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Abstract

The placenta mediates the transfer of maternal nutrients into the fetal circulation while
removing fetal waste products, drugs and environmental toxins that may otherwise be
detrimental to fetal development. This study investigated the role of drug transporters and
protein binding in the transfer of the antidiabetic drug glibenclamide across the human placental
syncytiotrophoblast using placental perfusion experiments and computational modelling. In the
absence of albumin, placental glibenclamide uptake from the fetal circulation was not affected
by competitive inhibition with bromosulphothalein (BSP), indicating that OATP2B1 does not
mediate placental glibenclamide uptake from the fetus. In the presence of maternal and fetal
albumin, BSP increased placental glibenclamide uptake from the fetal circulation by displacing
glibenclamide from BSA, increasing the free fraction of glibenclamide driving diffusive
transport. The P-gp and BCRP inhibitor GF120918 did not affect placental glibenclamide
uptake from the maternal circulation and as such this study did not find any evidence for the
apical efflux transporters in placental glibenclamide transfer. Computational modelling
confirmed that albumin binding and not transporter activity, is the dominant factor in the
transfer of glibenclamide across the human placenta. The effect of BSP binding to albumin on
promoting the diffusive transfer of glibenclamide highlights the importance of drug-protein

binding interactions and their interpretation using computational modelling.
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INTRODUCTION

The placenta as the interface between the mother and developing fetus mediates the
transfer of maternal nutrients into the fetal circulation while simultaneously removing
fetal waste products and protects the fetus from xenobiotics [1]. Many women require
medication during pregnancy, so from a safety perspective it is important to understand
the pharmacokinetics of placental drug transport in order to understand the factors

affecting fetal exposure.

The human placenta has been reported to express a variety of transport proteins,
including ATP binding cassette (ABC) transporters such as P-glycoprotein (P-gp,
MDRI1, ABCB1), breast cancer resistance protein (BCRP, ABCG2) and the multidrug
resistance-associated proteins 1-3 (MRP, ABCC1-3) [2, 3] that could help clear drugs
and toxins back to the maternal circulation (Fig. 1A). Both P-gp and BCRP are highly
expressed in the placenta [4, 5]. There is conflicting evidence regarding MRP isoform
expression on the placental syncytiotrophoblast. MRP2 expression was demonstrated
on the apical microvillous membrane (MVM) alone via immunohistochemistry and
western blotting [6]. MRP1 and MRP3 were also found to be expressed primarily on
the fetal endothelium with lower expression on the MVM [6]. However, other studies
have been unable to detect MRP3 expression in the placenta [7] and it has been reported

that MRP1 is only expressed on the basal membrane (BM) of the syncytiotrophoblast
[8].

To pass between the maternal and fetal circulation any drug would need to cross both
the MVM and BM of the placental syncytiotrophoblast. Transporters such as the
organic anion-transporting polypetide OATP2B1 (SLCO2B1) on the BM are thought to
work together with ABC efflux transporters on the MVM to effect clearance of certain
drugs from the fetal circulation back to the maternal circulation [2, 9]. In addition,
OATP4A1 (SLCO4Al) is expressed on the MVM [10] and could play a role in

bidirectional transfer.

Gestational diabetes is associated with increased fetal macrosomia, neonatal
hypoglycemia and perinatal complications [11, 12]. Maternal treatment for this
condition consists of dietary modifications and if this proves insufficient, medication

with insulin or drugs is required [11, 13]. Glibenclamide is a sulfonylurea drug that has



been used to treat gestational diabetes. Initial concerns about glibenclamide transfer to
the fetus were quelled by reports that measured concentrations in the fetal circulation
were very low, even at maternal concentrations significantly higher than therapeutic
[11, 14, 15]. However, glibenclamide has been found less effective than metformin
based on a range of pregnancy outcomes [13]. A high variability in umbilical vein
glibenclamide concentrations has been observed in vivo, which was attributed to inter-
subject variability in the function of placental transporters, although it is unclear to what

extent this could be explained by the wide range in dose and sampling time [11].

Low transfer of glibenclamide across the human placenta has been attributed to high
plasma protein binding, in combination with a short half-life, while binding to the
placenta itself could also play a role [12]. It is thought that only the free fraction of
glibenclamide can be transported across a cell membrane and it has been reported that
under physiological conditions, the free fraction of glibenclamide is only 0.2% [12, 16].
Ex vivo human placental perfusion studies have demonstrated significantly higher
glibenclamide transfer in the fetal to maternal direction compared to the maternal to
fetal direction, consistent with the activity of efflux pumps on the MVM [17]. This was
attributed to BCRP, as opposed to P-gp or MRPs, based on studies using the BCRP
inhibitor nicardipine and the lack of effect of the P-gp inhibitor verapamil and the MRP
inhibitor indomethacin, combined with the low expression of MRPs [7, 17, 18].
Alternatively, such asymmetry in transfer could result from differences in maternal and

fetal protein binding [16, 19].

In vitro studies using human placental MVM vesicles and non-placental cell lines have
concluded that glibenclamide is transported by BCRP, with conflicting data on the role
of MRPs in vesicles [3, 20, 21]. Depending on concentration, glibenclamide transfer
was determined by the interplay between BCRP and passive diffusion in rat placental
perfusions [22]. Both BCRP and OATP2BI1 are highly expressed in the placenta [9],
with reported Km values of 13.7 uM [23] and 6.26 uM [24] for glibenclamide,
respectively. Previous studies have demonstrated the interactions between BCRP on
the MVM and OATP2B1 on the BM in promoting basal to apical transfer of steroid
sulphates in vitro [9, 25]. Although glibenclamide is an OATP2B1 substrate, only
limited glibenclamide uptake ratios of 1.5-2.7 compared to control have been found for

HEK?293 cells transfected to express OATP2B1 [26-28], which appears to be due to the



high diffusive uptake in controls. The role of OATPs on the BM in the fetal to maternal

transfer of glibenclamide has not been investigated in placental perfusion studies.

This study aimed to determine the role of drug transporters and protein binding in the
transfer of glibenclamide across the human placental syncytiotrophoblast using

placental perfusion experiments and computational modelling.

METHODS

Term human placentas were collected with written informed consent from women
delivering at the Princess Anne Hospital in Southampton with approval from the
Southampton and Southwest Hampshire Local Ethics Committee (11/SC/0529). All
placentas used in this study were obtained from uncomplicated pregnancies delivered

at term by caesarean section.

Placentas were perfused using the methodology of Schneider et al. [29] as adapted in
our laboratory [30]. Both the maternal and fetal circulation were operated in open-loop
configuration (non-recirculating). Placentas were perfused with Earle’s Bicarbonate
Buffer (EBB: 5 mM glucose, 1.8 mM CaClz, 0.4 mM MgSOs4, 116.4 mM NaCl, 5.4
mM KCI, 26.2 mM NaHCOs, 0.9 mM NaH2POs), gassed with 5% CO2 and 95% Ox.
Perfusion via the fetal catheter into a chorionic plate fetal artery was performed at 6
ml/min and via 5 maternal catheters at 14 ml/min using a roller pump. Before starting
the experiments detailed below, a washout step was included whereby the fetal and
maternal circulation of every placenta was perfused with EBB for 15 minutes.
Throughout the experiments, fetal and maternal placental circulation pressures were
recorded using Chart v4.2., Approximately 1.5 ml of venous exudate was collected

from maternal and fetal venous outflows at regular intervals.

3H-glibenclamide (Packard-Perkin Elmer, Massachusetts USA, see Supplementary data)
and creatinine (a marker of paracellular diffusion) were added to the fetal or maternal
circulations and levels in the fetal and maternal effluent analysed via liquid scintillation
counting, using 5 min counts to maximise counting efficiency (Packard-Perkin Elmer,
Massachusetts USA) and the creatinine infinity reagent kit (ThermoFisher),

respectively. At the end of the experiment, the perfused region of placental cotyledon



(the white region cleared of blood) was obtained by trimming off the non-perfused

tissue, then blotted and weighed.

Fetal to maternal *H-glibenclamide, BSP and MK571 perfusions

The fetal circulation of isolated cotyledons was perfused with EBB containing 1 g/L
bovine serum albumin (BSA), 1.8 mmol/L creatinine and >H-glibenclamide (93
pmol/L) for 30 min before 150 umol/L bromosulphothalein (BSP, an OATP substrate
and inhibitor) was added for a further 30 min. The fetal buffer was then returned to
EBB containing 1 g/L BSA, 1.8 mM creatinine and *H-glibenclamide for 30 min before
43 pM MK571 (an MRP inhibitor) was added for a final 30 min block. Throughout
these changes, the maternal circulation was perfused with EBB containing 1 g/LL BSA

alone. The protocol was then repeated in the absence of BSA in either circulation

Alternating fetal to maternal / maternal to fetal 3H-glibenclamide perfusions

The fetal and maternal circulations of isolated cotyledons were perfused with
alternating EBB containing 1 g/L BSA alone and EBB containing *H-glibenclamide
(93 pmol/L), 1 g/L BSA and 1.8 mmol/L creatinine for 30 minutes before repeating
these conditions using 2 pmol/L GF120918 (a P-gp and BCRP inhibitor), added to the
buffer with *H-glibenclamide only. The protocol was then repeated in the absence of

BSA in either circulation.

Maternal to fetal BSA free H-glibenclamide perfusions

The maternal circulation of the cotyledon was perfused with EBB containing *H-
glibenclamide (46 pmol/L) and 1.8 mmol/L creatinine for 60 min before 2 umol/L
GF120918 was added for a further 60 min. The maternal buffer was then returned to
EBB containing *H-glibenclamide and 1.8 mM creatinine for a further 60 minutes.

Throughout the experiment, the fetal circulation was perfused with BSA free EBB.

3H-glibenclamide protein binding

To determine the free fraction of glibenclamide with and without the presence of
BSA, 3H-glibenclamide (1.8 nmol/L) in EBB alone, EBB containing 1 g/1 BSA or EBB
containing 1 g/1 BSA + 100 umol/L BSP (5-6 replicates per condition, except 3 for
EBB + BSP alone) was dialysed against 100 ul EBB (BSA free) using a Slide-a-lyzer



7K dialysis membrane for 24 h at room temperature on a rocker (Fisher
Scientific). Transfer of 3H-glibenclamide into the column was analysed by liquid
scintillation counting (Packard-Perkin Elmer, Massachusetts USA). Trial

experiments at 8, 24 and 48 hr showed that equilibrium was reached by 24 hours.

To determine the free fraction of 3H-glibenclamide in perfusate experiments, 1.3
ml samples from fetal and maternal perfusate (3-4 replicates, consisting of two
pooled samples, per condition for each placenta) were dialysed against 100 uL
EBB (BSA free) using the same protocol. Protein in perfusate samples collected (n
= 6-8 per condition for each placenta) was analysed using the Pierce BCA protein

assay kit (ThermoFisher).

Statistics

Protein concentrations and *H-glibenclamide free fractions from the dialysis with and
without BSA were analysed by two-way ANOVA followed by Tukey-Kramer post hoc
test where necessary to distinguish effects and interactions. Significance was assumed
atp <0.05 and all data are presented as the mean =+ standard deviation of three placentas,
calculated using the average value of the samples for each placenta as outlined in the

previous section.

Computational model

Glibenclamide transfer was described using a compartmental model for placental
transfer described previously [31, 32]. Separate maternal, syncytiotrophoblast and
fetal compartments were distinguished (Fig. 1B). Fluxes between compartments were
assumed to be governed by simple diffusion of the free, unbound, glibenclamide

fraction as described by Egs. 1-3. No effects of transporters were incorporated in first

instance.
dem 1
% - E(PSMVM(fusCs - fumcm) + Qm(cinm - Cm)) Eq' 1
dcg 1
dct - VS(PSMVM(fumCm — fusCs) + PSBM(fquf - fuscs)) Eq.2
dCf 1
= (PSaufusts = furcy) + Qseins = 1) Fa.



Here ¢ [mol/L] are the concentrations in the maternal, syncytiotrophoblast and fetal
compartments, indicated by subscripts m, s, and f, respectively, while VV [L] are the
compartment volumes. Cinp, and ¢, ¢ are the arterial inlet concentrations in the
maternal and fetal compartments. PSy,5, and PSgy, [L/min] are the overall cotyledon
microvillous membrane (MVM) and basal membrane (BM) permeability surface area
products. The free fractions in each compartment are given by f;, [-], assumed
constant here. Q [L/min] are the perfusion flow rates for the maternal and fetal

circulation.

Creatinine transfer was modelled based on paracellular diffusion directly from the
maternal to the fetal compartment, bypassing the syncytiotrophoblast compartment,

with free fractions equal to 1 (Supplementary data A).

The model was implemented in Matlab (R2018a, The Mathworks, Natick, MA, USA).
Egs. 1-3 where solved numerically using the ‘ode45’ function (Runge-Kutta (4, 5)
method). For simplicity, the measured cotyledon weight in [kg] was equated to the total
volume in [L]. The volume V of the individual compartments was then calculated based
on relative volume fractions of 34%, 15% and 7.4% for the maternal,
syncytiotrophoblast and fetal compartments, respectively, as in our previous work [32,
33]. Measured fetal flow rates were used to account for any variation during the

different phases of the experiment.

The model was fitted to the experimental data based on the sum of the normalised least
square errors for the maternal and fetal concentrations, using the error criterion Ey,;

defined in Eq. 4.

. i . . 2

_ Z(Crln_crln exp)2 Z(C}_C} exp)
Etot - i 2 i 2
Z(Cm exp) Z(C}‘ exp)

Eq. 4

Cm exp are the experimental concentrations measured and ¢y, the computational values

at time points i, consisting of the last 4 time points of every experimental phase in order
to focus on steady state behaviour. Parameter estimation was implemented using the
Matlab ‘fminsearch’ function, running the complete model within the parameter
estimation loop. Unless stated otherwise, in general three parameters were fitted: The

MVM and BM permeability surface area products PSyyy , PSgy and the



syncytiotrophoblast free fraction f,,;. The effective permeability surface area product

of the two membranes in series was calculated based on the estimated parameters as

PSerr = (PSyymPSem)/(PSyym + PSpu).

Initial parameter estimates were varied to verify the uniqueness of the solution and a
sensitivity analysis was conducted in which the volume of individual compartments

was either reduced by a factor 10 or increased to the maximum remaining volume.

Glibenclamide-BSA binding
The theoretical glibenclamide free fraction in presence of BSA was calculated
analytically (Supplementary data B). The dissociation constant used for glibenclamide

binding to BSA was K 41, = 6.7 % 107 mol/L, and a single binding site was assumed

for consistency [34]. The BSA molecular weight was 66.5 kDa.

The theoretical glibenclamide free fraction in presence of both BSA and BSP was
determined numerically by solving the multiple substrate binding problem
(Supplementary data C), assuming a single BSA binding site and that both
glibenclamide and BSP can bind to BSA, but not simultaneously. The value of the
dissociation constant for BSP used was K; gsp = 3.8 x 10 mol/L, based on the

association constant for human serum albumin [35].

RESULTS

Note that in the following, the terms ‘uptake’ and ‘transfer’ were used to describe the
disappearance and appearance of a solute in the respective circulations, without

necessarily implying the involvement of active and/or transporter mediated processes.

Fetal side *H-glibenclamide perfusion

Results for the fetal to maternal glibenclamide perfusion experiment are given in Fig.
2 (n = 3 cotyledons, mean weight 63 + 27 g). Removal of BSA from the perfusion
buffer increased the uptake of *H-glibenclamide from the fetal circulation (Fig. 2A).



Transfer of glibenclamide to the maternal circulation was also increased in the absence
of BSA, although the time scale of the response was slower (Fig. 2B).

In the presence of BSA, addition of BSP led to an increase in fetal uptake of
glibenclamide and its transfer to the maternal circulation, but BSP did not have an effect
on glibenclamide transfer in the absence of BSA. Addition of the MRP inhibitor
MKS571 did not affect glibenclamide uptake from the fetal circulation nor transfer to

the maternal circulation.

Theoretical predictions for the glibenclamide free fraction in the perfusate as a function
of BSA concentration, are shown in Fig. 3A. It can be seen that the free fraction
becomes independent of glibenclamide concentration at very low concentrations of
glibenclamide, such as those for the tracer used in the present study (93 pmol/L). A free
fraction of 4.3% was predicted to correspond to the 1 g/l BSA used in the experiment.
Addition of 150 umol/L BSP, in combination with 1 g/LL BSA, was predicted to increase
the glibenclamide free fraction to 17% (Fig. 3B).

The computational model was fitted to the average fetal and maternal vein
glibenclamide concentrations (Fig. 2), under the assumption that the glibenclamide free
fraction was 100% in buffer without BSA, while estimating the free fractions in buffer
with BSA. This resulted in an estimated free fraction of 31% for buffer with BSA, and
a free fraction of 93% for buffer containing both BSA and BSP.

The *H-glibenclamide free fraction in EBB, measured using dialysis, was 21 + 3% for
buffer with BSA and 54 + 12% for buffer containing both BSA and BSP (Fig. 4).
Statistical analysis confirmed an interaction between BSP and BSA (two-way ANOVA,
p = 0.0018, n =3-6). There was no difference in the glibenclamide free fraction for
buffer with BSP (92 + 14%) or without BSP (96 + 12%) in the absence of BSA (p =
0.93, Tukey-Kramer). Similar results were found for the actual fetal perfusate from the
experiment (Fig. 4). The measured free fraction of glibenclamide was 23 + 7% for
perfusate with BSA alone, and 50 + 10% for perfusate containing BSA and BSP. There
was an interaction between BSP and BSA (two-way ANOVA, p = 0.014, n = 3). No
difference in the glibenclamide free fraction was found for perfusate with BSP (82 +

12%) or without BSP (89 + 8%) in absence of BSA (p = 0.82, Tukey-Kramer).



The model fit of the average glibenclamide concentrations was repeated based on the
free fractions in fetal perfusate measured using dialysis. The maternal glibenclamide
free fractions were assumed to be the same as the fetal perfusate values in absence of
BSP. This produced results similar to the experimental data (Fig. 2), but underestimated
uptake from the fetal circulation for BSP in combination with BSA. The estimated

effective permeability surface area product was PSgp = 4.2 X 107 L/min and tissue

free fraction f, ;s = 1.3%. The estimated permeability surface area product for

creatinine was PS,;oq = 1.5 X 10 L/min.

Alternating fetal / maternal *H-glibenclamide perfusion

Results for the alternating fetal-maternal glibenclamide perfusion experiments are
shown in Fig. 5 (n = 3 cotyledons, weight 30 + 10 g). It can be observed that there is
increased placental glibenclamide uptake from either the fetal or maternal side in the
absence of BSA, as evident from the lower vein concentrations. No effects of the P-gp

and BCRP inhibitor GF120918 were apparent.

The free fractions of *H-glibenclamide for the alternating fetal-maternal experiment are
shown in Fig. 6A. Measured glibenclamide free fractions in fetal and maternal perfusate
without BSA were 82 + 3% and 73 + 3%, respectively. Two-way ANOVA with post
hoc testing using Tukey-Kramer did not find a difference between fetal and maternal
free fractions in absence of BSA (p = 0.12). Measured protein concentrations in the
corresponding samples are reported in Fig. 6B. There was no difference between fetal
and maternal protein in absence of BSA (p = 0.99, two-way ANOVA with Tukey-

Kramer post hoc).

The model was fitted to the perfusion data using the average glibenclamide free
fractions from the dialysis for each circulation, with or without BSA. Model results for
fitting the average glibenclamide concentrations are shown in Fig. 5. The estimated
parameters based on fitting the results for individual cotyledons were as follows:
Maternal side permeability surface area product PSy,p = 1.6 £ 0.6 x 102 L/min, fetal
side PSgy, = 5+ 4 x 10 L/min, and free fraction in the tissue f;, ;;ss = 0.8 £ 0.3%. The

overall effective permeability surface area product for glibenclamide was calculated as

10



PSerr=3.5+13 X 10 L/min. The estimated permeability surface area product for

creatinine based on average concentrations was PS o4 = 3.0 x 107 L/min.

Maternal side 3H-glibenclamide perfusion

The results of the maternal to fetal glibenclamide perfusion experiments without BSA
are shown in Fig. 7 (n = 3 cotyledons, weight 45 + 6 g). Fetal vein concentrations
revealed a slow increase in transfer of glibenclamide to the fetal circulation over time
before reaching steady state after 2.5 h. The tissue accumulation rate of glibenclamide
gradually reduced over a similar timescale, from approximately 50% of maternal
glibenclamide input at the start of the experiment to zero towards the end, based on the
mass balance calculated from the maternal and fetal placental arterial-venous

differences and flow rates. No effects of the inhibitor GF120918 were apparent.

The measured glibenclamide free fraction in maternal perfusate containing no BSA was
85 £+ 4% and corresponding protein concentration 0.22 + 0.08 g/L at steady state. For
modelling the results it was assumed that the fetal glibenclamide free fraction was the
same as the measured maternal value. The model fit based on the average
concentrations is shown in Fig. 7, while the fits of individual cotyledons yielded an

overall effective permeability surface area product for glibenclamide PSgrfr =2.7+ 1.5

x 107 L/min and free fraction in the tissue fj, s = 1.2 + 0.8%. The estimated

permeability surface area product for creatinine was PS,oq = 2.3 £ 0.8 x 107 L/min.

Discussion

This study demonstrates the importance of plasma protein binding in determining
placental transfer of the anti-diabetic drug glibenclamide. No transporter mediated
transfer could be demonstrated suggesting that transporters play little or no role in

glibenclamide transfer in the human placenta.

Transporters
First, the role of basal membrane transporters in mediating placental glibenclamide
uptake from the fetal circulation was investigated. In the absence of BSA, placental

glibenclamide uptake from the fetal circulation was not affected by competitive

11



inhibition with the OATP substrate BSP, indicating that OATP2B1 does not mediate
placental glibenclamide uptake from the fetus.

In the presence of BSA, BSP was shown to increase placental glibenclamide uptake
from the fetal circulation (Fig. 2), however no effect of BSP was observed when BSA
was removed from the buffer. OATP2B1 is highly expressed in the basal membrane
[9], so these negative results would suggest a relatively low uptake rate/affinity for
glibenclamide compared to passive diffusion, in accordance with the modest uptake
compared to control observed in HEK293 cells transfected to express OATP2B1 [26-
28]. In line with previous studies [7], no effect of the MRP inhibitor MK571 on
placental glibenclamide uptake from the fetal circulation was observed, further
excluding the possibility that the increased placental glibenclamide uptake in presence

of BSP was related to inhibition of efflux transporters on the basal membrane.

Secondly, the contribution of ABC transporters on the apical microvillous membrane
was investigated. The P-gp and BCRP inhibitor GF120918 has been used successfully
in rat placenta perfusion experiments to block transport for low glibenclamide
concentrations, while diffusion became dominant at higher concentrations [22].
However, despite the low glibenclamide tracer concentrations and using the same
inhibitor concentration, no effects of GF120918 were observed for human placenta in
the current study with short (Fig. 5) or longer term exposure (Fig. 7). As such this study
did not find any evidence for the apical efflux transporters in placental glibenclamide
transfer. A limitation of the current study is that we could not measure the actual
concentrations of inhibitors entering the placenta in light of potential binding to the
tubing of the perfusion setup, which can be an important factor in perfusion experiments
[36], although this was mitigated by the open loop configuration employed under steady
state conditions. While this was not confirmed directly, no significant effects of binding
to the tubing were apparent in the results for glibenclamide, considering that the vein
concentrations were close to stock in specific cases, as well as the correspondence

between uptake and transfer across the placenta.

Computational modelling of the alternating fetal-maternal perfusion data confirmed
that the results could be represented based on simple diffusion, with the same
permeability in both directions and no additional transporter contributions (Fig. 5). This

finding is inconsistent with work in rodents [22], suggesting that there may be species

12



differences. There is considerable overlap between inhibitors of individual ABC and
OATP transports, depending on concentration [37, 38]. This adds to the complexities
of correctly interpreting and comparing the results of inhibitor studies in different
species, which do not necessarily express the same transporters and highlights the

importance of performing safety studies in human placenta.

Protein binding

To explain the stimulatory effect of BSP on placental glibenclamide transfer it was
hypothesised that the BSP was displacing glibenclamide from BSA, increasing the free
fraction of glibenclamide driving diffusive transport. Our initial theoretical predictions
and model estimates based on the experimental data supported this hypothesis, but
indicated that the free fractions needed to explain the data were higher than expected

from binding affinities in the literature [34].

Experimental measurements using dialysis were consistent with model estimates.
Multiple binding sites have been distinguished for glibenclamide and normal human
serum albumin, with dissociation constants of 7 x 107 and 2 x 10° mol/L [39]. The
high affinity value is equivalent to the K gy, = 6.7 X 10”7 mol/L for BSA [34] that was
used for the theoretical predictions, while the K 45, = 3.9 X 10" mol/L calculated for
EBB + BSA from the current data (Supplementary data C) lies somewhere in between,
rather than approaching the high affinity value as may have been expected based on the
low tracer concentrations used. This cannot be explained from the fact that the current
binding studies were carried out at room temperature as the glibenclamide binding

affinity to albumin decreases with increasing temperature [40].

Measured protein concentrations displayed a rapid drop after the switch over to buffer
without BSA and no time delays due to the effects of mixing were apparent within the
sampling window.

Consistent with previous studies [16], an initial slow release of native protein from the
placenta was observed in the maternal circulation for the BSA free experiments, which
could take up to 2 h to reach steady state (data not shown). Nanovskaya et al. observed
differences between maternal and fetal glibenclamide binding associated with the

release of native protein during closed loop perfusion experiments [16, 19]. Our

13



simulations of their experiments confirm how such differences in binding could give
rise to an apparent asymmetry in transfer, which is lost as more albumin is added
equally to both circulations (Supplementary data E). It remains to be seen to what extent
the modest reduction in asymmetry following addition of the BCRP inhibitor
Nicardipine to the maternal circulation [18] could be explained alternatively by binding

interactions with native protein, similar as observed for BSP and BSA here.

In the current study, native protein levels remained low due to the absence of
recirculation in open loop configuration and no differences between the glibenclamide
free fraction in maternal and fetal perfusate were found consistently across all
experiments in absence of BSA. While native placental protein release may affect drug
transfer in perfusion systems it is unlikely to be physiologically important in vivo where
the levels of albumin and other proteins will be much higher. In this respect, it has to
be noted that no difference in the percentage unbound was found for glibenclamide

between maternal and umbilical cord vein plasma in vivo [41].

Tissue accumulation

Glibenclamide could accumulate in tissue bound to intracellular proteins. Following
switches between experimental conditions, the maternal and fetal vein glibenclamide
concentrations appeared to reach quasi steady state within the experimental time blocks,
but nonetheless a slow increase in venous concentrations over longer time scales was
apparent (Fig. 2, 5 and 7), which needs to be considered in any comparisons of different
experimental designs. As predicted by the model, these increases in output
concentrations observed were due to the gradual tissue accumulation of *H-
glibenclamide over time, leading to increased tissue concentrations mediating transfer.
In the maternal to fetal perfusion experiment without BSA (Fig. 7), the experimental
mass balance showed an initial high rate of tissue accumulation (50%) and took over
two hours to approach steady state, indicating the high binding capacity of the tissue.
Note that, despite the similar timescale, this cannot be explained based on the initial
presence of any native plasma protein in the maternal perfusate as uptake decreases

rather than increases.

The model estimated a glibenclamide tissue free fraction of approximately 1%, which

is in the same order of magnitude as found previously, e.g. 3% for liver cells [42].
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Importantly, this estimated tissue free fraction is directly related to the relevant volume
fraction assumed in the model, in this case for the syncytiotrophoblast. If tissue binding
occurs in a larger tissue volume then the estimated free fraction would be higher, i.e.
the same absolute amount is stored, so model results are not affected. In this respect, it
is interesting to observe the relatively slow decline in fetal vein concentrations after
fetal *H glibenclamide perfusion is stopped, in absence of BSA (Fig. 5), which could
indicate a role for the stroma in storage and the notion that a single well-mixed tissue
compartment equally accessible from both sides may be too simplistic to capture the

dynamics.

Permeability

The overall glibenclamide diffusive permeability surface area product per cotyledon
was estimated to be PS,rr = 3.5 £ 1.3 X 107 L/min for the alternating fetal-maternal
perfusion experiment (Fig. 5), which could be considered most representative for
bidirectional transfer under a range of conditions. Similar values for PS, ¢ were found
for the separate fetal to maternal (Fig. 2) and maternal to fetal experiments (Fig. 7),
further confirming the diffusive nature of transfer. Relative values for the MVM and
BM permeability surface area product could be estimated with less confidence (larger
variation), as distinguishing between their contributions to the overall permeability
relies on non-steady state behaviour, e.g. due to tissue accumulation. Nonetheless, the
MVM permeability surface area product was higher than for the BM, consistent with
our previous studies for cortisol [43], fatty acids [44] and amino acids [32]. This may
reflect the larger surface area of the MVM and the fact that the estimated permeability
for the BM would incorporate any resistance of the stroma and endothelium.
Glibenclamide is lipophilic logD,, = 2.1 [42], supporting its transfer by
membrane diffusion. It was previously concluded that the placental transfer of
glibenclamide compared to other compounds is in line with its physiochemical

properties once medium protein binding is taken into account [12, 16].

The model assumed well-mixed compartments as a first approximation, which is
a clear simplification of the actual maternal and fetal circulations. Increasing or
decreasing compartmental volume fractions had a small effect on dynamics, but

did not affect steady states and effective permeability estimates. Experimental

15



results for individual cotyledons displayed a large variation in maternal and fetal
vein concentrations. Normalising uptake and transfer by cotyledon weight did not
generally reduce variation, indicating that overall weight is not necessarily
directly representative of the regions that are effectively perfused in the
experiments. Nor was there a clear correlation with the permeability surface area

product for creatinine transfer.

The effective permeability surface area product (PS.sf = 3.5 x 10-3 L/min) from

the experiments can be multiplied by the number of cotyledons to estimate an
order of magnitude for the total placental permeability and transfer. For example,
based on 13 cotyledons [45], a therapeutic glibenclamide concentration of 0.4
umol/L, high affinity dissociation constant K; = 0.71 pmol/L [39] and human
albumin concentration of 29 g/L in pregnant women [16], the free fraction of
glibenclamide is 0.16% and the maximum rate of placental transfer would be 30
pmol/min, with the fetal concentration set to zero. However, fetal concentrations
in vivo will be determined by the rate of placental transfer in relation to the rate
of fetal metabolism. In this respect, glibenclamide metabolites are more potent
transporter substrates than glibenclamide itself [42] and their placental transfer
will need to be determined. Glibenclamide metabolism in the placenta itself may
be relatively limited [46]. Such questions can be more fully addressed by
incorporating the current placental model in larger modelling frameworks

including the full maternal and fetal circulations in vivo [47-49].

Summary and conclusions

Based on the experimental and modelling results presented, we conclude that albumin
binding and not transporter activity, is the dominant factor in the transfer of
glibenclamide across the human placenta. The effect of BSP binding to albumin on
promoting the diffusive transfer of glibenclamide highlights the importance of drug-
protein binding interactions and their evaluation using computational modelling. In
addition, accumulation over time due to high levels of tissue binding needs to be
considered in the interpretation of perfusion experiments and their translation to the

physiological situation in vivo.
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Figure 1: Overview of placental transfer. A) Reported localisation of relevant
transporters on the apical maternal facing microvillous membrane (MVM) and fetal
facing basal membrane (BM). B) Compartmental model for placental transfer,
consisting of three separate maternal, syncytiotrophoblast and fetal volumes. Within
each compartment an equilibrium exists between glibenclamide bound to BSA and a
free, unbound, fraction (light blue arrows). Exchange between compartments across the
MVM and BM was assumed to be governed by simple diffusion determined by the free

concentrations (green arrows).
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Figure 2: Fetal side glibenclamide perfusion. Summary data for total *H-glibenclamide
levels (bound + unbound) in the fetal vein (A) and transfer into the maternal vein (B).
Data presented as mean = SD of three placentas. Solid lines represent computational
model results. Results for individual placentas are included in Supplementary data D.

22



>
N’
—
o
)

9
5
g
= Glibenclamide
o 601 ‘
2 1% 10 mollL
g ——1x10™ mollL
€ 40T 1x10°® moliL
3 1x10°® moliL
c -10
I 1%x10 I
g 20 X mo
O
0 L L 1 ]
0 0.5 1 1.5 2
BSA [g/L]
B) 60
——1g/LBSA
50 - |[——10g/L BSA
——30 g/l BSA

N
o
T

N
o
T

Glibenclamide free fraction [%]
= 8

0 200 400 600 800 1000
BSP [uM]

Figure 3: Theoretical predictions of glibenclamide binding. A) Glibenclamide free
fraction as a function of BSA. For low levels of glibenclamide the free fraction becomes
independent of glibenclamide concentration, as can be seen from the overlap between
curves. Note high glibenclamide concentrations would exceed solubility in absence of
BSA. B) BSP was predicted to increase the free fraction of glibenclamide by binding
to BSA. Results for tracer levels of glibenclamide (93 pmol/L). 1 g/L BSA was used in

the experiments.
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Figure 4: Free fractions of *H-glibenclamide in EBB buffer and fetal perfusate from
the fetal side glibenclamide perfusion experiments (Fig. 2). Results presented as
individual data points and mean + SD (n = 3-6).
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data D.
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Supplementary data

Glibenclamide transfer across the perfused human placenta is determined by

albumin binding not transporter activity

Emma M. Lofthouse, Jane Cleal, Georgina Hudson, Rohan M. Lewis,

Bram G. Sengers

Supplementary data A: Creatinine model

The placental transfer of creatinine was assumed to be governed by simple paracellular
diffusion between the maternal and fetal compartments (Fig. S1).

dcm crea

1
dt = a (PScrea(Cf crea — Cm crea) + Qm(cinm crea — Cm crea)) Eq- S1

dcf crea

dt = Vif(PScrea(Cm crea — Cf crea) + Qf(cinf crea — Cf crea)) Eq- S2

Here ¢y creqa and Cf creq [mol/L] are the creatinine concentrations in the maternal and
fetal compartments, respectively, while V [L] are the compartment volumes. Cim crea
and Cinf creq are the creatinine arterial inlet concentrations in the maternal and fetal
compartments. PS;., [L/min] is the overall cotyledon permeability surface area
product for creatinine. Q [L/min] are the perfusion flow rates for the maternal and fetal
circulation.

Qm Cinm crea Qf Cinf crea
Maternal . Fetal
compartment Syncytiotrophoblast compartment
® PS o
Crmicrea ® ed ® Cf crea
e o
. °
[ ]

- A4S 4
l MVM BM
Figure S1: Creatinine model schematic. Creatinine transfer was described by simple

paracellular diffusion between the maternal and fetal compartments, bypassing the
syncytiotrophoblast.
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Supplementary data B: Free fraction calculation

The glibenclamide free fraction f, 4y, [-] in presence of BSA was calculated by
solving the standard quadratic equation for the unbound glibenclamide concentration
cgle [mol/L] derived from the binding equilibrium relationship, assuming a single

binding site:

1 2
con” = E(_Kdglb + " — Cpsa” T \/(Kd gib — Cqp” + cpsa”)” + 4(Ky glb Cgle)> Eq. S3

Here cgle and cgg, T [mol/L] are the total glibenclamide and BSA concentrations
(bound + unbound), and K ,;;, [mol/L] the dissociation constant. The glibenclamide
g

Cgle
Cgle

free fraction is then given by f,, g1, =

Supplementary data C: Binding equilibrium for multiple substrates

The binding equilibrium between BSA, glibenclamide and BSP was solved
numerically using Newton iteration, starting from an initial estimate cgg,” for the
free, unbound concentration of BSA. In the following, c;1,", cgsp’ and cpsa”
[mol/L] represent the total concentrations (free + bound) of glibenclamide, BSP and

BSA. The bound concentrations cgle and cgsp? are then given by:

T F
Cglb” CBSA
Cgle = = —_ 7 Eq. S4
Kg gip + CBsa
T F
CBSP CBSA
CBSPB = — Eq. S5

KqBsp + cpsaF

Since ¢, 2 and cpgp? are equal to the concentrations of BSA bound to either
glibenclamide or BSP, the residual error R in total BSA is equal to:

R = cpsa” — cpsa” — cqin® — cpsp”® Eq. S6
The derivative with respect to cggy F 1s:

T T
Cgib” Ka gib cgsp  Kapsp
K=1+—% = — Eq. S7
(Kdglb+CBSAF) (KaBsp+cpsa®)

and a new estimate for cgg,” is then given by:

R
(cpsa™n+1 = (cpsa™n + (E) Eq. S8
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The procedure Eqgs. S4-S8 was repeated until convergence was obtained, after which
the free fraction of glibenclamide in presence of both BSA and BSP was calculated

using the bound concentration from Eq. S4:

F
fugy =1——24— Eq. S9

Kq gip+cpsal

Supplementary data D: Results for individual placentas
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Figure S2: Fetal side *H-glibenclamide perfusion. Individual data for each of the

three placentas evaluated. Solid lines represent the results of the computational model

for each placenta.
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Figure S3: Alternating fetal / maternal glibenclamide perfusion. Individual data for

each of the three placentas evaluated. Solid lines represent the results of the

computational model for each placenta.
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Figure S4: Maternal side glibenclamide perfusion. Individual data for each of the
three placentas evaluated. Solid lines represent the results of the computational model

for each placenta.
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Supplementary data E: Closed loop simulations

Closed loop perfusion simulations were performed based on the experiments by
Navoskaya [16, 19], investigating the effect of albumin and native protein released on
placental glibenclamide transfer. Two additional compartments were added to the
model in Fig. 1B, representing the maternal and fetal reservoirs (250 and 150 mL,
respectively). Simulations were performed using the parameters from the alternating
fetal-maternal perfusion experiments and a range of albumin concentrations was
evaluated (0, 1, 10 and 30 g/L, equal in both circulations). Based on the published
results [16], in all cases an additional contribution of 630 mg/L of native protein was
included for the maternal circulation only. Free fractions were calculated using Eq.
S3, assuming that the native protein binding properties were the same as for albumin.
The glibenclamide dissociation constant used was Ky 415, = 3.9 pmol/L, based on our
dialysis results for EBB + BSA, and calculated using Eq. S10, with ¢, ! the free
concentration:

F\2 F T_ T
Kdglb — (Cglb ) + Cgib (CBSA Cglb ) Eq. S10

Cgle_Cgle

Results for fetal to maternal transfer (Fig. S5) produced qualitatively similar results as
those from the published experiments [16, 19]. In particular, for zero albumin an
apparent asymmetry in transfer was observed, with maternal concentrations higher
than fetal at equilibrium (Fig. S5A). The reason for this is that, while free fractions
are in equilibrium, a higher total concentration of glibenclamide is contained in the
maternal circulation due to the higher protein binding. This asymmetry becomes less
apparent as the albumin concentration is increased and starts to dominate the effect of
any native protein in the experiment, so that the maternal and fetal concentrations
approach a common equilibrium. When high, physiologically representative, albumin
levels are added equally to both circulations, the transfer within the time scale of the

experiment becomes limited, but continues at a very slow rate (Fig. S5C).
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Figure S5: Model simulations of closed loop placental perfusion experiments
based on Nanovskaya et al. [16, 19]. A) Glibenclamide was added initially to the fetal
circulation. At equilibrium, maternal concentrations were higher than fetal, due to the
presence of additional native binding protein in the maternal circulation. B) This
apparent asymmetry is lost as more and more albumin is added equally to both
circulations, while transfer continued at a very slow rate for physiological albumin

concentrations C).
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