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Purpose. The pharmacokinetics of corticosteroids in pregnancy were
analyzed to assess maternal/fetal disposition and factors controlling
fetal exposure. Area/Moment equations and compartmental models
for estimating pharmacokinetic parameters from single dose data
during pregnancy were developed.

Methods. Betamethasone in the maternal/fetal circulations of sheep
was measured by HPLC after maternal intramuscular injection (n =
4) of 170 pg kg™! of a depot formulation. Additional data for beta-
methasone in sheep and dexamethasone pharmacokinetics in rats
were obtained from the literature. Area/Moment equations were de-
rived using mass balance concepts, statistical moments, and Laplace
theory. Area/Moment analysis, compartmental modeling, and allo-
metric scaling to man for betamethasone were performed using Win-
Nonlin and ADAPT II programs.

Results. Polyexponential maternal/fetal profiles for corticosteroids
were observed. Clearance terms for corticosteroid transfer from fetus
to mother were 4-fold higher than the clearance term for transfer in
the opposite direction. A placental efflux process may restrict fetal
access of corticosteroids which are known PGP substrates. The elimi-
nation clearance estimates indicate that fetal metabolism plays a mi-
nor role in corticosteroid elimination.

Conclusions. Generalized and specific models for maternal/fetal
pharmacokinetics were developed. An efflux transport mechanism,
such as the known placental expression of PGP, could explain the
limited fetal exposure of corticosteroids.

KEY WORDS: corticosteroid; fetus; p-glycoprotein; pharmacokinet-
ics; pregnancy.

INTRODUCTION

Most papers published on the pharmacokinetics of drugs
in pregnancy report clearance and volume parameters calcu-
lated using either traditional mammillary compartmental or
non-compartmental methods (1-3). Other pharmacokinetic
papers provide descriptive parameters such as area under the
curve, half-life, terminal rate constants, concentration maxi-
mum (Cmax), time to reach Cmax, and mean residence time
(4-5). More thorough studies calculate fetal and maternal
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elimination clearances and placental clearances using steady-
state equations after maternal and fetal drug administration
(6-7). Maternal/fetal drug distribution also has been de-
scribed in the literature by means of physiologically based
pharmacokinetic modeling, which is a very thorough and la-
borious method of quantifying drug disposition (8-9).
Comprehensive compartmental pharmacokinetic analy-
sis involving models with maternal/fetal distribution, ex-
change, and elimination of drugs for evaluating data gener-
ated after single dose administration of drugs during
pregnancy are performed very rarely (10). Complete pharma-
cokinetic characterization by these models in pregnancy re-
quires the simultaneous analysis of paired maternal/fetal data
obtained after both maternal and fetal drug administration.
One objective of this communication is to describe area/
moment and compartmental methods for obtaining all the
essential pharmacokinetic parameters in these models.
Comprehensive pharmacokinetic characterization of
drugs in pregnancy requires large animal models such as preg-
nant sheep where dosing and sampling can occur from both
the mother and fetus. This experimental design is absolutely
necessary to capture the role of fetal distribution and elimi-
nation in the overall pharmacokinetics of the drug. Rodent
models are also popular in evaluating drug PK in pregnancy.
Rodents offer the distinct advantage that their fetuses lack
drug metabolizing capacity during most of their gestational
life (11-14). Rodent fetuses are also unique in that due to
their small size the amount of drug in the fetal body and the
concentration in the plasma can be easily determined. The
inability of the rodent fetus to eliminate drug and the ana-
lytical ability to determine both amount and concentration
of the drug in the fetus allows calculation of maternal/fetal
disposition parameters without the need for fetal dosing. The
utility of this approach will also be demonstrated in this report.

ABBREVIATIONS: __ ™, _ ! site of drug administration, maternal
(m) or fetal (f); —,,. — —rm, —p Site where drug is present, maternal
(m) or fetal (f) or maternal tissue (Tm) or fetal tissue (Tf); Dose™,
maternal dose; Dose', fetal dose; C, plasma or serum concentration;
Cmax, concentration maximum; A, drug amount; A{" (3), amount of
drug in fetal body at 3 hours after maternal drug administration;
AUC, area under the curve; AUMC, area under the moment curve;
__/F, apparent pharmacokinetic parameters; CL,,, maternal elimina-
tion clearance; CL,, fetal elimination clearance; CL,, maternal to
fetal drug transfer clearance; CL,, fetal to maternal drug transfer
clearance; CL,,,, maternal tissue distribution clearance; CL;, fetal
tissue distribution clearance; V,,, maternal central compartment vol-
ume; V,,,, maternal tissue compartment distribution volume; Vi, fetal
central compartment volume; V., fetal tissue compartment distribu-
tion volume; s, Laplace operator; E, concentration in the Laplace
domain; V, steady-state volume of distribution; V.., apparent
steady-state volume of distribution; Vm,,,,, maternal apparent
steady-state volume of distribution; Vf,,,, fetal apparent steady-
state volume of distribution; Vmg .., true maternal steady-state vol-
ume of distribution; V.., true fetal steady-state volume of distri-
bution; V., total distribution space of the drug; Ci, intercept coef-
ficients obtained by fitting a polyexponential function; \i, slope
parameters obtained by fitting a polyexponential function; ka, ab-
sorption rate constant after intramuscular drug administration; F, bio-
availability after intramuscular administration; BW, body weight;
— Human» allometrically scaled human pharmacokinetic parameters;
~— sheeps Sheep pharmacokinetic parameters; BET, betamethasone;
DEX, dexamethasone; GA, gestational age.

0724-8741/04/1200-2279/0 © 2004 Springer Science+Business Media, Inc.
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The synthetic corticosteroids, betamethasone and dexa-
methasone, will be used as model drugs for demonstrating the
usefulness of these newly developed mathematical ap-
proaches for pharmacokinetic analysis in pregnancy. Cortico-
steroids are administered maternally to induce fetal lung
maturation in women at risk of preterm delivery. This exog-
enous administration of steroids has been shown to reduce
the incidence of neonatal respiratory distress syndrome and is
considered medical intervention that improves health care
and produces considerable cost saving (15). Data available for
these steroids in the literature from pregnant rat and sheep
will be analyzed using theoretical concepts presented in this
work, with allometric extrapolation to man.

Corticosteroid pharmacokinetic profiles after maternal
drug administration in humans (16,17), sheep (5,18), and rats
(19) show total fetal to maternal concentration ratios of less
than 1 (=0.45). Minor differences in the maternal and fetal
plasma protein binding of these steroids in human (16,20,21),
sheep (22) and rat (19) plasma do not explain the maternal/
fetal concentration gradient. This indicates that some dispo-
sition process restricts the fetal access of exogenous cortico-
steroids in these species. Metabolic clearance of corticoste-
roids from the fetal/placental unit is the most common
explanation for the low fetal exposure of corticosteroids after
maternal drug administration (16,21). Since the rat fetus lacks
metabolic capacity and still displays a maternal/fetal gradient
for dexamethasone, it is unlikely that fetal metabolism occurs.
In vitro metabolism studies of synthetic corticosteroids with
human and rat placenta have shown that fluorinated cortico-
steroids such as dexamethasone and betamethasone exhibit
minimal placental metabolism (19,23). Greater metabolism of
fluorinated corticosteroids has been reported using the per-
fused human placenta preparation (24). However, the results
from the perfused placenta experiments are difficult to rely
upon because these experiments were performed with low
albumin concentrations in the perfusion medium, which does
not resemble the in vivo situation. Thus the disposition pro-
cesses controlling fetal corticosteroid exposure are poorly un-
derstood. Comprehensive meta-analysis of the pharmacoki-
netic behavior of corticosteroids in pregnancy from several
studies and species will be presented in this paper with focus
on modeling methods and the processes that lead to restricted
fetal access of corticosteroids.

THEORY

The derivation of the area/moment equations is based on
the model presented in Fig. 1, which consists of maternal and

Dose™ Dose’
CLdm C'Lmt CL af
— —
-
CLfm
C Lm ¢ CLF

Fig. 1. The maternal/fetal pharmacokinetic model for deriving the
area/moment equations.
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fetal central compartments and one distribution compartment
for both the mother and fetus. It can be shown that these
equations hold for any linear system with n distribution com-
partments linked directly to the central compartments when
elimination occurs only from the central maternal and fetal
compartments. Since these equations are valid for models
with this basic structure, these equations are general for an
important pharmacokinetic system. These equations have
been derived using mass balance concepts, Laplace theory,
and principles of statistical moments (25-26).

Mass balance consideration for the model presented in
Fig. 1 will be used for deriving the four fundamental clear-
ances. For this model the dose administered into any com-
partment can leave the system only through clearance pro-
cesses designed CL,, (maternal elimination) and CL; (fetal
elimination). Furthermore, the amount of drug administered
to the mother or fetus must also equal the total loss of drug
from the dosed compartment less the amount of drug that
returns back from the corresponding maternal or fetal com-
partment. The following four equations can be written for
maternal (Dose™) and fetal (Dose’) doses, by utilizing these
restrictions and realizing that clearance times area under the
curve (AUC) represents the amount of drug handled by a
particular process from time zero to infinity:

Dose™=CL,, - AUC™ + CL, - AUC™ (1)
Dose'=CL,, - AUC! + CL, - AUC! ©)
Dose™ = (CL,, + CL,;) - AUC® - CL,,, - AUC"  (3)
Dose’ = (CL; + CL,,,) - AUC: - CL,; - AUC, )

where m and f refer to the mother and fetus, with the super-
script denoting the site of drug administration and the sub-
script representing the site where the drug is present, and
CL,; and CLg,, represent maternal to fetal and fetal to ma-
ternal transfer clearances.

Solving Egs. 1 and 2 jointly yields the maternal and fetal
clearance terms:

Dose™ - AUCE - Dose’ - AUCP

cl ) -
AUC™ - AUCI - AUCP - AUCE,

®)

m

Dose’ - AUC™ — Dose™ - AUCE,
T AUC™ - AUCE- AUCP - AUCE

Cl, (6)

Substituting Eqgs. 5 and 6 in Eqgs. 3 and 4 gives solutions for
CL,; and CL,:

Dose’ - AUCT

Clmf = m £ m £
AUC™ - AUCE - AUC™ - AUCE,

O

Dose™ - AUC!,

lem = m £ m £
AUC™ - AUCE - AUCP - AUCE,

@®)

These clearance equations are identical to the formulas
used for calculating these parameters from steady-state data
(7) except that infusion rate would replace dose and steady-
state concentration would replace AUC.

The differential equations and initial conditions after ma-
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ternal drug administration for the model presented in Fig. 1
are as follows:

Vi _dtm =—(CL,+CL,;+CLg4,) - C2+CLy, - Ct
+ CLfm ' ;n, CQ(O) = DOSGm/Vm (93, b)
dcm,
Vim =g, = Clam* Cii = CLym * Cy - CH(0)=0
(10a, b)
Cm
Vi = ~(CL+ CLigy + CLyg) - G + Clg - CFy
+CLy - Coy C{(0)=0 (11a, b)
dCT . . "
Ve dt — CL4¢ - G = CLgt * Crpy Cr0)=0
(12a, b)

where subscripts Tm and Tf refer to maternal and fetal tissue
compartments, V stands for volume of distribution, C refers
to concentrations including the initial concentration (C(0)),
and CL,,,, and CL, refer to maternal and fetal tissue distri-
bution clearances.

The Laplace transforms for Eqgs. 9 to 12 are:

(s+CL/V,, +CL,/Vi + CL3/ Vi) - C — (CLy/Vin) * Cin
—(CL4/V,,) - CP* = Dose™/V,, (13)

—m (CLdm/VTm) : C$

™™™ (s + CLym/Vm) 14

(s+CLy/V;+CL; /V;+CL/Vy) - C = (CLy/ V) - CH
= (Cme/Vf) . 6211 (15)

— (CLdf/ VTf) ) 6?1

m

T 51 CLy/ Vo) (16)

Substituting Eq. 16 in Eq. 15 and solving for C gives:

cm_ (CLyne/Vy) - Ciy
= CL

s+—24 CLjin + CLg¢ _ (CL4t/ Vi)(CLy¢/ V1)
Vi Vi V; (s+ CLy/Vrp)

a7

Substituting Eqgs. 17 and 14 in Eq. 13 and simplifying
gives the Laplace transform of the maternal plasma concen-
tration after maternal dosing:

on Dose™/V,,
mo CL, CL,+ CLjn (CLyn/Vi)(CLyn/Vrm)
StV TV, TV, T 5+ CLu/Van)
(CLfm/Vm)(Cme/Vf)

- - CL; 4 CLin + CLgs B (CLg¢/ Ve)(CLg/ V)
Vi V; Vi (s +CLg/V1y)
(18)

Similar derivations for dosing and measurement of drug
in the fetus yield:
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o Dose'/V;
- S+ C_Lf 4 CLfm 4 CLdf _ (CLdf/Vf)(CLdf/VTf)
Ve VeV (s + CLy/ V¢
(CLpy/ Vi) (CLty/ Vi)
~ CL, CL, CLgn (CLgyn/Vi)(CLyn/ Vo)
StV TV, TV, T 5+ CLu/ V)
19

Equations 18 and 19 can be used for deriving AUC and
area under the moment curve (AUMC) relationships using
the special properties of Laplace transforms, that is,

AUC=lim Cand AUMC=-1 - lim (dCrds):
S S—

AUCH Dose™
me CL CL CLfm : Cme
m * hmt G 1 CL,,
(20)
- CL;, - CL ¢
Dose™| V., + Vi, + (CL, + CL )2 (Vi+ V)
m __ f fm
AUMCm B CL CL CLfm : Cme 2
m+ Shmt T CL T CL,,
(21)
Dose
. ose
AUCE= L 22)
CL; + CLy, — CL +CL_ )
‘ CL;, - CL
Dose'| Vi+ Vo + m (Vi + Vo)
f m 1T Clne
AUMCf - CLfm : Cme 2
Lot Chm =L YL,
(23)

The most widely used equation for calculating the
steady-state volume of distribution (V) is given by
Dose - AUMC/AUC?. However, it has been pointed out (27)
that this equation for V is valid only if the system exhibits a
mammillary pharmacokinetic structure with clearance only
from the central compartment. The models being described
here for pregnancy have elimination occurring from both the
maternal and fetal compartments. The term Dose - AUMC/
AUC? can be described here as apparent V., (Vss.app) terms:

Dose™ - AUMC
Vm, - —

ss.app

AUC™
VoV g Sy g
=V, + + “(Ve+
m Tm ( CLf + CL[m)2 f Tt
Dose’ - AUMC!
Vigapp=—""" 2
AUC
Vot Vgt e Gy 05
=Vi+Vpy+t————— (Voo + Vm
oL, + CL,,)? T

In a mammillary pharmacokinetic system V is the sum
of the volumes of all equilibrating compartments in that sys-
tem. Thus, by analogy in a pharmacokinetic model of preg-
nancy the true maternal V (Vmg,,.) is represented by the
sum of the volumes of all the maternal central and peripheral
compartments and the true fetal V (Vf ,.) is represented
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by the sum of the volumes of all the fetal central and periph-
eral compartments. Using these terms, Eqgs. 24 and 25 can be
simply written as:

Dose™ - AUMC, CL;, - CL,¢
—2 = mss,true + —2 . sts,true
AUCH (CL; + CLyr)
(26)
Dose' - AUMC} CLyy, - CLyy
—fz = ss,true + —2 : ss,true
AUCf (CLm + CLm[)
27

Equations 26 and 27 indicate that if the traditional mam-
millary model equations are used for calculating V in preg-
nancy, then the estimate of V will be erroneous because: 1)
The maternal V will be contaminated by fetal volume terms
and vice versa, ii) Maternal/fetal transfer clearances will con-
tribute toward both maternal and fetal V, iii) Fetal elimina-
tion clearance will influence maternal Vg and vice versa.

Substituting Egs. 5 through 8 in Eqs. 26 and 27 and sim-
plifying gives equations for the true maternal and fetal V.

Vmss,lrue =
AUMC™ - AUCE -~ AUMCE - AUC™ - AUCY,
Dose™ > 5 5 5
AUCY - AUC™" - AUCE - AUCK

(28)
sts,true =
[ AUMCE- AUCY - AUMCY - AUCT - AUC,
Dose > > > >
AUCE - AUC™ - AUCL - AUCK

29)
Total distribution space of the drug will be given by:

Viota1 = VM + VI

ss,true

total ss,true (30)

The central and tissue compartment volume of distribu-
tion terms are given by Egs. 31 to 34 for mother and fetus. It
should be noted that when more than one peripheral com-
partment exists on either the maternal or fetal side, then the
terms Vo, and V. represent the sum of all corresponding
peripheral compartmental volumes.

V., =Dose™/Cp(0) 31)
V; = Dose'/C{0) (32)
Vim = Vg e = Vin (33)
Ve = Vi irue = Vi (34)

Distribution clearance terms can be calculated as (28):

> cim - ain
i=1

CLgy, = Dose™ —————~ CL,, - CL, 35)
(Zew)
i=1
2Cif- it
CLy; = Dose’ ————— = CL; - CLy, (36)

(Zetf
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where Ci represents intercept coefficients and \i represents
slope parameters that can be obtained by fitting polyexpo-
nential functions to maternal/fetal pharmacokinetic profiles.
If more than one peripheral compartment exists on either the
maternal or fetal side, then the terms CL,, and CL; repre-
sent the sum of all corresponding maternal and fetal periph-
eral distribution clearances respectively.

METHODS

Data Sources

The first set of data for betamethasone in pregnant sheep
is part of a pharmacokinetic study (M. Schwab, T. Coksaygan,
M. Samtani, W. J. Jusko, and P. W. Nathanielsz. Pharmaco-
kenitics and cardiovascular effects of betamethasone in preg-
nant sheep after different doses; is the clinical dose too high?
Manuscript submitted for publication (2004)). Data were ob-
tained after administering a betamethasone prodrug depot
formulation (Celestan Depot, Essex, Munich) intramuscu-
larly to four animals. These animals (gestational age: 117 + 1
days) received 170 pg kg' of the formulation, consisting of
50% betamethasone as betamethasone phosphate and 50%
betamethasone acetate. Assuming a weight of 70 kg for a
pregnant woman, the 170 pg kg' dose corresponds to the
12-mg dose recommended by the National Institutes of
Health for administration to pregnant women in premature
labor (15). Maternal and fetal betamethasone plasma samples
were collected at 15 and 30 min and 1, 2, 3, 4, 6, 8, 12, and 24
h after intramuscular injection. Samples were frozen at
—-20°C until analyzed. Samples were analyzed using a well-
established normal phase HPLC assay for betamethasone
(29). Samples fell below the lower limit of quantification of 13
nM after eight hours in the maternal samples and only eight
fetal samples showed presence of betamethasone.

Additional betamethasone data for the prodrug depot
formulation in pregnant sheep and humans were extracted
from the literature (5,30,31). Dexamethasone pharmacokinet-
ic data after an intravenous injection of dexamethasone phos-
phate in pregnant rats were also published (19). Literature
data were recaptured by computer digitalization (Sigma Scan,
Jandel Scientific, Corte Madera, CA, USA) or by using the
reported data (19). The characteristics of the data collected
from all studies are listed in Table I.

Area/Moment Pharmacokinetic Analysis for
Betamethasone in Pregnant Sheep

Area/Moment equations presented in the previous sec-
tion indicated that four data sets are needed after both ma-
ternal and fetal drug administration for deciphering the phar-
macokinetic parameters of the system. The pharmacokinetic
profiles presented by Moss et al. (5) represent one such data
set for betamethasone that is amenable to area/moment
analysis under two assumptions. One is that the intramuscular
administration of betamethasone acts like an instantaneous
drug input, as the equations developed above are for IV bolus
administration. This assumption is reasonable considering the
fact that betamethasone plasma concentrations peak within
15-30 min after intramuscular administration. Second, the ma-
ternal profile after fetal administration in this data set is in-
complete due to assay difficulties and an assumption is
needed regarding the terminal slope of this curve to calculate
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Table 1. Characteristics of the Corticosteroid Data Collected from the Literature
Data
Species Bw« Fetal BW* GA® Steroid Dose collected Ref.
Sheep 53.8kg 2.1kg 117 day BET* Dose™ = 0.17 mg/kg Ch and C" N/AY
Sheep 55kg 14 kg 103 day BET* Dose™ = 0.5 mg/kg Ch and C* 5
Dose' = 0.5 mg/kg Cland CL,
Sheep 58 kg 2.5kg 127 day BET* Dose™ = 0.5 mg/kg cr 30
Dose' = 0.5 mg/kg ct
Dose™ = 0.2 mg/kg cf
Dose' = 0.2 mg/kg ct
Human 64 kg 2.2 kg* 33 week BET* Dose™ = 12 mg Ch 31
Rat 328 gm 42 gm” 20 day DEX# Dose™ = 1.9 mg/kg Ccm CM, AP (3) 19
“ BW: body weight.
> GA: gestational age.
¢ BET: betamethasone.
4 Submitted for publication.
¢ Ref. 34.
/Ref. 33: Total rat fetal BW = Average litter size (11.4) - Average BW of each fetus (3.7 g).
¢ DEX: dexamethasone.
" A™ (3): Amount of drug in fetal body at 3 hours.
AUC and AUMC. We will show that the pharmacokinetic =~ dAR,
nature of these pregnancy models is such that all terminal dt =—ka - A}y, Ay (0) =Dose™ (37a,b)
maternal/fetal profiles are expected to be parallel to one an-
other. This property of the system allows the terminal slope of ~ dAT . CL,/F CL,vF CL4,/F -
the missing maternal profile to be fixed based on the terminal ~ ~“g; = ka - Apy - ( V./E " V./F ' V_/F ) " Am
decline of maternal concentrations after maternal drug ad- CL,,./F CL,,/F
ministration, as was measured by Moss et al. over 24 h. +W CATm TR A An(0)=0
For area/moment analysis all AUC and AUMC values Tm f
) ) : L (38a,b)
were calculated using the WinNonlin pharmacokinetic soft-
ware package (Pharsight Corporation, Mountain View, CA, dAT  CL,./F w CLgn/F .
USA) by the linear trapezoidal rule with extrapolation to dt = V_/F “Am— V. /F * AT, Arm (0)=0
infinity. For calculation of the maternal distribution clear- " m (39a,b)
ances, a biexponential function was fitted to CJ; vs. time data ’
using 1/(Y cqictea)” @s the weighting scheme in WinNonlin. dAP (CLf/F CL,/F N
dt ~ \V/F " VyF > SO
Compartmental Pharmacokinetic Model for Betamethasone CL,/F
in Pregnant Sheep + ﬁ - AL, AF(0)=0 (40a,b)
m
All the depot formulation betamethasone sheep pharma-
. . . . . Am Am
cokinetic data were fitted simultaneously using the model cm__m and cmo -t (41,42)
. . . . . m f )
shown in Fig. 2 and the equations given below. The equations Vu/F V/F

and initial conditions for maternal drug administration are:

ka LF'DOSC"’ ka lF-Dosef
CLdm C.Lmr
—p —
4
C'Lﬁn

CL, l lCLr

Fig. 2. Pharmacokinetic model for describing the maternal/fetal dis-
position of betamethasone in pregnant sheep.

where the subscript IM refers to the intramuscular drug ad-
ministration compartment, A refers to amounts including the
initial amount, A(0), and the terms expressed as a function of
the intramuscular bioavailability (F) refer to apparent phar-
macokinetic parameters. A similar set of six equations was
used for fetal drug administration.

The modeling assumed that the absorption rate constant
(ka) and bioavailability (F) are similar for betamethasone
after maternal and fetal drug administration. All pharmaco-
kinetic processes were assumed to be linear. The inclusion of
a peripheral maternal compartment was based on the results
of the area/moment analysis and the goodness-of-fit criteria.
The estimates from the area/moment analysis were used as
initial starting values for the fitting procedure.

Compartmental Pharmacokinetic Model for
Dexamethasone in Pregnant Rat

Dexamethasone is primarily eliminated by cytochrome
P450 metabolism (32). The inability of the rat fetus to me-



2284

tabolize drugs allowed simplification of the pharmacokinetic
model that was used for describing the disposition of dexa-
methasone in pregnant rats. A simple two-compartment ma-
ternal/fetal exchange system with elimination occurring only
from the maternal compartment was applied (Fig. 3). The
maternal/fetal serum concentrations were fitted using tradi-
tional differential equations and their initial conditions:

Vin—gp = ~(CLn+ CLyy) - Ci+ CLgy, - CF, (43a,b)
Cm(0) =Dose™/Vm
acy
Vi~ =~CLin - O+ CLyy; - C1L CF(0) =0 (44a,b)

Additionally, the amount of dexamethasone per gram of
fetal tissue was fitted simultaneously with the expression
Cf" - VJ/BW; where BW; is the total rat fetal body weight of
42 g obtained from the literature (33). This expression reflects
that volume of distribution is a proportionality factor relating
the concentration of drug in serum to the total amount of
drug in the compartment or body.

The initial estimates for fitting the rat data were obtained
using:

CL,_, =Dose™/AUC, (45)

V., = Dose™/C% (0) (46)
Amount in fetal body at three hr

V; 47)

~ Concentration in fetal serum at 3 hr

For traditional multicompartment models, the derivation
of distribution clearance is based on the initial rate of decline
of the central compartment plasma concentration profile (28).
The initial rate of decline in plasma concentrations relates to
drug distribution into the entire peripheral distribution space.
In models of pregnancy the distribution clearance (Cl,;) for
drug transfer only into the fetal distribution space needs to be
estimated. Unlike traditional models, where concentrations in
peripheral distribution spaces are not known, the fetal plasma
data in pregnancy allows computation of Cl . using the initial
rate of increase in fetal concentrations. Thus by using the
early slope of the fetal up-curve, an initial estimate for the
distribution clearance specific to this compartment can be
obtained. The initial estimate for CL, is obtained by first
fitting the fetal profile after maternal drug administration to
the following polyexponential function:

Ny

Cm Cnmf) (5 §
Vm \%4 &
Maternal : C1 Fetal

fm

Gl

Fig. 3. Simple two compartment maternal-fetal exchange model with
maternal drug elimination for capturing the pharmacokinetics of
dexamethasone in pregnant rat.

Samtani et al.

P =Ce M- Ce " (48)
The differential equation for C{" as time approaches
ZET0 is:

m

dc
ast— 0, V, d—tf =CL,, - C™(0) (49)

The parameter estimates from fitting Eq. 48 are used for
calculating the initial rate of change of C{™:

dcy
aSt%O,TECy()\Z—)\I)

(50
Substituting Eq. 50 in 49 and simplifying gives the initial es-
timate for CL,

Clye= Vi G- (M= 1)/Cr (0) (1)
Finally, CL;,, can be obtained by using moment concepts and
recognizing that AUCT/AUC is equal to the ratio of the two
transfer clearances (CL;,,/CL,,). Thus:

AUCP

=—— - CL¢
AUCP

(52)

fm

All polyexponential fittings and calculations of AUC and
initial concentrations for obtaining initial estimates for dexa-
methasone pharmacokinetic analysis were performed using
WinNonlin.

Allometric Scaling of Betamethasone Pharmacokinetics

Pharmacokinetic parameters for betamethasone in sheep
were scaled to humans using:

BWHuman 0.75
CL/FHuman = ( BWSh ) ' CL/FShCCp (53)
eep
B uman
V/FHuman = - : V/FShee (54)
BWSheep P
BwHuman 0.25
Kayjyman = BWShccp : kaSheep (55)

where BW are body weights. Parameters CL /F, V_/F, CL_/
F, ka, CL,,,,/F, and V. /F were scaled using maternal human
and sheep weights of 61.8 and 53.6 kg, while CL/F, V/F, and
CL,,,/F were scaled using fetal human and sheep weights of
2.2 and 2 kg. The sheep BW is an average value from three
published studies (Table I). The human maternal BW is that
of a 33-week pregnant woman whose betamethasone phar-
macokinetic profile is reported in the literature (31). The hu-
man fetal BW for a 33-week conceptus is based on literature
norms (34). The scaled human parameters were used for con-
ducting simulations of human pharmacokinetic profiles and
expected fetal/maternal concentration ratios using the model
presented in Fig. 2 and Eqgs. 37 to 42. The simulation results
were compared with the human maternal profile for beta-
methasone in pregnancy (31) and the reported fetal to ma-
ternal concentration ratio of betamethasone (17).
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Compartmental Pharmacokinetic Analysis

All compartmental pharmacokinetic modeling was per-
formed using the maximum likelihood estimator within the
ADAPT II computer program (35). The variance model was:

Variance = Coefficient - Y(t)"o"e" (56)

where Coefficient and Power are variance parameters that
were fitted, and Y(t) represents the model output function.
The goodness-of-fit was assessed using Akaike Informa-
tion Criterion (AIC), Schwartz Criterion (SC), correlation
coefficients (R?), examination of residuals, and visual in-
spection. Simulation of the human pharmacokinetic profiles
and expected fetal/maternal concentration ratios using the
allometrically scaled parameters was performed using
ADAPT II.

RESULTS

Betamethasone Profiles in Pregnant Sheep

The typical characteristics of betamethasone pharmaco-
kinetics are shown in Figs. 4 to 6. Betamethasone has re-
stricted access to the fetal compartment. Upon administration
of betamethasone to the mother the fetal concentrations
reach only about 30% of the maternal concentrations. Upon
administration of the drug to the fetus, the concentrations of
betamethasone initially decline very rapidly, before becoming
parallel to all the other profiles, which decline with a terminal
half-life of 10.3 h. The concentrations of the drug that reach
the maternal circulation after fetal drug administration are so
low that they pose an analytical limitation and there are few
data points for the C!, profile in the literature. This is because
dosing is done on a per kilogram basis and the fetal weight is
less than 5% of the total body weight. Thus the total dose
administered to the fetus is considerably smaller than the
amount that would be administered to the mother. After ad-
ministration of the small dose to the fetus, the minuscule
amount of drug that diffuses across the placenta into the
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Fig. 4. Maternal and fetal plasma concentrations of betamethasone in
pregnant sheep. The pharmacokinetic model shown in Fig. 2 was
fitted to the data from Schwab e al. (submitted for publication).
Triangles with standard deviation bars represent Cy, data and circles
represent Ci" data for the eight fetal samples where betamethasone
could be detected. Lines represent model fittings.
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Fig. 5. Maternal and fetal plasma concentrations of betamethasone in
pregnant sheep. The pharmacokinetic model shown in Fig. 2 was
fitted to the data from Moss et al. (5). (a) Symbols and lines are
defined as in Fig. 4. (b) Triangles and circles represent Cf and C., data
with lines representing model fittings.

mother is diluted in the large maternal distribution volume,
which acts as a sink, greatly reducing maternal drug exposure.
Despite the small fetal dose of betamethasone, the fetal AUC
of betamethasone is greater after fetal dosing than the fetal
AUC observed after maternal drug administration. Thus
Moss et al. (5) have proposed that fetal drug administration
may offer a novel route of betamethasone administration,
which allows substantial dose reduction, greater fetal drug
exposure, and greatly reduced maternal exposure to the drug.
However, there are practical difficulties administering drug
via this route.

Area/Moment Analysis of Betamethasone in
Pregnant Sheep

The results from this analysis are presented in Table II.
The area/moment estimates of Vm, . (116 L) was found to
be larger than the maternal central compartment volume (92
L). This suggests that betamethasone has a peripheral distri-
bution space in the mother, which has a volume of 24 liters.
On the other hand, the fetal central (2.9 L) and true steady-
state volumes (2.5 L) were very similar. This suggests that
after fetal betamethasone dosing, the distribution within the
fetus behaves like an instantaneous process. Finally, the esti-
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Fig. 6. Maternal and fetal plasma concentrations of betamethasone in
pregnant sheep. The pharmacokinetic model shown in Fig. 2 was
fitted to the data from Berry et al. (30). (a) Triangles and circles
represent Ci" data at 0.5 mg/kg and 0.2 mg/kg with lines representing
model fittings. (b) Triangles and circles represent Cf data at 0.5 mg/kg
and 0.2 mg/kg with lines representing model fittings.

mates of CL;,, and CL,, were much higher than the corre-
sponding values of CL_ ; and CL..

Compartmental Analysis of Betamethasone in
Pregnant Sheep

The parameter estimates from the compartmental analy-
sis are presented in Table II. In agreement with the area/
moment results, the CL;,, and CL_, values were estimated to
be higher than the estimate of CL,,; and CL,. All parameters
were obtained with a reasonable degree of precision. The
parameter with the highest coefficient of variation (99.95%)
was ka. This is not surprising because the absorption up-curve
for betamethasone is missing due to its fast absorption from
the IM site. The performance of the compartmental pharma-
cokinetic model is shown by the fitted curves in Figs. 4
through 6.

The signature pattern of the pharmacokinetic profiles in
pregnancy exhibits four main characteristics that are expected
theoretically and largely evident in Figs. 4 through 6: i) Drug
appears in the fetal circulation after maternal drug adminis-
tration; ii) Drug appears in the maternal circulation after fetal
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Table II. Pharmacokinetic Parameters for Betamethasone in

Sheep Pregnancy

Area/moment Compartmental Compartmental

Parameter estimates” estimates” estimates CV%
CL,/F (L/h) 12.66 16.27 15.62
CL/F (L/h) 1.41 0.93 68.23
V./F (L) 92.15 99.73 20.10
V/F (L) 2.92 9.88 12.78
CL,./F (L/h) 0.15 0.63 15.76
CL;,/F (L/h) 1.42 2.28 28.12
ka (1/h) N/A 9.06 99.95
CLg,/F (L/h) 6.17 15.18 70.31
Vi/F (L) 24.41 88.65 59.90

“ Analysis of data in Fig. 5.
b Analysis of data in Figs. 4-6.

drug administration; iii) The profiles usually exhibit polyex-
ponential characteristics regardless of maternal/fetal distribu-
tion spaces. This is exemplified by the Cf profiles for beta-
methasone; iv) Terminal slopes of the C™, C, Cf . and Cf
profiles show parallelism.

Compartmental Analysis of Dexamethasone in
Pregnant Rats

As shown in Fig. 7, fetal dexamethasone concentrations
rise rapidly after maternal dexamethasone administration and
maternal/fetal concentration and fetal amount profiles de-
cline with a parallel terminal slope. These characteristics are
typical of an equilibrating two-compartment model, which
adds credibility to the model structure presented in Fig. 3.
The distribution of dexamethasone is very rapid and hence
the maternal profile does not display a distinct early distribu-
tion phase. Rapid distribution of dexamethasone is indicated
by its appearance in the fetal circulation at the first sampling
time point of 15 min. The fetal dexamethasone concentration
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Fig. 7. Maternal and fetal plasma concentrations of dexamethasone
in pregnant rats. The pharmacokinetic model in Fig. 3 was fitted to
the data from Varma and Yue (19). Open circles represent C;, data
and filled circles represent C{* data. The filled triangle represents
amount of dexamethasone per gram of fetal tissue at 3 h. Lines rep-
resent model fitting.
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and amount per ng of tissue are almost identical indicating
that the drug distribution space is very close to the fetal body
weight. Similar to the sheep betamethasone results, dexa-
methasone also exhibited restricted fetal access. Upon mater-
nal drug administration the level of dexamethasone in the
fetal circulation reached only about 20% of the corresponding
maternal concentrations.

The inclusion of the amount of drug in the fetus is es-
sential for obtaining reliable estimates for CL,;, CL,,, and
V,, as listed in Table III. Exclusion of the amount data gives
high CV% for these parameters and the three parameters
were found to be correlated with one another. Thus the in-
formation regarding the amount of drug in the fetal body is
essential for distinguishing the role of fetal drug distribution
from placental transfer processes. Egs. 48-51 and the fetal
upstroke data were used only to generate initial estimates of
CL,, for compartmental modeling. CL,; also controls the
AUC (Eq. 52) and the terminal slope. In compartmental
modeling all the features of the data are used and hence the
program converges with reasonable estimates, which is evi-
dent from the low CV% of CL,, in Table III.

The maternal and fetal volumes reported in Table III
have values very similar to the maternal and fetal body
weights. This finding adds credibility to these estimates be-
cause it has been shown in the literature that the volume of
distribution of dexamethasone in normal and adrenalecto-
mized (ADX) rats is close to 1 L/kg (36,37). The maternal
elimination clearance (60.8 ml/h) normalized to the total body
weight of the pregnant rat (0.328 kg) equals 185 ml/h/kg,
which is very close to the dexamethasone clearance of 157—
195 ml h™ kg™' in normal and ADX rats (36,37). Thus it
appears that the pharmacokinetics of dexamethasone are un-
affected by pregnancy. Finally, similar to the sheep results,
the estimate of CL,, was substantially higher than CL,_, in-
dicating more rapid drug movement from fetus to mother.
This consistently higher value of CL;,, vs. CL, ; may indicate
that a placental efflux process mediates the transfer of corti-
costeroids from the fetal side back into the maternal circula-
tion.

It should be pointed out that the pharmacokinetic pa-
rameters for dexamethasone in rats have been reported as
true clearance and volume parameters. This is possible be-
cause the phosphate ester dexamethasone prodrug used in the
rat studies was dosed intravenously and it generates the active
steroid completely and rapidly (16). In contrast the pharma-
cokinetic parameters for betamethasone in sheep are re-
ported as apparent clearance and volume parameters. The
distribution and clearance parameters for betamethasone are
confounded by the extent of bioavailability of betamethasone
from the intramuscular site of injection and by the extent of
drug released by the depot prodrug formulation. As discussed

Table III. Pharmacokinetic Parameters for Dexamethasone in
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later the release of the active drug from the depot component
of the betamethasone formulation is so slow that it does not
give measurable levels of betamethasone. This poor release of
betamethasone from the depot component of the formulation
therefore markedly influences the CL/F and V/F estimates.

Scaling of Pregnant Sheep Pharmacokinetics to Humans

The difference in metabolic capability between rat and
human fetuses prevents animal scale-up of dexamethasone
pharmacokinetics to humans. However, the sheep parameters
are amenable to allometric scaling. The results of the simu-
lation obtained by using allometrically scaled human param-
eters and literature data for maternal betamethasone phar-
macokinetics in humans (31) are presented in Fig. 8. It ap-
pears that the simulation captured similar concentrations and
the terminal slope of the maternal profile, but missed the
Cmax and the time to reach Cmax. The simulated profile
reached a higher Cmax value earlier and declined in a biex-
ponential fashion as compared to the observed maternal pro-
file, which behaves like a Bateman function. The fetal to ma-
ternal concentration ratio rose slowly and reached a steady
value of 0.26, which is very close to the reported ratio of 0.28
for betamethasone in humans (17).

DISCUSSION

Compartmental and Area/Moment Analysis in
Pregnant Sheep

Area/Moment analysis is based on the estimation of area
under the drug concentration vs. time plot and area under the
curve produced by plotting the product of concentration and
time vs. time. These areas can be easily computed by numeri-
cal integration using the trapezoidal rule. The use of area/
moment analysis in pharmacokinetics is hardly new, but the
application of these concepts to drug disposition in pregnancy
is both novel and important. These methods do not require
the assumption of a mammillary pharmacokinetic system,
which is a common assumption for non-compartmental phar-
macokinetic analysis. Area/Moment analysis is more general
method that can be applied to any pharmacokinetic scheme

Rat Pregnancy
Parameter Estimate CV%
V., (ml) 236.20 6.71
V; (ml) 49.93 29.80
CL,, (ml/h) 60.78 6.24
CL;, (ml/h) 102.10 58.60
CL,,; (ml/h) 17.22 50.86
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Fig. 8. Simulation of human betamethasone profiles using param-
eters obtained by allometrically scaling sheep pharmacokinetic pa-
rameters. Closed squares represent human maternal concentrations
of betamethasone in pregnancy from Ref. 31 (dose = 12 mg). Solid,
dashed and dotted lines represent the maternal profile, fetal profile
and fetal/maternal concentration ratio for betamethasone.
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including non-mammillary systems such as pregnancy where
elimination of drugs can occur from both the mother and
fetus. The methods described in this paper provide an easy
computational approach for calculating the essential pharma-
cokinetic parameters describing maternal/fetal exchange, dis-
tribution, and elimination of drugs in pregnancy providing a
minimal model for this system. The disadvantage of area/
moment analysis is the inability to quantitate and predict the
time-course of drug concentrations and view the appropriate-
ness of the calculated parameters. Compartmental analysis
does not suffer from such a disadvantage, but requires the
assumption of a structural model and represents a higher-
level computational method.

Differences were observed in the parameter estimates
obtained for betamethasone by area/moment and compart-
mental methods. Reasons for differences are as follows: i)
Certain assumptions were made in calculating the area/
moment parameters, which include bolus input of drug and a
fixed terminal slope for the C* data. The compartmental
analysis is not restricted by the assumption of a bolus input
and the simultaneous analysis of all the data helps predict the
missing portion of the C{" profile. Fitting the betamethasone
data in pregnant sheep exemplifies these features of simulta-
neous modeling. ii) The compartmental estimates are ob-
tained from simultaneous fitting of data from three sources,
while the area/moment estimates are results for data from one
study (5). Variability of the data from the three different
sources could account for differences in parameter estimates.
iii) Most importantly, the compartmental analysis makes use
of data that were gathered at different dose levels and at
different gestational ages. There is some evidence that fetal
pharmacokinetic parameters can change as a function of ges-
tational age (38,39) due to developmental changes occurring
in the fetus. Thus the estimates obtained from compartmental
analysis represent dose- and time-averaged values of pharma-
cokinetic parameters of betamethasone. The area/moment es-
timates, on the other hand, represent parameters for the 0.5
mg/kg dose at gestational age 103 days for pregnant sheep.

Despite the differences between the compartmental and
area/moment estimates; the latter serves as good method for
generating initial estimates for the compartmental modeling
procedure. Such estimates also serve as an excellent diagnos-
tic tool for deciding on the need for peripheral compartments
on either the maternal and/or fetal sides. Thus, the area/
moment analysis indicated that Vmg,,,. is greater than V,
suggesting that a peripheral compartment would be necessary
for describing betamethasone pharmacokinetics. This diag-
nostic indication was confirmed by the goodness-of-fit criteria
in compartmental modeling.

Compartmental Modeling of Dexamethasone
Pharmacokinetics in Pregnant Rats

An interesting study (40) implicates an active transfer
process from the fetal to maternal side in rats for dexameth-
asone. The drug was administered to both the pregnant rat
and its fetuses to decipher the disposition parameters. This
study had many drawbacks. i) The study made use of serial
fetal sampling with three to four fetuses removed at each time
point to collect fetal blood. The animals were subjected to
repeated surgeries and anesthesia for sample collection,
which could have affected dexamethasone pharmacokinetics.
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ii) Labeled and unlabeled drug were administered simulta-
neously to the mother and fetus to obtain the complete Cp,,

™ Cf . and C! data set. However, fetal drug administration
was by injection into the peritoneal cavities of all the fetuses
and this route of drug administration was assumed to provide
instantaneous and complete fetal drug input, without affect-
ing fetal physiology and dexamethasone disposition. These
assumptions may not be true. iii) Each of the four maternal
and fetal profiles had four data points and this sparse data set
caused constraints during curve fitting, which led to inaccu-
rate parameter estimates. iv) There are also some issues with
the use of radiolabeled drug for fetal drug administration and
its interference with the assay for the unlabeled drug admin-
istered to the mother. To reduce the extent of this problem
the authors administered a 10-fold lower dose to the fetus and
assumed (based on data from non-pregnant animals) linear
pharmacokinetics for all the placental, fetal and maternal
pharmacokinetic parameters at the two different dose levels.
v) Finally, the radioactivity measured in serum for maternal/
fetal profiles after fetal drug administration was assumed to
be solely from dexamethasone and not its metabolites. How-
ever, dexamethasone is extensively metabolized (32).

The dexamethasone pharmacokinetics described in this
report simplifies the experimental and computational difficul-
ties associated with studying pharmacokinetics in rat preg-
nancy. The data used for this analysis was from a study with
a richer data set where animals were sacrificed at each time
point for collection of maternal and fetal samples, without the
need for repeated anesthesia and surgical manipulation of the
animals. Maternal and fetal data after only maternal drug
administration were required for estimating all the pharma-
cokinetic parameters. This was accomplished by considering
the known absence of fetal drug metabolic capability and the
knowledge of the amount and serum concentration of drug in
the fetus. Parameter estimates were obtained with reasonable
precision. Inference could be made about the role of placental
efflux in restricting corticosteroid fetal access.

Scaling of Pregnant Sheep Pharmacokinetics to Humans

Considering the fact that the animal scaling was based on
one species with little difference in weight, Fig. 8 indicates
that the application of allometric principles to betamethasone
pharmacokinetics in pregnancy gave reasonable results. The
discrepancy between the simulated absorption phase and the
observed betamethasone concentration at early time points
can be explained by an analytical problem associated with
measuring betamethasone in sheep plasma samples. The use
of betamethasone prodrugs in pharmacokinetic studies poses
the risk of overestimation of corticosteroid concentrations
during the early portion of the pharmacokinetic profile due to
in vitro hydrolysis of prodrugs after sample collection (41).
We recently studied this problem and found that such arti-
facts in pharmacokinetic profiles could be prevented by
sample treatment with enzyme inhibitors (41). Pharmacoki-
netic studies of betamethasone in sheep have usually ignored
this problem because prevention requires sample stabilization
with inhibitors such as sodium arsenate and the problem is
limited to only the initial phase of the profile, which leads to
over-estimation of AUC from time zero to sixty minutes by
40% and total AUC by only 7% (41). Human studies, on the
other hand, have been performed very thoroughly where this
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problem was circumvented by the use of sample stabilizing
enzyme inhibitors (31). This difference in sample handling
between sheep and human studies may explain the inability of
the simulations to capture the initial phase of the maternal
human data for betamethasone. Finally, the simulations did a
good job at capturing the general exposure (AUC) and the
fetal/maternal concentration ratio for betamethasone, which
may indicate that disposition processes that control fetal ex-
posure of betamethasone in sheep may also regulate fetal
human exposure to betamethasone.

Comparison of Pregnancy Models to Nonmammillary
Reversible Metabolic Systems

The area/moment equations developed in this paper are
very similar to equations developed for another nonmammil-
lary system representing reversible metabolic interconversion
of drugs (42). These equations for nonmammillary systems
have been previously derived using complex matrix algebra
(42). This report derives area/moment equations for non-
mammillary systems, using traditional concepts in pharmaco-
kinetics such as Laplace transforms and statistical moments.
Furthermore, the equations for the two systems are similar
but the meaning of the pharmacokinetic parameters in the
two systems differ in the following ways: i) The volume terms
in reversible metabolic systems can be segregated into two
groups, one representing the parent drug and the other rep-
resenting the metabolite. The two sets of volume terms are
independent of one another. Similarly, in the models for preg-
nancy there are two sets of volume terms; those for the
mother and the fetus. However, in pregnancy the two sets can
be added together to obtain the total distribution space of the
drug. ii) Exchange clearances represent metabolic intercon-
version of the parent and metabolite. In pregnancy models
the exchange clearances reflect transfer of the drug across the
placenta between mother and fetus. iii) Elimination clear-
ances denote irreversible removal of the parent or metabolite.
Elimination clearances in the pregnancy models represent ir-
reversible removal of the drug either by the mother or the
fetus. iv) Distribution clearance terms in reversible metabolic
systems represent the velocity of distribution of either the
parent drug or the metabolite. In pregnancy models, distri-
bution clearances describe distribution of the drug in the
mother or the fetus.

Protein Binding in Assessing
Maternal/Fetal Pharmacokinetics

The compartmental and area/moment analysis above is
based on an assumption that maternal and fetal binding of
drug is identical, which is true for corticosteroids. If this as-
sumption is not met for other drugs, then the above equations
and methods should be applied to free drug concentrations to
obtain estimates that are not influenced by differences in pro-
tein binding.

Role of PGP in Modulating Fetal Corticosteroid Exposure

It has been noted that levels of synthetic corticosteroids
in the fetal circulation after maternal drug administration are
much lower in humans, sheep, and rats. Furthermore, it can
be seen in Figs. 4 through 6 that fetal concentrations after
fetal betamethasone administration decline with a rapid rate
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initially as compared to the decline observed in the fetal cir-
culation after maternal drug administration. This restricted
fetal residence of corticosteroids has been attributed in the
literature to fetal drug elimination. The latter cannot explain
the polarized transfer (low maternal to fetal transfer vs. rapid
fetal to maternal transfer) seen for betamethasone movement
across the placental barrier. Furthermore, the inability of the
rat fetus to metabolize drugs and the low value of CL/F
obtained for sheep indicates that fetal elimination probably
plays a minor role in limiting fetal corticosteroid exposure.

We have shown that regardless of the computation
method (area/moment vs. compartmental) and regardless of
the species (sheep or rat), the CL;,, value was always sub-
stantially higher than the CL, . Numerous reports have ap-
peared showing that both endogenous and synthetic cortico-
steroids are substrates for the multidrug resistance (MDR)
gene transporter, P-glycoprotein (43-53). Although most
work with PGP mediated corticosteroid efflux has been per-
formed with dexamethasone, recent studies have shown that
transport efficiency of betamethasone by PGP is also rela-
tively high (54). PGP functions as an efflux mechanism for
extruding corticosteroids from the intracellular region to the
extracellular space. An important and well-studied location
for PGP expression in humans and rodents are placental tro-
phoblast cells (55-57). PGP lines the brush border membrane
facing the maternal circulation (58) and serves the function of
protecting the developing conceptus by effluxing a broad
range of substrates (59). Elegant experiments with MDR
knockout mice have shown that PGP is capable of restricting
the fetal transfer of drugs and toxic compounds and can pro-
tect the fetus from deleterious effects (60,61). Along with
showing that dexamethasone is a good substrates for PGP
(62), it has also been demonstrated that this transporter can
have a significant impact on the in vivo distribution of dexa-
methasone (63). Thus, this novel placental efflux mechanism
can explain the limited placental transfer of antenatal corti-
costeroids, the rapid decline in corticosteroid levels after fetal
drug administration, and the high CL;,, vs. CL,,, values. Our
analysis attributes the maternal to fetal concentration gradi-
ent of corticosteroids to the now known placental expression
of efflux transporter PGP for which corticosteroids are good
substrates.

Limitations of the Dataset and Meta-analysis

The compartmental modeling made use of a variety of
model structures including peripheral compartments on the
maternal and fetal side. The models selected are the most
parsimonious models with the best goodness of fit criteria for
the available data. However, each dataset used in this work
had some limitations which imposed certain constraints in our
modeling. The limitations are as follows: i) Derendorf et al.
have measured betamethasone kinetics by RIA and found
that low betamethasone levels (0.1-10 ng/ml) are maintained
for 2 weeks after intra-articular injection of the depot formu-
lation (64). Unfortunately all the literature information avail-
able for our meta-analysis provides data only for the first 24
h after drug administration in pregnancy. During the first 24
h betamethasone concentrations are high, which result from
the fast releasing phosphate prodrug. The HPLC assay used
in the present experiments is unable to monitor low concen-
tration of betamethasone beyond 24 h, which may result from
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the depot component of the formulation. Further, the depot
formulation may not offer sustained-release properties either
because there are species differences between human and
sheep in the ability to activate betamethasone acetate and/or
because the release rate of betamethasone is so slow that the
amount released during the first 24 h contributes marginally.
When comparing the maternal and fetal profiles of the depot
formulation vs. those obtained by administering the phos-
phate prodrug alone, we found that the depot formulation
released betamethasone only from its phosphate component
over the first 8 h after administration (Schwab et al, ob cit).
It appears that the slow releasing component from the depot
formulation offers very little therapeutic benefit in antenatal
therapy for fetal maturation during preterm labor (31). This is
because the low levels of betamethasone, if at all released
from the depot formulation, will hardly reach the therapeutic
target, which resides in the fetal lung, and will likely be inef-
ficacious. ii) There are only two data points beyond ten hours
in Figs. 4-6 for betamethasone pharmacokinetics in sheep.
These two data points should be considered fairly reliable
data because they were obtained from five animals, had ex-
tremely small error bars, and are in the high concentration
range, which is well within the standard curve range of the
assay used by Moss et al. (5). However, these two points
dictate all the fitted terminal slopes in Figs. 4-6, a constraint
imposed by the limited literature dataset available. iii) There
is uncertainty regarding the early concentration maternal
sheep data for betamethasone due to the problem of ex vivo
hydrolysis of the soluble prodrug. We discussed this problem
in our earlier publication (41). This analytical artifact causes
profiles to assume biexponential character and estimates for
CL,,/F and V,/F are affected. iv) There are no data for
betamethasone in the fetal circulation for the first thirty min-
utes after drug administration in any of the papers used for
the meta-analysis. If there is a distribution phase at all for
betamethasone in the fetal circulation, it was probably
missed. v) Unlike the sheep studies, rats were dosed only with
the phosphate ester prodrug of dexamethasone via the intra-
venous route. The phosphate ester corticosteroid prodrugs
release the active steroid with a half-life of less than 10 min in
humans (41). Biologic processes occur much faster in rats and
we have unpublished results for dexamethasone pharmacoki-
netics in rats for this prodrug. In female rats the prodrug
hydrolysis and dexamethasone distribution is complete within
15 min after injection (we controlled for ex vivo prodrug hy-
drolysis). The pregnant rat data in Fig. 7 starts at 15 min. By
this time the rising and declining parts of the maternal curve
are expected to be over. Because the data set is limited, we
assumed the simplest and most parsimonious model, that is,
instantaneous input with instantaneous distribution of dexa-
methasone in the mother rat. vi) Human data for betameth-
asone kinetics in pregnancy are sparse. It is unclear whether
the allometric simulations captured the terminal slope of the
maternal profile for betamethasone in humans because of
this. However, the simulations do capture the maternal expo-
sure (AUC for the data is 1129 nM h and AUC for the simu-
lation is 1579 nM h) as well as the relative fetal exposure
(fetal/maternal concentration ratio) to betamethasone indi-
cating that the processes controlling betamethasone disposi-
tion may be similar in humans and sheep.

Corticosteroid use in antenatal therapy for fetal matura-
tion during preterm labor has existed for over thirty years.
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The landmark clinical trial in 1972 by Liggins and Howie (65)
was the first study that suggested that prematurely born in-
fants had a decreased incidence of respiratory distress syn-
drome when the mothers were administered betamethasone
prior to delivery. The original regimen of Liggins, which con-
sisted of two doses of 6 mg betamethasone acetate suspended
in a solution of 6 mg betamethasone phosphate, is still rec-
ommended as standard care in prenatal medicine (15). De-
spite their long history of use in pregnancy, there are several
drawbacks in the studies reported on the pharmacokinetic
properties of this important class of steroids. The present
report comprehensively summarizes actual and theoretical
corticosteroid pharmacokinetics in pregnancy, and highlights
the need for future studies with optimal study designs for
addressing the identified gaps in knowledge regarding corti-
costeroid pharmacokinetic properties. Despite all the above
limitations, the application of the mathematical principles de-
scribed in this paper to corticosteroid pharmacokinetics
shows how these data analysis techniques can be used to gen-
erate hypotheses regarding mechanisms controlling the ma-
ternal/fetal disposition and transfer of drugs to the fetus in
pregnancy.

ACKNOWLEDGMENTS

This study was supported by grant GM 24211 from the
National Institutes of Health and a predoctoral fellowship for
M. N. S. from Merck.

REFERENCES

1. S. D. Yoo, J. E. Axelson, S. M. Taylor, and D. W. Rurak. Pla-
cental transfer of diphenhydramine in chronically instrumented
pregnant sheep. J. Pharm. Sci. 75:685-687 (1986).

2. J. D. Gordon, K. W. Riggs, D. W. Rurak, E. Kwan, C. Hall, and
F. S. Abbott. The pharmacokinetics of valproic acid in pregnant
sheep after maternal and fetal intravenous bolus administration.
Drug Metab. Dispos. 23:1383-1389 (1995).

3. L. Igarza, A. Soraci, N. Auza, and H. Zeballos. Some pharmaco-
kinetic parameters of R- (-)- and S-(+)-ketoprofen: The influ-
ence of age and differing physiological status in dairy cattle. Vet.
Res. Commun. 28:81-87 (2004).

4. A. Andaluz, J. Tusell, O. Trasserres, C. Cristofol, B. P. Capece,
M. Arboix, and F. Garcia. Transplacental transfer of propofol in
pregnant ewes. Vet. J. 166:198-204 (2003).

5. T.J. Moss, D. A. Doherty, I. Nitsos, R. Harding, and J. P. Newn-
ham. Pharmacokinetics of betamethasone after maternal or fetal
intramuscular administration. Am. J. Obstet. Gynecol. 189:1751—
1757 (2003).

6. H. H. Szeto, J. G. Umans, and S. I. Rubinow. The contribution of
trans-placental clearances and fetal clearance to drug disposition
in the ovine maternal-fetal unit. Drug Metab. Dispos. 10:382-386
(1982).

7. S. Kumar, H. Wong, S. A. Yeung, K. W. Riggs, F. S. Abbott, and
D. W. Rurak. Disposition of valproic acid in maternal, fetal, and
newborn sheep. I: Placental transfer, plasma protein binding, and
clearance. Drug Metab. Dispos. 28:845-856 (2000).

8. J. L. Gabrielsson, P. Johansson, U. Bondesson, M. Karlsson, and
L. K. Paalzow. Analysis of pethidine disposition in the pregnant
rat by means of a physiological flow model. J. Pharmacokinet.
Biopharm. 14:381-395 (1986).

9. K. W. Ward, G. M. Blumenthal, F. Welsch, and G. M. Pollack.
Development of a physiologically based pharmacokinetic model
to describe the disposition of methanol in pregnant rats and mice.
Toxicol. Appl. Pharmacol. 145:311-322 (1997).

10. T. Tuntland, A. Odinecs, C. Nosbisch, and J. D. Unadkat. In vivo
maternal-fetal-amniotic fluid pharmacokinetics of zidovudine in
the Pigtailed Macaque: Comparison of steady-state and single-
dose regimens. J. Pharmacol. Exp. Ther. 285:54-62 (1998).



Corticosteroid Pharmacokinetics During Pregnancy

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

W. R. Jondore, R. P. Maickei, and B. B. Brodie. Inability of
newborn mice and guinea pigs to metabolize drugs. Biochem.
Pharmacol. 1:352-354 (1959).

J. R. Fouts and R. H. Adamson. Drug metabolism in the newborn
rabbit. Science 129:897-898 (1959).

O. Pelkonen. Transplacental transfer of foreign compounds and
their metabolism by the fetus. In J.W. Bridges, and L.F. Chas-
seaud (eds.), Progress in Drug Metabolism, Wiley, London, 1977,
pp- 128.

J. A. Ring, H. Ghabrial, M. S. Ching, R. A. Smallwood, and D. J.
Morgan. Fetal hepatic drug elimination. Pharmacol. Ther. 84:
429-445 (1999).

NIH Consensus Development Panel. Effect of corticosteroids for
fetal maturation on perinatal outcomes. NIH consensus develop-
ment panel on the effect of corticosteroids for fetal maturation on
perinatal outcomes. JAMA 273:413-418 (1995).

S. E. Tsuei, M. C. Petersen, J. J. Ashley, W. G. McBride, and
R. G. Moore. Disposition of synthetic glucocorticoids. II. Dexa-
methasone in parturient women. Clin. Pharmacol. Ther. 28:88-98
(1980).

M. C. Petersen, R. L. Nation, J. J. Ashley, and W. G. McBride.
The placental transfer of betamethasone. Eur. J. Clin. Pharmacol.
18:245-247 (1980).

L. Bennet, S. Kozuma, H. H. McGarrigle, and M. A. Hanson.
Temporal changes in fetal cardiovascular, behavioral, metabolic
and endocrine responses to maternally administered dexameth-
asone in the late gestation fetal sheep. Br. J. Obstet. Gynaecol.
106:331-339 (1999).

D. R. Varma and T. L. Yue. Influence of protein-calorie malnu-
trition on the pharmacokinetics, placental transfer and tissue lo-
calization of dexamethasone in rats. Br. J. Pharmacol. 83:131-137
(1984).

J. D. Funkhouser, K. J. Peevy, P. B. Mockridge, and E. R.
Hughes. Distribution of dexamethasone between mother and fe-
tus after maternal administration. Pediatr. Res. 12:1053-1056
(1978).

M. C. Petersen, C. B. Collier, J. J. Ashley, W. G. McBride, and
R. L. Nation. Disposition of betamethasone in parturient women
after intravenous administration. Eur. J. Clin. Pharmacol. 25:803—
810 (1983).

D. F. Anderson, M. K. Stock, and J. H. Rankin. Placental transfer
of dexamethasone in near-term sheep. J. Dev. Physiol. 1:431-436
(1979).

A. T. Blanford and B. E. Murphy. In vitro metabolism of pred-
nisolone, dexamethasone, betamethasone, and cortisol by the hu-
man placenta. Am. J. Obstet. Gynecol. 127:264-267 (1977).

M. Levitz, V. Jansen, and J. Dancis. The transfer and metabolism
of corticosteroids in the perfused human placenta. Am. J. Obstet.
Gynecol. 132:363-366 (1978).

K. Yamaoka, T. Nakagawa, and T. Uno. Statistical moments in
pharmacokinetics. J. Pharmacokinet. Biopharm. 6:547-558
(1978).

M. Gibaldi and D. Perrier. Method of Laplace transforms. In
Pharmacokinetics, 2nd ed., Marcel Dekker, New York, 1982, pp.
419-424.

L. Z. Benet and R. L. Galeazzi. Noncompartmental determina-
tion of the steady-state volume of distribution. J. Pharm. Sci.
68:1071-1074 (1979).

P. Veng-Pedersen and W. R. Gillespie. Single pass mean resi-
dence time in peripheral tissues: A distribution parameter intrin-
sic to the tissue affinity of a drug. J. Pharm. Sci. 75:1119-1126
(1986).

W. J. Jusko, N. A. Pyszczynski, M. S. Bushway, R. D’Ambrosio,
and S. M. Mis. Fifteen years of operation of a high-performance
liquid chromatographic assay for prednisolone, cortisol and pred-
nisone in plasma. J. Chromatogr. B Biomed. Appl. 658:47-54
(1994).

L. M. Berry, D. H. Polk, M. Ikegami, A. H. Jobe, J. F. Padbury,
and M. G. Ervin. Preterm newborn lamb renal and cardiovascular
responses after fetal or maternal antenatal betamethasone. Am.
J. Physiol. 272:R1972-R1979 (1997).

M. C. Petersen, J. J. Ashley, W. G. McBride, and R. L. Nation.
Disposition of betamethasone in parturient women after intra-
muscular administration. Br. J. Clin. Pharmacol. 18:383-392
(1984).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

2291

E. S. Tomlinson, D. F. Lewis, J. L. Maggs, H. K. Kroemer, B. K.
Park, and D. J. Back. In vitro metabolism of dexamethasone
(DEX) in human liver and kidney: The involvement of CYP3A4
and CYP17 (17,20 lyase) and molecular modeling studies. Bio-
chem. Pharmacol. 54:605-611 (1997).

S. Mulay and D. R. Varma. Influence of streptozotocin-diabetes
on the pharmacokinetics, placental transfer and tissue localiza-
tion of dexamethasone in rats. Br. J. Pharmacol. 83:139-144
(1984).

P. Schwarzler, J. M. Bland, D. Holden, S. Campbell, and Y. Ville.
Sex-specific antenatal reference growth charts for uncomplicated
singleton pregnancies at 15-40 weeks of gestation. Ultrasound
Obstet. Gynecol. 23:23-29 (2004).

D. Z. D’Argenio and A. Schumitzky. ADAPT II user’s guide.
Biomedical Simulations Resource, Los Angeles (1997).

D. R. Varma and S. Mulay. Anti-inflammatory and ulcerogenic
effects and pharmacokinetics of dexamethasone in protein-
deficient rats. J. Pharmacol. Exp. Ther. 214:197-202 (1980).

D. E. Mager, N. A. Pyszczynski, and W. J. Jusko. Integrated
QSPR-pharmacodynamic model of genomic effects of several
corticosteroids. J. Pharm. Sci. 92:881-889 (2003).

L. H. Wang, A. M. Rudolph, and L. Z. Benet. Pharmacokinetic
studies of the disposition of acetaminophen in the sheep mater-
nal-placental-fetal unit. J. Pharmacol. Exp. Ther. 238:198-205
(1986).

S. Kumar, G. R. Tonn, K. W. Riggs, and D. W. Rurak. Diphen-
hydramine disposition in the sheep maternal-placental-fetal unit:
Gestational age, plasma drug protein binding, and umbilical
blood flow effects on clearance. Drug Metab. Dispos. 28:279-285
(2000).

D. R. Varma. Investigation of the maternal to foetal serum con-
centration gradient of dexamethasone in the rat. Br. J. Pharma-
col. 88:815-820 (1986).

M. N. Samtani, M. Schwab, P. W. Nathanielsz, and W. J. Jusko.
Stabilization and HPLC analysis of betamethasone sodium phos-
phate in plasma. J. Pharm. Sci. 93:726-732 (2004).

W. F. Ebling and W. J. Jusko. The determination of essential
clearance, volume, and residence time parameters of recirculat-
ing metabolic systems: the reversible metabolism of methylpred-
nisolone and methylprednisone in rabbits. J. Pharmacokinet. Bio-
pharm. 14:557-599 (1986).

K. Ueda, N. Okamura, M. Hirai, Y. Tanigawara, T. Saeki, N.
Kioka, T. Komano, and R. Hori. Human P-glycoprotein trans-
ports cortisol, aldosterone, and dexamethasone, but not proges-
terone. J. Biol. Chem. 267:24248-24252 (1992).

S. Bourgeois, D. J. Gruol, R. F. Newby, and F. M. Rajah. Ex-
pression of an mdr gene is associated with a new form of resis-
tance to dexamethasone-induced apoptosis. Mol. Endocrinol. T
840-851 (1993).

K. M. Barnes, B. Dickstein, G. B. Cutler Jr., T. Fojo, and S. E.
Bates. Steroid treatment, accumulation, and antagonism of P-
glycoprotein in multidrug-resistant cells. Biochemistry 35:4820—
4827 (1996).

O. C. Meijer, E. C. De Lange, D. D. Breimer, A. G. De Boer,
J. O. Workel, and E. R. De Kloet. Penetration of dexamethasone
into brain glucocorticoid targets is enhanced in mdrlA P-
glycoprotein knockout mice. Endocrinology 139:1789-1793
(1998).

Q. D. Vo and D. J. Gruol. Identification of P-glycoprotein mu-
tations causing a loss of steroid recognition and transport. J. Biol.
Chem. 274:20318-20327 (1999).

D. J. Gruol, Q. D. Vo, and M. C. Zee. Profound differences in the
transport of steroids by two mouse P-glycoproteins. Biochem.
Pharmacol. 58:1191-1199 (1999).

C. M. Pariante, A. Makoff, S. Lovestone, S. Feroli, A. Heyden,
A. H. Miller, and R. W. Kerwin. Antidepressants enhance glu-
cocorticoid receptor function in vitro by modulating the mem-
brane steroid transporters. Br. J. Pharmacol. 134:1335-1343
(2001).

A. M. Karssen, O. C. Meijer, I. C. Van Der Sandt, P. J. Lucassen,
E. C. De Lange, A. G. De Boer, and E. R. De Kloet. Multidrug
resistance P-glycoprotein hampers the access of cortisol but not
of corticosterone to mouse and human brain. Endocrinology 142:
2686-2694 (2001).

C. M. Pariante, B. D. Pearce, T. L. Pisell, C. Su, and A. H. Miller.
The steroid receptor antagonists RU40555 and RU486 activate



2292

52.

53.

54.

55.

56.

57.

58.

glucocorticoid receptor translocation and are not excreted by the
steroid hormones transporter in 1.929 cells. J. Endocrinol. 169:
309-320 (2001).

A.M. Karssen, O. C. Meijer, I. C. Van Der Sandt, A. G. De Boer,
E. C. De Lange, and E. R. De Kloet. The role of the efflux
transporter P-glycoprotein in brain penetration of prednisolone.
J. Endocrinol. 175:251-260 (2002).

J. I. Webster and J. Carlstedt-Duke. Involvement of multidrug
resistance proteins (MDR) in the modulation of glucocorticoid
response. J. Steroid Biochem. Mol. Biol. 82:277-288 (2002).

C. R. Yates, C. Chang, J. D. Kearbey, K. Yasuda, E. G. Schuetz,
D. D. Miller, J. T. Dalton, and P. W. Swaan. Structural determi-
nants of p-glycoprotein-mediated transport of glucocorticoids.
Pharm. Res. 20:1794-1803 (2003).

J. M. Croop, M. Raymond, D. Haber, A. Devault, R. J. Arceci,
P. Gros, and D.E Housman. The three mouse multidrug resis-
tance (mdr) genes are expressed in a tissue-specific manner in
normal mouse tissues. Mol. Cell. Biol. 9:1346-1350 (1989).

C. Cordon-Cardo, J. P. O’Brien, J. Boccia, D. Casals, J. R.
Bertino, and M.R Melamed. Expression of the multidrug resis-
tance gene product (P-glycoprotein) in human normal and tumor
tissues. J. Histochem. Cytochem. 38:1277-1287 (1990).

T. M. Leazer and C. D. Klaassen. The presence of xenobiotic
transporters in rat placenta. Drug Metab. Dispos. 31:153-167
(2003).

V. Ganapathy, P. D. Prasad, M. E. Ganapathy, and F. H. Leibach.
Placental transporters relevant to drug distribution across the

59.

60.

61.

62.

63.

64.

65.

Samtani et al.

maternal-fetal interface. J. Pharmacol. Exp. Ther. 294:413-420
(2000).

A. M. Young, C. E. Allen, and K. L. Audus. Efflux transporters
of the human placenta. Adv. Drug Deliv. Rev. 55:125-132 (2003).
G. R. Lankas, L. D. Wise, M. E. Cartwright, and T. Pippert, and
D.R Umbenhauer. Placental P-glycoprotein deficiency enhances
susceptibility to chemically induced birth defects in mice. Reprod.
Toxicol. 12:457-463 (1998).

J. W. Smit, M. T. Huisman, O. Van Tellingen, H. R. Wiltshire,
and A. H. Schinkel. Absence or pharmacological blocking of
placental P-glycoprotein profoundly increases fetal drug expo-
sure. J. Clin. Invest. 104:1441-1447 (1999).

O. C. Meijer, A. M. Karssen, and E. R. De Kloet. Cell- and
tissue-specific effects of corticosteroids in relation to glucocorti-
coid resistance: Examples from the brain. J. Endocrinol. 178:13—
18 (2003).

A. H. Schinkel, E. Wagenaar, L. Van Deemter, C. A. Mol, and P.
Borst. Absence of the mdrla P-glycoprotein in mice affects tissue
distribution and pharmacokinetics of dexamethasone, digoxin,
and cyclosporin A. J. Clin. Invest. 96:1698-1705 (1995).

H. Derendorf, H. Mollmann, A. Gruner, D. Haack, and G. Gy-
selby. Pharmacokinetics and pharmacodynamics of glucocorti-
coid suspensions after intra-articular administration. Clin. Phar-
macol. Ther. 39:313-317 (1986).

G. C. Liggins and R. N. Howie. A controlled trial of antepartum
glucocorticoid treatment for prevention of the respiratory dis-
tress syndrome in premature infants. Pediatrics 50:515-525
(1972).



