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List of nonstandard abbreviations used in the paper

BCRP, breast cancer resistance protein; BM, basal plasma membrane; Cfa, drug concentration in
umbilical artery, Cfc, drug concentration in fetal capillaries; Cfe, drug concentration in umbilical vein
effluent; Cfr, drug concentration in fetal reservoir; Cfv, drug concentration in umbilical vein; CI,
confidence interval; CLfm, fetal-to-maternal drug clearance; CLmf, maternal-to-fetal drug clearance;

drug concentration in maternal placenta; Cmr, drug concentration in maternal reservoir; Ct, drug
concentration in syncytiotrophoblasts; CYP, cytochrome P450; FM, fetal-to-maternal; F:M,

fetal-to-maternal drug concentration ratio, Ifc, inhibitor concentration in fetal capillaries; It, inhibitor
concentration in syncytiotrophoblasts; Ki,OCT3, inhibition constant for organic cation transporter 3;
MATE, multidrug and toxin extrusion; MF, maternal-to-fetal; MVM, microvillous plasma

membrane; OCT, organic cation transporter; OCTN, carnitine/organic cation transporter; PAMPA,

parallel artificial membrane permeation assay; P-gp, P-glycoprotein; PSBM,act,eff, active efflux
clearance in BM; PSBM,act,inf, active influx clearance in BM; PSBM,diff, passive clearance in BM;
PSMVM,act,eff, active efflux clearance in MVM; PSMVM,act,inf, active influx clearance in MVM;
PSMVM,diff, passive clearance in MVM; PK, pharmacokinetics; pKa, dissociation constant; Qm,
perfusion flow rate on the maternal side; Qf, perfusion flow rate on the fetal side; SD, standard
deviation; SERT, serotonin transporter; tss, time to achieve the steady state; TPT%, transplacental
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Cma, drug concentration in maternal artery; Cme, drug concentration in maternal vein effluent; Cmp,
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transfer percent of drug; Vch, medium volume in maternal chamber; Vfc, volume of fetal capillaries;
Vfr, fetal reservoir volume; Vfv, sampling port volume for umbilical vein; Vma, sampling port volume
for maternal artery; Vmi, maternal intervillous volume; Vmp, maternal placenta volume; Vmr, maternal
reservoir volume; Vt, volume of syncytiotrophoblasts volume.

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

4

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Abstract

Two types of systems are used in ex vivo human placental perfusion studies to predict fetal drug

exposures, i.e. closed systems with recirculation of the maternal and fetal buffer, and open systems

using a single-pass mode without recirculation. The in vivo fetal/maternal (F:M) ratio of metformin,

a cationic drug that crosses the placenta, is consistent with that reported in an open system ex vivo,

(PK) model of transplacental transfer of metformin in order to predict in vivo fetal exposure to

metformin and to resolve the apparent inconsistency between open and closed ex vivo systems. The

developed model shows that the difference between open and closed systems is due to the difference

in the time required to achieve the steady state. The model-predicted F:M ratio (approx. 0.88) is

consistent with reported in vivo values (mean (95% confidence interval): 1.10 (0.69-1.51)). The

model incorporates bidirectional transport via organic cation transporter 3 (OCT3) at the basal

plasma membrane, and simulations indicate that the use of trimethoprim (an OCT3 inhibitor) to

prevent microbial growth in the placenta ex vivo has a negligible effect on the overall

maternal-to-fetal and fetal-to-maternal clearances. The model could successfully predict in vivo fetal

exposure using ex vivo human placental perfusion data from both closed and open systems. This

transplacental PK modeling approach is expected to be useful for evaluating human fetal exposures

to other poorly permeable compounds, besides metformin.
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Significance Statement

We developed a pharmacokinetic model of transplacental transfer of metformin, used to treat

gestational diabetes mellitus, in order to predict in vivo fetal exposure and resolve the discrepancy

between reported findings in open and closed ex vivo perfusion systems. The discrepancy is due to a

difference in the time required to reach the steady state. The model can predict in vivo fetal exposure
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

using data from both closed and open systems.
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Introduction

For many years, direct measurements of drug concentrations in blood in the umbilical cord have

been utilized to assess drug exposure of the human fetus. Alternatively, ex vivo perfusion of human

placental cotyledon with buffer containing a test drug has been used to predict fetal exposure. Two

main types of ex vivo perfusion systems are used: a closed system with recirculation of maternal and

2008a). In closed perfusion systems, the ratio of drug concentration in the fetal umbilical circulation

to that in the maternal circulation (ex vivo F:M ratio) at the steady state can be directly compared

with

the in vivo ratio in blood of the umbilical cord and maternal blood (in vivo F:M ratio). On the

other hand, in open perfusion systems, a test drug is perfused without recirculation and the

maternal-to-fetal (MF) and the fetal-to-maternal (FM) clearances (CLmf and CLfm, respectively) can
be calculated (Tertti et al., 2010). The clearance ratio (CLmf/CLfm) in an open perfusion system is
equivalent to the F:M concentration ratio in a closed perfusion system in the steady state.

Metformin is recommended for women with gestational diabetes mellitus as a first-line option along

with insulin (NICE, 2015; ACOG, 2018). It has a low risk of maternal weight gain and is very

unlikely to cause hypoglycemia (Blair et al., 2019). However, it was recently reported that children

whose mothers were treated with metformin during pregnancy showed significantly lower birth
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fetal buffer (Fig. 1(A)), and an open system without recirculation (Fig. 1(B)) (Kovo and Golan,
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weights than those whose mothers were treated with insulin, but then appeared to experience

accelerated postnatal growth (Tarry-Adkins et al., 2019), which might be associated with adverse

long-term cardio-metabolic outcomes (Eriksson et al., 1999; Forsen et al., 2000). Metformin is

transported across the placenta by organic cation transporter (OCT) 3 located at the basal plasma

membrane (BM) of human placental syncytiotrophoblasts (Sata et al., 2005), so fetal exposure may

be helpful to quantify the fetal transfer of metformin across the placenta.

In this context, a quantitative comparison of in vivo F:M ratios for 24 drugs with ex vivo F:M ratios

determined by placental perfusion was reported in a systematic review (Hutson et al., 2011). The in

vivo F:M ratios were broadly consistent with the corresponding ex vivo F:M ratios, except for 4

drugs, of which one was metformin. In the case of metformin, the ex vivo F:M ratios determined in a

closed perfusion system, 0.55 (Nanovskaya et al., 2006) and 0.17 (Kovo et al., 2008b), are

considerably lower than the in vivo F:M ratio of approximately 1 (Vanky et al., 2005). However, an

open perfusion system gave a value (0.88; calculated from the reported CLmf and CLfm (Tertti et al.,
2010)) similar to the in vivo value. The reason for these differences in the F:M ratio for metformin

remains unclear. Moreover, the transfer mechanism of metformin across the placenta has not yet

been quantitatively characterized.
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Pharmacokinetic (PK) models have been constructed to predict fetal exposure using transplacental

transfer parameters obtained from ex vivo human placental perfusion systems for various drugs,

including tenofovir, emtricitabine (De Sousa Mendes et al., 2016), nevirapine (De Sousa Mendes et

al., 2017), and acyclovir (Liu et al., 2019) in closed systems, paroxetine, antipyrine (Nagai et al.,

and darunavir (Schalkwijk et al., 2018) in a hybrid system (closed-open system). However, in those

studies, the transplacental transfer of test drugs was mostly mediated by passive diffusion, and thus

the contribution of transporter(s) to the clearance was not estimated. No transplacental PK models

are available for drugs crossing the plasma membrane with the aid of transporter(s), except for

computational models of transplacental amino acid transfer (Sengers et al., 2010; Panitchob et al.,

2016). Therefore, in the present study, we aimed to develop a transplacental PK model incorporating

transporter-mediated transfer across the microvillous and basal plasma membranes of

syncytiotrophoblasts, in order to predict in vivo fetal exposure to metformin and to resolve the

apparent inconsistency between open and closed ex vivo systems.
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Materials and Methods

A flowchart of construction of the transplacental PK model for metformin, model validation and

prediction of human fetal exposure is shown in Fig. 2. The model was developed using previously

reported metformin concentration–time profiles in maternal artery, umbilical vein, and placental

tissue obtained in an ex vivo human placental perfusion study using a closed system (Nanovskaya et

concentration-time profiles obtained in another ex vivo closed perfusion study (Kovo et al., 2008b),

as well as the transplacental transfer percent (TPT%)-time profiles obtained in an ex vivo open

perfusion study (Tertti et al., 2010) of human placenta. Finally, the F:M ratio at the steady state was

predicted by simulation using the developed PK model and compared with reported in vivo F:M ratio

measurements (Vanky et al., 2005; De Oliveira Baraldi et al., 2011; Tertti et al., 2014).

Development of the transplacental PK model for metformin

The time and metformin concentration data (Nanovskaya et al., 2006) were obtained by digitizing

the

published

PK

profiles

using

the

online

tool

WebPlotDigitizer

Version

4.2

(https://automeris.io/WebPlotDigitizer.). Their study was performed by closed perfusion with a

single cotyledon from an uncomplicated human placenta at delivery, as illustrated in Fig. 1(A). The

perfusion medium was recirculated at flow rates of Qm for the maternal side and Qf for the fetal side.
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Metformin (5.0 µg/mL) was added in the maternal reservoir and perfused for 240 min. The

constructed transplacental PK model is shown in Fig. 3. The differential equations are as follows

(Eqs. (1) to (7)):

Vmr ×

Vmp ×

dt

dCma
dt

dCmp
dt

= Q m × (Cmp − Cmr )

(1)

= Q m × (Cmr − Cma )

(2)

=

(Cma − Cmp ) × Q m + (PSMVM,act,eff + PSMVM,diff ) × Ct – (PSMVM,act,inf + PSMVM,diff, ) × Cmp
(3)

Vt ×

dCt
dt

= (PSMVM,act,inf + PSMVM,diff ) × Cmp + (PSBM,act,inf + PSBM,diff ) × Cfc − (PSMVM,act,eff +

PSMVM,diff + PSBM,act,eff + PSBM,diff ) × Ct

Vfc ×

dCfc
dt

(4)

= Q f × (Cfr − Cfc ) + (PSBM,act,eff + PSBM,diff ) × Ct – (PSBM,act,inf + PSBM,diff ) × Cfc
(5)
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Vma ×

dCmr
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Vfv ×

Vfr ×

dCfv
dt

dCfr
dt

= Q f × (Cfc − Cfv )

(6)

= Q f × (Cfv − Cfr )

(7)

Cmr, Cma, Cmp, Ct, Cfc, Cfv and Cfr represent of metformin concentrations in the maternal reservoir,

reservoir compartments, respectively. At time 0 min (the start of metformin perfusion), Cmr was 5.00
µg/mL and other values were fixed at 0 µg/mL.

Vmr, Vmp, Vt, Vfc, Vfr, Vfv and Vma represent of the volumes of the maternal reservoir, maternal
placenta, syncytiotrophoblast, fetal capillary, fetal reservoir and sampling ports of the umbilical vein
and maternal artery, respectively. Vfc (1.34 mL) was calculated using value of 6.00×10-2 mL/g
placenta (Drury et al., 1981) and weight of a placental cotyledon of 22.4 g (Kovo et al., 2008b). Vt
and maternal intervillous volume (Vmi) were respectively calculated as 2.0 and 4.5 times Vfc
(Mayhew et al., 2008). Vmp is the sum of the medium volume in the maternal chamber (Vch) and Vmi.
Vch was estimated by model fitting.

The passive clearances of metformin in the microvillous plasma membrane (MVM, PSMVM,diff) and
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in the BM (PSBM,diff) were calculated using the equations and parameters detailed in Supplemental
text and Supplemental Table 1. Because metformin is a substrate of OCT3, which is located at the

BM of human placental syncytiotrophoblasts and is a bidirectional transporter (Kekuda et al., 1998;

Lee et al., 2014; Lee et al., 2018), active influx and efflux clearances (PSBM,act,inf and PSBM,act,eff)
through the BM were incorporated into the model. Active influx and efflux clearances (PSMVM,act,inf

of metformin.

In the placental perfusion study by Nanovskaya et al. (2006), the perfusion medium contained the

antibiotic trimethoprim at the concentration of 16 mg/L to prevent microbial growth in the placenta

(Nanovskaya et al., 2002; Nanovskaya et al., 2006). Since trimethoprim is and inhibitor of OCT3

(Lepist et al., 2014), the following equations (Eqs. (8) and (9)) were used to take into account the

inhibition of OCT3-mediated metformin transport by trimethoprim.

PSBM,act,inf (+inhibitor) =

PSBM,act,eff (+inhibitor) =

PSBM,act,inf

(8)

Ifc
Ki,OCT3

1+

PSBM,act,eff

(9)

It
Ki,OCT3

1+
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The trimethoprim concentration in fetal capillary (Ifc: 16.0 mg/L=55.1 µmol/L) was assumed to be
the same as that in the fetal reservoir, because the perfusion media including trimethoprim in the

maternal and fetal reservoirs were recirculated for 2 hours prior to the start of metformin perfusion in

the ex vivo closed system; thus, it is considered that the trimethoprim concentration would have

reached a steady state before start of metformin perfusion. Trimethoprim is mainly metabolized by

in human placenta are weak or undetectable (Hakkola et al., 1996; Bieche et al., 2007; Cizkova and

Tauber, 2018). Therefore, we assumed that trimethoprim was not metabolized in human placenta in

the ex vivo closed perfusion system. The trimethoprim concentration in syncytiotrophoblasts (It) was
calculated from Ifc and the syncytiotrophoblast-to-fetal capillary concentration ratio (0.90), which
was determined from the concentrations in placental tissue and fetal circulation after placental

perfusion of trimethoprim in the MF direction for 60 min in the closed system (Bawdon et al., 1991);

this was considered to be a steady-state condition. The inhibition constant of trimethoprim for OCT3

(Ki,OCT3; 12.3 µmol/L) was taken as equal to the reported in vitro value (Lepist et al., 2014).

The physicochemical properties of metformin, the experimental conditions for perfusion, and the

physiological PK parameters used for development of the PK model are listed in Table 1.
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CYP3A4 and CYP2C9 (Goldman et al., 2015), but mRNA and protein expressions of these enzymes
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The model optimization was performed by nonlinear least-squares regression using NONMEM

version 7.3 (Icon Development Solutions, Ellicott City, MD, USA; Beal and Sheiner, 1989). The

data management, graphics generation, post-processing of NONMEM® and statistical analysis were

carried out using R Project for Statistical Computing, Version 3.5.1 for Windows (Comprehensive R

Network, http://cran.r-project.org).

To validate the transplacental PK model obtained from the metformin concentration data reported by

Nanovskaya et al. (2006), the transplacental physiological parameters and determined PK parameters

for the cotyledon were applied to the different experimental settings employed in two other ex vivo

human placental perfusion studies of metformin, one using a closed system (Kovo et al., 2008b) and

the other using an open system (Tertti et al., 2010).

For the closed perfusion study (Kovo et al., 2008b), Cma and Cfv were simulated using the same
model described in Fig. 3 and Eqs. (1) to (7); in this case, Eqs. (8) and (9) were not included since

the perfusion medium did not contain an OCT3 inhibitor. The experimental parameters used in this

closed perfusion study are listed in Supplemental Table 2.
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For the open perfusion study (Tertti et al., 2010), metformin was perfused without recirculation, and

the transport in the MF or FM direction was determined. The model structures for transport in the

MF and FM directions are shown in Figs. 4(A) and 4(B), respectively, and the differential equations

are given in the Supplemental text. The experimental parameters used in this open perfusion study

are listed in Supplemental Table 3. Umbilical vein effluent metformin concentration (Cfe) and

circulations, respectively, and value of TPT% for both directions were calculated according to the

equations given in the Supplemental text.

To predict in vivo fetal exposure to metformin, simulations using the developed model were

performed for the experimental conditions used in the ex vivo studies by Nanovskaya et al. (2006),

Kovo et al. (2008b), and Tertti et al. (2010), except for the inclusion of a long perfusion time to

achieve the steady-state (tss) condition and the absence of OCT3 inhibitor in the perfusion medium.
The unbound fraction of metformin was set to be 1 (Tucker et al., 1981) for the in vivo prediction.

The predicted F:M ratios were derived from the ratio of predicted steady-state Cfr and Cmr values in
the closed perfusion system and the ratio of predicted CLmf and CLfm values in the open perfusion
system. CLmf and CLfm were calculated according to the reported equations (Supplemental text,
Tertti et al., 2010). The ex vivo F:M ratios were compared with the mean and range of the in vivo
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maternal vein effluent concentration (Cme) were simulated in the perfusion of maternal and umbilical
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F:M ratio derived from multiple sources (Vanky et al., 2005; De Oliveira Baraldi et al., 2011; Tertti

et al., 2014).

Statistical method

The in vivo F:M ratio (mean ± 95% confidence interval (CI)) was estimated from the mean, standard

Baraldi et al., 2011; Tertti et al., 2014) using the DerSimonian and Laird procedure (Dersimonian

and Laird, 1986). If only the median and range of in vivo F:M ratio were available in the literature

(De Oliveira Baraldi et al., 2011), the mean and SD were estimated from the median, range, and

sample size (Supplemental text, Hozo et al., 2005).
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Results

Development of the human transplacental PK model for metformin

The model was developed using the reported data from a closed perfusion system in the presence of

trimethoprim, which is an OCT3 inhibitor (Nanovskaya et al., 2006). The fitted profiles of Cma, Cfv,
and Ct were consistent with the observed concentrations (Figs. 5(A) and 5(B)). Active influx

determined by fitting to the observed Cma, Cfv, and Ct values (Table 1).

Verification of the human transplacental PK model for metformin

The transplacental PK model was verified by applying it to the reported data from 2 other

experimental settings without OCT3 inhibitor (Kovo et al., 2008b; Tertti et al., 2010). The simulated

Cma and Cfv profiles corresponded well with the observed concentrations in the closed perfusion
system (Kovo et al., 2008b) (Fig. 6). Furthermore, the simulated TPT% profiles for the MF and FM

directions were consistent with those observed in the open systems (Tertti et al., 2010) (Figs. 7(A)

and 7(B)).

Sensitivity analysis for maternal chamber volume

Among the parameters determined on fitting (Table 1), the value of 68.7 mL for Vch (the volume of
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medium in the maternal chamber (grey area of the chamber in Fig. 1)) could be different depending

on the experimental set-up of the perfusion system. Therefore, sensitivity analysis of Vch was
performed. The minimum value was set as no remaining medium (0 ml) in the maternal chamber and

the maximum was set as 176.7 mL according to the apparatus size reported by Schneider et al.

(Schneider et al., 1972). Simulated values of Cma and Cfv in the closed perfusion system and TPT%

7(B)). Therefore, we concluded that the effect of variation in Vch is negligible.

Prediction of in vivo fetal metformin exposure

Simulations of closed perfusion studies of metformin indicated that the time required to achieve an

apparent steady state would have been around 1,000 min in the study by Nanovskaya et al. (2006)

(Fig 8(A)) and around 1,500 min in that by Kovo et al. (2008b) (Fig. 8(B)), but the actual ex vivo

perfusions of metformin were discontinued before those times (at 240 and 180 min, respectively).

On the other hand, the simulation of the open perfusion study (Tertti et al., 2010) indicated that the

time required to achieve an apparent steady state was around 30 min as shown in Fig. 8(C), and the

actual ex vivo perfusion of metformin was performed for 120 min.

The F:M ratios at the steady state were all calculated as approximately 0.88 from the simulated Cfr
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in the open perfusion system mostly lay within the 95%CIs of the observed values (Figs. 6, 7(A) and
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and Cmr values at the apparent steady state in the closed perfusion systems of Nanovskaya et al.
(2006) (2.00 and 2.28 µg/mL, respectively) and Kovo et al. (2008b) (0.43 and 0.49 µg/mL,

respectively), and from the simulated CLmf and CLfm values in the open perfusion system of Tertti et
al. (2010) (0.47 and 0.53 mL/min, respectively). These simulated F:M ratios correspond well with

reported in vivo F:M ratios (mean (95%CI): 1.10 (0.69-1.51)) (Fig. 9).

factor is considered to be the reservoir volume. Closed perfusion systems are equipped with

reservoirs (250 mL on the maternal and fetal sides) that are obviously larger than the cotyledon

volume, whereas open perfusion systems are not. When the reservoir volume was changed from 250

to 25 mL in the simulation of the closed perfusion study by Nanovskaya et al. (2006), the time

required to achieve the steady state was reduced from approximately 1000 min to 120 min (grey

solid and dashed lines in Fig. 8(A)).

Parameter estimation for the case without OCT3 inhibition by trimethoprim

A contribution of OCT3 to the disposition of metformin in placenta was established based on studies
in OCT3 knockout mice (Oct3-/-) (Lee et al., 2018). The fetal plasma AUC of metformin in the
Oct3-/- pregnant mice was reduced to 47% of that in wild-type mice. On the other hand, cimetidine at
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As regards the reason for the difference of tss between closed and open perfusion systems, the main
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0.4 mM, an OCT3 inhibitor, failed to inhibit maternal-to-fetal or fetal-to-maternal transport of

metformin in an ex vivo human placental perfusion study using an open system (Tertti et al., 2010).

Since it is unclear whether OCT3 expressed at the BM of human placental syncytiotrophoblasts

contributes to metformin disposition to the fetus, the transplacental PK parameters were also

estimated from the data of Nanovskaya et al. (2006) based on the assumption that active influx and

(8) and (9). Parameters identical to those in Table 1 were obtained by the fitting, except for the

underestimation of PSBM,act,inf (4.90 mL/min) and PSBM,act,eff (8.40 mL/min) which respectively
corresponds

to

the

apparent

PSBM,act,inf

(=26.9/(1+Ifc/Ki,oct3))

and

apparent

PSBM,act,eff.

(=42.3/(1+It/Ki,oct3)) under the assumption that active influx and efflux clearances at BM are
sensitive to trimethoprim. The fitted profiles of Cma, Cfv, and Ct without OCT3 inhibition were
consistent with the concentrations observed during perfusion with medium containing the inhibitor

(trimethoprim) (Supplemental Figs. 1(A) and 1(B)). The underestimation of PSBM,act,inf and
PSBM,act,eff did not affect the simulations of Cma and Cfv under the conditions used by Kovo et al.
(2008b) (Supplemental Fig. 2) or the TPT% values in the MF and FM directions under the

conditions used by Tertti et al. (2010) (Supplemental Figs. 3(A) and 3(B)). The fact that the

differences in PSBM,act,inf and PSBM,act,eff did not significantly affect the simulation of CLmf and CLfm
is in good agreement with the insensitivity of transplacental metformin transport to cimetidine in an
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efflux clearances at BM are insensitive to trimethoprim, by employing the PK model without Eqs.
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ex vivo human placental perfusion study (Tertti et al., 2010).
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Discussion

The F:M ratios obtained by ex vivo human placental perfusion using closed systems are inconsistent

with those found in in vivo studies for some drugs, including metformin (Hutson et al., 2011). In the

present study, our human transplacental PK model for metformin could successfully predict in vivo

fetal exposure from ex vivo human placental perfusion studies with both closed and open systems.

vivo closed perfusion and open perfusion or in vivo studies is due to a difference of tss. Because of
the poor membrane permeability of metformin, it takes 1,000-1,500 min to reach the steady state

according to our simulation (Fig. 8(A)). In the reported closed perfusion systems (Kovo et al.,

2008b; Nanovskaya et al., 2006), perfusion was conducted for only 180 or 240 min and the observed

F:M ratios were 0.17 or 0.55, respectively, which are less than the in vivo F:M ratio of 1.10 and the

simulated F:M ratio at steady state of 0.88 (Fig. 9). In contrast to the low lipophilicity of metformin,

for which LogD at pH 7.4 is -5.4 (Benet et al., 2011), antipyrine has a higher lipophilicity (0.28

(Benet et al., 2011)) and has been used as a marker compound for passive diffusion. Antipyrine

reportedly reached the steady state at around 200 min in a closed perfusion system with 250 mL of

reservoir volume on both the maternal and fetal sides (Conings et al., 2017). Tissue distribution can

be described by either perfusion rate-limited or permeability rate-limited kinetics, which tend to

occur for small lipophilic or polar molecules, respectively (Jones and Rowland-Yeo, 2013). Rapid
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distribution equilibrium can be assumed in the case of perfusion rate-limited rather than permeability

rate-limited kinetics (Yuan et al., 2019). Antipyrine transfer across the perfused human placenta is

perfusion rate-limited (Schneider et al., 1972), but metformin should have permeability rate-limited

kinetics. In the PK model describing permeability rate-limited kinetics, the uptake clearance with an

extracellular compartment is especially important to estimate the tss as well as the time-dependence

In open perfusion systems, test drugs are perfused unidirectionally without recirculation, so the ex

vivo F:M concentration ratio does not correspond to that in vivo. Based on our simulation of Tertti et
al.’s study (2010), the tss was around 30 minutes for metformin and the F:M clearance ratio
(CLmf/CLfm) was comparable with in vivo F:M ratio. In open perfusion systems, test drug is perfused
continuously without reservoirs. Therefore, tss would be more rapid than in the closed perfusion
system with reservoirs. Actually, Tertti et al. (2010) performed ex vivo open perfusions for 120 min

and the F:M ratio (0.88) was consistent with our simulation (Fig 9). In addition, reservoir volume

also affects tss (Fig. 8(A)). Thus, an open perfusion system is better to predict fetal exposure in vivo,
especially for drugs with poor membrane permeability. However, open perfusion systems have the

disadvantage that the concentration ratio is calculated from CLmf and CLfm obtained from separate
experiments, while the ratio can be obtained from a single experiment in a closed system.
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Hence, the difference of the tss between open and closed system is accounted for by the differences
between reservoir with recirculation in closed system and containers without recirculation in open

systems (Fig. 8(A)). However, the tss differences were lessened significantly by rapid distribution
when the compound with high membrane permeability was applied to the perfusion systems (data

activity is also to be related to the tss differences.

OCT3 is a most possible transporter for metformin in human placenta (Lee et al., 2018). The activity

of OCT1 and OCT2 are 0.34-folds lower and 1.54-folds higher per mg protein than that of OCT3,

respectively (Han et al., 2015). However, mRNAs of these transporters in human term placenta are

reportedly minimally expressed relative to OCT3 (Nishimura and Naito, 2006; Lee et al., 2013).

Since OCT3 is a bidirectional transporter (Lee et al., 2014), OCT3-mediated transport in both the

influx and efflux directions at the BM was taken into account in the model. The ex vivo human

placental perfusion study (Nanovskaya et al., 2006) referred to for our model construction was

conducted with trimethoprim as an antibiotic in the perfusion medium. Because trimethoprim is an

OCT3 inhibitor, it is necessary to incorporate the inhibition of bidirectional transport of metformin

via OCT3 into the model. Tertti et al. (2010) demonstrated that cimetidine, an inhibitor of OCTs, did
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not affect metformin transfer in an ex vivo human placental perfusion study. In our model fitting, the

parameters estimated in the presence of the OCT3 inhibitor trimethoprim (Table 1) were comparable

with those in the absence of the inhibitor, except for PSBM,act,inf and PSBM,act,eff. The simulations using
the estimated parameters with or without OCT3 inhibition provided comparable profiles of Cma and
Cfv to those observed by Kovo et al. (2008b) and comparable TPT% of MF and FM to those

no effect on transplacental transfer of metformin.

This finding can be explained in terms of the extended clearance concept by applying the

well-stirred model for liver (Shitara et al., 2013) to human placenta according to the following

equations (Eqs. (10) and (11)) (Supplemental text).

CLmf =

Qm ×fu ×CLmf,int,all

(10)

Qm +fu ×CLmf,int,all

CLmf,int,all = PSMVM,inf × βmf

According

to

these

equations,

(βmf =

CLmf

PSBM,eff
PSMVM,eff +PSBM,eff

for

metformin

)

(11)

is

affected

by

PSMVM,inf

(i.e.

PSMVM,act,inf+PSMVM,diff). Moreover, since the condition of PSBM,eff (i.e. PSBM,act,eff+PSBM,diff) >>
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PSMVM,eff (i.e. PSMVM,act,eff+PSMVM,diff) was determined by fitting (Table 1), βmf is only slightly
decreased by OCT3 inhibition at BM and is close to 1 regardless of the inhibition. Likewise, CLfm is
only slightly affected by OCT3 inhibition because PSBM,inf (i.e. PSBM,act,inf+PSBM,diff) is decreased
with increasing βfm value to a similar extent (Supplemental text). The insignificant change of
transplacental transfer of metformin by cimetidine reported by Tertti et al. (2010) can presumably be

PSBM,act,eff>>PSMVM,act,eff regardless of inhibition. On the other hand, in the case of OCT3 deficiency,
metformin is not transferred to the fetus (data not shown), and βmf is decreased because
PSBM,act,eff<<PSMVM,act,eff due to almost complete loss of PSBM,act,eff. This is consistent with the
observation that the fetal exposure in Oct3-/- mice showed a 50% reduction in comparison with that

in wild type (Lee et al., 2018).

The functional expression of transporters was also assumed at the MVM (PSMVM,act,inf and
PSMVM,act,eff). Metformin is expected not to diffuse across the membrane, as judged from parallel
artificial membrane permeation assay (PAMPA) (Kovo et al., 2008c), and it exists mainly as the

ionized form in physiological pH. Based on the results from ex vivo perfusion study, Kovo et al.

suggested that active transport of metformin occurs bidirectionally in the MVM. As regards influx

transport in the MVM, serotonin transporter (SERT) and carnitine/organic cation transporter
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(OCTN) 1 are candidates, since these transporters are expressed in the placenta (Carrasco et al.,

2000; Kliman et al., 2018; Wu et al., 2000) and recognize metformin as a substrate (Han et al., 2015;

Nakamichi et al., 2013). As for efflux transport in the MVM, ATP-dependent uptake of metformin by

placental brush border inside-out vesicles was reportedly detected and was inhibited by verapamil,

an inhibitor of P-glycoprotein (P-gp), and by Ko143, an inhibitor of breast cancer resistance protein

of P-gp and BCRP according to cell-based and vesicle-based assays in vitro (Poirier et al., 2014; Xue

et al., 2016). Additionally, multidrug and toxin extrusion (MATE) 1, efflux transporter of metformin,

is expressed on MVM in rat placenta (Ahmadimoghaddam et al., 2012; Ahmadimoghaddam et al.,

2013) while the mRNA was almost no detectable in human term placenta (Otsuka et al., 2005; Lee et

al., 2013; Ahmadimoghaddam et al., 2013). Although MATE2-K transports metformin in vitro (Ito et

al., 2012), the mRNA is reportedly minimally or not expressed in human term placenta (Lee et al.,

2013; Ahmadimoghaddam et al., 2013). Simulations using our transplacental PK model without

active influx and/or efflux clearance at the MVM failed to reproduce the reported concentration

profiles (data not shown). Therefore, some active influx and efflux transporters appear to contribute

to metformin transport in the MVM, but further studies will be needed.
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In conclusion, using our developed human transplacental PK model for metformin, we have been

able to resolve the inconsistency between the findings in ex vivo open and closed perfusion systems.

The model shows that the discrepancy is due to the longer tss in a closed perfusion system than in an
open perfusion system. Furthermore, our model was able to successfully predict the in vivo fetal

exposure to metformin, showing good agreement with reported values. Our modeling and simulation

membrane permeability and substrates of transporters located in human placenta.

29

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

approach should be a powerful tool to predict fetal exposure for various compounds including poor

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Acknowledgements

We thank Drs. Mahmoud S. Ahmed and Tatiana Nanovskaya for allowing us to visit their laboratory

to see their ex vivo human placental perfusion study and for providing the information about the

experimental conditions.

Participated in research design: Kurosawa, Chiba, Noguchi, Nishimura, Tomi.

Performed research: Kurosawa, Chiba, Tomi.

Contributed new reagents or analytic tools: Kurosawa, Chiba, Tomi.

Performed data analysis: Kurosawa, Chiba.

Wrote or contributed to the writing of the manuscript: Kurosawa, Chiba, Noguchi, Nishimura, Tomi.

30

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Authorship Contributions

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

References

Ahmadimoghaddam D, Hofman J, Zemankova L, Nachtigal P, Dolezelova E, Cerveny
L, Ceckova M, Micuda S, and Staud F (2012) Synchronized activity of organic
cation transporter 3 (Oct3/Slc22a3) and multidrug and toxin extrusion 1
(Mate1/Slc47a1) transporter in transplacental passage of MPP+ in rat. Toxicol Sci

Ahmadimoghaddam D, Zemankova L, Nachtigal P, Dolezelova E, Neumanova Z,
Cerveny L, Ceckova M, Kacerovský M, Micuda S, and Staud F (2013) Organic
Cation Transporter 3 (OCT3/SLC22A3) and Multidrug and Toxin Extrusion 1
(MATE1/SLC47A1) Transporter in the Placenta and Fetal Tissues: Expression
Profile and Fetus Protective Role at Different Stages of Gestation1. Biol Reprod
88:1–10.

American College of Obstetricians and Gynecologists (ACOG) Committee on Practice
Bulletins-Obstetrics (2018) Practice Bulletin No. 190 Summary: Gestational
Diabetes Mellitus. Obstet Gynecol 131:406–408.

Balimane P V., and Chong S (2008) Evaluation of Permeability and P-glycoprotein
Interactions: Industry Outlook. In: Krishna, R., Yu, L. (Eds.), Biopharmaceutics

31

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

128:471–481.

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Applications in Drug Development pp 101-138, Springer US.

Bawdon RE, Maberry MC, Fortunato SJ, Gilstrap LC, and Kim S (1991) Trimethoprim
and sulfamethoxazole transfer in the in vitro perfused human cotyledon. Gynecol
Obstet Invest 31:240–242.

California at San Francisco; 1992.

Benet LZ, Broccatelli F, and Oprea TI (2011) BDDCS Applied to Over 900 Drugs.
AAPS J 13:519–547.

Bieche I, Asselah T, Vacher S, Marcellin P, Lidereau R, Beaune P, and Waziers I De
(2007) Reverse transcriptase-PCR quantification of mRNA levels from
cytochrome (CYP)1, CYP2 and CYP3 families in 22 different human tissues.
Pharmacogenet Genomics 17:731-742.

Blair RA, Rosenberg EA, and Palermo NE (2019) The Use of Non-insulin Agents in
Gestational Diabetes: Clinical Considerations in Tailoring Therapy. Curr Diab Rep
19:158.

Carrasco G, Cruz MA, Dominguez A, Gallardo V, Miguel P, and González C (2000)
The expression and activity of monoamine oxidase A, but not of the serotonin
32

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Beal SL, and Sheiner LB. NONMEM user’s guide, part I. San Francisco: University of

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

transporter, is decreased in human placenta from pre-eclamptic pregnancies. Life
Sci 67:2961-2969.

Cizkova K, and Tauber Z (2018) Time-dependent expression pattern of cytochrome
P450 epoxygenases and soluble epoxide hydrolase in normal human placenta. Acta
Histochem 120:513-519.

Dantes Moisés EC, Duarte G, and Cavalli RC (2011) Metformin pharmacokinetics
in nondiabetic pregnant women with polycystic ovary syndrome. Eur J Clin
Pharmacol 67:1027-1033.

De Sousa Mendes M, Hirt D, Vinot C, Valade E, Lui G, Pressiat C, Bouazza N, Foissac
F, Blanche S, Lê MP, Peytavin G, Treluyer JM, Urien S, and Benaboud S (2016)
Prediction of human fetal pharmacokinetics using ex vivo human placenta
perfusion studies and physiologically based models. Br J Clin Pharmacol
81:646-657.

De Sousa Mendes M, Lui G, Zheng Y, Pressiat C, Hirt D, Valade E, Bouazza N,
Foissac F, Blanche S, Treluyer JM, Urien S, and Benaboud S (2017) A
Physiologically-Based Pharmacokinetic Model to Predict Human Fetal Exposure

33

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

De Oliveira Baraldi C, Lanchote VL, De Jesus Antunes N, De Jesus Ponte Carvalho TM,

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

for a Drug Metabolized by Several CYP450 Pathways. Clin Pharmacokinet
56:537-550.

DerSimonian R, and Laird N (1986) Meta-analysis in clinical trials. Control Clin Trials
7:177-188.

Catch-up growth in childhood and death from coronary heart disease: Longitudinal
study. Br Med J 318:427–431.

Forsen T, Eriksson J, Tuomilehto J, Reunanen A, Osmond C, and Barker D (2000) The
fetal and childhood growth of persons who develop type 2 diabetes. Ann Intern
Med 133:176–182.

Goldman JL, Leeder JS, Van Haandel L, and Pearce RE (2015) In vitro hepatic
oxidative biotransformation of trimethoprim. Drug Metab Dispos 43:1372-1380.

Hakkola J, Pasanen M, Hukkanen J, Pelkonen O, Mäenpää J, Edwards RJ, Boobis AR,
and Raunio H (1996) Expression of xenobiotic-metabolizing cytochrome P450
forms in human full-term placenta. Biochem Pharmacol 51:403-411.

Han T, Proctor WR, Costales CL, Cai H, Everett RS, and Thakker DR (2015) Four
Cation-Selective Transporters Contribute to Apical Uptake and Accumulation of
34

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Eriksson JG, Forsén T, Tuomilehto J, Winter PD, Osmond C, and Barker DJP (1999)

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Metformin in Caco-2 Cell Monolayers. J Pharmacol Exp Ther 352:519-528.

Hemauer SJ, Patrikeeva SL, Nanovskaya TN, Hankins GDV, and Ahmed MS (2010)
Role of human placental apical membrane transporters in the efflux of glyburide,
rosiglitazone, and metformin. Am J Obstet Gynecol 202:383.e1-383.e7.

median, range, and the size of a sample. BMC Med Res Methodol 5:13.

Hutson JR, Garcia-Bournissen F, Davis A, and Koren G (2011) The human placental
perfusion model: A systematic review and development of a model to predict in
vivo transfer of therapeutic drugs. Clin Pharmacol Ther 90: 67-76.

Ito S, Kusuhara H, Yokochi M, Toyoshima J, Inoue K, Yuasa H, and Sugiyama Y
(2012) Competitive inhibition of the luminal efflux by multidrug and toxin
extrusions, but not basolateral uptake by organic cation transporter 2, is the likely
mechanism underlying the pharmacokinetic drug-drug interactions caused by
cimetidine in the kidney. J Pharmacol Exp Ther 340:393–403.

Jones HM, and Rowland-Yeo K (2013) Basic concepts in physiologically based
pharmacokinetic modeling in drug discovery and development. CPT
Pharmacometrics Syst Pharmacol 2:1–12.

35

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Hozo SP, Djulbegovic B, and Hozo I (2005) Estimating the mean and variance from the

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Kekuda R, Prasad PD, Wu X, Wang H, Fei Y-J, Leibach FH, and Ganapathy V (1998)
Cloning and Functional Characterization of a Potential-sensitive, Polyspecific
Organic Cation Transporter (OCT3) Most Abundantly Expressed in Placenta. J
Biol Chem 273:15971-15979.

Kliman HJ, Quaratella SB, Setaro AC, Siegman EC, Subha ZT, Tal R, Milano KM, and

Endocrinology 159:1609-1629.

Kovo M, and Golan A (2008a) In Vitro Models Using the Human Placenta to Study
Fetal Exposure to Drugs. Clin Med Reprod Heal 2:15-24.

Kovo M, Haroutiunian S, Feldman N, Hoffman A, and Glezerman M (2008b)
Determination of metformin transfer across the human placenta using a dually
perfused ex vivo placental cotyledon model. Eur J Obstet Gynecol Reprod Biol
136:29-33.

Kovo M, Kogman N, Ovadia O, Nakash I, Golan A, and Hoffman A (2008c)
Carrier-mediated transport of metformin across the human placenta determined by
using the ex vivo perfusion of the placental cotyledon model. Prenat Diagn
28:544-548.

36

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Steck TL (2018) Pathway of Maternal Serotonin to the Human Embryo and Fetus.

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Lee N, Duan H, Hebert MF, Liang CJ, Rice KM, and Wang J (2014) Taste of a pill:
Organic cation transporter-3 (OCT3) mediates metformin accumulation and
secretion in salivary glands. J Biol Chem 289:27055–27064.

Lee N, Hebert MF, Prasad B, Easterling TR, Kelly EJ, Unadkat JD, and Wang J (2013)
Effect of gestational age on mRNA and protein expression of polyspecific organic

Lee N, Hebert MF, Wagner DJ, Easterling TR, Liang CJ, Rice K, and Wang J (2018)
Organic Cation Transporter 3 Facilitates Fetal Exposure to Metformin during
Pregnancy. Mol Pharmacol 94:1125-1131.

Lepist EI, Zhang X, Hao J, Huang J, Kosaka A, Birkus G, Murray BP, Bannister R,
Cihlar T, Huang Y, and Ray AS (2014) Contribution of the organic anion
transporter OAT2 to the renal active tubular secretion of creatinine and mechanism
for serum creatinine elevations caused by cobicistat. Kidney Int 86:350-357.

Liu XI, Momper JD, Rakhmanina N, den Anker JN, Green DJ, Burckart GJ, Best BM,
Mirochnick M, Capparelli E V., and Dallmann A (2019) Physiologically Based
Pharmacokinetic Models to Predict Maternal Pharmacokinetics and Fetal Exposure
to Emtricitabine and Acyclovir. J Clin Pharmacol 00:1-16.

37

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

cation transporters during pregnancy. Drug Metab Dispos 41:2225–2232.

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Matsuoka S, Hori S, Satoh H, Nagamatsu T, Fujii T, and Sawada Y (2017) Quantitative
prediction of fetal plasma concentration of fluvoxamine during dosage-tapering to
the mother. Placenta 58:74-81.

Mayhew TM, Jenkins H, Todd B, and Clifton VL (2008) Maternal Asthma and
Placental Morphometry: Effects of Severity, Treatment and Fetal Sex. Placenta

Miller RK, Wier PJ, Maulik D, and di Sant'Agnese PA. (1985) Human placenta in vitro:
characterization during 12 h of dual perfusion. Contrib Gynecol Obstet 13:77-84.

Nagai M, Ohtani H, Satoh H, Matsuoka S, Hori S, Fujii T, Taketani Y, and Sawada Y
(2013) Characterization of transplacental transfer of paroxetine in perfused human
placenta: Development of a pharmacokinetic model to evaluate tapered dosing.
Drug Metab Dispos 41:2124-2132.

Nakamichi N, Shima H, Asano S, Ishimoto T, Sugiura T, Matsubara K, Kusuhara H,
Sugiyama Y, Sai Y, Miyamoto KI, Tsuji A, and Kato Y (2013) Involvement of
carnitine/organic cation transporter OCTN1/SLC22A4 in gastrointestinal
absorption of metformin. J Pharm Sci 102:3407–3417.

Nanovskaya TN, Deshmukh S, Brooks M, and Ahmed MS (2002) Transplacental

38

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

29:366-373.

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

transfer and metabolism of buprenorphine. J Pharmacol Exp Ther 300:26-33.

Nanovskaya TN, Nekhayeva IA, Patrikeeva SL, Hankins GD V, and Ahmed MS (2006)
Transfer of metformin across the dually perfused human placental lobule. Am J
Obstet Gynecol 195:1081-1085.

management from preconception to the postnatal period. NICE Guidel 63:42.

Nishimura M, and Naito S (2006) Tissue-specific mRNA Expression Profiles of Human
ATP-binding Cassette and Solute Carrier Transporter Superfamilies. Drug Metab
Pharmacokinet 20:452–477.

Otsuka M, Matsumoto T, Morimoto R, Arioka S, Omote H, and Moriyama Y (2005) A
human transporter protein that mediates the final excretion step for toxic organic
cations. Proc Natl Acad Sci U S A 102:17923–17928.

Panitchob N, Widdows KL, Crocker IP, Johnstone ED, Please CP, Sibley CP, Glazier
JD, Lewis RM, and Sengers BG (2016) Computational modelling of placental
amino acid transfer as an integrated system. Biochimica et Biophysica Acta
1858:1451-1461.

Poirier A, Portmann R, Cascais AC, Bader U, Walter I, Ullah M, and Funk C (2014)
39

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

National Institute for Health and Care Excellence [NICE] (2015) Diabetes in pregnancy:

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

The need for human breast cancer resistance protein substrate and inhibition
evaluation in drug discovery and development: Why, when, and how? Drug Metab
Dispos 42:1466-1477.

Sata R, Ohtani H, Tsujimoto M, Murakami H, Koyabu N, Nakamura T, Uchiumi T,
Kuwano M, Nagata H, Tsukimori K, Nakano H, and Sawada Y (2005) Functional

Pharmacol Exp Ther 315:888–895.

Schalkwijk S, Buaben AO, Freriksen JJM, Colbers AP, Burger DM, Greupink R, and
Russel FGM (2018) Prediction of Fetal Darunavir Exposure by Integrating Human
Ex-Vivo Placental Transfer and Physiologically Based Pharmacokinetic Modeling.
Clin Pharmacokinet 57:705-716.

Schneider H, Panigel M, and Dancis J (1972) Transfer across the perfused human
placenta of mtipyrine, sodium, and Ieucine. Am J Obstet Gynecol 114:822-828.

Sengers BG, Please CP, and Lewis RM (2010) Computational modelling of amino acid
transfer interactions in the placenta. Exp Physiol 95:829-840.

Tanaka S, Kanagawa T, Momma K, Hori S, Satoh H, Nagamatsu T, Fujii T, Kimura T,
and Sawada Y (2017) Prediction of sustained fetal toxicity induced by ketoprofen

40

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Analysis of Organic Cation Transporter 3 Expressed in Human Placenta. J

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

based on PK/PD analysis using human placental perfusion and rat toxicity data. Br
J Clin Pharmacol 83:2503-2516.

Tarry-Adkins JL, Aiken CE, and Ozanne SE (2019) Neonatal, infant, and childhood
growth following metformin versus insulin treatment for gestational diabetes: A
systematic review and meta-analysis. PLoS Med 16:e1002848.

organic cation transporters (OCTs) in the transfer of metformin in the dually
perfused human placenta. Eur J Pharm Sci 39:76-81.

Tertti K, Laine K, Ekblad U, Rinne V, and Rönnemaa T (2014) The degree of fetal
metformin exposure does not influence fetal outcome in gestational diabetes
mellitus. Acta Diabetol 51:731-738.

Vanky E, Zahlsen K, Spigset O, and Carlsen SM (2005) Placental passage of metformin
in women with polycystic ovary syndrome. Fertil Steril 83:1575-1578.

Wu X, George RL, Huang W, Wang H, Conway SJ, Leibach FH, and Ganapathy V
(2000) Structural and functional characteristics and tissue distribution pattern of rat
OCTN1, an organic cation transporter, cloned from placenta. Biochim Biophys
Acta - Biomembr 1466:315–327.

41

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Tertti K, Ekblad U, Heikkinen T, Rahi M, Rönnemaa T, and Laine K (2010) The role of

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Xue C, Wang C, Liu Q, Meng Q, Sun H, Huo X, Ma Xiaodong, Liu Z, Ma Xiaochi,
Peng J, and Liu K (2016) Targeting P-glycoprotein expression and cancer cell
energy metabolism: combination of metformin and 2-deoxyglucose reverses the
multidrug resistance of K562/Dox cells to doxorubicin. Tumor Biol 37:8587-8597.

Yuan D, He H, Wu Y, Fan J, and Cao Y (2019) Physiologically Based Pharmacokinetic

42

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Modeling of Nanoparticles. J Pharm Sci 108:58–72.

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Footnotes

There are no financial conflicts of interest to disclose and no external funding for this work.

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

43

DMD Fast Forward. Published on October 13, 2020 as DOI: 10.1124/dmd.120.000127
This article has not been copyedited and formatted. The final version may differ from this version.

Figure Legends

Fig. 1

Schematic diagrams of a typical closed system (A) and open system (B) for ex vivo human placenta

perfusion study. In the closed perfusion system, test drug is mainly added in the maternal reservoir,

and the drug concentrations in the sampling ports (SP) at the maternal artery (MA) and fetal vein

maternal container for maternal-to-fetal (MF) perfusion or from the fetal container for

fetal-to-maternal (FM) perfusion. The drug concentrations in fetal effluent and in the SP at the MA

are measured in MF perfusion and the drug concentrations in maternal effluent and in the SP at the

fetal artery (FA) are measured in FM perfusion. The concentrations of test drug in reservoirs in

closed system which reflected to the concentration in SP alter gradually according to the time after

staring of the drug perfusion due to recirculation of buffer, but the concentrations of containers in

open systems are unchanged because of no recirculation through the containers (i.e. no reservoir). In

both systems, the drug concentration in placental tissue may also be measured.

Fig. 2

Flowchart of construction of the transplacental PK model for metformin, model validation and

prediction of human fetal exposure
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Fig. 3

The structure of the human transplacental PK model for ex vivo human placental perfusion in a

closed system.

The structure of the human transplacental PK model for ex vivo human placental perfusion in an

open system (maternal-to-fetal direction (MF direction) (A) and fetal-to-maternal direction (FM

direction) (B)). For the MF or FM directions, metformin is perfused through the maternal artery or

fetal artery, respectively.

Fig. 5

Fitted metformin concentration-time profiles for maternal artery (solid line in A), fetal vein (dashed

line in A) and tissue (solid line in B) in a closed perfusion system (Nanovskaya et al., 2006).
Symbols (closed triangle (▲), maternal artery; closed circle (●), fetal vein; open circle (○), tissue)
represent the mean reported concentration of metformin. Metformin (5 μg/mL) was added to the

maternal reservoir at 0 min. In the reported conditions, OCT3 would be inhibited by trimethoprim.

Metformin concentrations were measured at 0 (pre-perfusion), 5, 10, 15, 20, 25, 30, 40, 50, 60, 75,
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90, 105, 120, 150, 180, 210 and 240 min after the start of metformin perfusion from the maternal

artery (Cma) and umbilical vein (Cfv) (A). Metformin concentration in placental tissue (Ct) was
measured at 0 (pre-perfusion), 60, 120, and 240 min after the start of metformin perfusion (B).

Fig. 6

(dashed line) in a closed perfusion system (Kovo et al., 2008b). Symbols (closed triangle (▲),
maternal artery; closed circle (●), fetal vein) and bars represent the mean reported concentrations
and 95%CIs, respectively. Metformin (1 μg/mL) was added to the maternal reservoir at 0 min. No

trimethoprim was present in the perfusion medium in this study. Metformin concentrations were

measured at 0 (pre-perfusion), 5, 10, 15, 20, 30, 60, 90, 120, 150 and 180 min after the start of

perfusion. Dotted lines represent the simulated concentration-time profiles from the sensitivity

analysis of Vch (0–176.7 mL).

Fig. 7

Simulated metformin TPT%-time profiles for the MF direction (solid line in A) and the FM direction
(solid line in B) in an open perfusion system (Tertti et al., 2010). Symbols (open circle (○)) and bars
represent mean reported values and 95%CIs, respectively. Metformin (2 μg/mL as continuous
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infusion) was perfused from the maternal container in the MF direction and from the fetal container

in the FM direction. No trimethoprim was present in the perfusion medium in this study. Metformin

concentrations in the fetal vein effluent (Cfe) for the MF direction and in the maternal vein effluent
(Cme) for the FM direction were measured at 0 (pre-perfusion), 10, 20, 30, 40, 50, 60, 80, 100, and
120 min after the start of perfusion. Cma (metformin concentration in maternal artery) for the MF

condition. TPT% for the MF or FM direction was calculated using the equations in the

Supplemental text. Dotted lines represent the simulated TPT%-time profiles from the sensitivity

analysis of Vch (0–176.7 mL).

Fig. 8

Simulated metformin concentration–time profiles for the maternal reservoir (black solid line) and

fetal reservoir (black dashed line) under the experimental conditions used by Nanovskaya et al.

(2006) (A), except for the absence of OCT3 inhibitor in the perfusion medium, as well as under the

experimental conditions used by Kovo et al. (2008b) (B), and for the fetal effluent in the MF

direction (solid line) and the maternal effluent in the FM direction (dotted line) under the

experimental conditions used by Tertti et al. (2010) (C). Light grey solid and dashed lines in A

represent the simulated metformin concentration–time profiles for the maternal reservoir and fetal
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reservoir, respectively, under the experimental conditions used by Nanovskaya et al. (2006) except

for maternal and fetal reservoir volumes (each 25 mL) and without OCT3 inhibitor in the perfusion

medium.

Fig. 9

multiple sources (Vanky et al., 2005; De Oliveira Baraldi et al., 2011; Tertti et al., 2014) and the ex

vivo predicted and observed F: M ratios (Nanovskaya et al., 2006; Kovo et al., 2008b; Tertti et al.,

2010). To obtain the in vivo F:M ratios in this analysis, the literatures were selected to be matched

with the following criteria: i) Blood were simultaneously sampled from maternal venous and

umbilical cord, ii) The ratio of umbilical cord to maternal blood concentrations with standard

deviation or range was described. The clinical PK study information of metformin at delivery used in
the present study is listed in Supplemental Table 4. Ex vivo predicted F:M ratios (●) were obtained

by simulations using our developed transplacental PK model. Ex vivo observed mean F:M ratios
((▲): Nanovskaya et al., 2006; (♦): Kovo et al., 2008b; (■): Tertti et al., 2010) were calculated from

the values in the literature as described in Materials and methods. For in vivo values, open squares

(▢) show mean values of F:M ratio with the sample size reported in the literature (square size). The
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In vivo fetal-to-maternal (F:M) metformin concentration ratios (mean ± 95％CI) collected from
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solid lines show the 95% CIs. The mean ratios and 95%CIs (fixed or random) were estimated using

the Dersimonian and Laird method (Dersimonian and Laird, 1986).
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Tables.

Table 1. Parameters used or determined on fitting in the human transplacental PK model for

metformin

Fixed or Fitted
Parameter

Reference

Comments

(SE) value
Downloaded from dmd.aspetjournals.org at ASPET Journals on January 9, 2023

Metformin physicochemical parameters

Molecular weight

fu

129.16

1

Tucker et al., 1981

Parameters of experimental settings in the perfusion study

Vmr (mL)

250

Nanovskaya et al., 2002

Vma (mL)

0.150

Miller et al., 1985

Vfv (mL)

0.150

Miller et al., 1985

Vfr (mL)

250

Assumed same as Vmr

Vch (mL)

68.7 (2×10-4)

Fitting

Qm (mL/min)

11.0

Nanovskaya et al., 2006
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Qf (mL/min)

3.00

Nanovskaya et al., 2006

Physiological parameters of placental cotyledon in human

1.34

Vmi (mL)

6.03

Mayhew et al., 2008

Set as 4.5-folds of Vfc

Vt (mL)

2.68

Mayhew et al., 2008

Set as 2.0-folds of Vfc

Vmp (mL)

74.7

Sum of Vmi and Vch

Human transplacental PK parameters of metformin

PSMVM,act,inf (mL/min)

0.62 (9×10-5)

Fitting

PSMVM,act,eff(mL/min)

1.11 (3×10-4)

Fitting

PSBM,act,inf (mL/min)

26.9 (0.03)

Fitting

PSBM,act,eff (mL/min)

42.3 (0.04)

Fitting

PSMVM,diff (mL/min)

-11

Balimane and Chong,
3.12×10

2008

Balimane and Chong,
PSBM,diff (mL/min)

0.13×10

-11

2008
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Qm and Qf represent the perfusion flow rates on the maternal side and fetal side, respectively.
Vch, Vmi, Vmr, Vmp, Vt, Vfc, Vfr, Vfv, and Vma represent the volumes of medium in the maternal
chamber, maternal intervillous space, maternal reservoir, maternal placenta, syncytiotrophoblasts,

fetal capillaries, fetal reservoir and sampling ports of the maternal artery and umbilical vein,

respectively.

Vfc was calculated by multiplying the weight of placenta cotyledon (22.4 g, Kovo, et al., 2008b) by

6.00×10-2 (mL/g placental tissue). (Drury et al., 1981)
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Supplemental Figures

Supplemental Figure 1

Supplemental Figure Legend 1
Fitted metformin concentration-time profiles for maternal artery (solid line in A), fetal vein (dashed
line in A) and tissue (solid line in B) in a closed perfusion system (Nanovskaya et al., 2006). Symbols
(closed triangle (▲), maternal artery; closed circle (●), fetal vein; open circle (○), tissue) represent
the mean reported concentration of metformin. Metformin (5 μg/mL) was added to the maternal
reservoir at 0 min. No OCT3 inhibition was assumed in the model fitting according to Eqs. (1) to (7)
without Eqs. (8) and (9) in the Text. Metformin concentrations were measured at 0 (pre-perfusion), 5,
10, 15, 20, 25, 30, 40, 50, 60, 75, 90, 105, 120, 150, 180, 210 and 240 min after the start of metformin
perfusion from the maternal artery (Cma) and umbilical vein (Cfv) (A). Metformin concentration in
placental tissue (Ct) was measured at 0 (pre-perfusion), 60, 120, and 240 min after the start of
metformin perfusion (B).

2

Supplemental Figure 2

Supplemental Figure Legend 2
Simulated metformin concentration-time profiles for maternal artery (solid line) and fetal vein (dashed
line) in a closed perfusion system (Kovo et al., 2008). The simulation was performed with the
parameters obtained by fitting the data in Nanovskaya et al. (2006) under the assumption of no OCT3
inhibition. Symbols (closed triangle (▲), maternal artery; closed circle (●), fetal vein) and bars
represent the mean reported concentrations and 95%CIs, respectively. Metformin (1 μg/mL) was
added to the maternal reservoir at 0 min. Metformin concentrations were measured at 0 (pre-perfusion),
5, 10, 15, 20, 30, 60, 90, 120, 150 and 180 min after the start of perfusion.

3

Supplemental Figure 3

Supplemental Figure Legend 3
Simulated metformin TPT%-time profiles for the MF direction (solid line in A) and the FM direction
(solid line in B) in an open perfusion system (Tertti et al., 2010). The simulation was performed with
the parameters obtained by fitting the data in Nanovskaya et al. (2006) under the assumption of no
OCT3 inhibition. Symbols (open circle (○)) and bars represent mean reported values and 95%CIs,
respectively. Metformin (2 μg/mL as continuous infusion) was perfused from the maternal container
in the MF direction and from the fetal container in the FM direction. Metformin concentrations in the
fetal vein effluent (Cfe) for the MF direction and in the maternal vein effluent (Cme) for the FM direction
were measured at 0 (pre-perfusion), 10, 20, 30, 40, 50, 60, 80, 100, and 120 min after the start of
perfusion. Cma (metformin concentration in maternal artery) for the MF direction and Cfa (metformin
concentration in fetal artery) for the FM direction were in a steady-state condition. TPT% for the MF
or FM direction was calculated using the equations in the Supplemental text.

4

Supplemental text

Differential equations of transplacental PK models for ex vivo perfusion study in open systems

(A) Maternal to fetal direction

Sampling port compartment for maternal artery
Vma ×

dCma
dt

= −Cma × Q m

Maternal placental compartment
Vmp ×

dCmp
dt

= �Cma − Cmp � × Q m + (PSMVM,act,eff + PSMVM,diff ) × Ct – (PSMVM,act,inf +

PSMVM,diff ) × Cmp

Syncytiotrophoblasts compartment
Vt ×

dCt
dt

= �PSMVM,act,inf + PSMVM,diff � × Cmp + �PSBM,act,inf + PSBM,diff,inf � × Cfc − (PSMVM,act,eff
+ PSMVM,diff + PSBM,act,eff + PSBM,diff ) × Ct

Fetal capillaries compartment
Vfc ×

dCfc
dt

= −Cfc × Q f + (PSBM,act,eff + PSBM,diff ) × Ct − �PSBM,act,inf + PSBM,diff � × Cfc

Sampling port compartment for umbilical vein effluent compartment
Vfe ×

dCfe
dt

= Q f × Cfc − Q f × Cfe

5

(B) Fetal to maternal direction

Sampling port compartment for fetal artery
Vfa ×

dCfa
dt

= −Cfa × Q f

Fetal capillaries compartment
Vfc ×

dCfc
dt

= Q f × (Cfa − Cfc ) + (PSBM,act,eff + PSBM,diff ) × Ct – �PSBM,act,inf + PSBM,diff � × Cfc

Syncytiotrophoblasts compartment
Vt ×

dCt
dt

= �PSMVM,act,inf + PSMVM,diff � × Cmp + �PSBM,act,inf + PSBM,diff,inf � × Cfc − (PSMVM,act,eff
+ PSMVM,diff + PSBM,act,eff + PSBM,diff ) × Ct

Maternal placental compartment
Vmp ×

dCmp
dt

= −Cmp × Q m + (PSMVM,act,eff + PSMVM,diff ) × Ct – (PSMVM,act,inf + PSMVM,diff ) × Cmp

Sampling port compartment for maternal vein effluent compartment
Vme ×

dCme
dt

= Q m × Cmp − Q m × Cme

6

Equations to calculate passive permeability of metformin (Burt et al., 2016) in human placental

single cotyledon

Since metformin is mostly ionized at physiological condition (van Stee et al., 2018), it almost cannot

pass cell membranes by passive diffusion. The parameters in following equations for calculating

passive clearances for metformin in human placental cotyledon are listed in Supplemental Table 1.

(A) Passive permeability in microvillous plasma membrane (MVM) of placental single cotyledon

(PSMVM,diff)
PSMVM,diff = PPAMPA × SAMVM × SF
(B) Passive permeability in basal membrane (BM) of placental single cotyledon (PSBM,diff)
PSBM,diff = PPAMPA × SABM × SF

PPAMPA, SAMVM, SABM and SF represent the metformin passive permeability obtained from PAMPA

system, surface area of typical syncytiotrophoblasts villi in human placenta, surface area of typical

syncytiotrophoblasts capillary in human placenta and scaling factor for human placental cotyledon,

respectively.

SF was calculated by the following equation in this present study.
V

SF = V t

p,t

7

Vt and Vp,t represent the typical syncytiotrophoblasts volume in a human placental cotyledon and that

in human placenta, respectively. As for the SF, SAMVM and SABM were reported for the values of the

whole human placenta (Mayhew et al., 2008). Therefore, SF was calculated by Vt divided by Vp,t to

scale down SAMVM and SABM for a human placental cotyledon applied for the ex vivo studies.

8

Equations to calculate transplacental transfer percent (TPT%) in open systems (A: maternal to

fetal direction (MF direction), B: fetal to maternal direction (FM direction)) (Tertti et al., 2010)

(A) MF direction
Cfe ×Qf
)
ma ×Qm

× 100

Cme ×Qm
)
Cfa ×Qf

× 100

TPT%(MF direction) = (C
(B) FM direction
TPT%(FM direction) = (

Equations to calculate clearance of MF direction (CLmf) and FM direction (CLfm) in open

systems (Tertti et al., 2010)

(A) Metformin clearance of MF direction in open systems
CLmf =

Css,fe
Cma

× Qf

(B) Metformin clearance of FM direction in open systems
CLfm =

Css,me
Cfa

× Qm

Css, fe and Css, me represent metformin steady state concentration in fetal vein effluent and maternal vein

effluent, respectively.

9

Statistical method
Equations to estimate mean (x�) and standard deviation (SD) value of metformin in vivo F:M
ratio using the median, min, max and number of subjects previously reported in published

literatures (Hozo et al., 2005)

Hozo et al. (2005) suggested that following (A) was a best estimator for the mean when dealing with

a small sample size. If the sample size exceeds 25, the median was the best estimator and for very

small samples (up to 15) the best estimator for the standard deviation is (B). These equations were

applied for the study previously reported by De Oliveira Baraldi et al in which had 8 subjects (De

Oliveira Baraldi et al., 2011).

(A) Calculation to estimate the mean using the values of the median (m), minimum (a) and

maximum (b) value of the range
x� ≈

a+2m+b
4

(B) Calculation to estimate the standard deviation using the values of the median (m), minimum

and maximum value of the range (a and b, respectively)
1 (1−2m+b)2
4

SD ≈ �12{

+ (b − a)2 }

m, a and b represent of median, minimum and max values of in vivo F:M ratio in the study

previously reported.

10

Extended clearance concept using well-stirred model for liver (Shitara et al., 2013) to human

placenta

Placental clearances of maternal to fetal direction (CLmf) and fetal to maternal direction (CLfm) are

described in following equations according to well-stirred model (Eqs. (1) to (2)).
CLmf =
CLfm =

Qm ×fu ×CLmf,int,all

(1)

Qf ×fu ×CLfm,int,all

(2)

Qm +fu ×CLmf,int,all
Qf +fu ×CLfm,int,all

MF direction in human placental model
CLmf,int,all and βmf as hybrid parameters are defined as follows (Eqs. (3) to (7)). (Yoshikado et al., 2016)
CLmf,int,all = PSMVM,inf ×
Where βmf =

PSBM,eff

PSMVM,eff +PSBM,eff

PSBM,eff

= PSMVM,inf × βmf

(3)

(4)

PSMVM,eff +PSBM,eff

PSMVM,inf = PSMVM,act,inf + PSMVM,diff

(5)

PSMVM,eff = PSMVM,act,eff + PSMVM,diff

(6)

PSBM,eff = PSBM,act,eff + PSBM,diff

(7)

(CLmf,int,all, the intrinsic clearance of maternal to fetal direction; PSMVM,inf, the intrinsic microvillous

plasma membrane uptake clearance; PSMVM,act,inf, the intrinsic microvillous plasma membrane active

uptake clearance; PSMVM,eff, the intrinsic microvillous plasma membrane efflux clearance from the

syncytiotrophoblasts to the microvillous plasma membrane; PSMVM,act,eff, the intrinsic microvillous

11

plasma membrane active efflux clearance from the syncytiotrophoblasts to the microvillous plasma

membrane; PSMVM,diff, the intrinsic passive clearance from the microvillous plasma membrane to the

syncytiotrophoblasts or from the syncytiotrophoblasts to the microvillous plasma membrane; PSBM,eff,

the intrinsic syncytiotrophoblasts efflux clearance from the syncytiotrophoblasts to the basal plasma

membrane; PSBM,act,eff, the intrinsic syncytiotrophoblasts active efflux clearance from the

syncytiotrophoblasts to the basal plasma membrane; PSBM,diff, the intrinsic passive clearance from the

syncytiotrophoblasts to the basal plasma membrane or from the basal plasma membrane to the

syncytiotrophoblasts)

FM direction in human placental model
CLfm,int,all and βfm as hybrid parameters are defined as follows (Eqs. (8) to (10)). (Yoshikado et al.,
2016)
CLfm,int,all = PSBM,inf ×
Where βfm =

PSMVM,eff

PSBM,eff +PSMVM,eff

PSMVM,eff

= PSBM,inf × βfm

(8)

(9)

PSBM,eff +PSMVM,eff

PSBM,inf = PSBM,act,inf + PSBM,diff

(10)

(CLfm,int,all, the intrinsic clearance of fetal to maternal direction; PSBM,inf, the intrinsic basal plasma

membrane uptake clearance; PSBM,act,inf, the intrinsic basal plasma membrane active influx clearance

from the basal plasma membrane to the syncytiotrophoblasts)

12

When the parameters with or without OCT3 inhibition by trimethoprim were applied to extended
clearance concept (Eqs. (1) to (10)), βmf values were calculated as 0.96 or 0.88, respectively (Eqs. (4)).
Therefore, CLmf,int,all is only affected by PSMVM,inf (Eqs. (3)) because βmf is close to 1 for both cases.
CLmf is not affected by Qm because Qm is much larger than CLmf,int,all in each perfusion systems referred
to in the present study (Eqs. (1)). For βfm value, it was calculated as 0.026 with OCT3 inhibition and
0.12 without OCT3 inhibition (Eqs. (9)) while PSBM,inf values were 26.9 and 4.90 mL/min, respectively.

As a result, CLfm,int,all for each cases gave the comparable values (0.70 with OCT3 inhibition and 0.59

without OCT3 inhibition, respectively). Thus, CLfm is also not affected by with or without OCT3

inhibition.

13

Ex vivo F:M ratio using extended clearance concept

Ex vivo F:M ratio of metformin is described as follows (Eqs. (11) to (13)) by applying the extended

clearance concept.
CLmf Qm ×fu ×CLmf,int,all

F:M ratio=

=

CLfm Qm +fu ×CLmf,int,all

/

Qf ×fu ×CLfm,int,all

(11)

Qf +fu ×CLfm,int,all

For metformin, fu=1 and from the estimated transplacental PK parameters, Qm>>CLmf,int,all,

Qf>>CLfm,int,all,

PSBM,act,inf>>PSBM,diff,

PSBM,act,eff>>PSBM,diff,

PSMVM,act,inf>>PSMVM,diff

PSMVM,act,eff>>PSMVM,diff,, then substituting in Eq. (11), we get,
CLmf
CLfm

=

=

CLmf,int,all
CLfm,int,all

=

PSMVM,inf ×PSBM,eff
PSMVM,eff +PSBM,eff

/

PSBM,inf ×PSMVM,eff
PSBM,eff +PSMVM,eff

(PSMVM,act,inf +PSMVM,diff )×(PSBM,act,eff +PSBM,diff )
(PSBM,act,inf +PSBM,diff )×(PSMVM,act,eff +PSMVM,diff )

=

=

PSMVM,inf ×PSBM,eff
PSBM,inf ×PSMVM,eff

PSMVM,act,inf ×PSBM,act,eff
PSBM,act,inf ×PSMVM,act,eff

(12)

so
F:M ratio =

CLmf
CLfm

=

PSMVM,act,inf ×PSBM,act,eff

(13)

PSMVM,act,eff ×PSBM,act,inf
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Supplemental Tables

Supplemental Table 1
Parameters for calculation of passive permeability in the placental cotyledon for metformin
Parameter

Values

Reference

PPAMPA (cm/s)

5×10−7

Balimane and Chong, 2008

SAMVM (µm2)

3700

Mayhew et al., 2008

SABM (µm2)

150

Mayhew et al., 2008

Vp, t (mL)

95.5

Mayhew et al., 2008

PPAMPA, SAMVM, SABM, and Vp,t represent the metformin passive permeability obtained from PAMPA system,
surface area of typical syncytiotrophoblasts villi in human placenta, surface area of typical syncytiotrophoblasts
capillary in human placenta, and typical syncytiotrophoblasts volume in human placenta, respectively.
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Supplemental Table 2
Parameters of experimental settings in the human placental perfusion study (Kovo et al., 2008) for the
simulation in a closed system
Parameter

Values

Reference

Parameters of experimental settings in the perfusion study
Vmr (mL)

500

Kovo et al., 2008

Vma (mL)

0.15

Miller et al., 1985

Vfv (mL)

0.15

Miller et al., 1985

Vfr (mL)

500

Kovo et al., 2008

Qm (mL/min)

10.9

Kovo et al., 2008

Qf (mL/min)

7.66

Kovo et al., 2008

Vmr, Vfr, and Vfv and Vma represent the volumes of maternal reservoir, fetal reservoir and sampling ports of
maternal artery and umbilical vein, respectively.
Qm and Qf represent the perfusion flow rates on the maternal side and fetal side, respectively.
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Supplemental Table 3
Parameters of experimental settings in the human placental perfusion study (Tertti et al., 2010) for the
simulation in an open system
Parameter

Values

Reference

Parameters of experimental settings in the perfusion study
Maternal-to-fetal direction
Cma (ng/mL)

1467

Tertti et al., 2010

Vma (mL)

0.15

Miller et al., 1985

Vfe (mL)

0.15

Miller et al., 1985

Qm (mL/min)

10

Tertti et al., 2010

Qf (mL/min)

3

Tertti et al., 2010

Parameters of experimental settings in the perfusion study
Fetal-to-maternal direction
Cfa (ng/mL)

1600

Tertti et al., 2010

Vfa (mL)

0.15

Miller et al., 1985

Vme (mL)

0.15

Miller et al., 1985

Qm (mL/min)

10

Tertti et al., 2010

Qf (mL/min)

3

Tertti et al., 2010

Cma and Cfa represent metformin steady state concentration in the maternal artery and fetal artery, respectively
(Tertti et al., 2010).
Vma, Vfa, Vfe and Vme represent the volumes of sampling port in the maternal artery, fetal artery, and umbilical
vein effluent and maternal vein effluent, respectively.
Qm and Qf represent the perfusion flow rates on the maternal side and fetal side, respectively.
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Supplemental Table 4
Clinical PK study information of metformin at delivery used in the present study
Sampling time after last
Reference

N

Vanky et al.,

Population

metformin dose (hour)*

Patients with polycystic

850 mg twice daily or

8
2005

Dose and administration

4-32
ovary syndrome

850 mg once daily

De Oliveira
Patients with polycystic
Baraldi et al.,

8

0-12

850 mg twice daily

Patients with gestational

6-10, 11-15, 16-20, >20

500 mg to 1000 mg twice

diabetes

(four groups)

daily

ovary syndrome
2011
Tertti et al.,
58
2014
N: number of subjects
* It is hypothesized that in vivo F:M ratio is not affected by the sampling time after last metformin dose according
to Charles et al. (2006).
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