

compared. In addition, although CYP3A4 is the most clinically important drug metabolizing 

enzyme that metabolizes >25% of FDA approved drugs (19), the impact of PRH on the 

hepatic metabolism of clinically relevant CYP3A4 substrates prescribed during pregnancy 

has not been studied.

Hypertensive disorders of pregnancy (HDP), the most common chronic medical condition in 

pregnancy (20,21), are a clinically relevant example where PRH effects on drug metabolism 

need to be considered. Uncontrolled blood pressure is a major contributor to maternal and 

fetal morbidity and mortality, and increases the risk of adverse pregnancy outcomes (20,22). 

Thus, blood pressure control through treatment with antihypertensive drugs is critical to 

maternal and fetal health. Nifedipine, a CYP3A4 substrate, is one of the most commonly 

prescribed antihypertensive drugs during pregnancy (23,24). The systemic clearance of 

nifedipine has been reported to significantly increase throughout pregnancy, leading to lower 

drug exposure, frequent treatment failures, and the need for higher doses and/or more 
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frequent dosing to control blood pressure (24–26). Although physiologically-based 

pharmacokinetic (PBPK) modeling suggests that these changes are mediated in large part by 

increases in hepatic CYP3A4-mediated intrinsic clearance (27–29), the impact of PRH on 

nifedipine metabolism in human hepatocytes has not been studied. Furthermore, while 

hepatocyte-derived exosomes have demonstrated promise as sensitive biomarkers of liver 

injury (30,31), the potential utility of exosomes as biomarkers of pregnancy hormone-evoked 

changes in hepatic CYP3A4 expression and nifedipine metabolism has not been explored.

The primary objectives of this study were to quantify and compare the impact of PRH on 1) 

the protein concentrations of CYP3A4 and other key CYP enzymes, and 2) CYP3A4-

mediated metabolism of nifedipine in sandwich-cultured human hepatocytes (SCHH). A 

secondary objective was to initially evaluate whether CYP3A4 mRNA levels in hepatocyte-

derived exosomes correlate with PRH-induced changes in CYP3A4 expression and function 

in SCHH.

Materials and Methods

Chemicals and Reagents.

All reagents were obtained from ThermoFisher Scientific (Waltham, MA) unless otherwise 

indicated. Dimethyl sulfoxide (DMSO), rifampin, 6-(4-Chlorophenyl) Imidazo [2,1-b][1,3] 

Thiazole-5-Carbaldehyde o-(3,4-dichlorobenzyl) Oxime (CITCO), nifedipine, E2, estriol 

(E3), estetrol (E4), P4 and CRT were purchased from Sigma-Aldrich (St. Louis, MO). Stock 

solutions of each treatment were prepared in DMSO. Biocoat™ Collagen I Coated 

Multiwell Plates and Matrigel® matrix were obtained from Corning (Bedford, MA). 

Dehydronifedipine and dehydronifedipine-d6 analytical standards were purchased from 

Toronto Research Chemicals (Toronto, ON, Canada). Analytical standards were prepared in 

methanol.

Sandwich-Cultured Human Hepatocytes (SCHH).

Cryopreserved primary human hepatocytes from adult female donors of reproductive age 

(18–49 years, as defined by the World Health Organization) were obtained from Xenotech 

(Kansas City, KS) and Life Technologies (Carlsbad, CA). The donor characteristics are 

described in Supplemental Table 1. Hepatocytes were plated and cultured as SCHH at 37°C 

in 5% CO2, as described (32). Briefly, on day 0, hepatocytes were thawed in Hepatocyte 

Thaw Medium (Life Technologies, Carlsbad, CA) and then plated in QualGro™ Seeding 

Medium for Human Hepatocytes (BioIVT, Durham, NC) on Corning Biocoat™ Collagen I 

Multiwell Plates (0.5 million cells/well in 24-well plates for RNA and metabolism studies; 1 

million cells/well in 12-well plates for quantitative proteomics studies).

On day 1, hepatocytes were overlaid with Corning Matrigel® Basement Membrane Matrix 

in QualGro™ Culture Medium for Human Hepatocytes (BioIVT, Durham, NC) to yield 

SCHH. From day 2, SCHH were maintained in QualGro™ Induction Medium for Human 

Hepatocytes (BioIVT, Durham, NC) and treated exogenously for 72 h with either PRH, 

known activators (positive controls) of the nuclear receptors pregnane X receptor (PXR: 
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rifampin, 10 μM) and constitutive androstane receptor (CAR: CITCO, 1 μM), or vehicle 

(negative) control (0.1% DMSO).

During the 72 h exposure period, PRH (E2, E3, E4, P4 and CRT) were administered either in 

combination as a cocktail (CKTL) to mimic increased exposure to multiple hormones in 

pregnancy, or individually to discern the effects of each hormone on the expression of 

distinct CYP isoforms relative to controls and the CKTL. It is well established that E2 and 

P4 undergo rapid metabolism in cultured human hepatocytes (half-life of approximately 1–2 

h); in contrast, CRT is minimally depleted (11,17). Further, plasma PRH exhibit a range of 

concentrations in vivo; for example, total P4 and CRT plasma concentrations are 

approximately 10-fold higher than E2 (13,14,17,33). Accordingly, repeated dosing every 6–

12 h with approximately 1μM of E2 and CRT, and 10μM of P4, has been reported to yield 

average hormone exposures in cultured hepatocytes that mimic total third trimester (T3) 

plasma concentrations in vivo (13,16,17). Thus, in order to elucidate concentration-

dependent effects, the individual hormones and CKTL were administered at two 

concentrations (1 μM and 10 μM) in our experimental model, and the commercial 

hepatocyte induction media supplemented with hormones was applied and then replenished 

at 8, 24, 32, 48, and 56 h to sustain hormone exposure over the 72 h induction period. On 

day 5, SCHH were either harvested for mRNA or membrane-associated protein isolation, or 

incubated with drug substrate for metabolism experiments.

RNA Isolation and Quantitative PCR.

Following the 72 h induction period, total RNA was isolated from SCHH (donors HU1880, 

HC3–26, and HC3–40) using the RNeasy Miniprep Kit (Qiagen, Valencia, CA), and reverse 

transcribed to cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA) according to the manufacturer’s instructions. Expression of 

key CYP isoforms was quantified by quantitative real-time PCR using the Applied 

Biosystems QuantStudio(™) 6 Flex System and Taqman® gene expression assays 

(CYP3A4: Hs00604506_m1, CYP3A5: Hs02511768_s1, CYP3A7: Hs02511627_s1, 

CYP2B6: Hs04183483_g1, CYP2C8: Hs02383390_s1, and GAPDH: Hs02758991_g1). All 

reactions were performed in duplicate with 10 ng of cDNA and 2x Taqman Universal PCR 

Master Mix (Applied Biosystems) in a 20 μl reaction volume. Cycling conditions included 

initial denaturation at 95°C for 20 seconds, followed by 40 cycles of 95°C for 1 second, and 

60°C for 20 seconds. CYP mRNA levels were normalized to GAPDH and the DMSO-

treated controls using the 2−ΔΔCt method, as described (34).

Membrane-Associated Protein Isolation and Quantitative Targeted Absolute Proteomics 
(QTAP).

Following the 72 h induction period, membrane-associated protein was isolated from SCHH 

(donors HU1880 and HC3–26) using the ProteoExtract® Native Membrane Protein 

Extraction Kit (EMD Millipore, Billerica, MA) with a modified extraction procedure, as 

described (35). Briefly, SCHH (1 million cells/well) were lysed in 750 μL of Extraction 

Buffer I, incubated with gentle shaking at 4 °C for 10 min, and then centrifuged at 16,000 × 

g for 15 min to fractionate soluble (cytosolic) proteins. The resulting cell pellets were 

suspended in 100 μL of Extraction Buffer II, frozen at −80°C for 30 min, and then thawed 
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and incubated on ice for 15 min with gentle mixing by vortex every 5 min. After 

centrifugation at 16,000 × g for 15 min at 4°C, membrane-associated proteins were 

collected, quantified using the Bio-Rad Protein Assay Kit II (Hercules, CA), and stored at 

−80°C until proteomic analysis.

Membrane-associated protein (30 μg) from each sample was digested with trypsin for 16 h, 

following denaturation, reduction and alkylation, as described (35,36). Sample clean-up was 

completed by solid phase extraction. Analysis of 0.12 μg equivalent of the resulting peptides 

for CYP3A4, CYP3A5, and ten additional CYP isoforms (CYP1A2, CYP2A6, CYP2B6, 

CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, CYP2J2, and CYP4F2) was performed 

by nanoLC-MS/MS on a nanoAcquity (Waters, Milford, MA) coupled to a SCIEX QTRAP 

5500 hybrid mass spectrometer (Framingham, MA) equipped with a NanoSpray III source, 

as previously described (35). Briefly, peptides were eluted from the trap column and 

separated at a flow rate of 1.3 μL/min on a BEH130 C18 column (150 μm × 100 mm, 1.7 μm 

particle size; Waters, Milford, MA) with 1% acetonitrile in 0.1% formic acid (mobile phase 

A) and 100% acetonitrile (mobile phase B) under gradient conditions. The MS/MS analysis 

was conducted in the positive mode with ion spray voltage at 4000. Heavy labeled peptides 

were used to quantify CYP protein concentrations, as described (35).

Nifedipine Metabolism and LC-MS/MS.

Following the 72 h induction period, SCHH (donors HU1880, HC3–26 and HU8284) were 

washed with William’s E Medium twice, and then incubated with William’s E Medium 

containing an enzyme-saturating concentration of nifedipine (100 μM) for 1 h at 37°C (37). 

Co-administration experiments with ketoconazole (5 μM), an established CYP3A inhibitor, 

were performed to define the contribution of CYP3A to PRH and rifampin-evoked changes 

in nifedipine metabolism. After the 1 h incubation period, SCHH lysates (in 70% methanol) 

and incubation media were harvested and stored at −80°C prior to quantification of 

dehydronifedipine, the major metabolite of nifedipine, by liquid chromatography tandem-

mass spectrometry (LC-MS/MS). In a pilot experiment, dehydronifedipine was quantified in 

both cell lysates and media. The mean concentration of dehydronifedipine in SCHH cell 

lysate (<10 ng/well) was substantially lower than in media (>175 ng/well) and constituted a 

minor fraction (<5%) of total metabolite formed. Thus, dehydronifedipine metabolite 

concentrations were quantified solely in media in the subsequent experiments.

Media samples (25 μL) underwent protein precipitation with 150 μL of methanol containing 

the stable isotope-labeled internal standard dehydronifedipine-d6. Samples were mixed by 

vortexing and centrifuged, and 25 μL of the supernatant was mixed with 150 μL of water 

prior to quantification of dehydronifedipine concentration by LC-MS/MS. Chromatographic 

separation of analytes was achieved on a Waters Atlantis T3 (50×2.1mm, 3μm particle size) 

analytical column with 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in 

acetonitrile (mobile phase B) under gradient conditions. The analyte and internal standard 

were detected on an Applied Biosystems SCIEX API 5000 triple quadrupole mass 

spectrometer using TurboIonSpray in the positive ionization mode. The lower limit of 

quantification for dehydronifedipine was 2.0 ng/mL. Precision and accuracy of the 

calibration standards and quality control samples were within 20%.
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Hepatocyte-Derived Exosome Enrichment and Exosomal CYP3A4 mRNA Levels.

Exosomes are nanosized (<150 nm) extracellular vesicles that are found in several body 

fluids, loaded with molecules such as RNA and protein, and secreted by various cell types 

including hepatocytes (38). Since hepatocyte-derived exosomes have demonstrated potential 

utility as biomarkers of liver injury (30,31), and have garnered attention as potential 

biomarkers of hepatic drug metabolism (39), we sought to initially evaluate whether 

exosomal CYP3A4 mRNA levels were quantifiable and correlated with CYP3A4 expression 

and function in SCHH. In a subset of our experiments, exosomes released into SCHH 

culture media were enriched, as described (40,41). Briefly, SCHH media was collected at the 

8, 24, 32, 48, 56 and 72 h time points during the induction period. The collected media from 

replicate wells of each experimental group were combined into a single sample, and 

immediately centrifuged at 3000 × g for 15 min at 4°C to remove dead cells and cell debris. 

The supernatant was filtered under gravity through 0.45 μm Titan3™ Cellulose Acetate 

Syringe Filters (Fisher Scientific, Hampton, NH) at 4°C, and stored at 4°C until the 72 h 

time point. Due to the small amount of exosome yield, filtered media from all six time-

points within each experimental group were combined into a single pooled sample, and then 

centrifuged for 3 h at 45,000 rpm (208,000 × g) at 4°C. The resulting supernatant was 

discarded and exosome pellets were resuspended in 700 μL QIAzol® Lysis Reagent and 

subjected to RNA extraction using miRNeasy Mini Kit (Qiagen, Valencia, CA) following the 

manufacturer’s protocol. Our preliminary studies confirmed exosome RNA yields of 0.5–1 

μg in SCHH media samples collected and pooled over the 72 h treatment period, which 

provided sufficient RNA for reverse transcription to cDNA and assessment of CYP3A4 and 

GAPDH mRNA levels by quantitative PCR as described in the RNA Isolation and 

Quantitative PCR section above. The only exception was that CYP3A4 reactions were run 

with 50 ng of cDNA due to the lower abundance of CYP3A4 mRNA levels in hepatocyte-

derived exosomes compared to lysed hepatocytes.

Data Analysis.

Data are presented as mean ± standard error of the mean (SEM), and expressed relative to 

the DMSO (negative) control group, unless otherwise indicated. Data were log-transformed 

prior to statistical analyses. The relative and concentration-dependent effects of PRH 

(individually, and in combination as a CKTL) on CYP mRNA and protein levels, and 

nifedipine metabolism, were compared using a one-way ANOVA followed by a Fisher’s 

LSD post-hoc test to evaluate inter-group differences. Data analysis was conducted within 

each hepatocyte donor, and the corresponding mean value within each donor was carried 

forward into analyses that combined data across donors. Pearson correlation analyses were 

conducted to quantify the relationship between CYP mRNA levels, CYP protein levels, and 

dehydronifedipine formation. Analyses were performed using Prism 8.3 (GraphPad 

Software, La Jolla, CA) and SAS-JMP Pro 14 (SAS Institute, Cary, NC). P-values <0.05 

were considered statistically significant. The research data used in preparation of the 

manuscript are available on reasonable request to the corresponding author.
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Results

Pregnancy-Related Hormones Increase mRNA Levels of CYP3A4 and Other Key CYP 
Isoforms in SCHH.

Consistent with prior studies demonstrating CYP induction in response to PRH in human 

hepatocytes (11,13,17), the PRH CKTL significantly increased CYP3A4 mRNA levels in 

SCHH (Fig. 1A). The PRH CKTL also significantly increased CYP2B6 and CYP2C8 
mRNA levels (Fig. 1B, 1C). These effects were concentration-dependent, driven 

predominantly by E2, P4 and CRT, and mirrored the effects of the CAR and PXR activators, 

CITCO and rifampin, respectively. The PRH-induced effects on CYP mRNA levels 

exhibited significant positive correlations with CYP3A4, CYP2B6 and CYP2C8 protein 

levels in SCHH membrane fractions (Fig. 1D, 1E, 1F). In contrast to the substantial 

induction of CYP3A4, mRNA levels of CYP3A5 and CYP3A7 were modestly induced by 

the PRH CKTL (Suppl. Fig. 1A, 1B). As expected, basal mRNA levels of the fetal CYP3A7 
isoform were markedly lower than that of CYP3A4, and CYP3A5 mRNA levels varied 

across hepatocyte donors (Suppl. Fig. 1C).

Pregnancy-Related Hormones Increase CYP3A4, but not CYP3A5, Protein Concentrations 
in SCHH.

We quantified and compared the effect of PRH on CYP3A4 and CYP3A5 absolute protein 

concentrations in SCHH from two hepatocyte donors (Fig. 2). Quantifying protein 

concentrations revealed differences in basal CYP3A4 concentrations between hepatocyte 

donors HU1880 and HC3–26 (Fig. 2A). Moreover, CYP3A5 protein concentrations were 

markedly higher in donor HU1880 compared to donor HC3–26 (Fig. 2B), which 

corroborated the donor-specific differences observed in CYP3A5 mRNA levels (Suppl. Fig. 

1C) and indicated that donor HU1880 is a CYP3A5 expressor.

The PRH CKTL significantly increased protein levels of CYP3A4 in donor HU1880 in a 

concentration-dependent manner and yielded similar effects in donor HC3–26 (Fig. 2A). In 

contrast, the PRH CKTL did not increase CYP3A5 protein concentrations in either donor 

(Fig. 2B). Assessment of the average effect across both donors demonstrated that PRHs 

increase CYP3A4 protein levels to a greater degree than CYP3A5 (Fig. 2C, 2D). CYP3A4 

induction by the PRH CKTL appeared to be driven in large part by E2, which increased 

CYP3A4 protein concentrations in both donors and mirrored the induction effects of CITCO 

and rifampin (Fig. 2C, Suppl. Fig. 2A). CYP3A4 protein concentrations were also increased 

by P4 and CRT, although the magnitude of these effects was less than that of E2 and 

appeared to vary across donors (Fig. 2C, Suppl. Fig. 2A).

Pregnancy-Related Hormones Increase CYP3A4-Mediated Nifedipine Metabolism in SCHH.

Due to the significant effects of PRH on CYP3A4 protein levels, we also assessed the impact 

of PRH on the metabolism of nifedipine, a CYP3A4 substrate commonly prescribed during 

pregnancy. Rifampin significantly increased nifedipine metabolism in each hepatocyte donor 

(Fig. 3). The PRH CKTL significantly increased dehydronifedipine formation compared to 

vehicle control in a concentration-dependent manner in donor HU1880 (1 μM: 1.40±0.03 

and 10 μM: 2.70±0.07-fold; Fig. 3A), HC3–26 (1 μM: 1.65±0.12 and 10 μM: 4.70±0.59-
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fold; Fig. 3B), and HU8284 (1 μM: 1.15±0.04 and 10 μM: 1.90±0.31-fold; Fig. 3C). The 

average PRH CKTL (1 and 10 μM)-evoked increase in nifedipine metabolism across 

hepatocyte donors was 1.39±0.15 (1 μM) and 3.10±0.84-fold (10 μM), respectively 

(ANOVA P<0.001).

Evaluation of individual PRH effects in donors HU1880 and HC3–26 revealed that 

nifedipine metabolism was significantly increased by E2, P4 and CRT in both donors (Fig. 

3A, 3B). In donor HU1880, E2 and P4 increased dehydronifedipine formation in a 

concentration-dependent manner; the effects of CRT were not concentration-dependent (Fig. 

3A). In donor HC3–26, E2, P4 and CRT significantly increased nifedipine metabolism at the 

high concentration only (Fig. 3B). In both donors, co-administration of ketoconazole, a 

CYP3A inhibitor, abolished the PRH CKTL and rifampin-evoked increases in nifedipine 

metabolism. Further, changes in CYP3A4 mRNA levels (r=0.726, p<0.001) and in CYP3A4 

protein concentrations (Fig. 3D; r=0.920, p<0.001) positively and significantly correlated 

with dehydronifedipine formation, demonstrating that the PRH-induced increases in 

nifedipine metabolism were mediated by increased CYP3A4 expression.

Exosomal CYP3A4 mRNA Levels Correlate with PRH-Evoked Changes in CYP3A4 
Expression and Function in SCHH.

Given the lack of circulating biomarkers of pregnancy-evoked changes in hepatic CYP 

expression and function, we also explored whether CYP3A4 mRNA levels in SCHH-derived 

exosomes were quantifiable and correlated with the PRH-evoked changes in CYP3A4 

expression and function in SCHH. Abundance of CYP3A4 mRNA levels in SCHH-derived 

exosomes was quantifiable, but substantially lower than in SCHH. The PRH CKTL and 

rifampin increased exosome CYP3A4 mRNA levels compared to DMSO control in 

experiments conducted within hepatocyte donor HC3–26 (Fig. 4C); although, the observed 

differences across treatment groups were not statistically significant (ANOVA P=0.081). The 

observed PRH and rifampin-evoked changes in exosomal CYP3A4 mRNA levels, however, 

significantly correlated with changes in the intra-hepatocyte CYP3A4 expression and 

function phenotypes. A significant positive correlation was observed with hepatocyte 

CYP3A4 protein levels (r=0.762, P=0.004; Fig. 4A) and dehydronifedipine formation 

(r=0.816, P=0.001; Fig. 4B).

Pregnancy-Related Hormones Alter Expression of Other CYP Proteins in an Isoform-
Specific Manner.

The effect of PRH on absolute protein concentrations of ten additional CYP isoforms were 

quantified in SCHH and compared to the observed changes in CYP3A4/5 expression. Most 

notably, the PRH CKTL significantly increased protein levels of CYP2B6 and CYP2C8 in 

donor HU1880 in a concentration-dependent manner and yielded similar effects in donor 

HC3–26 (Fig. 5A, 5B). Assessment of the average effect across both donors revealed that the 

PRH CKTL induced CYP2B6 protein levels to a greater degree than CYP2C8 (Fig. 5C, 5D), 

and to a similar magnitude as the PRH-evoked induction of CYP3A4 (Fig. 2C). These 

effects appeared to be driven in large part by E2, which increased protein concentrations of 

each isoform in both donors and mirrored the induction effects of CITCO and rifampin. 

While P4 also increased CYP2B6 protein concentrations, this effect was less than that of E2 
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and appeared to vary between the donors (Fig. 5C, Suppl. Fig. 2C). Although E3, E4, and 

CRT did not alter CYP2B6 concentrations in donor HU1880, these hormones appeared to 

modestly increase CYP2B6 in donor HC3–26 (Suppl. Fig. 2C). CYP2C8 protein 

concentration only appeared to be altered by E2 (Fig. 5D), although the high P4 

concentration appeared to modestly increase CYP2C8 in donor HU1880 (Suppl. Fig. 2D).

Quantifying protein concentrations of additional CYP isoforms revealed other PRH-evoked 

effects that varied across isoforms (Fig. 6, Supp. Fig. 3). The PRH CKTL also significantly 

increased CYP2A6 in both hepatocyte donors (Fig. 6A), and these effects appeared to be 

driven by E2 (Suppl. Fig. 3A). Although CYP2C9 was increased at the high CKTL 

concentration in donor HU1880, the effect was modest and no apparent effect was observed 

in donor HC3–26 (Fig. 6B, Suppl. Fig. 3B). In contrast to the observed induction of other 

CYP isoforms, CYP1A2 (Fig. 6C, Suppl. Fig. 3C) and CYP2J2 (Fig. 6D, Suppl. Fig. 3D) 

protein levels were decreased at the high PRH CKTL concentration in both donors. PRH did 

not alter CYP2C19, CYP2D6, CYP2E1, or CYP4F2 protein concentrations compared to 

vehicle control (Fig. 6E–6H, Suppl. Fig. 3E–H). Taken together, these results demonstrate 

that PRH altered CYP protein concentrations in SCHH in an isoform-specific manner, and 

that the largest changes occurred with CYP3A4 and CYP2B6.

Discussion

Growing evidence has implicated PRH as critical mediators of altered hepatic drug 

metabolizing enzyme expression and function during pregnancy (9,10). However, the impact 

of PRH on absolute protein concentrations of CYP3A4 and other key CYP isoforms in 

primary human hepatocytes, and the hepatic metabolism of clinically relevant CYP3A4 

substrates commonly prescribed during pregnancy, have not been evaluated. In the present 

investigation, we report for the first time that 1) PRH alter absolute protein concentrations of 

CYPs in human hepatocytes in an isoform-specific manner, and increase CYP3A4 and 

CYP2B6 protein levels to a greater degree than other CYP isoforms; 2) PRH significantly 

increase the hepatic metabolism of nifedipine, an antihypertensive drug commonly 

prescribed during pregnancy, by inducing CYP3A4 protein concentrations; and 3) that 

CYP3A4 exosomes positively correlate with hepatocyte CYP3A4 protein levels and 

function. Collectively, mRNA levels in hepatocyte-derived these findings offer mechanistic 

insight into the increased nifedipine clearance observed in pregnant women, provide direct 

experimental evidence for the increased hepatic CYP3A4-mediated clearance of nifedipine 

during pregnancy predicted by PBPK models (27–29), and suggest that hepatocyte-derived 

exosomes warrant further investigation as predictive biomarkers of hepatic CYP3A4 

expression and metabolism changes during pregnancy.

The PRH-evoked induction in CYP3A4 protein concentrations observed in our experiments 

was consistent with prior studies demonstrating significant PRH-induced increases in 

midazolam metabolism, a prototypical CYP3A substrate (11,13,17). Although CYP3A4 is 

the most clinically important drug metabolizing enzyme (19), the impact of PRH on the 

hepatic metabolism of CYP3A4 substrates prescribed during pregnancy has not been studied 

in vitro. The oral clearance of nifedipine, a CYP3A4 substrate commonly prescribed for 

HDP, increases approximately 2-fold during the third trimester, leading to lower drug 
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exposure, higher risk of treatment failure, and a need for higher doses or more frequent 

dosing to control blood pressure (24–26). A series of PBPK models (27–29) describe these 

effects and suggest that these changes are mediated in large part by increases in hepatic 

CYP3A4-mediated metabolic clearance. Our observation that PRH significantly increased 

nifedipine metabolism in SCHH in a concentration-dependent manner (1.4-fold to 3.1-fold, 

on average) provides experimental evidence in support of these predictions, and was 

comparable to the increased midazolam 1-hydroxylation conferred by PRH exposure in 

cultured hepatocytes described in prior studies (11,13,17).

Consistent with prior publications (11,13,17), PRH significantly increased CYP3A4 mRNA 

levels in SCHH to a greater extent than CYP3A5. However, the modest induction of 

CYP3A5 mRNA levels by the PRH CKTL did not translate into detectable changes in 

CYP3A5 protein levels. Since changes in CYP protein concentrations correlate more 

precisely with changes in metabolic function than mRNA levels (42), we investigated the 

impact of PRH on protein concentrations of multiple key CYP isoforms in SCHH using 

QTAP methods that simultaneously quantify multiple drug metabolizing enzymes (35). The 

results illustrated that the presence and magnitude of PRH-induced changes in CYP protein 

concentrations varied across isoforms. Most notably, PRH increased CYP3A4 and CYP2B6 

protein levels to a greater extent compared to other CYP isoforms. Future studies evaluating 

the effect of PRH on the hepatic metabolism of clinically relevant CYP2B6 substrates 

prescribed to obstetric patients, such as methadone (43), are warranted.

Given that PRH markedly increased protein concentrations of CYP3A4, but not CYP3A5, 

and that CYP3A4 protein levels strongly and significantly correlated with dehydronifedipine 

formation, our results suggest that PRH increase nifedipine metabolism by inducing 

CYP3A4 expression. Indeed, in recombinant systems, CYP3A4 intrinsic clearance of 

nifedipine was >20-fold and >60-fold higher than those of CYP3A5 and CYP3A7, 

respectively (44). Consistent with the predominant role of CYP3A4 in nifedipine 

metabolism, we observed similar PRH-evoked increases in nifedipine metabolism in 

hepatocyte donors with very high (HU1880) and low (HC3–26) CYP3A5 expression. 

Although CYP3A5 expressors exhibit higher nifedipine oral clearance in pregnant patients 

compared to non-expressers (45), our observation is in agreement with a recent publication 

suggesting that induction of CYP3A4 was likely the major contributor to PRH-evoked 

increases in total CYP3A activity during pregnancy (46). The impact of PRH on CYP3A5-

mediated metabolism warrants further study.

The PRH induction of CYP3A4 expression in SCHH was concentration-dependent and 

appeared to be driven in large part by E2, and to a lesser extent by CRT and P4. Although E2 

induces CYP3A4 mRNA levels and midazolam metabolism (11), prior studies have 

demonstrated that CRT is the most potent PRH inducer of CYP3A4 mRNA levels and 

midazolam metabolism in human hepatocytes and HepaRG cells (13,17,46). However, these 

prior studies used dexamethasone-free hepatocyte culture media. Thus, the lower magnitude 

of the CRT induction effect reported herein could potentially be explained by the presence of 

dexamethasone in the commercially purchased hepatocyte induction media used in our 

SCHH experiments. The observed PRH-evoked increase in CYP2B6 protein levels in our 

experiments was largely driven by E2, which was consistent with previous studies reporting 
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E2-mediated increases in CYP2B6 mRNA levels and CYP2B6-mediated metabolism of S-

mephenytoin and bupropion in human hepatocytes (10,11,15,16). Induction of CYP3A4 and 

CYP2B6 protein levels by the PRH CKTL was greater than the effects of the individual 

hormones, and mirrored the induction effects of the CAR and PXR activators, CITCO and 

rifampin, respectively. These results are consistent with prior studies demonstrating additive 

and synergistic effects of PRH combinations on the induction of CYP3A4 mRNA levels and 

midazolam metabolism (13). Moreover, E2, P4, and CRT are known to regulate gene 

expression through activation of multiple nuclear receptors including estrogen receptor (ER), 

CAR, PXR, and glucocorticoid receptor (16,46,47). Thus, cross-talk between and parallel 

activation of multiple nuclear receptors may have contributed to the observed combinatorial 

effects of PRH on CYP3A4 and CYP2B6 induction in human hepatocytes. Elucidating the 

underlying molecular mechanisms, however, requires further investigation.

Although not to the magnitude observed with CYP2B6 or CYP3A4, we also observed 

significant induction of CYP2C8 and CYP2A6 protein levels by PRH that was consistent 

with a previous study reporting E2 and P4 induction of CYP2C8 and CYP2A6 mRNA levels 

and CYP2A6-mediated coumarin metabolism (11). In contrast, the PRH CKTL decreased 

CYP1A2 protein levels in a concentration-dependent manner, which is consistent with 

previous reports of decreased hepatic CYP1A2 expression and metabolic function during 

pregnancy (29,48); this decrease appeared to be driven by P4 and parallel the effects of 

rifampin (Suppl. Fig. 3C). We also observed PRH suppression of CYP2J2 expression, which 

is the primary enzyme involved in astemizole O-demethylation and ebastine hydroxylation 

(49). Although the molecular mechanisms underlying these effects remain unclear and 

require further investigation, prior studies have reported that PXR activation inhibits 

transcriptional activity of aryl hydrocarbon receptor (AhR), which regulates CYP1A2 

expression, and E2 down-regulates CYP2J expression in an ER-dependent manner (50,51). 

Our results lay the foundation for future studies evaluating the effect of PRH on CYP2C8, 

CYP1A2 and CYP2J2 metabolism in SCHH, and the underlying mechanisms. Studies 

evaluating the impact of PRH on phase II enzyme and drug transporter protein 

concentrations in human hepatocytes, which have not been characterized to date, are 

underway.

Our results also illustrated variation in the presence of the effects of PRH on expression of 

certain CYP proteins across hepatocyte donors. For instance, the PRH CKTL increased 

CYP2C9 in donor HU1880; however, changes in CYP2C9 protein levels were not observed 

in donor HC3–26. In addition, our studies revealed inter-hepatocyte donor variation in the 

magnitude of the PRH induction effects on certain CYP proteins. Hepatocyte donor-to-donor 

differences in CYP induction by prototypical inducers and PRH has been previously 

reported (11,52); however, the underlying mechanisms remain unclear and require further 

study. It should be noted that although we quantified the impact of PRH on absolute CYP 

protein concentrations in human hepatocytes for the first time, our study is limited by the 

small number of hepatocyte donors investigated. Accordingly, while PRH did not alter 

CYP3A5, CYP2C19, CYP2D6, CYP2E1, or CYP4F2 protein levels in our studies, effects 

may occur in other donors. Moreover, we cannot rule out effects by other PRH not included 

in our experiments, such as placental growth hormone and placental lactogen, which that can 

alter CYP mRNA expression (53). Future studies quantifying and comparing PRH effects 
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across a larger number of hepatocyte donors, and a broader array of PRH and hormone 

combinations, are needed to more precisely elucidate these effects, the degree of inter-

patient variability in gestational CYP expression changes in vivo, and the underlying 

mechanisms. Our study lays an important foundation for these future experiments, which 

will be more feasible as improved sensitivity of QTAP methods allow higher throughput 

screening in smaller numbers of hepatocytes.

Hepatocyte-derived exosomes have demonstrated enormous potential as biomarkers of 

hepatotoxicity and more recently drug metabolism (31,39). Notably, exosome-derived 

CYP3A4 mRNA levels and CYP3A4 protein in human plasma were recently reported to 

correlate with rifampin-induced changes in midazolam clearance in healthy volunteers, 

suggesting exosome-derived CYP3A4 expression could be a promising “liquid biopsy” 

biomarker of hepatic CYP3A4 metabolism in vivo cultured hepatocytes (40), we quantified 

PRH-induced changes in exosome-derived (54). Using recently established methodology to 

enrich exosomes from CYP3A4 mRNA levels in order to evaluate the potential utility of 

hepatocyte-derived exosomes as biomarkers for CYP3A4 expression and function in SCHH. 

Although expressed at low levels, we observed that CYP3A4 mRNA was quantifiable in 

hepatocyte-derived exosomes and PRH and rifampin-evoked increases in exosome CYP3A4 
mRNA levels significantly correlated with changes in CYP3A4 protein levels and nifedipine 

metabolism in SCHH. Consistent with recently published studies (39,54), our initial results 

suggest that CYP3A4 mRNA levels in hepatocyte-derived exosomes should be further 

investigated as potential biomarkers of gestational changes in hepatic CYP3A4 expression 

and function.

Conclusions

In summary, this is the first study in primary human hepatocytes to report the impact of PRH 

on absolute concentrations of multiple CYP proteins and the metabolism of nifedipine, a 

CYP3A4 substrate commonly prescribed during pregnancy. PRH increased protein 

concentrations of CYP3A4 and CYP2B6 to the greatest extent among CYP isoforms 

studied, and significantly increased hepatic metabolism of nifedipine by inducing CYP3A4 

expression. These data provide mechanistic insight into the increased hepatic CYP3A4-

mediated clearance of nifedipine during pregnancy predicted by PBPK models (27–29), 

suggest that hepatocyte-derived exosomes offer promise as biomarkers of gestational 

changes in hepatic CYP3A4 metabolism, and offer the potential to inform more precise 

dosing recommendations in obstetric patients.
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Nonstandard Abbreviations

CAR constitutive androstane receptor

CITCO 6-(4-Chlorophenyl) Imidazo [2,1-b][1,3] Thiazole-5-Carbaldehyde 

o-(3,4-dichlorobenzyl) Oxime

CKTL cocktail

CRT cortisol

CYP cytochrome P450

DMSO dimethyl sulfoxide

E2 estradiol

E4 estetrol

E3 estriol

HDP hypertensive disorders of pregnancy

LC liquid chromatography

MS mass spectrometry

P4 progesterone

PBPK physiologically-based pharmacokinetic

PRH pregnancy-related hormones

PXR pregnane X receptor

QTAP quantitative targeted absolute proteomics

SCHH sandwich-cultured human hepatocytes
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Figure 1. Effect of pregnancy-related hormones on mRNA levels of key CYP isoforms in SCHH.
Human hepatocytes from three female donors (HU1880, HC3–26 and HC5–40) were 

exposed to hormones (E2, E3, E4, P4, CRT), either individually or in combination as a 

cocktail [CKTL] of all hormones, or controls (DMSO, CITCO, Rifampin [RIF]) for 72 h 

(n=2/group within each donor). (A) CYP3A4, (B) CYP2B6 and (C) CYP2C8 mRNA levels 

were quantified, normalized to GAPDH, expressed relative to vehicle (DMSO) control 

within each donor, and then combined for comparison across experimental groups (n=3 

donors/group; mean ± SEM; *p<0.05 vs. DMSO). Concentration-dependent effects were 

evaluated (open bar: 1 μM, solid bar: 10 μM; ^p<0.05 1 vs. 10 μM). (D-F) Correlation 

between CYP mRNA levels and protein concentrations quantified by QTAP in SCHH 

membrane-associated protein in donors HU1880 and HC3–26. Data points represent the 

mean fold-changes in expression for each treatment group, relative to DMSO, within each 

donor. The Pearson correlation coefficient (r) and corresponding p-values are provided.
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Figure 2. Effect of pregnancy-related hormones on protein concentrations of CYP3A4 and 
CYP3A5 in SCHH.
Following 72 h of hormone exposure, CYP3A4 and CYP3A5 protein concentrations were 

quantified by QTAP in SCHH membrane-associated protein isolated from two donors 

(HU1880, HC3–26). (A) CYP3A4 and (B) CYP3A5 absolute protein concentrations in the 

DMSO and hormone cocktail (CKTL) groups were compared separately in donor HU1880 

(mean ± SEM: n=3–4/group; *p<0.05 vs. DMSO, ^p<0.05 1 vs. 10 μM) and donor HC3–26 

(mean: n=2/group). (C) CYP3A4 and (D) CYP3A5 protein levels were expressed relative to 

vehicle (DMSO) within each donor, and then combined for comparison across experimental 

groups. The effect within donor HC3–26 (circles) and donor HU1880 (squares) is 

represented by the individual data points. Open circles and squares represent 1 μM CKTL. 

Solid circles and squares represent 10 μM CKTL and 10 μM for the individual hormones. 

Comparison of PRH effects within each donor are provided in Supplemental Figure 2.
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Figure 3. Effect of pregnancy-related hormones on nifedipine metabolism in SCHH.
Following 72 h of hormone exposure, SCHH from three donors (HU1880, HC3–26, 

HU8284) were incubated with nifedipine (100 μM) for 60 min. Dehydronifedipine 

formation was quantified and compared across treatment groups in (A) donor HU1880 

(n=4–7/group), (B) donor HC3–26 (n=3–8/group), and (C) donor HU8284 (n=3/group). 

Data are calculated as fold-change in metabolite formation relative to DMSO (*p<0.05 vs. 

DMSO). Concentration-dependent effects were evaluated (open bar: 1 μM, solid bar: 10 μM; 

^p<0.05 1 vs. 10 μM). Ketoconazole co-administration (+KTZ, 5 μM) was included in the 

hormone cocktail (CKTL) and rifampin (RIF) treated groups (n=1/group in each donor) to 

confirm CYP3A-mediated effects. Since the KTZ rescue experiment was conducted in a 

single well (n=1), the observed value is presented without error bars. N.D., experimental 

group not studied. (D) Correlation between dehydronifedipine formation and CYP3A4 

protein levels in donors HU1880 and HC3–26. Data points represent the mean fold-change 

of each treatment group, relative to DMSO, within each donor. The Pearson correlation 

coefficient (r) and corresponding p-value are provided.
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Figure 4. Correlation between hepatocyte-derived exosome CYP3A4 mRNA levels and CYP3A4 
expression and metabolism in SCHH.
Hepatocyte-derived exosomes were enriched from SCHH culture media collected during a 

subset of hormone exposure experiments conducted in donors HC3–26 and HU1880. 

CYP3A4 mRNA levels in enriched exosomes were quantified by RT-PCR, normalized to 

GAPDH, and expressed relative to vehicle (DMSO) control. Correlation between exosome 

CYP3A4 mRNA levels and (A) CYP3A4 protein expression in SCHH membrane fractions 

or (B) dehydronifedipine formation in SCHH media. Data points represent the mean fold-

change of each treatment group, relative to DMSO, within each donor. The Pearson 

correlation coefficient (r) and corresponding p-value are provided. (C) CYP3A4 mRNA 

levels in enriched exosomes from DMSO, CKTL (1 μM [open bar] and 10 μM [closed bar]), 

and RIF (10 μM) treated SCHH in donor HC3–26 (n=4–7/group).
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Figure 5. Effect of pregnancy-related hormones on protein concentrations of CYP2B6 and 
CYP2C8 in SCHH.
Following 72 h of hormone exposure, CYP2B6 and CYP2C8 protein concentrations were 

quantified by QTAP in SCHH membrane-associated protein isolated from two donors 

(HU1880, HC3–26). (A) CYP2B6 and (B) CYP2C8 absolute protein concentrations in the 

DMSO and hormone cocktail (CKTL) groups were compared separately in donor HU1880 

(mean ± SEM: n=3–4/group; *p<0.05 vs. DMSO, ^p<0.05 1 vs. 10 μM) and donor HC3–26 

(mean: n=2/group). (C) CYP2B6 and (D) CYP2C8 protein levels were expressed relative to 

vehicle (DMSO) within each donor, and then combined for comparison across experimental 

groups. The effect within donor HC3–26 (circles) and donor HU1880 (squares) is 

represented by the individual data points. Open circles and squares represent 1 μM CKTL. 

Solid circles and squares represent 10 μM CKTL and 10 μM for the individual hormones. 

Comparison of PRH effects within each donor are provided in Supplemental Figure 2.
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Figure 6. Effect of pregnancy-related hormones on protein concentrations of other key CYP 
isoforms in SCHH.
Following 72 h of hormone exposure, protein concentrations of eight additional CYP 

isoforms (A: CYP2A6, B: CYP2C9, C: CYP1A2, D: CYP2J2, E: CYP2C19, F: CYP2D6, 

G: CYP2E1, H: CYP4F2) were quantified by QTAP in SCHH membrane-associated 

proteins isolated from two donors (HU1880, HC3–26). Absolute protein concentrations in 

the DMSO and hormone CKTL groups were compared separately in donor HU1880 (mean 

± SEM: n=3–4/group; *p<0.05 vs. DMSO, ^p<0.05 1 vs. 10 μM) and donor HC3–26 (mean: 

n=2/group).
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