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Abstract

1. In the intestines, the nuclear receptors Fxr and Pxr regulate the transcription of 

metabolizing enzymes and transporters that dictate the absorption of nutrients and 

xenobiotics.

2. Here, we sought to determine whether Fxr and Pxr signaling pathways are disrupted in 

response to high circulating concentrations of steroid hormones late in pregnancy 

leading to altered transporter expression. To test this, ileum were collected from virgin 

and pregnant C57BL/6 mice on gestation days 14, 17 and 19.

3. Ileum from pregnant mice exhibited suppression of Fgf15 and Cyp3a11 mRNAs, 

which are the prototypical target genes for Fxr and Pxr, respectively. An overall 

reduction in the expression of apical efflux transporters, including Mdr1, Mrp2 and 

Bcrp, was observed in pregnant mice. To assess the ability of steroid hormones to alter 

intestinal nuclear receptor signaling, transporter mRNA expression was quantified in 

intestinal LS174T adenocarcinoma cells. In vitro data demonstrated that progestins 

reduced CYP3A4, MDR1 and MRP2 mRNA expression by 30 to 40%.

4. These data suggest that progesterone may act as a mediator to negatively regulate 

efflux transporter expression in the mouse ileum during pregnancy possibly by 

reducing Pxr/PXR signaling. This may affect drug absorption and disposition during 

pregnancy.
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Introduction

The small intestine represents the interface where nutrients are absorbed into the body. 

Importantly, intestinal absorption can be a rate-limiting step for the uptake of orally-ingested 

chemicals and drugs. Several efflux transporters are located on the apical surface of 

enterocytes and can decrease xenobiotic bioavailability. These transporters include the 

multidrug resistance transporter, human MDR1/mouse Mdr1a (Rost et al. 2002; Ujhazy et 

al. 2001), the multidrug resistance-associated protein, MRP2/Mrp2 (Mottino et al. 2000; 

Rost et al. 2002), and the breast cancer resistance protein, BCRP/Bcrp (Jonker et al. 2002; 

Maliepaard et al. 2001). These transporters export a wide range of substrates and can reduce 

the amount of a chemical that reaches the systemic circulation. Additional intestinal 

transporters, including MRP3/Mrp3 (Mutch et al. 2004; Rost et al. 2002; Scheffer et al. 

2002) and the organic solute transporter heterodimer, OST/Ostα/β (Dawson et al. 2005; Rao 

et al. 2008), are tasked with secreting endogenous and exogenous compounds from the 

enterocyte into the portal circulation, where they then travel to the liver.

It has been reported that gastrointestinal motility is reduced in women with advancing 

gestation, leading to an increase in gastric residence time and prolonged opportunity for the 

uptake of nutrients (Parry et al. 1970). This adaptation has also been observed in pregnant 

mice, pseudopregnant mice, and male rats treated with progesterone, suggesting that, similar 

to humans, this hormone plays a key regulatory role (Datta et al. 1974; Liu et al. 2002; Wald 

et al. 1981; Wald et al. 1982). Prior studies have demonstrated the ability of steroid 

hormones to specifically influence hepatic drug metabolizing enzyme and transporter 

expression (reviewed in Jeong 2010). In the third trimester of pregnancy, estradiol and 

progesterone reach peak concentrations of 0.1 and 1 μM (Jeong 2010), respectively. 

Recently, levels of progesterone metabolites were detected in healthy pregnant women at 

concentrations of 5–7 μM (non-pregnant value 0.08 μM) (Abu-Hayyeh et al. 2010; Abu-

Hayyeh et al. 2013). While the effect of these hormones on metabolism and transport in the 

liver has been studied extensively in vivo and in vitro, little data exists regarding their impact 

in the intestine. Further, the ethical concerns and limited availability of tissues from pregnant 

women necessitate the use of a combination of in vivo and in vitro techniques to answer 

questions regarding metabolic changes in this special population.

The farnesoid X receptor (FXR/Fxr) and pregnane X receptor (PXR/Pxr) regulate bile acid 

homeostasis, in addition to genes that are responsible for the metabolism and excretion of 

xenobiotics. Both nuclear receptors are highly expressed in the liver and small intestine, and 

respond directly or indirectly to hormone exposure. In the ileum, Fxr induces the expression 

of the fibroblast growth factor 15 (Fgf15), small heterodimer partner (Shp) and intestinal 

bile acid binding protein (I-babp), important factors that regulate bile acid trafficking and 

synthesis (Inagaki et al. 2005; Oelkers and Dawson 1995). Fxr also controls bile acid efflux 

into the portal circulation through direct transactivation of the Ostα/β genes (Frankenberg et 

al. 2006; Landrier et al. 2006). Pxr has many target genes involved in endobiotic and 

xenobiotic disposition, including the human Cytochrome P450 (CYP) 3A4/mouse Cyp3a11. 

In addition to Cyp3a11, Pxr can regulate the expression of apical and basolateral efflux 

transporters in the small intestine, including Mdr1, Mrp2/3, and Bcrp (Jigorel et al. 2006; 
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Martin et al. 2008). Alterations to both the intestinal Fxr and Pxr signaling pathways during 

pregnancy may have critical implications for bile acid and xenobiotic disposition.

The LS174T cell line has been gaining use as an in vitro human intestinal model that more 

stably expresses a number of nuclear receptors, drug metabolizing enzymes, and xenobiotic 

transporters compared to the Caco-2 cell line (Pfrunder et al. 2003). Modulation of MDR1 

expression, localization, and function by the PXR prototypical inducer rifampicin and the 

inhibitor ketoconazole has been thoroughly explored in naïve LS174T cells (Kota et al. 

2010). Moreover, the induction of FGF19, I-BABP, and SHP gene expression by FXR 

agonists has been established in LS174T cells transiently transfected with the human FXR 
gene (LS174T-FXR) (Vaquero et al. 2013). While LS174T cells required transfection with 

the FXR gene to probe its activity, FXR expression in Caco-2 cells is dependent on a high 

degree of differentiation and extended time in culture (De Gottardi et al. 2004; Vaquero et al. 

2013). Important to investigating sex hormone-mediated regulation of disposition genes is 

the fact that naïve LS174T cells express the functional proteins of both the estrogen and 

progesterone receptors (Hendrickse et al. 1993).

The liver has been the primary tissue investigated to better understand how pregnancy 

influences drug metabolism and transport. Mechanistic studies have extensively described 

the interaction of steroid and placental hormones with hepatic enzymes and transporters. 

However, there is a need to understand the molecular adaptations in intestinal nuclear 

receptor pathways such as Fxr and Pxr during pregnancy. The purpose of the current study 

was to 1) determine the temporal expression of key ileal efflux transporters regulated by Fxr 

and Pxr during late pregnancy in mice and 2) identify potential sex hormones that mediate 

pregnancy-related changes in efflux transporters using an intestinal cell line.

Materials and methods

Chemicals

Unless otherwise specified, chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Animal treatment

Adult male and female C57BL/6 mice (strain 027) were purchased from Charles River 

Laboratories at 8–12 weeks of age (Wilmington, MA). All mice were housed in an 

Association for Assessment and Accreditation of Laboratory Animal Care accredited animal 

care facility in temperature-, light- and humidity-controlled rooms. Studies were approved 

by the Rutgers University Institutional Animal Care and Use Committee, and were in 

accordance with national guidelines. A subset of female mice were mated overnight with 

male mice and checked for the presence of a vaginal sperm plug the next morning 

(designated gestation day 0). The remaining female mice were used as virgin controls. Mice 

had access to standard chow and water ad libitum. Ileum of the small intestines were 

collected from virgin and pregnant time-matched mice on gestation days 14, 17 and 19, snap 

frozen in liquid nitrogen and stored at −80°C. Ileal fragments were utilised for all studies.
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Cell culture and treatment

Human colon adenocarcinoma LS174T cells (ATCC, Manassas, VA) were cultured in 24-

well plates with phenol red-free Minimum Essential Media (Life Technologies, Carlsbad, 

CA) supplemented with 10% fetal bovine serum at 37°C in an atmosphere containing 5% 

CO2. On day 4, cells were transiently transfected with the pCMV-ICIS human NR1H4/FXR 

plasmid (LS174T-FXR, Open Biosystems, Huntsville, AL) (Li et al., 2012) using 

Lipofectamine LTX according to the manufacturer’s recommendations (ThermoFisher 

Scientific, Rockford, IL). On day 5, cells were cultured in media supplemented with 10% 

charcoal stripped fetal bovine serum and treated with vehicle (0.1% DMSO), 0.1 μM 17β-

estradiol, 1 μM progesterone, 7 μM epiallopregnanolone-sulfate (PM5S, Steraloids, 

Newport, RI), 0.3 μM placental lactogen (NHPP, Torrance, CA), 13.3 nM testosterone, 7 pM 

growth hormone, 0.8 μM cortisol or 50 nM dehydroepiandrosterone (Steraloids), 

concentrations that represent third trimester levels in humans (Abu-Hayyeh et al., 2010; 

Jeong, 2010). Total RNA was collected from cells on day 6.

RNA isolation and quantitative PCR

Total RNAs were extracted from mouse ilea and LS174T-FXR cells using the RNeasy Mini 

Kit (Qiagen, Valencia, CA), and complementary DNA (cDNA) was generated using High 

Capacity cDNA Synthesis (Applied Biosystems, Foster City, CA). RNA purity and 

concentration were assessed using a NanoDrop 1000 Spectrophotometer (Thermo Fisher 

Scientific). Messenger RNA expression was quantified by real time-qPCR using the SYBR 

Green-based method (Applied Biosystems) for detection of amplified products. qPCR was 

performed in a 384-well plate format using the ViiA7 Real Time PCR machine (Life 

Technologies, Grand Island, NY). Ct values were converted to delta delta Ct values by 

adjusting to a reference gene (Ribosomal Protein L13A, RPL13A/Rpl13a) (Livak and 

Schmittgen 2001). Specific forward and reverse primer sequences are listed in Table 1.

Western blot analysis

Ilea were homogenised in sucrose-Tris buffer (pH=7.4–7.5) using the TissueLyser LT 

Adapter (Qiagen), per the manufacturer’s protocol. Protein concentrations were determined 

by the BCA assay (Pierce Biotechnology, Rockford, IL). Forty micrograms of homogenate 

were loaded onto a SDS-PAGE gel (8%, Life Technologies). Semi-quantification of 

expression was determined using primary antibodies raised against Mdr1 (1:2000, C219, 

Abcam, Cambridge, MA), Mrp2 (1:600, Mrp2III-5, Alexis), Bcrp (1:5000, BXP-53, Alexis), 

Ostα (1:1000) and Ostβ (1:1000) followed by incubation with a species-appropriate 

secondary antibody (Aleksunes et al. 2012; Rao et al. 2008). Primary antibodies for Ostα 
and Ostβ were supplied by Dr. Paul Dawson (Emory University, Atlanta, GA). The intensity 

of band luminescence was acquired using a FluorChem E System Imager (ProteinSimple, 

Santa Clara, CA). Na+/K+ ATPase (1:2000, sc-28800, Santa Cruz) was used as a loading 

control.

Statistical analysis

Data are presented as mean ± SE. Statistical analysis was performed using GraphPad Prism 

v6 (La Jolla, CA). Messenger RNA and protein expression were analyzed by student’s t-test 
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(in vivo studies) or 1-way ANOVA followed by a Newman-Keul’s multiple comparison 

post-hoc test (in vitro studies), to compare overall mean differences between groups. 

Significance was set at p≤0.05.

Results

Expression of Intestinal Signaling Pathways in Pregnant Mice

Similar to previous reports analyzing livers from pregnant mice (Milona et al., 2010a; 

Aleksunes et al., 2013), the mRNA expression of the nuclear receptor, Fxr, was unchanged 

in ileum on gestation days 14 through 19 (Figure 1). Though Fxr expression was unchanged, 

the expression of all three of its target genes, including Fgf15, I-babp, and Shp was 

suppressed on gestation days 14 and 17 by 50–95%, but approached virgin control levels by 

gestation day 19. Pxr mRNA was slightly reduced by 25% in the ileum of mice on gestation 

day 14. Likewise, mRNA expression of the prototypical Pxr target gene, Cyp3a11, was 

down-regulated by 75 to 85% at all three gestational time points.

Expression of Intestinal Efflux Transporters in Pregnant Mice

Efflux transporter mRNA and protein expression profiles varied across time points in 

pregnant mice. Interestingly, there was a down-regulation of the luminal efflux transporters 

Mdr1a, Mrp2, and Bcrp (Figure 2). There was a trend for decreased Mdr1a mRNA on 

gestation days 14 and 17. Likewise, Mdr1 protein expression was suppressed on gestation 

day 17 by 70% when compared to virgin controls. Mrp2 mRNA expression was significantly 

reduced by 60%, 70% and 45% on gestation days 14, 17 and 19, respectively. Both Bcrp 

mRNA and protein expression were decreased 30% and 55%, respectively, on gestation day 

17 compared to time-matched virgin controls.

Ileal expression of the basolateral efflux transporters Mrp3, Ostα, and Ostβ was 

differentially regulated during gestation (Figure 3). Mrp3 mRNA levels were enhanced 2-

fold on gestation day 14, returning to control levels on days 17 and 19. Ostα mRNA 

expression tended to be decreased on gestation day 17 by 40%, though mRNA of its 

heterodimerizing partner, Ostβ, steadily increased throughout gestation, with a notable 1.6-

fold up-regulation on gestation day 19. However, no changes in the expression of Ostα and 

Ostβ proteins were observed.

Expression of Intestinal Signaling Pathways in Sex Hormone-Treated LS174T-FXR Cells

Unlike in pregnant mice, FXRα mRNA was reduced by treatment with the individual 

hormones estradiol (20%), progesterone (45%) and PM5S (45%) in LS174T-FXR cells 

(Figure 4). However, no reduction in downstream target gene expression (FGF19, I-BABP, 

SHP) was noted. Messenger RNA levels of CYP3A4, the prototypical target gene of human 

PXR and ortholog of Cyp3a11, were reduced by 30% with PM5S treatment, but not 

progesterone. Likewise, MDR1 and MRP2 transporter mRNAs were down-regulated by 30–

40% in the presence of either progesterone or its metabolite PM5S (Figure 5). Alternatively, 

BCRP was up-regulated 40% by progesterone. In LS174T-FXR cells, placental lactogen 

induced MDR1 (2.7-fold) and BCRP (1.6-fold) and down-regulated MRP2 and MRP3 

(35%; Figure 6). The androgens testosterone and dehydroepiandrosterone, as well as cortisol 
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and pituitary growth hormone did not alter efflux transporter expression in LS174T-FXR 

cells (Figure 6).

Discussion

This study provides an important assessment of Fxr- and Pxr-mediated transcriptional 

regulation in the ileum of pregnant mice and points to the potential for different sex 

hormones to mediate transcriptional changes. Suppression of the prototypical target genes, 

Fgf15 and Cyp3a11, in the ileum of pregnant mice suggests that the functions of Fxr and Pxr 

are reduced in late gestation, particularly on gestation days 14 and 17. An overall reduction 

in expression of the Fxr target genes, including I-babp and Shp, as well as apical efflux 

transporters including Mdr1, Mrp2, and Bcrp was observed. Interestingly, an induction of 

Mrp3 occurred on gestation day 14. Protein expression of transporters Mdr1, Mrp2, and 

Bcrp mirrored pregnancy-related changes at mRNA levels.

It has been demonstrated that different regions of the intestines have unique expression 

profiles of nuclear receptors (Modica et al. 2010). The colon more highly expresses PXR/

Pxr, while the ileum comparatively expresses higher levels of FXR/Fxr (Lax et al. 2012; 

Modica et al. 2012). In addition, recent RNA-Sequencing quantification demonstrates that 

the ileum has high cumulative mRNA expression of uptake and efflux transporters (Fu et al. 

2016). Therefore, the ileum was chosen as a section of the small intestine that coexpresses 

moderate to high levels of both nuclear receptors and their target transporters. Currently, 

there are no models available to study the human ileum in vitro, though primary epithelial 

cells isolated from the duodenum and jejunum are becoming commercially available. 

Unfortunately, the validity of primary enterocytes to study drug metabolizing enzymes and 

transporters has not been thoroughly tested. A previous report using the colon LS174T cell 

line demonstrated that genes regulated by FXR (FGF19, I-BABP and SHP) were not 

inducible by treatment with the FXR agonists chenodeoxycholic acid or GW4064 (Vaquero 

et al. 2013). However, transfection with the human FXR plasmid (LS174T-FXR cells) 

resulted in the up-regulation of FXR target genes with agonist treatment. In preliminary 

studies, transient transfection of LS174T cells with the FXR gene increased FXR mRNA 

levels from baseline (LS174T Ct values: 28–30 and LS174T-FXR Ct values: 11–13). 

Transient transfection did not alter baseline mRNA levels of any FXR or PXR target genes 

(data not shown). Therefore, in the current study, LS174T-FXR cells were utilised to 1) 

recapitulate nuclear receptor enrichment typically observed in the ileum (Modica et al. 2010) 

and 2) study the effects of candidate hormones on both FXR and PXR pathways in the same 

in vitro system. Interestingly, we observed a down-regulation of FXR target genes in the ilea 

of pregnant mice. However, no changes in these pathways were observed following various 

hormone treatments. It is possible that priming of FXR by adding bile acids to the culture 

media could reveal an interaction of bile acids and hormones in regulating downstream 

genes in LS174T cells. Additional studies are needed to determine alternative mechanisms 

to repress FXR signaling such as reduced recruitment of co-activators and enhanced 

availability of co-repressors.

Several reports suggest that the size of the intestines and absorptive area of the small 

intestine are increased in pregnant rodents (Cripps and Williams 1975; Prieto et al. 1994; 
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Sabet Sarvestani et al. 2015). Therefore, it is possible that reduced expression of mRNA or 

protein may still yield the same total number of transporters in the intestinal tract. 

Nevertheless, down-regulation of metabolism and transport genes analyzed in mice was 

largely observed on gestation day 14–17, with resolution to virgin control levels by gestation 

day 19. Similar down-regulation has been noted for efflux transporters in the livers of mice 

during pregnancy (Aleksunes et al. 2012). Interestingly, the mRNA of uptake transporters 

expressed in the ileum of the small intestine were differentially regulated throughout the 

gestational time points assessed (Supplemental Table 1).

While this is the first study to perform a profiling of endobiotic and xenobiotic regulating 

factors and transporters throughout late gestation in the ileum of mice, several studies have 

been conducted in mice that highlight changes in their expression in the intestine during 

pregnancy. Previously published data suggest that mouse Fgf15 levels in the terminal ileum 

were unchanged in pregnancy (Milona et al. 2010). However, Fgf15 mRNA levels were only 

quantified on gestation day 18, and the current study demonstrates that levels are returning 

to those observed in virgin controls by this time point (Figure 1). Additional time course 

studies conducted in mice revealed that Cyp3a mRNAs, including Cyp3a11, in both the 

proximal and distal intestine were unchanged on gestation days 10, 15 and 19 (Zhang et al. 

2008). The methods indicate that small intestines were only cut into two segments in this 

study (proximal and distal); suggesting that quantification of enzymes in the distal portion 

could be the combination of expression in both the jejunum and ileum, which may differ. In 

a prior study, Bcrp mRNA was induced in the small intestine of mice on gestation day 10, 

after which time expression returned to control levels (Wang et al. 2006). However, no 

change in protein expression was observed between pregnant and virgin mice (Wang et al. 

2006). It should be noted that the current study utilised C57BL/6 mice, whereas the 

aforementioned analyses were performed in FVB mice, which could contribute to the 

observed differences. Discrepancies between studies further support the importance of 

systematically evaluating time-dependent changes in xenobiotic and bile acid pathways in 

specific regions of the small intestines in pregnant dams.

Transactivation of xenobiotic disposition genes by progesterone and estradiol has been 

shown to be dose-dependent (Attardi et al. 2007; Ekena et al. 1998). Therefore, 

concentrations of steroid and placental hormones similar to those observed in the third 

trimester of pregnancy were used in cell culture treatments. The interaction of pregnenolone, 

as well as its metabolite, progesterone, with the ligand binding domain of PXR was 

identified as early as the 1990s (Kliewer et al. 1998). Progesterone activated PXR with an 

EC50 of 10 μM in CV-1 kidney cells transfected with the PXR expression plasmid (Kliewer 

et al. 1998). Progesterone metabolites have been shown to alter Pxr function in pregnancy. 

Interestingly, pregnant mice lacking Pxr did not exhibit the adaptations in vascular function 

typically observed in wild-type damns (Hagedorn et al. 2007). Further, authors showed that 

treatment of virgin Pxr-null mice with a subcutaneous implant of the progesterone 

metabolite 5β-dihydroprogesterone for 7 days did not mimic the pregnancy-related 

adaptations in vascular tone that were observed in virgin wild-type mice, pointing to Pxr-

mediated signaling of progesterone metabolites (Hagedorn et al. 2007).
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In the current study, repression of PXR/Pxr target genes (Cyp3a11/CYP3A4, Mdr1a/MDR1, 

Mrp2/MRP2) was detected in both pregnant mice and intestinal cells treated with 

progesterone and its metabolite. The noted expression pattern for ileal efflux transporters 

across gestation time points mirrors the reported peak in progesterone levels from gestation 

day 14–17 and decline to parturition in mice (McCormack and Greenwald 1974). It is 

hypothesised that progesterone is interfering with PXR/Pxr signaling, resulting in reduced 

expression of important downstream xenobiotic enzymes and transporters. While the 

relationship between PXR agonists and coactivator/corepressor recruitment is poorly 

understood, it is possible pregnancy-relevant concentrations of progesterone could lead to 

enhanced corepressor recruitment to PXR and warrants further analysis (Navaratnarajah et 

al. 2012). Additional studies are needed to determine whether there is a unique 

concentration-dependent relationship between progesterone and PXR; such that 

physiologically relevant concentrations of progesterone (<5 μM) and its metabolite PM5S 

can inhibit PXR, while high concentrations can activate signaling as previously reported 

(Blumberg et al. 1998; Kliewer et al. 1998).

Conclusions

The objective of this study was to assess the expression profiles of intestinal bile acid and 

xenobiotic disposition genes regulated by Fxr and Pxr during late pregnancy, and identify 

candidate sex hormones that may be responsible for altered nuclear receptor function. 

Candidate hormones were selected based on evidence in the literature of signaling through 

nuclear receptor pathways, and influence on drug metabolizing enzyme and transporter 

expression. Our findings suggest that there is interference with both Fxr and Pxr signaling 

during pregnancy, as evidenced by suppression of genes and proteins in both pathways. In 
vitro data support these in vivo observations indicating that interference with PXR/Pxr 

transcriptional regulation, likely by high progestin concentrations, may play a greater role in 

molecular adaptations of the intestine during pregnancy. Future studies should 1) assess the 

impact of mixtures of steroid and placental hormones on hepatic and intestinal drug 

metabolizing enzymes and transporters, as it is possible they can modify expression through 

shared nuclear receptor signaling pathways and 2) investigate whether reduced luminal 

efflux transporter expression during pregnancy influences intestinal drug absorption and the 

pharmacokinetic profiles of drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Gene expression of nuclear receptor signaling pathways in pregnant mice. mRNA expression 

was quantified in ileum of virgin and pregnant mice on gestation days 14, 17 and 19. Data 

were normalised to virgin controls (set to 1.0) at each time point and presented as mean 

relative expression ± SE (n=5–6). Black bars represent virgin mice, and grey bars represent 

pregnant mice. Asterisks (*) represent statistically significant difference (p ≤ 0.05) compared 

with time-matched virgin controls.
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Figure 2. 
Expression of ileal apical efflux transporters in pregnant mice. (A) mRNA and (B) protein 

expression were quantified in ileum of virgin and pregnant mice on gestation days 14, 17 

and 19 (mRNA) or gestation days 14 and 17 (protein). Western blot staining was performed 

using whole ileal homogenates. Representative images are shown. Band density was semi-

quantified. Data were normalised to virgin controls (set to 1.0) at each time point and 

presented as mean relative expression ± SE (n=5–6 for mRNA, n=4 for protein). Black bars 

represent virgin mice, and grey bars represent pregnant mice. Asterisks (*) represent 

statistically significant difference (p ≤ 0.05) compared with time-matched virgin controls.
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Figure 3. 
Expression of ileal basolateral efflux transporters in pregnant mice. (A) mRNA and (B) 

protein expression were quantified in ileum of virgin and pregnant mice on gestation days 

14, 17 and 19 (mRNA) or gestation days 14 and 17 (protein). Western blot staining was 

performed using whole ileal homogenates. Representative images are shown. Band density 

was semi-quantified. Data were normalised to virgin controls (set to 1.0) at each time point 

and presented as mean relative expression ± SE (n=5–6 for mRNA, n=4 for protein). Black 

bars represent virgin mice, and grey bars represent pregnant mice. Asterisks (*) represent 

statistically significant difference (p ≤ 0.05) compared with time-matched virgin controls.
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Figure 4. 
Gene expression of nuclear receptor signaling pathways in intestinal cells treated with 

steroid hormones and metabolites. mRNA expression was quantified in LS174T-FXR cells 

treated with vehicle (CON, set to 1.0), estradiol (E2, 0.1 μM), progesterone (PRG, 1 μM) or 

epiallopregnanolone-sulfate (PM5S, 7 μM) for 24 hours. Data were normalised to vehicle 

and presented as mean relative expression ± SE (n=3 independent experiments). Asterisks 

(*) represent statistically significant difference (p ≤ 0.05) compared with vehicle-treated 

cells.
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Figure 5. 
Gene expression of efflux transporters in intestinal cells treated with steroid hormones and 

metabolites. mRNA expression was quantified in LS174T-FXR cells and treated with vehicle 

(CON, set to 1.0), estradiol (E2, 0.1 μM), progesterone (PRG, 1 μM) or 

epiallopregnanolone-sulfate (PM5S, 7 μM) for 24 hours. Data were normalised to vehicle 

and presented as mean relative expression ± SE (n=3 independent experiments). Asterisks 

(*) represent statistically significant difference (p ≤ 0.05) compared with vehicle-treated 

cells.
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Figure 6. 
Gene expression of efflux transporters in intestinal cells treated with steroid and placental 

hormones. mRNA expression was quantified in LS174T-FXR cells treated with vehicle (set 

to 1.0), placental lactogen (6 μg/mL), testosterone (13.3 nM), dehydroepiandrosterone (50 

nM), cortisol (0.8 μM) or growth hormone (7 pM) for 24 hours. Data were normalised to 

vehicle and presented as mean relative expression ± SE (n=3 independent experiments). 

Asterisks (*) represent statistically significant difference (p ≤ 0.05) compared with vehicle-

treated cells.
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Table 1

qPCR primer sequences

Primer Forward (5′ to 3′) Reverse (5′ to 3′)

MOUSE

Cyp3a11 CCCAGTGGGGATAATGAGTAA CTTGCCTTTCTTTGCCTTCT

Fgf15 GCCATCAAGGACGTCAGCA CTTCCTCCGAGTAGCGAATCAG

Fxrα TCCGGACATTCAACCATCAC TCACTGCACATCCCAGATCTC

I-babp CCCCAACTATCACCAGACTTC ACATCCCCGATGGTGGAGAT

Mdr1a TGCCCCACCAATTTGACACCCT ATCCAGTGCGGCCTGAACCA

Mrp2 AGCAGGTGTTCGTTGTGTGT AGCCAAGTGCATAGGTAGAGAAT

Mrp3 CTGGGTCCCCTGCATCTAC GCCGTCTTGAGCCTGGATAAC

Ostα CACTGGCTCAGTTGCCATTT GCATACGGCATAAAACGAGGT

Ostβ GCAAACAGAAATCGAAAGAAGC TCTGGCAGAAAGACAAGTGAT

Pxr GCAGCATCTGGAACTACCAA CTGGTCCTCAATAGGCAGGT

Rpl13a CAAGAAAAAGCGGATGGTGG TCCGTAACCTCAAGATCTGC

Shp CGATCCTCTTCAACCCAGATG AGGGCTCCAAGACTTCACACA

HUMAN

CYP3A4 CACAAACCGGAGGCCTTTTGGTC GTCTCTGCTTCCCGCCTCAGAT

FGF19 TCGGAGGAAGACTGTGCTTTC CCTCTCGGATCGGTACACATTG

FXRα CGCCTGACTGAATTACGGACA TCACTGCACGTCCCAGATTTC

I-BABP CTCCAGCGATGTAATCGAAA CCCCCATTGTCTGTATGTTG

MDR1 TTGAAATGAAAATGTTGTCTGG CAAAGAAACAACGGTTCGG

MRP2 AGCCATGCAGTTTTCTGAGGCCT TGGTGCCCTTGATGGTGTGC

MRP3 CTTCCTGGTGACCCTGATCACCCT TGCTGGATCCGTTTCAGAGACACA

OSTα GGAGCACAGCTCTATGGATCA TCAGGATGAGGAGAACCTGGA

PXR ATCTCCTACTTCAGGGACTT AGCTTCTTCAGCATGTAGTG

RPL13A GGTGCAGGTCCTGGTGCTTGA GGCCTCGGGAAGGGTTGGTG

SHP ATCCTCTTCAACCCCGATGTG GTCGGAATGGACTTGAGGGT
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