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Nicotine readily crosses the placenta to reach fetuses. However, membrane transporters, e.g., organic cation transporters (OCTs) play a role in the clearance of nicotine from the fetal to the maternal side, and this is rarely investigated clinically. In this work, we use an in silico model to simulate an ex vivo placenta perfusion experiment, which is the gold standard for measuring the transplacental permeability of compounds, including nicotine. The model consists of a system of seven ordinary differential equations (ODEs), where each equation represents the nicotine concentration in compartments that emulate the ex vivo experiment setup. The transport role of OCTs is simulated bi-directionally at the placenta’s basal membrane (the fetal side). We show that the model can not only reproduce the actual ex vivo experiment results, but also predict the likely maternal and fetal nicotine concentrations when the OCT transporters are inhibited, which leads to a ∼12% increase in fetal nicotine concentration after 2 hours of OCT modulated nicotine perfusion. In conclusion, a first in silico model is proposed in this paper that can be used to simulate some subtle features of trans-placental properties of nicotine.
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1 INTRODUCTION
Maternal smoking is a public health concern as it leads to many adverse effects on fetuses, including changes in fetal heart rate and breathing movements, congenital malformation, and stillbirth, to name a few (Lambers and Clark, 1996; Humphrey et al., 2016). Nicotine replacement therapy (NRT), where nicotine patches, gums, or medicine are administered to pregnant women, aims to assist the smoking cessation efforts of pregnant women (Benowitz and Dempsey, 2004). It has been shown that pregnant women have an accelerated metabolism of nicotine and cotinine, the major metabolite of nicotine (Benowitz and Dempsey, 2004; Benowitz et al., 2009). As a compound of low molecular weight and high lipid solubility, nicotine readily crosses the placenta (Pastrakuljic et al., 1998; Taghavi et al., 2018). Therefore, it seems that the placenta plays a little role as a barrier for nicotine from the maternal to fetal side (m → f) (Pastrakuljic et al., 1998). However, the extraction of nicotine from the fetal to the maternal side (f → m) is more complicated, as the process is modulated by organic cation transporters (OCTs) (Lin et al., 2022), and possibly other transporters, e.g., P-gp as well (McColl et al., 2023). In human beings, OCT3 is the only OCT isoform expressed at placental basal membrane vesicles (Sata et al., 2005). Using a rat model, Lin et al. (2022) investigated the transplacental pharmacokinetics of nicotine and cotinine modulated by OCT. Indeed, it has been reported that the nicotine concentration on the fetal side is ∼15% higher than on the maternal side (Lambers and Clark, 1996). Efforts to alleviate the impact of nicotine on fetuses, therefore, need to address the problem of the clearance of nicotine f → m, and understand the underlying mechanisms.
Unfortunately, clinical investigations on this topic are very rare due to the difficulties of collecting blood samples from fetuses. Previous studies, e.g., of Luck et al. (1985), measured nicotine and cotinine concentration at different stages of gestation from amniotic fluid, umbilical vein serum/maternal vein serum, and placenta tissue. The study, however, only indirectly investigates the transplacental properties of nicotine. In comparison, ex vivo placenta perfusion experiments provide an excellent setup to measure the transplacental permeability of drugs (Kopecky et al., 1999). In such an experiment, a cotyledon of a freshly harvested placenta is cannulated from both maternal and fetal sides, and connected to reservoirs. Drug concentrations are measured from the reservoirs at both sides, and the permeability of the drug is thus determined. Ex vivo placental experiments have been performed for a number of drugs, including metformin (Kovo et al., 2008), morphine (Kopecky et al., 1999). Ex vivo placental experiments for nicotine are rare. One study was performed in 1998 (Pastrakuljic et al., 1998), where the authors determined nicotine and cotinine transplacental rates. They found that cotinine was not detectable in both maternal and fetal reservoirs, implying a very limited metabolism of nicotine in the human placenta.
However, the ex vivo study of (Pastrakuljic et al., 1998) has certain limitations. Firstly, the harvested placenta only reflects the placental physiology at the time of childbirth, yet the metabolism of nicotine changes greatly during pregnancy (Lambers and Clark, 1996). Secondly, the study did not investigate the modulation role of OCT transporters on the transplacental perfusion of nicotine. It was shown that inhibition of OCT transporters by corticosterone substantially increased nicotine concentration in fetal circulation (Lin et al., 2022). This drug-drug interaction scenario has not been investigated clinically, to our knowledge. This study aims to build a first in silico model which can be utilized to study the transplacental properties of nicotine.
2 METHODS
2.1 Mathematical model and data source
In the ex vivo experiments of (Pastrakuljic et al., 1998), placentas were collected and sent to laboratories within 30 min of the delivery of infants. One isolated cotyledon of the placenta was then cannulated from the maternal and fetal sides, and maternal and fetal circulations were established separately in either “closed” or “open” circuit design. This study only simulates the closed circuit, as it is more similar to the actual physiological scenario (Kurosawa et al., 2020). Practically, a cell culture media perfusate filled the maternal and fetal reservoirs, where the maternal perfusate initially contained 40 ng/mL of nicotine. This nicotine concentration is typical in plasma after cigarette smoking in adults (Russell et al., 1975). With flow rates of approximately 13–15 mL/min on the maternal side and 3–4 mL/min on the fetal side, reservoir samples (L mL) were obtained every 5 min for the first half hour, and subsequently every half hour. The data were used to verify our computational model.
Based on our previous study of ex vivo perfusion for morphine (Ho et al., 2022), the nicotine model was constructed that contains seven ordinary differential equations (ODEs). The conceptual representation of the model is shown in Figure 1A, where each of the equations represents a corresponding compartment according to the ex-vivo human cotyledon perfusion system (Ho et al., 2022). The ODE system is listed below.
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where the concentrations, blood flow, and distribution volume of each compartment i are represented by Ci, Qi and Vi, respectively. i refers to the corresponding compartments, i.e., maternal circulation m), fetal circulation f), maternal reservoir (mp), maternal artery (ma), maternal placenta (mp), trophoblast t), fetal capillaries (fc), fetal vein (fv) or fetal reservoir (fr) (Figure 1A). Note, nicotine crosses the placenta in both passive diffusion and active transport pathways. The coefficients of passive diffusion on the microvillus membrane (MVM, the maternal side) and basal membrane (BM, the fetal side) are represented by PSMVM, diff and PSBM, diff, respectively. Active influx activity through OCT transporters was found on the BM side of the placenta and is represented by PSBM,act,inf and PSBM,act,eff to reflect the bi-directional transport role of OCTs (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Conceptual representation of the ex vivo human cotyledon perfusion system. The numbers for the compartments correspond to their respective equation numbers. Explanations of the parameters are provided in the text; (B) Diagram showing the OCT meditated transport of nicotine across the placenta. Note, that the OCT transporters play a bi-directional transport role in our model. Abbreviations: BM - basal membrane; MVM - microvillus membrane; Qm and Qf - flow rate at the maternal and fetal side, respectively.
The model was implemented in MATLAB in Version R2021b (MathWorks, USA). The ODE solver was ODE45. Table 1 shows the nominal value of the model’s parameters.
TABLE 1 | Physiological and pharmacokinetic parameters for the nicotine model.
[image: Table 1]2.2 Nonlinear mixed effects modeling
Nonlinear mixed effect modelling is a computational method for population pharmacokinetics, and can also be used to derive parameter values to fit a mathematical model to experimental data (Chan et al., 2011). To further investigate the effect of OCT-modulated active transport, the model was also implemented in Monolix Suite 2023R1 (Lixoft, France). We fixed all the physiological parameters Vi and Qi, while applying random effects to the four parameters PSMVM, diff, PSBM, diff, PSBM,act,eff, and PSBM,act,inf. We used the proportional error model suggested by Monolix, and performed with correlation between all four parameters.
3 RESULTS
3.1 Simulation without OCT inhibition
The simulation results of the in silico model with presented parameter values in Table 1 are shown in Figure 2. Also shown are the ex vivo transplacental data reported in (Pastrakuljic et al., 1998). As can be seen, the simulation results closely match the actual ex vivo data.
[image: Figure 2]FIGURE 2 | In silico model simulations and reported nicotine concentrations for maternal and fetal reservoir. MR: maternal reservoir; FR: fetal reservoir.
3.2 Simulation with OCT inhibition
Although the OCT-modulated transplacental perfusion of nicotine has been reported for the rat placenta (Lin et al., 2022), it has not been reported for the human placenta, to our knowledge. Nevertheless, an in silico simulation for ex vivo transplacental perfusion of human placenta was made by adjusting the four parameters PSMVM, diff, PSBM, diff, PSBM,act,eff and PSBM,act,inf, to fit virtual results that are likely to happen in human placenta. The results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | In silico simulation of nicotine concentrations in MR and FR with and without the presence of OCT inhibition. In the former case, the fetal nicotine concentration is higher than in the latter case, i.e., without OCT inhibition. After about 2 h, the nicotine concentration on the fetal side is higher than on the maternal side. MR: maternal reservoir; FR: fetal reservoir.
In this simulation, it can be seen that OCT inhibition enhanced the nicotine level in the fetal circulation. After approximately 2 hours, the fetal nicotine concentration becomes higher than that at the maternal side. At 150 min, the difference between fetal and maternal nicotine concentrations reaches 11.9%. This is consistent with the clinical study of (Luck et al., 1985), which reported that the ratio of umbilical vein serum vs. maternal vein serum was 1.12 ± 0.30 (or approximately 12% higher) at birth.
4 DISCUSSION
In the majority of developed countries, the maternal smoking rate is about 10% (Dessì et al., 2018). This rate may be considerably higher in certain subpopulations. For example, the pregnancy smoking rate among the Maori population, the indigenous people in New Zealand, reached 32% (Humphrey et al., 2016). To reduce the adverse effects of maternal smoking on fetuses, it is important to understand the mechanism of nicotine clearance from fetal circulation. In this study, we used an in silico model to simulate the ex vivo transplacental nicotine perfusion results of a previous study (Pastrakuljic et al., 1998), where nicotine quickly crossed the placenta to reach the fetal circulation. In addition, we simulated the scenario where the return of nicotine f → m was facilitated by a combined passive perfusion and active transport via OCT. Different from some other placental transport mechanisms, e.g., clearance of morphine from the fetal circulation, where the efflux transporter P-gp is expressed at the basolateral or maternal side (Ho et al., 2022), OCT is expressed at the apical or fetal side.
When the transplacental pathway modulated by OCT is inhibited, the nicotine concentration in fetal circulation is significantly higher than without inhibition, as shown in the rat model (Lin et al., 2022), and our simulation results (Figure 3). Therefore, it may be speculated that clearance of nicotine from fetal circulation could be improved through induction of the OCT pathway. The challenge is that OCT is a bi-directional transporter, i.e., it facilitates both influx and efflux of nicotine at the basal membrane. Their interactions could be a key to nicotine clearance from fetuses. Clinical reports on the nicotine concentration changes due to OCT modulation are few. However, the mechanism provides valuable insights into reducing fetal exposure to nicotine in NRT therapies.
From a computational perspective, the in silico model has a similar topological structure (Figure 1A) to other ex vivo transplacental models, e.g., of Kurosawa et al. (2020) and Ho et al. (2022). The differences lie in whether the ex vivo experiment is designed as “open” or “closed” circulation at the maternal and fetal sides. In addition, since each drug has its pharmacological characteristics (e.g., lipid solubility), and may be a substrate to different transporters, the subtleties of the model, e.g., perfusion or transport of the drug at the cotyledon membrane, linear or nonlinear efflux/influx across the placental barrier, and whether the drug is metabolised within the placenta, etc., depends on each drug. Therefore, the model needs to be tuned and adjusted accordingly for these subtleties. In terms of parameter fitting, we used two software packages, i.e., Matlab and Monolix. It seems that Monolix has superior performance in NONMEM and associated parameter fitting procedures. The convergence of the proportional error model was robust in Monolix. However, it may be argued that the fitted four parameters are not a unique set of parameters. There may have other sets of parameters that could yield similar fitting results. Further in vitro or ex vivo experiments will need to be designed to verify parameters associated with nicotine permeation at the MVM and BM membranes.
Concerning the ex vivo placental perfusion experiment itself, it is worth noting that there may have some large variations between the in vivo placental perfusion rate and the established ex vivo flow rate, e.g., 3–4 mL/min at the fetal side for a single isolated cotyledon (Pastrakuljic et al., 1998). For a term placenta, the mean umbilical venous flow rate is about 400 mL/min (Barbera et al., 1999). Since a human placenta contains about 15–20 cotyledons (Calis et al., 2022), the in vivo perfusion rate at the fetal side per cotyledon is therefore approximately 20 mL/min. Therefore, the blood flow rate and shear stress in an in vivo environment could be higher than that in an ex vivo setup. Higher in vivo perfusion rates in the placenta can lead to a faster transfer rate of nicotine m → f, but this hypothesis requires future investigations to verify.
There are other limitations to the current study. Firstly, we did not consider the transplacental transfer of cotinine in the model. The reason was that the ex vivo study was not able to detect cotinine in the maternal and fetal reservoirs (Pastrakuljic et al., 1998). This implies that the placenta itself has limited metabolic capabilities for transforming nicotine into cotinine. However, as the most important metabolite of nicotine, it is important to investigate the transplacental properties of cotinine separately. Secondly, in the experiments of (Pastrakuljic et al., 1998), only placentas from mothers with no history of cigarette smoking, and chronic drug therapy exposure were harvested for perfusion experiments. It may be argued that the placentas of smoking mothers have different responses to nicotine exposure. Nevertheless, the model presented in this study can be further tuned to simulate these scenarios when new data are available.
5 CONCLUSION
We presented an in silico model for ex vivo placenta perfusion of nicotine. The model not only reproduces the nicotine concentrations of an actual ex vivo placenta model, but further simulates the likely placenta perfusion with OCT inhibition. The model is valuable for the research of maternal and fetal health.
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Notes Value References
Qu Flow rate of the perfusate within the maternal circulation 15 mL/min Pastrakuljic et al. (1998)
Flow rate of the perfusate in the fetal circulation 3 mL/min Pastrakuljic et al. (1998)
Viar: Volume of maternal reservoir 250 mL ‘ Pastrakuljic et al. (1998)
\73 Volume of fetal reservoir 150 mL Pastrakuljic et al. (1998)
Vi Volume of maternal placenta 747 mL Ho et al. (2022)
Vs Volume of maternal artery [ 0.15 mL Ho et al. (2022)
\/ Volume of fetal capillary 134 mL Ho et al. (2022)
v, Volume of trophoblast 268 mL Ho et al. (2022)
\/ Volume of fetal vein 015 mL Ho et al. (2022)
PSuva, iy Diffusion rate on MVM membrane 15.12 mL/min 9187 Fitted
PSa, aiy Diffusion rate on BM membrane 1213 mL/min 5.04 Fitted
PSarsactint Active influx transport on the BM 0.9 mL/min 017 Fitted
PSurtactey Active efflux transport on the BM 12 mL/min 0.0000044 Fitted

*MVM. microvillus membrane: BM. basal membrane.
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