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Breast cancer resistance protein (BCRP) is expressed by brain capillary endothelial cells and at the interface between two placental syncytiotrophoblast layers in rodents and serves to suppress drug distribution to the brain and the fetus. The purpose of the present study is to determine and compare the apparent impact of a single BCRP molecule on drug transfer between the maternal blood-brain barrier and placental barrier in pregnant mice at different gestation ages. BCRP protein was quantified by liquid chromatography-tandem mass spectrometry. Genistein or dantrolene was continuously administered to pregnant Bcrp−/− or wild-type (WT) mice, and the brain-to-plasma concentration ratio in the mother (Kp,brain) and the fetal-to-maternal ratio of plasma concentrations (Kp,fp) were determined. At gestational day 15.5 (GD15.5), the protein amount of BCRP at the murine placental barrier was estimated to be approximately three times higher than at the maternal blood-brain barrier, but the levels were approximately the same at GD17.5 due to the decline of placental BCRP expression during gestation. On the other hand, the values of Bcrp−/−/WT ratio of Kp,brain for genistein and dantrolene were 6.1 and 3.8, respectively, while the Kp,fp ratios were all less than 2.0. These results indicate that the apparent impact of a single placental BCRP molecule on the restriction of drug distribution is much less than that of a single brain BCRP molecule, probably because the function of placental BCRP is attenuated by bypass transfer through the connexin26 gap junctions between adjacent syncytiotrophoblast layers. The present study also found that the expression amount of BCRP protein at the human placental barrier formed by the monolayer of syncytiotrophoblasts was lower than that in mice, but this species difference appears to be functionally compensated by the murine-specific bypass route through gap junctions, at least in part.
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INTRODUCTION
Brain capillary endothelial cells and placental syncytiotrophoblasts (SynT) form the blood-brain and placental barriers to limit drug distribution to the brain and fetus, respectively, by expressing breast cancer resistance protein (BCRP)/ABCG2 (Ohtsuki and Terasaki, 2007; Han et al., 2018), together with multidrug resistance protein 1 (MDR1)/P-glycoprotein/ABCB1, as an efflux pump. Though challenging, prediction of the impact of BCRP on drug distribution to the brain and fetus is important, since BCRP activity is closely associated with the pharmacological actions and toxic effects of drugs in these regions. One approach is to extrapolate the impact of BCRP on drug distribution at a particular site (e.g., the human placental barrier) from available data on BCRP-mediated transport rate at other sites (e.g., the rodent placental barrier, the blood-brain barrier, and in BCRP-overexpressing cells) by correcting for differences in BCRP protein amounts. This approach is especially useful in cases where direct measurement of the impact of BCRP on drug distribution is virtually impossible (Liu et al., 2017). To achieve precise prediction, it is necessary to determine whether the functional impact per single BCRP molecule is equal among various sites expressing BCRP. However, the impact per single BCRP molecule on the brain distribution of BCRP and MDR1 co-substrates is apparently diminished compared with BCRP-overexpressing cells, since the two transporters compensate for each other when the function of one is impaired (Kodaira et al., 2010). It is also necessary to establish whether other factors at the blood-brain or placental barrier also significantly affect the impact of BCRP.
BCRP proteins at the blood-brain and the placental barriers in humans are exposed to the systemic circulation, i.e., the luminal membrane of capillary endothelial cells and the apical microvillous membrane (MVM) of the multinucleated SynT monolayer, respectively (Allikmets et al., 1998; Maliepaard et al., 2001; Zhang et al., 2003). However, the anatomic structure of the chorioallantoic placenta in eutherian mammals varies among animal species (Furukawa et al., 2014), and this is expected to affect the validity of extrapolation of the embryo-fetal developmental toxicity of drugs observed in rodents to humans. The rodent SynT consists of a bilayer, with a maternal-facing layer I (SynT-I) and a fetal-facing layer II (SynT-II) (Coan et al., 2005). We have reported that MDR1 and BCRP proteins in rodent placenta are localized at the apical membrane of the SynT-II layer (Akashi et al., 2016), meaning that these proteins are not directly exposed to the maternal circulation. Regarding the effect of this unique localization of efflux transporters in rodent placenta on fetal drug distribution, we have recently shown that murine placental MDR1 has a minimal influence on the fetal distribution of digoxin, compared with the brain distribution (Fujita et al., 2022). This is probably due to the presence of a bi-directional transfer process through connexin26 gap junctions between SynT-I and SynT-II, which would counter the uni-directional transport by MDR1 from fetal to maternal side. Although the role of rodent placental BCRP in limiting the fetal distribution of substrates such as genistein, nitrofurantoin, and glyburide was confirmed by in vivo studies using Bcrp−/− mice (Enokizono et al., 2007; Zhang et al., 2007; Zhou et al., 2008), the 80% increase in the fetus-to-maternal plasma concentration ratio of genistein in Bcrp−/− mice was much smaller than the 820% increase in the brain-to-plasma concentration ratio (Enokizono et al., 2007). These observations lead to the hypothesis that connexin26 gap junctions also mediate the bi-directional transfer of BCRP substrates between SynT-I and SynT-II, thus diminishing the apparent impact per single BCRP molecule, which would invalidate simple scaling between the blood-brain and the placental barriers in rodents and between the human and rodent placental barriers.
Of course, it is also possible that the smaller effect of BCRP at the murine placenta barrier compared with the blood-brain barrier is attributable to a difference in BCRP protein amounts. The absolute BCRP protein amount has already been determined at the murine blood-brain barrier (Kamiie et al., 2008), but not so far at the murine placental barrier. When quantifying the placental amount of BCRP, the gestational age-dependent expression must be taken into consideration, though this remains controversial; one study showed that the mRNA and protein expression levels of BCRP in murine placenta peak at gestation day (GD) 15.5 (Wang et al., 2006), while another study found no significant change during gestation (Kalabis et al., 2007). The correlation between the absolute amount and the transport activity of BCRP protein should be examined by measuring them at different gestation times. This would also be helpful for estimating the impact of BCRP on the fetal distribution of drugs from the protein amount.
The purpose of the present study is to determine and compare the apparent impact of a single BCRP molecule on the restriction of drug distribution between the blood-brain barrier and the placental barrier in pregnant mice at different gestational ages. The apparent impact per single BCRP molecule at these barriers was calculated as the change in the distributions of dantrolene and genistein, which are BCRP substrates but not MDR1 substrates (Enokizono et al., 2007, 2008), in Bcrp−/− mice divided by the BCRP protein amount.
MATERIALS AND METHODS
Preparation of Human Placental MVM-Enriched Fraction
Uncomplicated term human placental tissues were obtained with written informed consent and with the approval of the Institutional Ethics Committee of Keio University Faculty of Pharmacy (150421–2) and Keio University School of Medicine (20110250). Human placentas were collected from 4 pregnant women who had undergone elective cesarean section due to previous cesarean section or breech presentation and were 40 ± 2 years old (mean ± S.D.) and gestational age of 37 ± 1 week (mean ± S.D.) at the date of elective cesarean section. The placental weight was 550 ± 108 g, (mean ± S.D.) and three of the four neonates were male. Human placental MVM-enriched fraction was prepared by magnesium precipitation; the activity of alkaline phosphatase, an MVM marker, in human MVMs was enriched more than 10-fold (n = 4) relative to the villous homogenate, as previously reported (Fujita et al., 2022).
Animals
Bcrp−/− and wild-type (WT) FVB mice were purchased from Taconic (Hudson, NY, United States) and CLEA Japan (Tokyo, Japan), respectively. Mice were maintained under a 12 h/12 h light-dark cycle at 25°C with free access to water and food until use. Female WT and Bcrp−/− mice were mated with male mice of the same genotype. The presence of a vaginal plug was designated as GD0.5. Bcrp−/− mice were born at the expected Mendelian ratio, and they did not demonstrate phenotypic aberrations under standard housing conditions (Jonker et al., 2002). Animal experiments were approved by the Institutional Animal Care Committee (12040) and complied with the standards set out in the Guideline for the Care and Use of Laboratory Animals at Keio University.
Preparation of Plasma Membrane Fraction From Murine Placental Labyrinth
Plasma membrane fractions were prepared from the murine placental labyrinth as reported previously (Fujita et al., 2022). Briefly, all placentas within a litter were isolated from pregnant GD15.5 and 17.5 WT and GD17.5 Bcrp−/− mice to purify one plasma membrane-enriched fraction of the placental labyrinth. Homogenates of the placental labyrinth were centrifuged at 10,000 g, and then supernatants were ultra-centrifuged at 124,000 g. Pellets were suspended and layered on top of 38% (w/v) sucrose solution and centrifuged at 10,000 g with a swing-out rotor. The turbid layer at the interface was recovered, suspended, and centrifuged at 10,000 g. The resultant pellets were obtained as a plasma membrane fraction and stored at −80°C until use. Protein concentrations were measured by the Bradford method using Protein Assay reagent (Bio-Rad, Hercules, CA, United States) with bovine serum albumin as a standard.
LC-MS/MS-Based BCRP Protein Quantification Analysis
The expression amounts of transporter proteins were measured by quantifying the absolute amounts of specific (ST) peptides generated from the target transporter proteins using liquid chromatography-tandem mass spectrometry (LC-MS/MS) as described previously (Fujita et al., 2022). The peptide sequence for human BCRP (NP_001244315.1) and murine BCRP (NP_001342406.1) proteins is SSLLDVL*AAR (Uchida et al., 2013). The asterisk (*) indicates the amino acid labeled with 13C and 15N in the internal standard (IS). Briefly, the membrane fractions (100 µg protein) were reduced with dithiothreitol, alkylated with iodoacetamide, and precipitated with methanol and chloroform. The precipitates were dissolved in urea and treated first with lysyl endopeptidase and ProteaseMAX surfactant (Promega, Madison, WI, United States) and secondary N-tosyl-L-phenylalanine chloromethyl ketone-treated trypsin (Promega). The resulting peptide samples were spiked with IS and acidified with formic acid.
The LC-MS/MS system consisted of a high-performance liquid chromatography instrument and an electrospray ionization triple quadrupole mass spectrometer (LCMS-8050; Shimadzu, Kyoto, Japan) operated in the positive ionization mode. Samples were injected into the LC system equipped with an XBridge BEH130 C18 column (1 mm I.D. × 100 mm, 3.5 µm, Waters, Milford, MA, United States) at 40°C and eluted with a linear gradient of acetonitrile containing 0.1% formic acid. MS spectrometric detection was performed by multiplexed selected reaction monitoring (SRM) using 3 sets of transitions (m/z) of precursor and product ions (Q1/Q3: 522.8/644.4, 522.8/529.3, and 522.8/288.2 for ST, 526.3/651.4, 526.3/536.3, and 526.3/288.2 for IS) with the dwell time of 10 msec per transition. A peak was defined as positive when the signal-to-noise ratio of peak intensity was over 3. The amount of the peptide in the sample was first determined for each transition using the peak area ratio (ST/IS) of the positive peak and a calibration curve obtained with known concentrations of a synthetic peptide and was subsequently expressed as the average of 3 positive peaks from different transitions, as presented in Supplementary Table S1.
Continuous Administration of Drugs to Pregnant Mice
The femoral vein of pregnant mice at GD15.5 and 17.5 was cannulated with polyethylene tubing (PE-10; BD Biosciences, San Jose, CA, United States) under deep anesthesia with isoflurane. Genistein and dantrolene were administered via the cannula by continuous infusion using a syringe pump (Kd Scientific, Holliston, MA, United States) with a pumping rate of 160 and 70 μl/h, respectively, for 2 h. Syringe pumps were filled with genistein (12.5 mM in DMSO: Tokyo Chemical Industry, Tokyo, Japan) diluted 10 times with 2 mM NaOH in saline or with dantrolene (5.0 mM in DMSO: Fujifilm Wako, Osaka, Japan) diluted 10 times with a mixed solvent of PEG-400 and DMSO (1:1). Maternal blood was intermittently collected from the left jugular vein in experiments to obtain the maternal plasma concentration-time profile.
Dantrolene was also continuously administered to pregnant Bcrp−/− or WT mice from GD14.5 for 24 h using an osmotic pump (Alzet model 2001D, 8 μl/h for 24 h: Durect, Cupertino, CA, United States). The osmotic pump was filled with 7.5 mM dantrolene in propylene glycol and connected with PE10 polyethylene tubing. The osmotic pump was cannulated to the right jugular vein and implanted in the back subcutaneously under deep anesthesia with isoflurane. Maternal blood was collected from a tail vein to determine the maternal plasma concentration during the continuous administration.
At the end of infusion, the maternal blood was collected from the left jugular vein and all fetuses within a litter were decapitated for collection of the fetal blood in an EDTA-treated microhematocrit capillary tube. The cerebrum of the mother was collected and weighed.
Measurement of Drug Concentrations
Blood was centrifuged at 15,000 rpm for 20 min to obtain plasma. The fetal plasma samples obtained from each litter were pooled in one tube and counted as one sample. The cerebrum was homogenized with water. For genistein and dantrolene determination, the plasma and brain homogenate was diluted with acetonitrile and spiked with IS (daidzein for genistein determination and nitrofurazone for dantrolene determination). The samples were centrifuged at 15,000 g for 10 min at 4°C. The supernatant was evaporated in a vacuum centrifuge. The residue was reconstituted in 0.1% formic acid in methanol for genistein determination or in 0.1% formic acid in acetonitrile with 2 mM ammonium acetate for dantrolene determination and centrifuged at 15,000 g for 1 min at 4°C. Supernatant samples were used for quantification.
The n-octanol/pH 7.4 phosphate buffer solution partition coefficient of drugs was determined by the shaken-flask method according to the OECD guideline for testing of chemicals (OECD, 1995).
Quantification of drugs in samples was done by LC-MS/MS. HPLC separation of genistein was performed on a Scherzo SS-C18 (3.0 mm I.D. × 150 mm, 3.0 µm, Imtakt, Kyoto, Japan) at 40°C with a gradient of mobile phases A: 13 mM ammonium acetate buffer adjusted to pH 4.0 with 20% acetic acid and B: 0.1% formic acid in methanol. HPLC separation of dantrolene was performed on a Capcell Pak C18 UG120 column (4.6 mm I.D. × 150 mm, 5 μm, Osaka Soda, Osaka, Japan) at 40°C with a gradient of mobile phases A: 0.1% formic acid and 2 mM ammonium acetate in water and B: 0.1% formic acid and 2 mM ammonium acetate in acetonitrile. The gradient of mobile phase B was as follows: 0–60% for 5 min (at 0–5 min), 60–70% for 10 min (at 5–15 min), 100% for 4 min (at 15–19 min), and 0% for 4 min (at 19–23 min) at a flow rate of 0.25 ml/min for genistein determination, and 0% for 1 min (at 0–1 min), 0–90% for 3 min (at 1–4 min), 100% for 2 min (at 4–6 min), and 0% for 3 min (at 6–9 min) at a flow rate of 0.40 ml/min for dantrolene determination. The eluted drugs were quantified by SRM, with the mass spectrometer operating in the positive ionization mode, using m/z of Q1/Q3: 269.2/133.2 for genistein, 253.2/91.0 for daidzein, 244.1/114.0 for dantrolene, and 197.2/124.2 for nitrofurazone. The analyte concentration was determined from the peak area ratio to the internal standard by the use of a calibration curve. The lower limits of quantification for genistein and dantrolene were 10 nM and 16 nM, respectively.
Data Analysis
Statistical analyses were performed using an unpaired, two-tailed Student’s t-test. The value of p < 0.05 was taken as the criterion for a statistically significant difference.
All data represent the mean ± S.E.M. unless otherwise indicated. The S.E.M. was calculated according to the following law of propagation of errors; given the next functional relationship between several measured variables such as y, x1, x2, …, xn;
[image: image]
If the variables y, x1, x2, …, xn are uncorrelated, standard deviations of y ([image: image]) and ([image: image]) can be related as follows:
[image: image]
where [image: image] is the partial derivative of function y concerning x.
The S.E.M. of y is given by
[image: image]
where n(y) is assumed to be [image: image].
RESULTS
BCRP Protein Amount at the Murine and Human Placental Barriers
The plasma membrane-enriched fraction of murine placental labyrinth at GD15.5 and 17.5 showed positive peaks for BCRP protein at the same retention time as the IS peptide in chromatograms of three SRM transitions, but no peaks were seen in Bcrp−/− mice at GD17.5 (Supplementary Figure S1). As shown in Figure 1, the BCRP expression amount at GD15.5 was 2.6 fmol/μg protein, but this declined to 0.64 fmol/μg protein at GD17.5.
[image: Figure 1]FIGURE 1 | BCRP protein amounts in the placenta. The absolute protein expression levels of mouse BCRP in the plasma membrane fraction of the mouse placental labyrinth and human BCRP in the human placental microvillous membrane-enriched fraction are shown. Each column represents the mean ± S.E.M. of four human donors or three independent sample preparations from different mouse dams. The peak data of the peptides were extracted by using three sets of SRM transitions and the expression levels of individual donors or samples were determined as the mean of three quantitative data. *p < 0.05, significant difference between GD 15.5 and 17.5.
In the human term placental MVM fraction, the BCRP expression amount was 0.66 fmol/μg protein (Figure 1), which appears to be similar to that of murine placental labyrinth at GD17.5. However, the murine placental labyrinth is composed of four cell layers from the maternal side: the continuous but fenestrated trophoblast giant cell layer, two syncytiotrophoblast cell layers, SynT-I and SynT-II, and the fetal capillary endothelial cell layer. And all these cell layers do not have microvillous membranes (Coan et al., 2005). Based on the assumption that approximately one-eighth of the plasma membrane fraction was derived from the apical membrane of SynT-II, where the most of BCRP protein in the labyrinth is localized, the estimated BCRP expression amount in the apical membrane of SynT-II can be calculated as indicated in Table 1. The BCRP expression amount in the human term placental MVM fraction is estimated to be 13% of that in the apical membrane of placental SynT-II at GD17.5. Moreover, the BCRP expression amounts in the apical membrane of SynT-II at GD15.5 and 17.5 are estimated to be 310% and 81%, respectively, of that in the luminal membrane of brain capillary endothelial cells of FVB mice (Table 1) (Uchida et al., 2013).
TABLE 1 | Estimated protein amount and apparent impact of BCRP at the luminal membrane of brain capillaries and the apical membrane of placental SynT-II in mice.
[image: Table 1]Comparison of Apparent Impact of BCRP at the Blood-Brain and Placental Barriers
The apparent impacts of BCRP at the blood-brain and the placental barriers were respectively evaluated from the brain-to-plasma concentration ratio in the mother (Kp,brain) and the fetal-to-maternal ratio of plasma concentrations (Kp,fp) of BCRP-specific substrates, genistein, and dantrolene, after 2 h of continuous administration in WT and Bcrp−/− pregnant mice at GD15.5 and 17.5. The maternal plasma concentration of genistein was almost constant from 0.5 to 2.0 h (Supplementary Figure S2), indicating that the maternal plasma concentration had reached a plateau at the sampling time of brain and fetal plasma. As shown in Figure 2A, Kp,brain of genistein was significantly increased in Bcrp−/− pregnant mice with a Bcrp−/−/WT ratio of Kp,brain of 6.1 (Table 1), which is consistent with a previous observation in non-pregnant mice (Enokizono et al., 2007). The Kp,fp of genistein at GD15.5 was also significantly increased in Bcrp−/− pregnant mice (Figure 2B) with a Bcrp−/−/WT ratio of Kp,fp of 2.0 (Table 1), which is consistent with a previous observation showing a 1.8-fold increase in fetal tissue-to-maternal plasma concentration ratio of genistein in Bcrp−/− mice at 2 weeks’ gestation (Enokizono et al., 2007). However, the Kp,fp of genistein in Bcrp−/− pregnant mice at GD17.5 was not significantly different from that in WT (Figure 2B), suggesting a diminished impact of BCRP in the fetal distribution of genistein at GD17.5 compared with GD15.5. The increase in Kp,fp of genistein in WT mice at GD17.5 is in good agreement with the decline in the amount of BCRP protein during gestation (Figure 1).
[image: Figure 2]FIGURE 2 | The ratio of the brain-to-plasma concentration ratio (Kp,brain) (A) and the fetal-to-maternal ratio of plasma concentrations (Kp,fp) (B) of genistein in wild-type (WT: closed bar) and Bcrp−/− (open bar) mice. The Kp values were measured after continuous infusion of 1.25 mM genistein for 2 h at a rate of 160 μL/h. Each column represents the mean ± S.E.M. (n = 3–6 dams). *p < 0.05, **p < 0.01, significant difference between WT and Bcrp−/− mice.
In the case of dantrolene, even though Kp,brain was significantly increased (3.8-fold) in Bcrp−/− pregnant mice, as previously observed in non-pregnant mice (Figure 3A) (Enokizono et al., 2008), Kp,fp at both gestation times showed no significant difference between WT and Bcrp−/− pregnant mice after 2 h of continuous administration (Figure 3B). The maternal plasma dantrolene concentration increased over time during 2 h of continuous administration (Supplementary Figures S3A,B). Considering that the maternal plasma concentration of dantrolene does not reach a steady-state within 2 h, we extended the duration of dantrolene administration to 24 h in pregnant mice at GD15.5. We confirmed that the maternal plasma dantrolene concentration in WT and Bcrp−/− pregnant mice had reached a steady-state by 24 h (Supplementary Figure S3C). However, there was no difference in Kp,fp of dantrolene between WT and Bcrp−/− pregnant mice even after 24 h of continuous administration (Figure 3C), suggesting that placental BCRP does not function effectively to suppress the fetal distribution of dantrolene.
[image: Figure 3]FIGURE 3 | The ratio of the brain-to-plasma concentration ratio (Kp,brain) (A) and the fetal-to-maternal ratio of plasma concentrations (Kp,fp) (B,C) of dantrolene in wild-type (WT: closed bar) and Bcrp−/− (open bar) mice. The Kp values were measured after continuous infusion of 0.50 mM dantrolene for 2 h at a rate of 70 μL/h (A,B) or 7.5 mM dantrolene for 24 h at a rate of 8.0 μL/h (C). Each column represents the mean ± S.E.M. (n = 3–9 dams). *p < 0.05, **p < 0.01, significant difference between WT and Bcrp−/− mice.
The above results indicate that placental BCRP does suppress the fetal distribution of genistein, at least when it is expressed at a high level, at GD15.5. The contribution per single molecule of BCRP protein to the suppression of genistein distribution to the fetus at GD15.5 and to the brain can be determined as the Kp ratio −1 divided by the estimated BCRP protein expression amount in Table 1. The placenta-to-brain ratio of the Kp ratio −1 per single molecule of BCRP protein was calculated to be 0.06 at GD15.5, suggesting that BCRP at the placental barrier does work as a functional efflux pump for genistein, but is much less efficient compared to BCRP at the blood-brain barrier.
Octanol/pH 7.4 Buffer Partition Coefficient
The n-octanol/pH 7.4 buffer partition coefficients (D7.4) of genistein and dantrolene were experimentally measured. LogD7.4 values for genistein and dantrolene were 3.94 ± 0.01 and 1.56 ± 0.01, respectively (Table 1), and were not concentration-dependent.
DISCUSSION
In the present study, we quantitatively compared the effect of BCRP on the distribution of BCRP-specific substrate drugs, genistein and dantrolene (Enokizono et al., 2007; Kodaira et al., 2010), between the blood-brain barrier and the placental barrier using Bcrp−/− mice at GD15.5 and 17.5. In all cases, the values of Kp,fp ratio, taken as an index of the suppressive impact of BCRP on fetal drug distribution, were smaller than the values of Kp,brain ratio, taken as an index of the suppressive impact of BCRP on brain drug distribution. For example, the Kp,fp ratio for genistein was the highest at GD15.5 (2.0) but was much smaller than the corresponding Kp,brain ratio of 6.1. These results mean that the suppressive effect of BCRP on the brain distribution is greater than that on the fetal distribution. These findings are consistent with a previous report (Enokizono et al., 2007). However, the primary focus of this study is to clarify whether or not this difference is simply caused by a difference in BCRP protein level at the plasma membrane. We quantified the absolute amount of BCRP protein in the plasma membrane-enriched fraction of murine placental labyrinth by measuring specific peptide fragments of BCRP using LC-MS/MS and found that the BCRP expression amount at the murine placental barrier is similar at GD17.5 or even higher at GD15.5 than that at the blood-brain barrier (Uchida et al., 2013). Accordingly, the difference in the suppressive impact of BCRP between the brain and the placenta cannot be attributed to the difference in the BCRP protein level.
The placenta-to-brain ratio of the Kp ratio −1 per single BCRP protein was much smaller than unity (less than 0.1 in the case of genistein at GD15.5). The lower impact of placental efflux transporters on the fetal distribution cannot be attributed to lower structural integrity of the placental barrier compared with the blood-brain barrier, because we recently reported that the ratio in the case of paclitaxel, MDR1 substrate, is almost equal to unity (Fujita et al., 2022). The Kp,brain ratio −1 of BCRP substrates can be simply expressed as the ratio of the permeability-surface area (PS) product for the efflux mediated by brain BCRP (PSBCRP,BBB) to that for luminal efflux with the exception of BCRP-mediated efflux (PSl.eff), as follows (Uchida et al., 2011):
[image: image]
On the other hand, the Kp,fp ratio −1 should be described differently, since the murine placental barrier consists of a bilayer with SynT-I and SynT-II. The apical membrane of SynT-II expresses BCRP and also connexin26 gap junctions, which form intercellular channels to the basal plasma membrane of SynT-I (Shin et al., 1996). We recently constructed a transplacental kinetic model of MDR1 substrates in mice, which is applicable to BCRP substrates as well, since the localization of MDR1 protein at the apical membrane of SynT-II is the same as that of BCRP (Akashi et al., 2016). According to the model illustrated in Figure 4, the Kp,fp ratio −1 of BCRP substrates can be expressed as follows (Supplementary Text):
[image: image]
where PSBCRP,PB represents the PS product for the efflux mediated by placental BCRP; PSAP2.inf and PSAP2.eff represent the PS product for influx and efflux across the apical membrane of SynT-II, with the exception of BCRP-mediated efflux, respectively, PSBM1.inf represents the PS product for influx across the basal plasma membrane of SynT-I, and PSGJ represents the PS product for the transfer mediated by gap junctions between SynT-I and SynT-II.
[image: Figure 4]FIGURE 4 | Pharmacokinetic model illustrating the PS products for transplacental transfer of BCRP substrates in mice.
Genistein and dantrolene are recognized as substrates for BCRP, but not for other efflux transporters, including MDR1 (Enokizono et al., 2007, 2008; Kodaira et al., 2010). Although genistein is reportedly an inhibitor of OATP1B1 and OATP2B1 (Karlgren et al., 2012) and transport of dantrolene via OAT2 and OAT3 has been proposed (Burckhardt et al., 2016), the localization of these transporter proteins at the basal plasma membrane of SynT-I and the apical membrane of SynT-II has not been observed so far. Therefore, although further studies are necessary to clarify if other transporters influence the transplacental transfer of these drugs, it is worth considering the transplacental transfer under the assumption that PS products other than PSGJ in Eqs 4, 5 are equal to the PS product due to passive diffusion (PSdiff). On this assumption, Kp,brain ratio −1 and Kp,fp ratio −1 can be simply expressed as follows:
[image: image]
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On the basis of these equations, the apparent impact of placental BCRP on the fetal distribution of drugs, Kp,fp ratio −1, would be diminished due to permeation through the gap junctions. The presence of a transfer process between SynT-I and SynT-II through connexin26 is supported by the observation of decreased fetal transfer of glucose in connexin26-deficient mice (Gabriel et al., 1998). Gap junctions allow the transfer of molecules up to 1 kDa, and the molecular weights of genistein and dantrolene are 270 and 314, respectively. The crystal structure of the human connexin26 gap junction channel shows that the amino-terminal helixes of the six subunits line the intracellular pore entrance to form a funnel, whose narrowest region has a diameter of 1.4 nm (Maeda et al., 2009). This is consistent with our finding that the apparent impact of murine placental MDR1 was diminished for substrate drugs with minimum projection diameters of less than 1.4 nm, such as digoxin and norbuprenorphine (Fujita et al., 2022). The minimum projection diameters of genistein and dantrolene calculated by MarvinSketch 21.16.0 (https://chemaxon.com/) are 0.9 and 0.8 nm, respectively. Accordingly, the lower impact of placental BCRP on the distributions of genistein and dantrolene compared with brain BCRP is explained by the presence of the bypass route between SynT-I and SynT-II through connexin26.
The diminishing effect of PSGJ on the Kp,fp ratio −1 in Eq. 7 would be greater in compounds with lower passive permeability since the PSGJ values of these compounds are more likely to be larger compared with PSdiff. As a matter of fact, a lesser impact of murine placental MDR1 on the fetal distribution has reportedly been observed in drugs with lower passive permeability like digoxin and norbuprenorphine (log D7.4 of 1.26 and 1.18, respectively), compared with higher passive permeability drugs such as paclitaxel and saquinavir (log D7.4 of 6.83 and log P of 4.70, respectively), (Smit et al., 1999; Liao et al., 2017; Fujita et al., 2022). Considering that logD7.4 of dantrolene (1.56) was found to be much smaller than that of genistein (3.94) as shown in Table 1, the negligible impact of placental BCRP on the fetal distribution of dantrolene (Figure 3) may be explained partly by lower passive permeability of this drug.
Kp,fp was expressed as the ratio of the plasmatic clearance in the maternal-to-fetal direction to the sum of the plasmatic clearance in the fetal-to-maternal direction and the fetal metabolic clearance. The transplacental kinetic model mentioned above assumes that the fetal metabolic clearance of the drug is negligible since the expression levels of most drug-metabolizing enzymes are low, but the murine fetal liver exceptionally expresses UDP-glucuronosyltransferases (UGT) 1A6 and CYP3A16 at a similar level and a higher level, respectively, compared with adult liver (Van Groen et al., 2021). Genistein is reported to be metabolized to glucuronide conjugates by several UGTs, including UGT1A6 (Soukup et al., 2016). Dantrolene is metabolized in the liver via oxidative and reductive pathways and several CYP isoforms, including CYP3A, are involved in the oxidative conversion to hydroxydantrolene (Jayyosi et al., 1993). Thus, a contribution of fetal metabolic clearance cannot be completely ruled out at present. However, even if the clearance of these drugs from the fetus were mostly due to metabolism, the clearance in the maternal-to-fetal direction would still be affected by BCRP. Therefore, the attenuating effect of metabolism cannot explain the almost complete loss of the impact of BCRP observed in this study.
The BCRP expression amount at GD15.5 was four times higher than that at GD17.5 (Figure 1) and was functionally confirmed by the observation that the suppressive effect of BCRP on the fetal distribution of genistein was higher at GD15.5 than at GD17.5 (Figure 2B). The restricted permeability of a tracer across fetal cerebral vasculature was observed by GD15.5 in mice (Ben-Zvi et al., 2014), leading to a hypothesis that the formation of the fetal blood-brain barrier decreases the necessity of BCRP at the placental barrier for protecting the fetal brain after GD15.5. The decline in BCRP protein expression at the placental barrier toward term is consistent with previous results, which indicated that peak BCRP protein expression occurs at GD15.5 based on immunoblotting of the S-9 fraction of murine placenta obtained by means of differential centrifugations (Wang et al., 2006). However, such a gestational change was not detected when using total placental cell lysates (Kalabis et al., 2007). Thus, fractionation to concentrate the plasma membrane is crucial for determining the amount of functional BCRP in the placenta, most likely because a part of the protein is not localized at the plasma membrane and thus does not work as an efflux transporter. In humans, investigations using the membrane fraction from a large number of human placental samples consistently showed decreasing protein levels of BCRP toward term (Meyer Zu Schwabedissen et al., 2006; Anoshchenko et al., 2020; Goetzl et al., 2022). Accordingly, the gestational age-dependent decrease of BCRP protein from mid to term gestation appears to be common in both humans and mice.
In the present study, we have determined the absolute amount of BCRP protein at the human as well as the mouse placental barrier. The BCRP expression amount in human placental MVM was determined to be 0.66 fmol/μg protein (Figure 1), which is similar to the previously reported value of ∼1 fmol/μg total membrane protein in human placenta at term (Anoshchenko et al., 2020). The quantification of the absolute amount of protein enables us to compare BCRP protein levels between species. The BCRP expression amount in the human placental barrier at term is much less (∼10%) than that in mouse at GD17.5, which is a near term based on the gestational period of FVB mouse of approximately 18.5 days (Murray et al., 2010). The BCRP protein level in human placenta is several times higher at earlier gestation (Meyer Zu Schwabedissen et al., 2006; Anoshchenko et al., 2020; Goetzl et al., 2022), and this trend is also observed in mice at GD15.5 and 17.5 (Figure 1). Therefore, it is reasonable to consider that the BCRP protein level at the placental barrier is constitutively lower in humans than in mice at least from mid to term gestation. It should be noted that lower protein expression in human placenta does not necessarily imply a lower impact of placental BCRP in humans compared with mice, since the placental BCRP in humans is localized at MVM of the monolayer and is not functionally attenuated by gap junctions, as occurs in mice. It may be also necessary to consider the possible involvement of BCRP expressed in fetal capillaries of the placenta (Han et al., 2018). On the assumption that the Kp ratio −1 per single BCRP protein is similar in human placental barrier and at the murine blood-brain barrier, the values of Kp,fp ratio of genistein and dantrolene in humans are anticipated to be 1.5, and 1.3, respectively. However, further studies will be needed to confirm these estimates.
The absolute amount of BCRP protein determined in the present study will aid in estimating the exposure to substrate drugs. However, BCRP proteins form dimers and oligomers and have been observed to be present as the dimer in human and murine placentas and murine brain capillaries (Kolwankar et al., 2005; Tachikawa et al., 2005; Kalabis et al., 2007). More accurate estimates of the abundance of functional BCRP proteins can be achieved by determining the fraction of dimers/oligomers.
In conclusion, our findings indicate that the apparent contribution of a single BCRP molecule to suppression of the fetal distribution of at least some substrates (genistein and dantrolene) at the murine placental barrier is much smaller than that at the blood-brain barrier. In mice, the apparent impact of BCRP on the fetal distribution of its substrate drugs with low passive permeability and small molecular diameter may be low due to the presence of the bypass route through gap junctions. Although the expression amount of BCRP protein in human placenta is lower than that in mouse placenta, this species difference appears to be functionally compensated by the murine-specific bypass route through gap junctions, at least in part. We also found that changes in BCRP expression at the murine placental barrier during gestation correlate with the function of BCRP in suppressing fetal drug distribution. These findings will be helpful for predicting fetal drug distribution in humans by extrapolation from data obtained using in vitro cells, different tissues, and different animal species.
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The protein amount of BCRP at the apical membrane of placental SynT-li was estimatedto be 8 times larger than thatin the plasma membrane fraction of the placental abyrinth (Figure 1).
The protein amount of BCRP at the luminal membrane of brain capilaries was estimated o be twice that in the plasma membrane fraction of brain capillaries reported by Uchida et al.
(2013). The partition coefficient in n-octanol/buffer solution at pH 7.4 (LogD; ) was experimentally measured by the shaken-flask method. The ratio of the brain-to-plasma concentration
atio (Ke ) and the fetal-to-matemal ratio of plasma concentrations (K, ) of genistein (Figure 2) and dantrolene (Figure 3)in Borp™ to that in wild-type (WT) were determined. Each K,

matio represents the mean + SEM. fn

6 dams). The S.E.M. was calculated according to the law of propagation of error. N.D.: not determined.
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