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Abstract: Free drug concentrations are generally considered the pharmacologically active moiety and
are important for cellular diffusion and distribution. Pregnancy-related changes in plasma protein
binding and blood partitioning are due to decreases in plasma albumin, alpha-1-acid glycoprotein,
and haematocrit; this may lead to increased free concentrations, tissue distribution, and clearance
during pregnancy. In this paper we highlight the importance and challenges of considering changes
in total and free concentrations during pregnancy. For medicines highly bound to plasma proteins,
such as tacrolimus, efavirenz, clindamycin, phenytoin, and carbamazepine, differential changes
in concentrations of free drug during pregnancy may be clinically significant and have important
implications for dose adjustment. Therapeutic drug monitoring usually relies on the measurement of
total concentrations; this can result in dose adjustments that are not necessary when changes in free
concentrations are considered. We explore the potential of physiologically based pharmacokinetic
(PBPK) models to support the understanding of the changes in plasma proteins binding, using
tacrolimus and efavirenz as example drug models. The exposure to either drug was predicted to
be reduced during pregnancy; however, the decrease in the exposure to the total tacrolimus and
efavirenz were significantly larger than the reduction in the exposure to the free drug. These data
show that PBPK modelling can support the impact of the changes in plasma protein binding and
may be used for the simulation of free concentrations in pregnancy to support dosing decisions.

Keywords: pharmacokinetics; pregnancy; protein binding; free concentrations; total concentrations;
PBPK; regulatory

1. Introduction

Pregnancy-related physiological changes may affect the pharmacokinetics of medicines,
leading to possible alterations in absorption, distribution, metabolism, and excretion pro-
cesses. Changes in plasma proteins’ concentrations, glomerular filtration rate (GFR), hepatic
blood flow, metabolic enzymes, and transporters’ activity may influence the systemic ex-
posure and elimination pathways of several drugs that are cleared either via the kidney
or liver [1,2]. As a consequence of the altered activity of metabolism enzymes, the blood
concentrations of drugs metabolised through CYP2D6, CYP3A4, CYP2A6, UGT1A4, and
UGT2B7 are expected to decrease during pregnancy compared to nonpregnant subjects,
while the concentrations of drugs that are substrates of other enzymes, e.g., CYP1A2 and
CYP2C19, are expected to increase in pregnant women [3]. Although changes in some P450
enzymes have been well characterised and reviewed [3], changes in UGTs and transporters
are less well understood; however, some changes are documented and have been recently
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reviewed [4]. Plasma protein binding and blood partitioning of drugs decrease during
pregnancy due to changes in blood volume, reduced haematocrit, and reduced concen-
trations of both albumin and alpha-1-acid glycoprotein (AAG). This would lead to higher
concentrations of free drug and increased tissue distribution and clearance. Haematocrit
values decrease over pregnancy with an estimated 5% decrease up to 31 weeks, and there
have been some reports of a slight return and increase towards the end of pregnancy [5].
The estimated mean albumin concentrations gradually decrease during pregnancy, whereas
concentrations rapidly increase postpartum and up to 15 weeks after delivery. This may
be related in part to increased plasma volume and increased urinary albumin excretion.
The estimated AAG concentrations remain relatively stable and only slightly decrease from
24 weeks of gestation to term (Figure 1).
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Figure 1. (A) Changes in plasma volume (left axis) and blood haematocrit (right axis) during pregnancy.
(B) Changes in the serum plasma proteins—albumin and alpha-1-acid glycoprotein—during pregnancy.
Dotted lines in each represent standard deviations. All the values are calculated using the formulae
presented in Dallmann et al., in 2017 [5].

The free fraction represents the fraction of the drug in the plasma that is unbound
to the plasma proteins and is generally considered to be the pharmacologically active
moiety. Changes in plasma constituents and, hence, binding have been noted in a number
of special populations, including pregnancy [6]. This can result in differential changes
between the total and free drug in the population, with important implications for the
understanding of the efficacy of the drug in question, at a given dose, in the population. For
a number of agents (e.g., carbamazepine, phenytoin, valproate acid, tacrolimus, lopinavir,
efavirenz, clindamycin, cefazolin, prednisone, and levothyroxine), an increased fraction
that is unbound during pregnancy has been discussed in the literature [7–12]. Several of
these drugs show a decreased exposure in pregnancy (e.g., tacrolimus and efavirenz), in
some cases leading to dose increases [7,13,14]. However, despite the observed decrease in
the total concentrations, dose adjustment might not be needed in pregnancy if the reduced
total exposure is not associated with a proportional decrease in the free concentrations,
e.g., lopinavir [9] and tacrolimus [7]. This highlights the importance of understanding the
exposure in terms of free concentrations in pregnancy.

In some cases, therapeutic drug monitoring is recommended to monitor the exposure
and dose adjustments recommended based on these levels (e.g., tacrolimus and pheny-
toin [15,16]). The measured parameter is usually the total drug and the considerations
on dosing adjustments rely on total concentrations only with the aim of achieving total,
systemic drug concentrations in pregnancy that are comparable to those in nonpregnant
subjects. Ideally, free concentrations should be measured; however, the measurement of
these concentrations is challenging as it requires reliable methods for separating the total
and free drug fractions and highly sensitive methods for detecting the small quantities of
unbound drug. As such, therapeutic drug monitoring during pregnancy may not correlate
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with changes in a pharmacologically active free drug. In addition, even though drug mea-
surement of the total or free drug may be possible, the turn-around time for the bioanalysis
and the clinician’s decision can be in the range of two weeks, and changes in exposure in
pregnancy are known to occur very quickly, resulting in a delay in optimised treatment.

The physiological changes occurring in pregnancy are mechanistically incorporated
into a number of pregnancy physiologically based pharmacokinetics (PBPK) system mod-
els that are publicly available: PKSim (http://www.open-systems-pharmacology.org/,
SIMCYP Simulator (Certara UK Ltd., Sheffield, UK) and Gastroplus (SimulationsPlus Inc.,
Lancaster, CA, USA). During the development of these models, an extensive collection of
the literature’s information was performed [5,17]. Changes in blood volume, haematocrit,
and the predominant plasma proteins—albumin and AAG—along with other physiological
parameters, are included in the models as described by a number of quadratic equations.
A graphical example of the resulting equations used in PKSim is shown in Figure 1. The
binding of the drug of interest to the blood cells and the predominant plasma proteins
is described in the drug model either as a ratio, fraction unbound or, mechanistically, as
dissociation constants, Kds. Consequently, these PBPK models could be used to predict
changes in exposure, as plasma protein concentrations change, in the pregnant population
of both free and total drug and, possibly, to support dosing strategies [18,19].

In this paper, we highlight the importance of considering changes in total and free
concentrations in pregnancy and explore the potential of the PBPK models to support the
understanding of the changes in drugs binding to plasma proteins and for the simulation of
free concentrations in pregnancy. Tacrolimus and efavirenz, both highly bound to plasma
proteins, are used as two example drug models. Pregnancy PBPK modelling was used for
both drug models to simulate the total and free drug fraction in the plasma and blood of
the virtual pregnant population.

2. Efavirenz

Efavirenz is indicated in the antiviral combination treatment of human immunodefi-
ciency virus-1 (HIV-1)-infected adults, adolescents, and children 3 months of age and older,
weighing at least 3.5 kg [20].

The Efavirenz’s summary of product characteristics (SmPC) states that this medicine
should not be used in pregnant women unless the patient’s clinical condition requires such
treatment [20]. However, there is evidence of the use of efavirenz during pregnancy [20–22].
Efavirenz is reported to be highly bound (approximately 99.5–99.75%) to human plasma pro-
teins (predominantly albumin), and it is mainly metabolised by CYP3A4 and CYP2B6 [20].
As CYP2B6 is a polymorphic enzyme, increased PK variability may be observed in the
pregnant population due to the increased activity of this enzyme during pregnancy.

A slight decrease in efavirenz’s systemic total exposure was observed between preg-
nancy (second and third trimester) and postpartum after treatment with 600 mg of efavirenz
once daily [23,24]. Lartey et al. [24] observed a 16, 12, and 10% decrease in efavirenz’s
AUC, Cmin, and Cmax, respectively, in pregnancy compared to postpartum, as well as a
20% increase in CL/F. Similarly, Kreimann et al. [23] and Cressey et al. [25] show up to a
25% decrease in AUC, Ctrough, and Cmax in pregnancy compared to postpartum, but a
lower difference was observed when comparing the third trimester and postpartum. The
authors suggested that the magnitude of the observed differences was sufficient to warrant
a dosing adjustment [23–25].

A non-inferior efficacy was observed when the dose of efavirenz was reduced from 600
to 400 mg in the third trimester; however, the PK parameters, AUC0-24 h, and plasma con-
centrations 24 h post-dose were slightly lower in the third trimester than during postpartum,
even though they remained within the therapeutic range [26–28]. Kreitchmann reported
that C24 (24 h post-dose) concentrations during the second and third trimester were similar
to the C24 concentrations seen in the ENCORE1 study with a 400 mg dose [23,27]. However,
the increased variability due to CYP2B6’s polymorphism could lead to the subtherapeu-
tic, systemic exposure in extensive metabolisers, as predicted by PBPK studies [29,30].

http://www.open-systems-pharmacology.org/
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Unbound efavirenz concentrations are not available in the published studies. However,
Lamorde et al. hypothesised that the 25% decrease in efavirenz’s Ctrough measured
during the third trimester versus postpartum was due to a change in protein binding
caused by a decrease in albumin during the late stages of pregnancy (31%), leading to a
higher unbound fraction of efavirenz, which would result in lower total drug concentration
measurements [28].

A pregnancy PBPK model is available in the SIMCYP V21 and GASTROPLUS 9.8.2 [31,32].
This PBPK model was used to simulate the unbound concentrations of efavirenz in both
nonpregnant and pregnant populations (Table 1). The simulation results in nonpregnant
populations versus those in the third trimester, which is considered to represent the biggest
change, are reported in Figure 2.

Table 1. Simulated and published PK parameters of efavirenz in pregnant and nonpregnant population.

PK Parameters
Simulated Data Published DataCompound

and Dosing
Regime

Measured
Parameter

Pregnancy
Period Cmax (mg/L) AUC

(mg/L·h)

AUC
(P)/AUC

(NP)

Cmax
(mg/L)

AUC
(mg/L·h)

Efavirenz
600 mg/Day

7 days

Plasma
(Total)

NP 3.75 60.2
4.41 a [23]
5.10 b [25]
3.93 c [24]

62.7 a [23]
58.3 b [25]
62.6 c [24]

1st 3.4 53.8 89% - -
2nd 3.1 49.4 82% 3.87 a [23] 47.3 a [23]

3rd 2.8 44.1 73%
5.13 a [23]
5.44 b [25]
4.33 c [24]

60.2 a [23]
55.4 b [25]
52.3 c [24]

Plasma
(Unbound)

NP 0.13 1.81
1st 0.11 1.71 94% - -
2nd 0.11 1.71 94% - -
3rd 0.11 1.69 93% - -

Blood
(Total)

NP 2.92 46.6
1st 2.7 42.2 91% - -
2nd 2.5 39.1 84% - -
3rd 2.25 35.43 76% - -

Blood
(Unbound)

NP 0.13 1.81
1st 0.11 1.71 94% - -
2nd 0.11 1.7 94% - -
3rd 0.11 1.69 93% - -

a Kreitchmann at al [23] (median). Non-pregnant values were measured in the study cohort 6–12 weeks post-
partum. b Cressey et al. [25] (median). Non-pregnant values were measured in the study cohort 6–12 weeks
postpartum. c Lartey et al. [24] (geometric mean). Non-pregnant values were measured in the study cohort
6 weeks postpartum. AUC = area under the plasma drug concentration–time curve; Cmax = maximum drug
concentration; P = pregnancy; and NP = nonpregnant.

Changes in efavirenz’s PK during pregnancy resulted in a predicted decreased ex-
posure in pregnancy of the total drug by 27%. Blood binding and partitioning into cells
is low for this drug, therefore, the predicted blood concentrations are lower than those
in the plasma. The plasma protein binding is high, and the pregnancy-related changes
in the plasma protein binding contribute to the decrease in exposure of the total drug,
and a significantly smaller decrease in the exposure to the free, pharmacologically active
efavirenz (7%) was seen.
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Figure 2. Simulated concentrations of total (red) and unbound (green) efavirenz in a nonpregnant
population (NP; solid lines) and during the 3rd trimester of pregnancy (dashed lines). A dosing
regimen of 600 mg of efavirenz per day for seven days was used.

3. Tacrolimus

Tacrolimus is indicated for the prophylaxis of transplant rejection in adult kidney or
liver allograft recipients, as well as for treatment of allograft rejection resistant to other
immunosuppressive medicinal products in adult patients [15].

Due to medical needs, pregnant women can be treated with tacrolimus when there
is no safer alternative and when the perceived benefit justifies the potential risk to the
foetus [15]. Tacrolimus shows extensive blood partitioning and is highly bound (>98.8%) to
plasma proteins, mainly serum albumin and AAG, and it is almost completely metabolized
by the CYP3A4 [15]. A number of authors investigated the effect of pregnancy on the
PK of tacrolimus [7,8,13,33–36]. Zheng et al. observed decreased total blood tacrolimus
concentrations in pregnancy, whereas no significant change in unbound concentrations
were measured [7].

In order to maintain tacrolimus’ trough blood concentrations in the therapeutic range,
in the Zheng study [7], tacrolimus doses were increased by approximately 45% in pregnancy.
However, tacrolimus’ free fraction increased by 91% in plasma and by 100% in blood during
pregnancy, while the serum albumin’s concentrations decreased by 27%. The increased
dose led to increased unbound tacrolimus’ trough concentrations and AUC, 112% and
253%, respectively, in pregnancy compared to the nonpregnant population. Similarly,
the whole blood CL/F was 39% higher in pregnancy than in postpartum (47.4 ± 12.6 vs.
34.2 ± 14.8 L/h), while no statistically significant difference was observed in unbound
CL/F in pregnancy compared to postpartum.

A PBPK model was previously developed and used to simulate the total and unbound
systemic plasma and blood exposure of tacrolimus in nonpregnant and pregnant pop-
ulations during the first, second, and third trimester [19]. The observed and simulated
clinical PK data for tacrolimus are presented in Table 2. Figure 3 shows the simulated
tacrolimus (total and unbound) plasma and blood in the pregnant, third trimester, and
nonpregnant population, and Figure 4 shows the changes over the different trimesters.
Unbound concentrations represent both blood and plasma, as these are expected to be
at equilibrium.
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Table 2. Simulated and published PK parameters of tacrolimus in pregnant and nonpregn-
ant populations.

PK Parameters
Simulated Data Published DataCompound,

Measured
Parameter

Dose
(mg/Day)

Pregnancy
Period Cmax

(ng/mL)
AUC

(ng/mL·h)

AUC
(P)/AUC

(NP)

Cmax
(ng/mL)

AUC
(ng/mL·h)

Tacrolimus,
blood
(Total)

5.6 NP 31.5 146 17.0 a [7] 88.1 a [7]
6.9 1st 30.0 146 100% 16.8 a [7] 125.0 a [7]
8.1 2nd 22.5 135 92%

15.4 a [7] 82.0 a [7]
8.1 3rd 14.1 85 58%

Tacrolimus,
blood

(Unbound)

5.6 NP 0.052 0.239 0.035 a [7] 0.181 a [7]
6.9 1st 0.053 0.254 106% 0.036 a [7] 0.263 a [7]
8.1 2nd 0.044 0.263 110%

0.087 a [7] 0.458 a [7]
8.1 3rd 0.035 0.209 87%

Tacrolimus,
plasma
(Total)

5.6 NP 2.43 11.3 - -
6.9 1st 2.36 11.4 101% - -
8.1 2nd 1.83 10.9 96% - -
8.1 3rd 1.24 7.44 66% - -

a Calculated using the mean PK time-profiles presented by Zheng et al. [7]. Note that this study pooled data from
the second (22–26 weeks gestation) and third (34–38 weeks gestation) trimesters. Nonpregnant values were taken
from the study’s cohort >3 months postpartum. AUC = area under the plasma drug concentration–time curve;
Cmax = maximum drug concentration; NP = nonpregnant; and P = pregnancy.
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Figure 3. Simulated concentrations of total tacrolimus in blood (red) and plasma (green) and of
unbound tacrolimus levels (purple) in a nonpregnant population (NP; solid lines) and during the 3rd
trimester of pregnancy (dashed lines). In order to match the observed patient data (see Table 1), a
dosing regimen of 2.8 mg every 12 h was used for the nonpregnant population, and a dosing regimen
of 4.05 mg every 12 h was used for the pregnant population.

Tacrolimus extensively binds to erythrocytes; therefore, blood concentrations are
predicted to be much higher than plasma concentrations in both nonpregnant and pregnant
subjects; protein binding is high and, therefore, unbound concentrations are much lower.
The model predicted a 60% decrease in the total blood tacrolimus’ AUC, compared to a
lower, 40% decrease in the unbound concentrations in the third trimester compared to
nonpregnant women.
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Figure 4. Summary of simulated and published changes in whole blood levels of total and unbound
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represent a mean of samples taken from both 22–26 weeks and 34–38 weeks.

4. Discussion
4.1. Efavirenz

In the efavirenz’s PBPK model, changes in the efavirenz’s PK during pregnancy
resulted in a predicted, decreased exposure in pregnancy of the total drug by 27%, which
was consistent with the observed data. The model also allowed for an understanding of
how the concentrations in different matrixes (e.g., plasma versus blood) or components
(e.g., total versus free drug) are altered in pregnancy based on known physiological changes.
Blood binding and partitioning into cells is low for this drug; therefore, the predicted blood
concentrations are lower than those in plasma. The plasma protein binding is high; various
figures are reported in the literature, and the model uses the lowest bound value of 97%,
which appears to best fit the clinical data [31,37]. This figure is also supported by the data
on HIV-1-infected patients (n = 9) who received 200 to 600 mg of efavirenz once daily
for at least one month and in whom the cerebrospinal fluid concentrations (which can
be considered to represent the free drug) ranged from 0.26 to 1.19% (mean 0.69%) of the
corresponding plasma concentration. It should be considered that disease states such as
HIV-infection can also moderate the levels of plasma protein and that this can also be
included in the PBPK model [38]. The free concentrations in plasma and blood are much
lower than the total concentrations in both nonpregnant and pregnant subjects, but, due
to the reduced albumin concentrations in pregnancy, the difference is less, and, thus, it
can be seen that the change in the unbound efavirenz’s ratio is reduced to only 7%. This
could be explained by the clearance unbound, which is expected to remain constant due to
physiological compensation mechanisms.

It has been suggested that the lower total exposure of efavirenz could still be sufficient
for efficacy; however, this has been questioned as the modelling shows that some subjects
may not reach the minimum effective total concentration (MEC) of 1 mg/L required for
viral suppression. In addition, lower doses have been proposed in pregnancy based on
the clinical study ENCORE1, which demonstrated the non-inferiority of daily 400 mg of
efavirenz versus 600 mg over 96 weeks in treatment-naive, HIV-infected adults [26]. This
dose may not be supported based on the changes in total concentrations; however, with the
consideration of the free concentrations, with only an expected 7% change in concentration,
full efficacy would be expected and such a reduced dose could be considered. It should
also be noted that the concentrations are likely to be dependent on the CYP2B6 genotype as
the enzymes involved in the clearance are polymorphic. However, while pregnancy-related
changes in CYP3A4 are captured in the model, CYP2B6 activity in the model does not
change likely due to insufficient available data to inform the model.
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4.2. Tacrolimus

Tacrolimus extensively binds to erythrocytes, but it does not bind to haemoglobin;
instead, an intracellular protein in erythrocytes, corresponding to FKBP, is suggested to
be responsible [39]. Blood concentrations are therefore much higher than plasma con-
centrations in both nonpregnant and pregnant subjects. The PBPK model demonstrates
this difference. Plasma protein binding is also high so that free concentrations in plasma
and blood are much lower. Based on the doses described in Zheng’s study [7], the model
predicted a 40% and 60% decrease in the unbound and total blood tacrolimus’ AUC, re-
spectively, in the third trimester compared to nonpregnant women. Calculation of the PK’s
parameters using the published tacrolimus concentrations data [7] shows a 75% increase
and a 36% decrease in the unbound and total tacrolimus’ AUC, respectively, in the third
trimester compared to nonpregnant women (Figure 4). Although the model shows a re-
duced effect on the free drug, this is not as pronounced as it is in the clinical data, where an
increase in free drug concentrations were seen. The mis-prediction may be due to changes
in the enzymes and transporters involved in the disposition and clearance of the drug not
being fully characterised in the current model. Irrespective of this, the model agrees with
the clinical data in demonstrating the free tacrolimus levels to change less than the total
tacrolimus levels.

Changes in the tacrolimus’ PK during pregnancy result in an increased unbound-to-
whole-blood tacrolimus concentration ratio. Some authors have discussed the need to
increase the dose and intensify therapeutic drug monitoring to maintain tacrolimus’ total
concentrations within the target range [33]. However, the same authors suggested that
a dose adjustment might not be necessary in pregnancy because of the higher unbound
concentrations. The modelling partially supports this. In addition, tacrolimus’ whole blood
CL/F is inversely correlated with both the haematocrit and red blood cell counts, suggesting
that the binding of tacrolimus to erythrocytes restricts its availability for the metabolism.
Further complexities may occur in hypoalbuminemic and/or anaemic patients, which could
be attributed to the disease state, as unbound concentrations might be considerably higher
than those measured in nonpregnant populations [7,33]. Moreover, changes in lipoprotein
concentrations may potentially affect the percentage of tacrolimus content in lipoprotein
fractions, leading to a possible variation in tacrolimus’ unbound fraction. [40–42] Based on
the available data and considering the unbound concentration, no dosage adjustments may
be required in pregnancy.

4.3. Methodology to Determine the Exposure Changes

The effect of pregnancy-related changes (e.g., altered activity of metabolic Phase I
and Phase II enzymes) on the PK of drugs is usually evaluated on a comparison of total
systemic exposure in pregnancy versus nonpregnant subjects. In some cases, this may be
used to support dosing adjustments. However, free drug concentrations are the ones of
importance for cellular diffusion and cellular distribution and are usually considered to
be the pharmacologically active form. The concentration of drug-binding proteins within
the blood decreases during pregnancy, which alters the unbound plasma concentrations of
drugs, particularly those that are highly protein-bound. For drugs with a low extraction
ratio, only the unbound drug penetrates membranes and is available for elimination; an
increase in the unbound fraction will, therefore, proportionally increase the clearance.
For some medicinal products, even a minor change in the level of protein binding might
influence its efficacy [2,38]. The Medicine and Healthcare products Regulatory Agency
(MHRA) in the United Kingdom recently published a systematic review which highlights
the fact that total and free concentrations data are not always measured in clinical studies or
reported in the literature and that this can limit the evaluation of the impact of pregnancy
on the unbound concentrations which are relevant to therapeutic effectiveness [43].

When faced with a change in total drug, it is important to consider free drug exposures.
Different changes in concentrations of the free drug than those of the total drug may be



Pharmaceutics 2023, 15, 2455 9 of 14

clinically significant and have important implications for dose adjustment for highly bound
medicines such as tacrolimus, efavirenz, clindamycin, phenytoin, and carbamazepine.

Whilst measurement of unbound drug levels is therefore desirable, bioanalytical chal-
lenges arise when measuring free concentrations, as reliable and highly sensitive methods
are required to separate total and free drug fractions and detect small quantities of unbound
drug. Musteata et al. indicated some of the bioanalytical challenges for measuring free
drugs, which included high resource-consuming methodologies, e.g., separation techniques
used in some methods of measurement of free drug, such as equilibration procedures which
can take days [44], and a higher variability in the measured free concentrations due to
several sample processing steps [44]. In addition, some physiochemical characteristics of
the drugs, such as a low partition coefficient in nonpolar phases, may lead to difficulties
in separating the free fraction [44]. Also, extreme lipophilicity as in case of ciclosporin
and tacrolimus may necessitate the use of stainless-steel equipment to prevent the drug’s
adherence to the plastic walls of the equilibrium dialysis equipment [45].

In addition to these technical challenges, the measurement of free and total drug levels
in a clinic can be time consuming due to the need to organise patient visits, sampling, and
sample processing. Turn-around time of samples is often in the region of one to two days,
but other delays occur in the shipment of samples and communications which can lead to
adjustments being made based on outdated information.

4.4. Application to Other Medicines of Interest

A number of other highly bound compounds exhibit a reduction in the total level
of drug during pregnancy, but with the levels of free drug not changing significantly
(e.g., carbamazepine and phenytoin [46–48]) or not being reported (e.g., lumefantrine,
dolutegravir, and clindamycin [49,50]). For drugs in which the free level has not been
investigated, PBPK modelling provides an opportunity to predict free blood concentrations
and, therefore, to begin assessing the implications for clinical safety and efficacy. Such
studies may also further highlight the issues of only using total drug levels to inform
dose adjustment.

This can be exemplified by lumefantrine, for which free concentrations during preg-
nancy are not available in the literature. At present, dosing adjustment in pregnant popula-
tion appears to rely on the total drug level, which could be deceptive, as described above.

Lumefantrine is a CYP3A4 substrate lumefantrine, which exhibits high protein binding
(99.7%) [51]. This medicine can be used in combination with artemether during the second
and third trimester of pregnancy if the expected benefit to the mother outweighs the risk
to the foetus [51]. The World Health Organization (WHO)’s label states that the above
combination can be used during pregnancy [52]. Some authors suggest that the increased
HDL levels would result in a decrease in the volume of distribution and in the raising of
the total plasma lumefantrine concentrations [53]. However, in a number of clinical studies,
a >30% decrease in the total plasma lumefantrine concentrations has been observed in the
pregnant population compared to the nonpregnant group, consistent with the expected
increase in CYP3A4 activity [53,54]. Using population PK modelling, Onyamboko et al. [55]
also predicted that 38% of the study’s population had day 7 lumefantrine venous blood
concentrations below the target concentration threshold of <280 ng/mL. Similarly, the
population PK analysis [56,57] predicted a ~30% decrease in lumefantrine exposure during
pregnancy. Due to lumefantrine’s dose-saturable absorption, the WHO recommends
extending the treatment duration from a 3- to a 5-day regimen to increase the total systemic
exposure of lumefantrine in the pregnant population [52].

4.5. PBPK Models—Opportunities and Limitations

PBPK modelling offers an opportunity to predict the free drug concentrations for
highly bound drugs, taking into considerations the different physiochemical properties
of the studied drugs. PBPK modelling presents a rapid, reproducible alternative to
existing methodologies that may be used to support dosing strategies, as is shown above
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for both efavirenz and tacrolimus, and can, therefore, be employed to predict whether
changes in dose regimen are sufficient and/or necessary. Lumefantrine (discussed
above), however, is highly bound to HDL, not albumin or AAG. Pregnancy-related
changes in HDL are not currently incorporated within the PBPK models, but data are
available [58] and so studies could be performed when these data are integrated into
the models.

Whilst pregnancy PBPK models serve as a useful tool to support dosing strategies, a
number of limitations are currently associated with the methodology. For example, there
are other changes that occur in plasma composition during pregnancy that are not fully
incorporated in the models. Ghio et al. reported that, from the 12th week of gestation,
phospholipids, cholesterol (total, LDL, HDL), and triglycerides (TG) increase in response
to oestrogen stimulation and insulin resistance [59]. Changes in HDL levels may have
an effect on the tissue distribution and free systemic exposure of medicines highly
bound to that protein. At present, changes in these compounds are not incorporated
into the models and so, for drugs which highly bind to these (e.g., lumefantrine [53]),
the pregnancy PBPK models are unlikely to accurately predict changes in exposure to
free drug.

Similar limitations apply to the incorporation of changes in enzyme activity. Whilst
the SIMCYP pregnancy modules includes changes in some CYP enzymes during gestation
(e.g., CYP1A2, CYP2D6, and CYP3A4) no change in the activity of others (e.g., CYP2B6
[efavirenz], CYP2C9 [phenytoin], CYP3A5 [clindamycin], and UGT2B7 [carbamazepine]) is
included, typically due to a lack of in vitro data to support the models. Further details of
what is currently incorporated in the model can be found in previous publications [17,18,60].
As such, the continued collection and incorporation of data are necessary to support the
advancement of the PBPK models.

There are other intrinsic and extrinsic factors that can impact the exposure of
medicines in both non-pregnant and pregnant subjects, and these should be considered.
Pregnant patients may need multi-therapy treatments; therefore, the potential risk of
DDI between co-medications needs to be considered. PBPK can be used to support this
evaluation; however, the interaction mechanism should be sufficiently accounted for in
the pregnancy model.

Other possible factors are related to real-life parameters. Population characteristics,
e.g., age, body weight, age, BMI, and fluids/food intake, can impact exposure and should
ideally be incorporated into the model, and the effect of these variables on the predicted
PK profiles in pregnancy should be considered. The PBPK models allow studies to be
run on virtual populations in which physiological parameters differ between ‘participants’
and, thus, such variability can be accounted for. In addition to recapitulating natural
variation, this also allows models to be created in a way which reflects best- and worst-case
scenarios to investigate the effects of specific parameters on drug concentrations. However,
again, there are some gaps in the knowledge of physiology associated with some of these
parameters, and the confidence in the model should be considered on a case-by-case basis
when supporting dosing decisions.

Pregnancy-related physiological changes are accounted for in the mostly used PBPK
platforms; however, differences across modelling systems have not been evaluated in
this work.

The pregnancy PBPK models offer a good opportunity to study the effect of physiolog-
ical changes in pregnancy and are actively being developed with additional changes, such
as the inclusion of additional proteins and enzymes. As the models develop, their potential
to allow for the study of the effect of the many physiological changes in pregnancy on the
true exposure of medicines in these subjects holds great potential.

5. Conclusions

The effect of pregnancy-related changes on plasma proteins concentrations and blood
partitioning may lead to differential changes in free concentrations compared to total
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concentrations of drugs. Free concentrations are generally considered to be the pharma-
cologically active form and are important for cellular diffusion and distribution. Despite
this, both total and free concentrations data are not always evaluated in clinical studies
during pregnancy, causing uncertainty regarding conclusions of efficacy doses in this
population. The PBPK models may be a useful tool to investigate the changes in plasma
proteins binding and simulation of free and total concentrations in pregnancy to inform
dosing adjustment in such a population. The models are currently limited by the lack of
incorporation of changes in some plasma components, e.g., lipoproteins, enzymes such as
UGTs, and transporters. These data are necessary to support the advancement of the PBPK
models. As the models develop, their potential to allow for the study of the effect of the
many physiological changes in pregnancy on the true exposure to drugs in these subjects
holds great potential.
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13. Aktürk, S.; Çelebi, Z.K.; Erdogmuş, S.; Kanmaz, A.G.; Yüce, T.; Sengül, S. Pregnancy after kidney transplantation: Outcomes,
tacrolimus doses, and trough levels. Transplant. Proc. 2015, 47, 1442–1444. [CrossRef]

14. Brodtkorb, E.; Reimers, A. Seizure control and pharmacokinetics of antiepileptic drugs in pregnant women with epilepsy. Seizure
2008, 17, 160–165. [CrossRef] [PubMed]

15. Tacrolimus SmPC. Available online: https://mhraproducts4853.blob.core.windows.net/docs/03ab88a2c5b0e9f68577d9f54b256d0
d75415629.

16. Phenytoin SmPC. Available online: https://mhraproducts4853.blob.core.windows.net/docs/5dba61fa1fb1f10a3f295384d439ac2
46a3d8c9c.

17. Abduljalil, K.; Furness, P.; Johnson, T.N.; Rostami-Hodjegan, A.; Soltani, H. Anatomical, Physiological and Metabolic Changes
with Gestational Age during Normal Pregnancy A Database for Parameters Required in Physiologically Based Pharmacokinetic
Modelling. Clin. Pharmacokinet. 2012, 51, 365–396. [CrossRef] [PubMed]

18. Gaohua, L.; Abduljalil, K.; Jamei, M.; Johnson, T.N.; Rostami-Hodjegan, A. A pregnancy physiologically based pharmacokinetic
(p-PBPK) model for disposition of drugs metabolized by CYP1A2, CYP2D6 and CYP3A4. Br. J. Clin. Pharmacol. 2012, 74, 873–885.
[CrossRef] [PubMed]

19. Coppola, P.; Kerwash, E.; Cole, S. Use of Physiologically Based Pharmacokinetic Modeling for Hepatically Cleared Drugs in
Pregnancy: Regulatory Perspective. J. Clin. Pharmacol. 2023, 63 (Suppl. S1), S62–S80. [CrossRef]

20. Efavirenz SmPC. Available online: https://mhraproducts4853.blob.core.windows.net/docs/e58d76b8325c4c14d040bd6bcd6b864
31bf78da4.

21. British HIV Association. British HIV Association Guidelines for the Management of HIV in Pregnancy and Postpartum 2018 (2020
Third Interim Update). 2020. Available online: https://www.bhiva.org/pregnancy-guidelines (accessed on 11 September 2023).

22. Zash, R.; Jacobson, D.L.; Diseko, M.; Mayondi, G.; Mmalane, M.; Essex, M.; Gaolethe, T.; Petlo, C.; Lockman, S.; Holmes, L.B.; et al.
Comparative safety of dolutegravir-based or efavirenz-based antiretroviral treatment started during pregnancy in Botswana: An
observational study. Lancet Glob. Health 2018, 6, e804–e810. [CrossRef]

23. Kreitchmann, R.; Schalkwijk, S.; Best, B.; Wang, J.; Colbers, A.; Stek, A.; Shapiro, D.; Cressey, T.; Mirochnick, M.; Burger, D.
Efavirenz pharmacokinetics during pregnancy and infant washout. Antivir. Ther. 2019, 24, 95–103. [CrossRef]

24. Lartey, M.; Kenu, E.; Lassey, A.; Ntumy, M.; Ganu, V.; Sam, M.; Boamah, I.; Gilani, F.S.; Yang, H.; Burch, G.M.; et al. Pharmacoki-
netics of Efavirenz 600 mg Once Daily During Pregnancy and Post Partum in Ghanaian Women Living With HIV. Clin. Ther. 2020,
42, 1818–1825. [CrossRef]

25. Cressey, T.R.; Stek, A.; Capparelli, E.; Bowonwatanuwong, C.; Prommas, S.; Sirivatanapa, P.; Yuthavisuthi, P.; Neungton, C.; Huo,
Y.; Smith, E.; et al. Efavirenz pharmacokinetics during the third trimester of pregnancy and postpartum. J. Acquir. Immune Defic.
Syndr. 2012, 59, 245–252. [CrossRef]

26. ENCORE1 Study Group. Efficacy of 400 mg efavirenz versus standard 600 mg dose in HIV-infected, antiretroviral-naive adults
(ENCORE1): A randomised, double-blind, placebo-controlled, non-inferiority trial. Lancet 2014, 383, 1474–1482. [CrossRef]
[PubMed]

27. Dickinson, L.; Amin, J.; Else, L.; Boffito, M.; Egan, D.; Owen, A.; Khoo, S.; Back, D.; Orrell, C.; Clarke, A.; et al. Pharmacokinetic
and Pharmacodynamic Comparison of Once-Daily Efavirenz (400 mg vs. 600 mg) in Treatment-Naïve HIV-Infected Patients:
Results of the ENCORE1 Study. Clin. Pharmacol. Ther. 2015, 98, 406–416. [CrossRef] [PubMed]

28. Lamorde, M.; Wang, X.; Neary, M.; Bisdomini, E.; Nakalema, S.; Byakika-Kibwika, P.; Mukonzo, J.K.; Khan, W.; Owen, A.;
McClure, M.; et al. Pharmacokinetics, Pharmacodynamics, and Pharmacogenetics of Efavirenz 400 mg Once Daily During
Pregnancy and Post-Partum. Clin. Infect. Dis. 2018, 67, 785–790. [CrossRef] [PubMed]

29. Schalkwijk, S.; Ter Heine, R.; Colbers, A.C.; Huitema, A.D.R.; Denti, P.; Dooley, K.E.; Capparelli, E.; Best, B.M.; Cressey, T.R.;
Greupink, R.; et al. A Mechanism-Based Population Pharmacokinetic Analysis Assessing the Feasibility of Efavirenz Dose
Reduction to 400 mg in Pregnant Women. Clin. Pharmacokinet. 2018, 57, 1421–1433. [CrossRef]

30. Chetty, M.; Danckwerts, M.P.; Julsing, A. Prediction of the exposure to a 400-mg daily dose of efavirenz in pregnancy: Is this dose
adequate in extensive metabolisers of CYP2B6? Eur. J. Clin. Pharmacol. 2020, 76, 1143–1150. [CrossRef] [PubMed]

31. Ke, A.; Barter, Z.; Rowland-Yeo, K.; Almond, L. Towards a best practice approach in PBPK modeling: Case example of developing
a unified efavirenz model accounting for induction of CYPs 3A4 and 2B6. CPT Pharmacometrics. Syst. Pharmacol. 2016, 5, 367–376.
[CrossRef]

32. Pan, X.; Rowland Yeo, K. Addressing drug safety of maternal therapy during breastfeeding using physiologically-based
pharmacokinetic modeling. CPT Pharmacomet. Syst. Pharmacol. 2022, 11, 535–539. [CrossRef]

33. Le, H.L.; Francke, M.I.; Andrews, L.M.; de Winter, B.C.M.; van Gelder, T.; Hesselink, D.A. Usage of Tacrolimus and Mycophenolic
Acid During Conception, Pregnancy, and Lactation, and Its Implications for Therapeutic Drug Monitoring: A Systematic Critical
Review. Ther. Drug Monit. 2020, 42, 518–531. [CrossRef]

34. Zheng, S.; Easterling, T.R.; Hays, K.; Umans, J.G.; Miodovnik, M.; Clark, S. Tacrolimus placental transfer at delivery and neonatal
exposure through breast milk. Br. J. Clin. Pharmacol. 2013, 76, 988–996. [CrossRef]

35. Piekoszewski, W.; Jusko, W.J. Plasma protein binding of tacrolimus in humans. J. Pharm. Sci. 1993, 82, 340–341. [CrossRef]

https://doi.org/10.1111/j.1528-1157.1994.tb02921.x
https://doi.org/10.1016/j.transproceed.2015.04.041
https://doi.org/10.1016/j.seizure.2007.11.015
https://www.ncbi.nlm.nih.gov/pubmed/18158256
https://mhraproducts4853.blob.core.windows.net/docs/03ab88a2c5b0e9f68577d9f54b256d0d75415629
https://mhraproducts4853.blob.core.windows.net/docs/03ab88a2c5b0e9f68577d9f54b256d0d75415629
https://mhraproducts4853.blob.core.windows.net/docs/5dba61fa1fb1f10a3f295384d439ac246a3d8c9c
https://mhraproducts4853.blob.core.windows.net/docs/5dba61fa1fb1f10a3f295384d439ac246a3d8c9c
https://doi.org/10.2165/11597440-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/22515555
https://doi.org/10.1111/j.1365-2125.2012.04363.x
https://www.ncbi.nlm.nih.gov/pubmed/22725721
https://doi.org/10.1002/jcph.2266
https://mhraproducts4853.blob.core.windows.net/docs/e58d76b8325c4c14d040bd6bcd6b86431bf78da4
https://mhraproducts4853.blob.core.windows.net/docs/e58d76b8325c4c14d040bd6bcd6b86431bf78da4
https://www.bhiva.org/pregnancy-guidelines
https://doi.org/10.1016/S2214-109X(18)30218-3
https://doi.org/10.3851/IMP3283
https://doi.org/10.1016/j.clinthera.2020.07.008
https://doi.org/10.1097/QAI.0b013e31823ff052
https://doi.org/10.1016/S0140-6736(13)62187-X
https://www.ncbi.nlm.nih.gov/pubmed/24522178
https://doi.org/10.1002/cpt.156
https://www.ncbi.nlm.nih.gov/pubmed/26044067
https://doi.org/10.1093/cid/ciy161
https://www.ncbi.nlm.nih.gov/pubmed/30124823
https://doi.org/10.1007/s40262-018-0642-9
https://doi.org/10.1007/s00228-020-02890-4
https://www.ncbi.nlm.nih.gov/pubmed/32377759
https://doi.org/10.1002/psp4.12088
https://doi.org/10.1002/psp4.12802
https://doi.org/10.1097/FTD.0000000000000769
https://doi.org/10.1111/bcp.12122
https://doi.org/10.1002/jps.2600820325


Pharmaceutics 2023, 15, 2455 13 of 14

36. Sikma, M.A.; Van Maarseveen, E.M.; Hunault, C.C.; Moreno, J.M.; Van de Graaf, E.A.; Kirkels, J.H.; Verhaar, M.C.; Grutters, J.C.;
Kesecioglu, J.; De Lange, D.W.; et al. Unbound Plasma, Total Plasma, and Whole-Blood Tacrolimus Pharmacokinetics Early After
Thoracic Organ Transplantation. Clin. Pharmacokinet. 2020, 59, 771–780, Erratum in: Clin. Pharmacokinet. 2022, 61, 589. [CrossRef]

37. Shou, M.; Hayashi, M.; Pan, Y.; Xu, Y.; Morrissey, K.; Xu, L.; Skiles, G.L. Modeling, prediction, and in vitro in vivo correlation of
CYP3A4 induction. Drug Metab. Dispos. 2008, 36, 2355–2370. [CrossRef] [PubMed]

38. Zhao, S.; Gockenbach, M.; Grimstein, M.; Sachs, H.C.; Mirochnick, M.; Struble, K.; Belew, Y.; Wang, J.; Capparelli, E.V.; Best,
B.M.; et al. Characterization of Plasma Protein Alterations in Pregnant and Postpartum Individuals Living with HIV to Support
Physiologically-Based Pharmacokinetic Model Development. Front. Pediatr. 2021, 9, 721059. [CrossRef] [PubMed]

39. Venkataramanan, R.; Swaminathan, A.; Prasad, T.; Jain, A.; Zuckerman, S.; Warty, V.; McMichael, J.; Lever, J.; Burckart, G.; Starz, T.
Clinical Pharmacokinetics of Tacrolimus. Clin. Phormocokinet. 1995, 29, 404–430. [CrossRef]

40. Weiss, H.M.; Fresneau, M.; Moenius, T.; Stuetz, A.; Billich, A. Binding of pimecrolimus and tacrolimus to skin and plasma
proteins: Implications for systemic exposure after topical application. Drug Metab. Dispos. 2008, 36, 1812–1818. [CrossRef]

41. Van der Veken, M.; Brouwers, J.; Ozbey, A.C.; Umehara, K.; Stillhart, C.; Knops, N.; Augustijns, P.; Parrott, N.J. Investigating
Tacrolimus Disposition in Paediatric Patients with a Physiologically Based Pharmacokinetic Model Incorporating CYP3A4
Ontogeny, Mechanistic Absorption and Red Blood Cell Binding. Pharmaceutics 2023, 15, 2231. [CrossRef]

42. Zahir, H.; McCaughan, G.; Gleeson, M.; Nand, R.A.; McLachlan, A.J. Factors affecting variability in distribution of tacrolimus in
liver transplant recipients. Br. J. Clin. Pharmacol. 2004, 57, 298–309. [CrossRef] [PubMed]

43. Coppola, P.; Kerwash, E.; Nooney, J.; Omran, A.; Cole, S. Pharmacokinetic data in pregnancy: A review of available literature data
and important considerations in collecting clinical data. Front. Med. 2022, 9, 940644. [CrossRef]

44. Musteata, F.M. Measuring and using free drug concentrations: Has there been ‘real’ progress? Bioanalysis 2017, 9, 767–769.
[CrossRef]

45. Callejon, F.; Duran, J.A.; Abadin, J.A.; Sanchez, A. Equilibrium Dialysis in a Stainless Steel Chamber: Measurement of the Free
Plasma Fraction of Cyclosporin. Pharm. Pharmacol. Commun. 2000, 6, 447–450. [CrossRef]

46. Tomson, T.U.; Lindbom, B.E.; Sundqvist, A. Disposition of carbamazepine and phenytoin in pregnancy. Epilepsia 1994, 35, 131–135.
[CrossRef] [PubMed]

47. Yerby, M.S.; Friel, P.N.; McCormick, K.; Koerner, M.; Van Allen, M.; Leavitt, A.M.; Sells, C.J.; Yerby, J.A. Pharmacokinetics of
anticonvulsants in pregnancy: Alterations in plasma protein binding. Epilepsy Res. 1990, 5, 223–228. [CrossRef] [PubMed]

48. Yerby, M.S. Problems and Management of the Pregnant Woman with Epilepsy. Epilepsia 1987, 28, S29–S36. [CrossRef] [PubMed]
49. Philipson, A.; Sabath, L.D.; Charles, D. Erythromycin and clindamycin absorption and elimination in pregnant women. Clin.

Pharmacol. Ther. 1976, 19, 68–77. [CrossRef]
50. Mulligan, N.; Best, B.M.; Wang, J.; Capparelli, E.V.; Stek, A.; Barr, E.; Bushur, S.L.; Acosta, E.P.; Smith, E.; Chakhtoura, N.; et al.

Dolutegravir Pharmacokinetics in Pregnant and Postpartum Women Living with HIV. AIDS. 2018, 32, 729–737. [CrossRef]
[PubMed]

51. Lumefantrine SmPC. Available online: https://mhraproducts4853.blob.core.windows.net/docs/a473fda5be3390b7fa87f3bf6a917
0b80b848e25.

52. Treatment of Uncomplicated P. Falciparum Malaria in the First Trimester of Pregnancy: Implementation of the Revised WHO
Treatment Guidelines. 25 November 2022. Available online: https://www.who.int/publications/i/item/guidelines-for-malaria
(accessed on 11 September 2023).

53. Tarning, J.; Kloprogge, F.; Dhorda, M.; Jullien, V.; Nosten, F.; White, N.J.; Guerin, P.J.; Piola, P. Pharmacokinetic properties of
artemether, dihydroartemisinin, lumefantrine, and quinine in pregnant women with uncomplicated plasmodium falciparum
malaria in Uganda. Antimicrob. Agents Chemother. 2013, 57, 5096–5103. [CrossRef]

54. McGready, R.; Stepniewska, K.; Lindegardh, N.; Ashley, E.A.; La, Y.; Singhasivanon, P.; White, N.J.; Nosten, F. The pharmacokinet-
ics of artemether and lumefantrine in pregnant women with uncomplicated falciparum malaria. Eur. J. Clin. Pharmacol. 2006, 62,
1021–1031, Erratum in: Eur. J. Clin. Pharmacol. 2009, 65, 847. [CrossRef]

55. Onyamboko, M.A.; Hoglund, R.M.; Lee, S.J.; Kabedi, C.; Kayembe, D.; Badjanga, B.B.; Turner, G.D.H.; Jackson, N.V.; Tarning, J.;
McGready, R.; et al. A Randomized Controlled Trial of Three- versus Five-Day Artemether-Lumefantrine Regimens for Treatment
of Uncomplicated Plasmodium falciparum Malaria in Pregnancy in Africa. Antimicrob. Agents Chemother. 2020, 64, e01140-19.
[CrossRef]

56. Kloprogge, F.; Piola, P.; Dhorda, M.; Muwanga, S.; Turyakira, E.; Apinan, S.; Lindegårdh, N.; Nosten, F.; Day, N.; White,
N.; et al. Population Pharmacokinetics of Lumefantrine in Pregnant and Nonpregnant Women With Uncomplicated Plasmodium
falciparum Malaria in Uganda. CPT: Pharmacomet. Syst. Pharmacol. 2013, 2, e83. [CrossRef]

57. Mosha, D.; Guidi, M.; Mwingira, F.; Abdulla, S.; Mercier, T.; Decosterd, L.A.; Csajka, C.; Genton, B. Population pharmacokinetics
and clinical response for artemether-lumefantrine in pregnant and nonpregnant women with uncomplicated Plasmodium
falciparum malaria in Tanzania. Antimicrob. Agents Chemother. 2014, 58, 4583–4592. [CrossRef]

58. Wang, H.; Dang, Q.; Zhu, H.; Liang, N.; Le, Z.; Huang, D.; Xiao, R.; Yu, H. Associations between maternal serum HDL-c
concentrations during pregnancy and neonatal birth weight: A population-based cohort study. Lipids Health Dis. 2020, 19, 93.
[CrossRef] [PubMed]

https://doi.org/10.1007/s40262-019-00854-1
https://doi.org/10.1124/dmd.108.020602
https://www.ncbi.nlm.nih.gov/pubmed/18669588
https://doi.org/10.3389/fped.2021.721059
https://www.ncbi.nlm.nih.gov/pubmed/34722417
https://doi.org/10.2165/00003088-199529060-00003
https://doi.org/10.1124/dmd.108.021915
https://doi.org/10.3390/pharmaceutics15092231
https://doi.org/10.1046/j.1365-2125.2003.02008.x
https://www.ncbi.nlm.nih.gov/pubmed/14998426
https://doi.org/10.3389/fmed.2022.940644
https://doi.org/10.4155/bio-2017-0053
https://doi.org/10.1211/146080800128735494
https://doi.org/10.1111/j.1528-1157.1994.tb02922.x
https://www.ncbi.nlm.nih.gov/pubmed/8112235
https://doi.org/10.1016/0920-1211(90)90042-T
https://www.ncbi.nlm.nih.gov/pubmed/2384078
https://doi.org/10.1111/j.1528-1157.1987.tb05775.x
https://www.ncbi.nlm.nih.gov/pubmed/3319541
https://doi.org/10.1002/cpt197619168
https://doi.org/10.1097/QAD.0000000000001755
https://www.ncbi.nlm.nih.gov/pubmed/29369162
https://mhraproducts4853.blob.core.windows.net/docs/a473fda5be3390b7fa87f3bf6a9170b80b848e25
https://mhraproducts4853.blob.core.windows.net/docs/a473fda5be3390b7fa87f3bf6a9170b80b848e25
https://www.who.int/publications/i/item/guidelines-for-malaria
https://doi.org/10.1128/AAC.00683-13
https://doi.org/10.1007/s00228-009-0671-2
https://doi.org/10.1128/AAC.01140-19
https://doi.org/10.1038/psp.2013.59
https://doi.org/10.1128/AAC.02595-14
https://doi.org/10.1186/s12944-020-01264-0
https://www.ncbi.nlm.nih.gov/pubmed/32410711


Pharmaceutics 2023, 15, 2455 14 of 14

59. Ghio, A.; Bertolotto, A.; Resi, V.; Volpe, L.; Di Cianni, G. Triglyceride metabolism in pregnancy. Adv. Clin. Chem. 2011, 55, 133–153.
[PubMed]

60. Abduljalil, K.; Pansari, A.; Jamei, M. Prediction of maternal pharmacokinetics using physiologically based pharmacokinetic
models: Assessing the impact of the longitudinal changes in the activity of CYP1A2, CYP2D6 and CYP3A4 enzymes during
pregnancy. J. Pharmacokinet. Pharmacodyn. 2020, 47, 361–383. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.ncbi.nlm.nih.gov/pubmed/22126027
https://doi.org/10.1007/s10928-020-09711-2
https://www.ncbi.nlm.nih.gov/pubmed/32840724

	Introduction 
	Efavirenz 
	Tacrolimus 
	Discussion 
	Efavirenz 
	Tacrolimus 
	Methodology to Determine the Exposure Changes 
	Application to Other Medicines of Interest 
	PBPK Models—Opportunities and Limitations 

	Conclusions 
	References

