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ABSTRACT: Dexamethasone (DEX) was applied in neonatal respiratory distress syndrome T 8
treatment of pregnant women. We established a pharmacokinetics (PK)/ )
pharmacodynamics(PD)/end point model of pregnant animals based on published data
and then extrapolated to simulate fetal exposure and lung maturation in pregnant women.
We first established the PK/PD/end point model for DEX in pregnant sheep. We considered b =
the competitive effect of cortisol (Cort) and DEX binding with glucocorticoid receptor and T
then used the indirect response model to describe disaturated-phosphatidylcholine (DSPC)
dynamics. Based on that, we established a regression relationship between DSPC and fetal
lung volume (V40). We then extrapolated the PD/end point model of pregnant sheep to
pregnant monkeys by corrected stages of morphologic lung maturation in two species.
Finally, we utilized the interspecies extrapolation strategy to simulate fetal exposure
(AUCy_4s,) and V40 relationship in pregnant women. The current model could well
describe the maternal-fetal PK of DEX in pregnant animals. Simulated DEX AUC,_,;, values
of the umbilical venous to maternal plasma ratio in pregnant sheep and monkeys were 0.31
and 0.27, respectively. The simulated Cort curve and V40 in pregnant sheep closely matched the observed data within a 2-fold range.
For pregnant monkeys, model-simulated V40 were well fitted with external verification data, which showed good interspecies
extrapolation performance. Finally, we simulated fetal exposure—response relationship in pregnant women, which indicated that the
fetal AUC,_,g, of DEX should not be less than 300 and 100 ng/mL-hr at GW28 and GW34 to ensure fetal lung maturity. The
current model preliminarily provided support for clinical DEX dose optimization.
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Globally, approximately 15 million premature babies are born maturation. They have been shown to significantly reduce the
each year, constituting 35% of annual infant mortality cases. mortality rate of premature infants and the incidence of NRDS.
Neonatal respiratory distress syndrome (NRDS) stands out as Due to its lower cost and nearly identical biological activity
the most common complications associated with prematurity, compared to Beta, DEX has become the preferred choice for
causing significant morbidity in late preterm neonates and even many developing countries, including China, in the manage-
leading to mortality in very low birth weight infants.” The ment of threatened preterm labor.’

incidence of NRDS is closely linked to gestational age at birth.” In 1969, Liggins demonstrated that DEX therapy markedly
A multicenter study conducted in the United States between reduces the incidence and mortality of NRDS in preterm

2003 and 2007 revealed that 98% of babies born at 24 weeks
experienced RDS, while at 34 weeks, the incidence dropped to
5%, and at 37 weeks, it was less than 1%.” In recent years,
China has observed a growing trend in preterm birth rates with
approximately 10% of all births occurring prematurely. NRDS
also plays a substantial role in contributing to premature
mortality in China, accounting for 12.9% of all newborn
deaths.”

sheep.® Subsequently, they based on the dosages that
employed in sheep experiments to recommend the clinical
dosage regimen of DEX.” This dosage’s effectiveness has been
consistently validated over the past five decades, leading to its
widespread adoption and use worldwide.” However, in the last
two decades, more and more studies have indicated that the
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ing antenatal corticosteroids (ACS) therapy to pregnant
women at risk of preterm birth between weeks 24 and 34 of
gestation.” Dexamethasone (DEX) and betamethasone (Beta)
are both synthetic glucocorticoids that easily cross the placenta
and enter the fetal circulation, thereby promoting fetal lung
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traditional DEX dosage regimen (5—6 mg Q12 h for 4 times)
has yielded limited improvements. One study even demon-
strated that clinical DEX treatment only reduced one-sixth risk
of neonatal death and NRDS in preterm newborns.”
Furthermore, numerous reports have raised concerns about
the potential risk for long-term neurotoxic effects associated
with the current classical dosage of DEX, particularly among
pregnant women taking the medication during the third
trimester or at full term."” Hence, there is an urgent imperative
to optimize the clinical dosing regimen of DEX.

However, the dose—response relationship for DEX is
currently unclear, which greatly impedes the efficient conduct
of dose optimization research. On one hand, it is challenging to
accurately describe the dose-fetal exposure relationship for
DEX. Currently, most DEX pharmacokinetic (PK) studies
primarily concentrate on simulating maternal blood levels."' ="
Nevertheless, there remains substantial variability in predicting
fetal blood drug concentrations.”* On the other hand,
establishing the fetal exposure-effect relationship for DEX is
also challenging. The mechanism of DEX in promoting fetal
lung maturation is complex, and it is difficult to directly obtain
fetal lung maturity-related biomarkers (such as lung surfactant
concentration like disaturated phosphatidylcholine (DSPC),
surfactant protein A (SP-A, SP-B, SP-C, SP-D, etc.) and
pharmacodynamics (PD) end points (such as lung ventilation,
etc.).'”

The model-informed study of pregnant animals’ PK/PD/
end point indicators is an effective approach for obtaining the
quantitative relationship between fetal exposure and the
therapeutic effects of DEX. The model-based meta-analysis
approach has gradually gained popularity in recent years. This
approach integrates information and knowledge from various
sources and dimensions (different dosing regimens, different
treatment durations, etc.). This approach fully utilizes
literature data to establish mathematical models, addressing
issues that cannot be resolved by single independent studies.
Furthermore, it validates conclusions with external literature
data, thereby increasing the strength of evidence.'® The
difficulty in establishing a fetal exposure-effect relationship is
that fetal samples are not available clinically. At the level of
pregnant sheep and pregnant monkeys, a large number of
literatures have reported the mechanism of DEX promoting
fetal lung maturation,'”'® but no studies have established the
fetal exposure-effect relationship based on these data. Jusko et
al. established a quantitative relationship between intrauterine
exposure and PD markers in pregnant mice, but the change of
end point indicators were not considered in the pregnant
mouse model.'” At present, many literature studies have
reported the end point indicators of lung maturation in
pregnant sheep and pregnant monkeys, which can construct a
complete quantitative relationship between fetal exposure, PD
markers, and end point indicators, hoping to provide support
for clinical dose adjustment.”*~>*

To sum up, this study hoped to establish a PK/PD model
for DEX in pregnant sheep/monkeys based on a compart-
mental model. Ultimately, by simulating the dose-exposure-
effect relationship of DEX in human fetuses using the pregnant
sheep/monkey model throughout gestation, the study
calculated the minimum effective dosage of DEX, hoping to
provide a reference for dose adjustment when administering
DEX to pregnant women for the prevention of NRDS.
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1. RESULT
1.1. PK/PD Model Development in Pregnant Sheep.

The PK model parameters of pregnant sheep are shown in
Table 1. The comparison of simulated and observed maternal

Table 1. Parameters of PK Model in Pregnant Sheep and
Pregnant Monkeys

pregnant pregnant
sheep monkeys
Ccv Cv
parameters description value (%) value (%)
Ka (h™)®  absorption rate constant 25.1 3 0.33 7
CL/F clearance of central 41 10 281 12
(L/h) compartment
Vc/F (L) volume of distribution in 1.01 13 3.97 12
central compartment
Vo/F (L) volume of distribution in 119 14 359 7
peripheral compartment
CL,/F distribution clearance 276 8 23.5 8
(L/h) between the central and
peripheral compartment
CLpp passive diffusion part of 23.9 0214 8
(L/h) trans-placental clearance FIX”
of DEX
CL,. P-gp mediated active efflux  16.6 3 0.42 10
(iﬁl) part of trans-placental
clearance of DEX
Vi/F (L) volume of distribution in 0.492 20 3.26 1

fetal compartment

“The administration route for sheep and money was intramuscular
injection (im.) and oral administration. PReference 24.

and fetal DEX concentration—time curve in pregnant sheep at
gestational days (GD)128 after single intramuscular injection
was showed in Figure 1. The model could correctly fit the PK
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Figure 1. Observed and model-simulated maternal-fetal DEX
concentration—time curve of pregnant sheep (GD128) within 24 h
after a single intramuscular infusion of 12 mg sim is the predicted
value, and obs is the observed value.

characteristics of DEX in both maternal and fetal sheep, but a
20% underestimation still existed at the maternal concentration
maximum (C,,,).

1.2. PD/End Point Model Development in Pregnant
Sheep. 1.2.1. Cort/DEX and GR Binding Model. The
physiological Cort concentration profiles ranged within
GD110-GD14S and corresponding regression equations were
shown in Figure 2A. Then, this regression curve was used as
the baseline for subsequent modeling at different gestational
stages. Figure 2B shows the Cort concentration curve under a
single administration of DEX, which provided a good fit to the
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Figure 2. PD-end point model in pregnant sheep. (A) Developmental dynamics curve of Cort concentration with gestational age in fetal sheep; (B)
Cort curve of pregnant sheep (GD123) after single intramuscular injection of DEX; (C, D) DSPC curve of fetal sheep (GD123) after daily
injection of negative control (C) and 400 pg DEX (D). (E) Linear regression of DSPC_tracheal and DSPC_lung in fetal sheep; (F) dynamic
curves of fetal sheep DSPC lung concentration with gestational age; (G) linear regression of DSPC lung concentration and V40 in fetal sheep.

observed Cort data. The Cort concentration was slightly
underestimated during 6—17 h after dosage, which was also
within a 2-fold error range. The sensitive analysis results
revealed that the current underestimation of the Cort level had
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a minimal effect on fetal V40 estimation, as illustrated in Figure
S1. Specially, when the Cort level decreased 10-fold, fetal V40
decreased marginally from 39.9 to 38.7 mL/g lung. In addition,
after DEX administration, the Cort concentration was

https://doi.org/10.1021/acsptsci.3c00391
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extremely inhibited around S ng/mL, which was difficult to
play its role in promoting fetal lung maturation due to its lower
affinity compared with DEX.”> Both DEX and Cort bonded to
the GR with different affinity constants (Kp cor and Kp pex)-

1.2.2. SR Complex-DSPC Model. The predicted and
observed profiles of DSPC amount in the daily tracheal
secretion fluid (DSPC_trachea) in control and DEX treatment
groups are shown in Figure 2C,D. Despite the considerable
variability of DSPC_trachea, the model could effectively
capture the growth trend of DSPC, especially for the low to
middle range of observation. In the current model, focusing on
the fitting for the low to middle range of DSPC provided more
valuable information for recommending the minimum clinical
effective dose. This is because the DSPC-driven fetal lung
maturation follows a saturation process, as supported by recent
research indicating that high DSPC concentration leads to a
saturated fetal lung maturation effect.”® This conclusion was
further corroborated by our own results, as showed in Figure
2G, where DSPC concentration exceeding 600 ng/mL
demonstrates a saturation trend of their promotion effect on
fetal lung maturation.

1.2.3. DSPC-Disease End point (V40) Model. We used the
DSPC_trachea data to develop the current DSPC model, since
most of the published DSPC data were collected from tracheal
secretions samples. However, this data could not directly
represent the DSPC secretion amount per gram fetal lung
tissue (DSPC_lung), which limited the link to end point of
fetal lung volume of fetal sheep under trachea pressure of 40
cm H,0 (V40). We developed a linear regression to describe
the relationship between mean values of DSPC_trachea™ and
DSPC_lung”” during GD120—148 of pregnant sheep based on
published data, as shown in Figure 2E.

We applied the regression equation to translate the DSPC_
trachea to DSPC_lung at the individual level. The range of
individual DSPC__ trachea was within 100—500 ug/d and the
range of individual DSPC_lung within 1—4 mL/kg. Then, we
conducted regression analysis between model simulated
DSPC_lung and gestational age, as shown in Figure 2F.

Finally, we developed the regression analysis of individual
DSPC lung and V40 data, as shown in Figure 2G, which
represented a significant correlation between DSPC and V40.
All the PD-end point model parameters are shown in Table 2.

1.3. PK/PD Model Verification in Pregnant Sheep. The
model simulated V40 was closed to the median values that
published in two external verification literature studies of
pregnant sheep, as shown in Figure 3A,B. There is a slight
overestimation in the prediction for published fetal V40,”* with
errors within a 2-fold range. The model simulated and
observed PK/PD parameters are shown in Table 3.

1.4. PK/PD Model Development and Verification in
Pregnant Monkeys. The simulated and observed PK profiles
in nonpregnant monkeys are shown in Figure 4A. The
simulated and observed maternal and fetal PK profiles in
pregnant monkey are shown in Figure 4B. The PK model
parameters of pregnant monkeys are shown in Table 1. The
model showed that the UV:MP ratio of AUC,,_,, of DEX fetus
was 027, which was similar to that of pregnant sheep
(simulated UV:MP ratio of 0.31 and observed UV:MP ratio
of 0.27) (shown in Table 3). Then, we simulated the fetal
exposure of monkey based on the study design of literature
that only published the V40 in fetal monkeys, as shown in
Figure 4C. Subsequently, the V40 level was simulated at DEX
dosage levels of 0.04 and 0.15 mg/kg with the corresponding
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Table 2. Parameters of PD Model in Pregnant Sheep

parameters description value CV(%) source
GR (fmol/mg  Glucocorticoid receptors 627 FIX ref 28
protein)
Cort, (nmol/  Baseline level of Cort 18.29 ref 28
L FIX
Kp cor (nM) Dissociation constant 1280 0 FIX model
- between Cort and GR fitted
Kp pex (nM) Dissociation constant 3.29 FIX ref 28
- between DEX and GR
IC50¢o(nM) Half-maximum 0.0573 91 model
inhibitory fitted
concentration
Kout cor (h™')  Elimination rate constant 0.237 31 model
- of Cort fitted
DSPCy, (ug/d) Baseline level of DSPC 125.25 ref 23
of tracheal outflow FIX
EC50pspc Half-maximum effective ~ 3.32 0 FIX model
(fmol/mg concentration of DSPC fitted
protein)
Emaxpgpe (#g/ Maximum effective effect 219 0 FIX Model
d) of DSPC fitted
Koutpgpe (h™')  Elimination rate constant  0.164 0 FIX Model
of DSPC fitted

fetal AUC,_,y, values of 13 and 41 ng/mL-h, as shown in
Figure 4D. The model simulated V40 could well fitted the
observed data, which verified the current PD/end point model
extrapolation between various species. The model simulated
and observed PK/PD parameters are shown in Table 3.

1.5. PK/PD/end point Model Simulation and Extrap-
olation of Effective Human Exposure. We simulated the
exposure (AUC,_,g, of DEX)-response (V40) relationship in
pregnant sheep at GD120, 130, 135, 140, and 148, as shown in
Figure 5. We selected the AUC,_,; as the exposure metric
based on the DEX clinical dose regimen (Ql2h for 4 times).
Based on the morphologic lung maturation stages of sheep and
human,® it showed that the morphologic lung maturation
stages of GD120, 140, and 148 in fetal sheep was similar to
those of 28, 36, and 40 gestational weeks (GW) in human
fetus, respectively.’’ The effective exposure was defined as the
AUC,_g, that reached the targeted end point as V40 equals to
30 mL/kg.‘?’1 The effective AUC,_,g, of DEX at GD120 and
GD13S in pregnant sheep was 300 and 100 ng/mL-h. We
assumed that the effective exposure was consistent in fetal
sheep and human fetus. Hence, in order to get an effective
promotion to fetal lung maturity, the clinical DEX exposure of
AUC,_4q, should not be less than 300 and 100 ng/mLh at
GW 28 and GW 34. The current effective exposure of DEX in
human fetus provided a good indicator for clinical DEX
therapeutic dose.

2. DISCUSSION

In this study, we established a quantitative PK/PD/end point
relationship by fully considering the mechanism that DEX
promotes fetal lung maturation: (i) For the PK part, a
maternal-fetal DEX PK model was established to qualify the
fetal exposure by involved the P-gp mediated trans-placental
process of DEX. (ii) The DEX/Cort-GR relationship was
developed by considering the competitive effect of DEX and
Cort binding to GR as well as the DEX inhibition effect of
Cort. (iii) The SR complex was used to drive the efficacy
marker DSPC using an IDR model. The DSPC and disease
end point indicator V40 were linked according to the
regression relationship. Sensitivity analysis was performed to

https://doi.org/10.1021/acsptsci.3c00391
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Figure 3. PD-end point model verification in pregnant sheep and monkeys. (A, B) Simulated and observed V40 results of fetal sheep with DEX
intramuscular injection or not (control) of different literature studies.”>*” The white column is the simulated result, and the gray column is the

observed value; data are presented as mean + SD.

Table 3. Observed and Simulated PK/PD Parameters of DEX in Pregnant Animals

model species dosage regimen”
PK pregnant sheep 12 mg single dose (im.)
pregnant monkeys 0.15 mg/kg single dose (oral)
PD pregnant sheep (verification) 6 mg Q 12 h for 4 times (im.)

0.25 mg/kg Q 24 h for 2 times (im.)
0.04 mg/kg Q 6 h for 4 times (oral)
0.15 mg/kg Q 12 h for 3 times (oral)

pregnant monkeys (verification)

parametersb unit sim“ obs? ratio”
Cmax-m ng/mL 57.7 71.5 0.81
CL-m L/h 53.9 48.4 1.11
AUC ,_,;m ng/mL-hr 223 241 0.93
Cmax-f ng/mL 12.1 16.6 0.73
AUC (_,,f ng/mL-hr 69.3 64.2 1.08
UvV:MP NA 0.31 0.27 1.17
Cmax-m ng/mL 19.9 NA NA
CL-m L/h 0.9 NA NA
AUC (_,;-m ng/mL-hr 165 NA NA
Cmax-f ng/mL 34 NA NA
AUC (_puf ng/mL-hr 44.8 NA NA
UV:MP NA 0.27 NA NA
V40 mL/glung 174 188 (9.39-283) 093
199 157 (135-17.9) 127
V40 mL/g lung 132 13.7 (11.3-16.1) 0.96
19.7 17.9 (12.5-23.3) 1.10

“The administration route for sheep and money was intramuscular injection (i.m.) and oral administration. “Cmax: maximum concentration within
24 h; CL: clearance; AUC (_,,: area under curve within 24 h; UV/MP: the ratio of AUC ,_,, ratio of umbilical venous to maternal plasma. “Sim:
physiologically based pharmacokinetic model simulated results. 9Obs: clinical observed data. “Ratio: the ratio of mean value of sim/obs. "The

observed V40 data of pregnant sheep was represented the median (range).

assess the sensitivity of input parameters concerning the
estimation of fetal V40, as graphically shown in Figure S2.
Core PK parameters (CL, CLy g Vp) and all PD parameters
exhibited moderate or high sensitivity levels for fetal V40
estimation, which suggested that the current model encapsu-
lates the key processes related with the effect of DEX on fetal
lung maturation. Based on this model structure, we developed
a comprehensive PK/PD/end point model in pregnant sheep.
Subsequently, we used the same model structure to qualify the
PD/end point relationship in pregnant monkeys after
correction of the stages of morphologic lung maturation in
different species. Thereby, current model provided good
interspecific extrapolation performance for DEX-induced fetal
lung maturation. Finally, we applied the PK/PD/end point
model of pregnant sheep to pregnant women by correcting the
gestational stages of morphologic lung maturation between
different species. This study preliminarily provided an
approach to achieved the clinical effective exposure DEX in
different gestational phase.

This study simulated the clinical fetal effective exposure of
DEX to promote lung maturation at various gestational stages.
Current results indicated that the earlier the gestational week,
the higher the exposure level of DEX required for fetal lung
maturation. The effective DEX exposure of 34 GW was only
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one-third of that in 28 GW. In our another maternal-fetal PK
study of DEX in pregnant women, the clinical fetal AUC,_,q
of DEX in late trimester was around 200 ng/mL-h under
current clinical dose regimen of 5 mg DEX QI2h for 4 times
(unpublished data). This exposure was 2-fold of effective
exposure 100 ng/mL-h for lung maturity end point of V40
around GW34 (equals to 135 GD in pregnant sheep as shown
in Figure 5). Our clinical maternal-fetal PBPK model of DEX
also simulated the exposure of half-dose of DEX (2.5 mg Q12h
4 times) in the late trimester, resulting in an exposure of 97
ng/mL h (unpublished data). The above results indicated that
a half-dose of DEX could effectively promote human fetal lung
maturity. This finding is consistent with the results of
betamethasone (Beta) clinical trials for women at risk of
preterm delivery given half-dose versus full dose.”” This study
showed that the neonatal outcomes related to fetal lung
maturity in the half-dose group was similar to that of standard-
dose after 34 GW. However, around 28 GW, infants exposed
to half-dose Beta had an increased risk of developing NRDS
and requiring exogenous surfactant therapy.”> Based on the
above proof, we are undergoing another clinical trial involving
the administration of half-dose DEX (2.5 mg QIl2h for 4
times) to pregnant women after 34 GW, which aims to offer an

https://doi.org/10.1021/acsptsci.3c00391
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Figure 4. PK/PD model development and verification in pregnant monkeys. A, Simulated and observed DEX concentration—time profiles in
nonpregnant monkeys; B, Simulated and observed maternal-fetal DEX concentration—time profiles in pregnant monkeys; C, prediction of DEX
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Figure 5. Simulated exposure (AUC,_,g,) and end point (V40) of
fetal sheep during GD 120—148. The morphologic lung maturation
stages of GD120,130, 135, 140, and 148 in fetal sheep were similar to
those of 28, 32, 34, 36, and 40 GW in human fetus, respectively.‘}’0 PD
target set as the V40 value of fetal lung maturation of 30 L in humans.

optimal approach to enhance the effectiveness and safety of
clinical DEX applications.

In the current model, we did not consider the placental
metabolism of DEX, and simplified the maternal-fetal transfer
process of Cort. DEX and Cort are primarily metabolized by
the enzyme 11HSD-2 in the placenta.”> The amount of only
13% DEX was metabolized by 11pHSD-2, while Cort was
extensively metabolized in the placenta. The main source of
Cort in fetus was self-secretion during the early and middle
pregnant stages.”’ At the late pregnant stage, the activity and
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amount of 11SHSD-2 was significantly decreased, while the
amount of 11HSD-1 was substantially increased.'” This shift
enables the conversion of Cort metabolized by 115HSD-2,
leadin7g to a significant transfer of maternal Cort to the fetal
side."”?* In this study, we used the observed data to establish a
regression equation to describe the fetal Cort dynamic changes
with gestational age (as shown in Figure 2A).”* This dynamic
change of fetal endogenous cortisone (Cort_bl) was taken into
account in our PD model (eqs 5—7), which simplified the Cort
trans-placenta process in the current model.

DEX promoting fetal lung maturation was primarily based
on its binding to the glucocorticoid receptors (GR), forming a
steroid-receptor complex (SR). This complex enters the cell
nucleus to exert genomic effects and subsequently promotes
the maturation of fetal type II alveolar cells to promote the
fetal lung maturation.'” Therefore, when we established the
PD model, it is crucial to consider the dynamic changes of
endogenous corticosterone (Cort), as well as the competitive
binding of Cort and DEX to GR. If we directly modeled the
inhibition effect of Cort secretion by DEX, the Cort swiftly
returned to the baseline once the DEX concentration
disappeared, which did not reflect the physiological situation.
Therefore, this study referred to the corticosterone competi-
tion model established by Sriram et al.” In this model, it was
assumed that DEX and Cort competitively bind to GR to
format SR with different affinities. Additionally, after DEX
administration, the secretion of endogenous Cort was
continuously suppressed with the feedback influence of the
hypothalamic-pituitary-adrenal axis. Hence, the current model
could well describe the inhibition and feedback effect of DEX
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on endogenous Cort, as well as the gradual recovery of Cort
after the cessation of DEX treatment.

We developed the quantitative PK/PD/end point relation-
ship in pregnant sheep and monkeys to inform the clinical
effective exposure of DEX in pregnant women of different
gestational stages. In the current model, we innovatively linked
the maternal-fetal PK model to the efficacy marker (DSPC)
and disease end point (V40) for quantitative analysis of DEX
exposure-efficacy. We selected the AUC,_,5 as the exposure
metric based on the clinical dose regimen of DEX (Q12h for 4
times). In addition, after DEX administration, the GR level was
significantly higher than the SR (DEX and GR complex) level.
This observation suggested that the binding process between
DEX and GR was far from saturation, with the SR complex
dynamically changing during the DEX administration process
(Figure S3). Hence, the cumulative exposure of AUC,_4
serves as a more suitable exposure metric linked to the DEX
efficacy. DSPC is the primary active component in
phosphatidylcholine. Phosphatidylcholine and surfactant pro-
teins constitute the pulmonary surfactant, which was the
material foundation for alveolar development.**™** DEX could
increase the activity of phosphocholine cytidine transferase
(PCT) by enhancing the production of DSPC through the
cytidine diphosphate-choline pathway.”” We selected the
tracheal secretion DSPC (DSPC_trachea) as the primary PD
marker for model development based on the following reasons:
(1) DSPC in tracheal fluid has a good regression related with
the fetal DSPC level and disease end point V40 (Figure 2E);
(2) compared to other pulmonary surfactant proteins (SP-A/
B/C/D, etc.), DSPC_trachea levels can be sampled multiple
times during normal pregnancy, allowing continuous data for
model development for monitoring of lung maturity in
different gestational stages,’”*® thus making it as a rational
indicator for characterizing pulmonary surfactant quantity as
well as the lung maturation progress.

Although this study preliminarily provided a useful strategy
to indicate the DEX clinical exposure-response relationship of
DEX, there still are some limitations in the current model. To
simplify the model, regression equations were used to describe
the relationship between DSPC in tracheal fluid and fetal lung
as well as the relationship between DSPC lung concentration
and V40. Consequently, these relationships are confined within
a specific concentration range. In addition, for the pregnant
monkey PK model, we failed to mechanistically adopt the
perfusion-limited model to describe the passive diffusion part
of trans-placental process of DEX. Despite attempting to fix the
CLpd at the monkey placental blood flow rate of 3.09 L/h,*
we encountered challenges due to insufficient data for model
development, notably only 3 points for maternal PK and 3
points for fetal PK. Ultimately, we constructed a purpose-fitted
PK model for pregnant monkeys, with the model parameters
detailed in Table 1. All model simulations were conducted at
the dose levels used during model development of 0.04 and
0.15 mg/kg, as illustrated in Figure 4A—C. Subsequently, the
simulated fetal AUCs at 0.04 and 0.15 mg/kg were linked to
the PD/end point model to simulate the fetal V40 at the same
dose levels (Figure SD). This pregnant monkey PK model
effectively captured the fetal PK at current dose levels and
further successfully validated the interspecies extrapolation of
the PD-end point model in pregnant sheep. Additionally, as all
the data were obtained from the published literature, only
mean values were used for modeling, and therefore, this study
could not predict the variability and confidence intervals. For
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E—R relationship interspecies extrapolation from pregnant
sheep to pregnant monkeys, the V40 baseline was different
between various species. However, after correction of the
stages of morphologic lung maturation in different species, the
V40 baseline was consistent between different species. Hence,
we extrapolated the end point model interspecies by correcting
the V40 baseline with the corresponding relationship between
gestational phase and the stages of morphologic lung
maturation in different species. Lastly, due to the scarcity of
clinical DEX PK/PD/end point data in pregnant women, this
study relied solely on simulations, emphasizing the need for
further validation with clinical data.

3. CONCLUSIONS

In summary, this study provides an initial description of the
relationship between DEX dosage, fetal exposure, and efficacy.
We accomplished this goal by developing a PK/PD/end point
model for DEX in pregnant sheep and monkeys, which
demonstrated an acceptable level of accuracy and precision.
We verified the interspecies extrapolation of the current model
and then applied it to simulate the fetal exposure-DSPC-V40
relationship in human fetuses. The simulated result indicated
that an increased DEX dosage might require before 32 GW to
facilitate optimal fetal lung development. On the other hand,
the dose might be reduced after 32 GW to prevent the
development of long-term neurotoxicity. However, this
heightened dosage may pose challenges in the clinic. Hence,
after 32 GW, it becomes imperative to reduce the DEX dosage
to mitigate the risk of long-term neurotoxicity. This study used
the model-informed approach to provide some preliminary
considerations for the clinical dexamethasone dose optimiza-
tion.

4. METHODS

4.1. Data Sources. 4.1.1. Modeling Data. For PK
modeling data, we searched Pubmed using the keywords as
“dexamethasone” and “pharmacokinetics” in pregnant sheep
and monkeys. We selected the articles according to the
following criteria: (1) antenatal administration of DEX for fetal
lung maturation; (2) the animal model is a pregnant sheep or
monkey; (3) simultaneous maternal-fetal PK data for both
DEX and Cort that can construct complete concentration—
time curves. Finally, one article for pregnant sheep and one
article for a pregnant monkezf was selected, and the experiment
design is shown in Table 4.”*

For the PD-end point modeling data, we searched Pubmed
using the keywords containing “cortisol”, “cortisol under DEX
administration”, “glucocorticoid receptors”, “daily tracheal
outflow of DSPC”, “lung concentration of DSPC”, and “V40”
in pregnant sheep and monkeys. We selected articles with the
following criteria: (1) antenatal administration of DEX for fetal
lung maturation; (2) the animal model is a pregnant sheep or
monkey; (3) contained above PD markers and disease end
points. We further excluded articles without continuous end
point data with gestational age. Finally, four articles for
pregnant sheep were selected and the experiment design is
shown in Table 4.”>***7** There are no articles that meet the
criteria for pregnant monkeys.

Notably, model development needed continuous PD and
end point data with gestational age to fit PD-end point
dynamic profiles. Hence, we used the continuous PD-end
point data for model development and used the articles
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Figure 6. DEX PK/PD model of pregnant animals. PK model: maternal-fetal model structure. K, represents the first-order elimination rate constant
(the administration route for sheep and monkeys was intramuscular injection (i.m.) and oral administration); CL and V refer to clearance and
volume of distribution; subscripts m, f, C, and P represent maternal, fetal, central, and peripheral compartment, respectively; CL}, represents the
distribution clearance between the maternal central and peripheral compartment. CLpp, and CLp-gp represent the passive diffusion clearance rate
and active efflux clearance of P-gp in the placenta transfer process. PD model: DEX effect mechanism diagram of fetal sheep. GR indicates the
abundance of glucocorticoid receptors in the fetal lung; SR represents the concentration of DEX-GR complex in the fetal lung; Cortpgy refers to the
concentration of Cort under DEX administration; Ky ppy represents the dissociation constant between DEX and GR; Ky ¢ represents the

dissociation constant between Cort and GR; Kj, indicates the zero-order generation rate constant;

K,

out

represents the first-order elimination rate;

IC50 represents the half-maximum inhibitory concentration; and Corty, represents the baseline level of Cort. The black rectangle means that DEX
inhibited the endogenous cortisone; the white rectangle means that the ASR induced the DSPC.

containing single or discontinuous PD-end point data for
model external verification.

4.1.2. External Verification Data for PD-End Point Model.
For external verification data of the PD-end point in pregnant
sheep and pregnant monkey, we conducted an extensive search
on Pubmed using the same keywords listed in Section 4.1.1 of
the PD-end point modeling data. Article selection criteria was
also kept consistent as the above description in Section 4.1.1
only except for the following point: articles containing
discontinuous data of PD or end point could be used for
external verification. Finally, two articles were selected for
pregnant sheep;”””® one article was included for pregnant
monkeys. The experiment design is shown in Table 4.'®

4.2. PK/PD/Disease Model Development in Pregnant
Sheep. 4.2.1. PK Model. The pregnant sheep PK model
referred to the model structure described by Jusko et al.,*’ as
shown in Figure 6. We adopted a three-compartment model to
simultaneously simulate maternal and fetal PK characteristics
in both pregnant sheep and monkeys. The maternal PK
characteristics of DEX can be described by a two-compartment
model, which has been validated in multiple species.** We
assumed that DEX was only metabolized in maternal liver
since the relative abundance of potential enzymes in placenta
(11p -HSD, CYP3A4) and fetal liver (CYP3A4) were almost
ignorable.” We described the placental transport process of
DEX as two parts: passive diffusion clearance (CLpp) and
active efflux clearance of P-gp in placenta (CLp-gp). DEX was
mainly transported by P-gp in placenta.** Due to the high
permeability of DEX, we used a perfusion-limited model to
describe the passive diffusion part of trans-placental process of
DEX."* Therefore, the CLyp, of DEX was fixed as the placental
blood flow in pregnant sheep.”* The PK model equations were
listed as below, where subscript IM refers to the intramuscular
injection; [A(0)] refers to the initial drug amount; K,
represents the first-order elimination rate constant; CL and
V refer to the clearance and volume of distribution; F
represents the bioavailability; subscripts m, f, C, and P
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represent the maternal, fetal, central, and peripheral compart-
ment, respectively; CLp represents the distribution clearance
between the maternal central and peripheral compartment.
The PK parameter description is listed in Table 2.

d'AIM
dt a o A (0) ose (1)
dAc,, CL/F  CLp/F  CLpp/F
— =k, X Ay —
dt Vo/F Vo/F Vo/F
CLy/F
X Ac + o/F Ap
V,/F
CLpp/F  Clpg,/F
N~ PYWRO
Vi/F Vi/F
=0 ()
dA CL,/F CL,/F
—Pm = —D/ c — D/ X AP; AP(O) =0
dt V./F Vu/F
3)
dA¢e _ CLpp/F A CLpp/F CLPgP/F
d¢  V/F ¢ V;/F V,/F
X Af; Af(o)

4.2.2. PD-End Point Model. 4.2.2.1. Overall Model
Structure of Mechanistic PD-End Point Model. The overall
model structure of the mechanistic PD-end point model is
shown in Figure 6. A large number of studies have shown that
DEX mainly enters fetal alveolar type II cells, binds to the
cytosolic GR, and forms a steroid—receptor complex (SR).
Then, the complex enters the nucleus to Eromote the
production of surface-active substances DSPC."” Finally, the
surface-active substances drove the disease end point V40 of
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fetal lung maturation. Notably, it has been reported that DEX
and Cort in the fetal chamber competitively combine GR to
promote fetal lung maturation, and DEX can inhibit Cort
secretion.*!

4.2.2.2. Cort/DEX and GR Binding Model. The Cort/DEX
and GR model structure is shown in Figure 6, which was
referred to the published model structure.'” DEX and Cort
completely bound to GR in the cytoplasm with different
affinities. The production process of SR was described as eq 5.
The Cort profiles under the condition of DEX administration
is described as eq 6. The negative feedback induced by DEX
administration was described as an Emax effect on Kin of Cort.

The equation parameters are as follows: SR represents the
concentration of DEX/Cort-GR complex in the fetal lung; GR
indicates the abundance of glucocorticoid receptors in the fetal
lung; Cortpgy refers to the concentration of Cort under DEX
administration; Kp pgy represents the dissociation constant
between DEX and GR; Kp o represents the dissociation
constant between Cort and GR; K, indicates the zero-order
generation rate constant; K, represents the first-order
elimination rate; ICS0 represents the half-maximum inhibitory
concentration; Corty represents the baseline level of Cort; A
and Vi represent the amount and distribution volume of fetal
compartment, respectively. The initial value of SR (SRO) is
shown in eq 8.

A/ V, Cort,
sR = [GR x 2e/Yer | gp  Sortoex
Kp_pex Kp_cort
A/ V, Cort
/[1 4 felVer DEXJ
Kp_pex Kp_cort (5)
dCortpgy —x, 1- Ay
dt Cort Acs + ICS0,
— Cortppy X Koy, Cortppx(0)
= Cort(0) (6)
NGy = Cortbl X Koutcm (7)

4.2.2.3. SR Complex-DSPC Model. Phospholipids and
surfactant proteins constitute pulmonary surfactants and
provide a material basis for alveolar formation. DSPC is an
important pulmonary surfactant that directly related to lung
maturation.”* ** DEX can increase the activity of phosphocho-
line cytidine transferase (PCT) by enhancing the cytidine
diphosphate choline pathway to promote DSPC production.*

In this study, we used complex SR to drive the PD marker
DSPC profiles. To reduce the inconsistencies in SR levels
caused by interindividual differences of physiological Cort
concentration, we used ASR in the current model. An indirect
response model (IDR) was employed to describe this process
(shown in eqs 8—10). The DSPC concentration was modeled
as in eq 11.

In the current model, SRO represents the endogenous SR
level produced by the physiological cortisol; K, pspc
represents the zero-order generation rate constant of DSPC;
Ko pspc represents the first-order elimination rate of DSPC;
DSPC indicates the daily DSPC amount discharge from the
trachea; ECS0 represents the half-maximum effective concen-
tration, and E,, represents the maximum effective effect;
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DSPCy, represents the baseline level of DSPC; GR indicates
the abundance of glucocorticoid receptors in the fetal lung.

SRO = GR X Corty/(Kp__+ Corty) (8)

ASR = SR — SRO, whenASR < 0, ASR =0 9)
dDdStPC = Kinggpe X | 1+ Pnan X EcsoDiiR+ ASR

- KoutDSPC X DSPC (10)

inpgre. = Koutpgpe X DSPCyy (11)

4.2.2.4. DSPC-Disease End point (V40) Model. Due to the
strong correlation between DSPC tracheal effluents and DSPC
lung concentration, the conversion equation between these
two parameters was obtained using the regression equation. In
addition, the study data showed that DSPC lung concentration
was also highly correlated with end points V40 at different
gestational ages, so we continued to use regression equations
to fit DSPC lung concentration and V40.

4.2.2.5. External Verification of PD/Disease Model in
Pregnant Sheep. The external PD data (including DSPC and
V40) of pregnant sheep for model verification was obtained
from the published literature as described in Section 4.1.2.

We simulated V40 at GD 124 using our current model. The
administration regimen and sampling design were consistent
with the trial design of the external verification study. Then, we
compared the model-simulated data with the observed data to
verify the current PD-disease model.

4.3. PK/PD/Disease Model Development in Pregnant
Monkeys. 4.3.1. Model Development. The PK/PD data of
pregnant monkeys was obtained from published literature as
described in Sections 4.1.1 and 4.1.2. However, only few PK
data of pregnant monkeys was searched from published paper
that could not support the maternal-fetal PK model develop-
ment in pregnant monkeys. In addition, the administration
route of DEX of pregnant monkeys (oral administration) in
published data was different from that in pregnant sheep
(intramuscular injection), making it difficult to directly use the
PK model structure from pregnant sheep. Hence, we first
developed the PK model in nonpregnant monkeys. Then, we
fixed the parameters of nonpregnant monkeys to the maternal
model compartment and added fetal compartment to develop
the whole maternal-fetal PK model for pregnant monkeys. The
model structure is shown in Figure.S4. The PD/disease model
structure and parameters of pregnant monkeys kept consistent
with that estimated from pregnant sheep, assuming that the
PD-end point pathway in these two species was consistent due
to the lacking GR and DSPC data in monkeys.

4.3.2. External Verification of PK/PD/Disease Model in
Pregnant Monkeys. The external DEX exposure-V40 profiles
of pregnant monkeys for model verification was obtained from
published literature as described in Section 4.1.2. The fetal
DEX exposure-V40 profiles were simulated in pregnant
monkeys according to the trial design in published study of
pregnant monkeys, and the model-simulated V40 level were
compared with that in published data.

4.4. PK/PD/Disease Model Simulation and Extrap-
olation of Effective Human Exposure. Pregnant sheep are
the classic animal to research the DEX therapeutic effect for
fetal lung maturation. The current clinical dose regimen of
DEX directly adopted the same dose regimen that was used in
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pregnant sheep.”” In addition, our PD-end point model in
pregnant sheep well verified the interspecies extrapolation in
pregnant monkeys (results shown in Section 4.4). These cross-
mapping results indicated that the SR-DSPC-V40 relationship
of pregnant sheep could be well extrapolated to other species.

Hence, we extrapolated the fetal exposure-end point
relationship of pregnant sheep to pregnant women. We first
extrapolated the gestational phase from pregnant sheep to
pregnant women based on the stages of morphologic lung
maturation in these two species.”” The stages of morphologic
lung maturation of 28—34 GW of pregnant women was
consistent with the GD120-GD148 of pregnant sheep.””> The
effective PD target of V40 was set as 30 mL/kg based on the
following proofs: (i) the V40 of adult subject was 25 mL/kg,
which was obtained via published pressure—volume curves
acquired by the slow constant-flow method and supersyringe
method showed (human body weight of 60 kg);’' (i) the
proof that fetal V40 was slightly higher than that of adults.”>"’
Based on the assumption that the exposure-PD-end point
relationship was consistent between pregnant sheep and
pregnant women, the exposure of DEX that reached 30 mL/
kg of V40 during GW28—34 of pregnant women was defined
as the target efficacy exposure.
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