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Preface

Developmental toxicity is defined as the study of adverse effects on the developing organism
that may result from exposure to drugs/chemicals prior to conception (either parent),
during prenatal development, or postnatally to the time of sexual maturation.

The thalidomide disaster is widely believed to be the catalyst that promoted regulatory
agencies around the world, including the US FDA, to initiate requirements for new drugs to
be thoroughly tested in animals prior to being sold in the marketplace.

At that time, developmental toxicity studies conducted in animals were inappropriately
designed and insufficient to detect a teratogenic signal.

We currently rely on animal testing to predict the potential for drugs or chemicals to
cause developmental toxicity in humans. Rodents (rats and mice) and rabbits are the most
relevant species used in developmental toxicity testing, dogs and minipigs are rarely used,
and nonhuman primates may be used for biologics, especially for monoclonal antibodies.

Manifestation of developmental and reproductive toxicity may include adverse effects on
onset of puberty, gamete production and transport, reproductive cycle normality, sexual
behavior, fertility, gestation, parturition, lactation, structural abnormalities, premature
reproductive senescence, and modifications of other functions that are dependent on the
integrity of the reproductive systems.

Evaluation of developmental and reproductive toxicology endpoints is an integral part
of the safety assessment process for compounds with potential use in women of childbearing
age or females that might be exposed during pregnancy as well as men of reproductive
potential.

This volume covers metabolism and drug-drug interactions during pregnancy, critical
periods of developmental toxicology, in vivo and alternative methods to assess potential
developmental toxicity for drugs and chemicals, and effects of chemicals on testes and
mammary glands. The in vivo assessments are guideline-driven and are required for sub-
missions for product approval.

On the other hand, alternative methods for developmental toxicity testing have been
sought because of the pressure to reduce the number of animals used in health research.
Alternative in vitro methods include cell cultures, zebra fish, c-elegans, organ cultures, and
embryo cultures and embryonic stem cells. These test systems can provide invaluable
information and decrease the number of animals used in studies. The design of in vitro
alternatives with good predictivity of in vivo effects is challenging, as embryo-fetal develop-
ment is a continuous process of a precisely orchestrated sequence of events and any alterna-
tive assay in the field of developmental toxicity represents only part of the complexity of the
whole developing conceptus and its maternal environment. Currently, the alternative meth-
ods are not used for regulatory submissions but mainly for screening and mechanistic
studies.

Finally, I would like to thank all the authors/coauthors for their hard work and timely
contributions. Likewise, I would like to extend my sincerest thanks and appreciation to
David Casey and the entire Springer publishing team who worked tirelessly in the publica-
tion of this volume.

Mattawan, MI, USA Ali S. Faqi
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Metabolism and Drug–Drug Interaction in Pregnant
Mother/Placenta/Fetus

Ali S. Faqi and Karsten A. Holm

Abstract

The pregnant woman and the presence of the fetus pose many challenges for proper and effective drug
administration. The variety of physiological changes that takes place during pregnancy coupled together
with the variety in the responses of the cytochrome P450 enzymes in terms of induction and inhibition as
well as the presence of polymorphic forms which may be present and the influence of the drug transporters
make predicting the pharmacokinetics and pharmacodynamics of any given drug difficult. Treatment and
dosage during pregnancy and lactation with drugs such as antibiotics, antivirals, antiepileptic, anticancer,
and antipsychotic medications all need to be evaluated carefully to minimize the occurrence of adverse
effects due to possible excessive exposure or a lack of efficacy due to possible underexposure. In addition, as
more literature data becomes available about the role of efflux transporters such as Pgp, BCRP, and MRP3
and uptake transporters OCT3 and OCTN1 in pregnancy and in the fetus with prescribed medications this
information will need to be used in the evaluation. Therefore, for drugs with a narrow therapeutic window
or those with marked pharmacologic or toxicological outcomes that are also cleared predominantly by a
single CYP450 or handled by a single transporter, the need for systemic monitoring of plasma concentra-
tion to monitor exposure is warranted, at least during the initial days of starting a medication.

Keywords: Drug–drug interaction, Drug disposition, Pregnancy, Lactation

1 Introduction

Sixty-five percent of pregnant women in the USA take one or more
drugs during their pregnancy. This does not include dietary supple-
ments or vitamins [1].

During pregnancy the effect of drugs may very differently due
to several pregnancy-induced changes in drug disposition thus
making the efficacy and toxicity of drugs used by pregnant
women difficult to predict. Two factors influencing both drug
efficacy and disposition are the drug-metabolizing enzymes and
drug transporters. Among the more influential drug-metabolizing
enzymes are the enzymes of the cytochrome P450 family
(CYP450s) as these enzymes are centrally involved in the disposi-
tion of the majority of drugs, they exist in many genetic variations
and are regulated by multiple mechanisms allowing for their induc-
tion and/or inhibition.
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In vivo studies have shown that the activity of several hepatic
cytochrome P450 enzymes, such as CYP2D6 and CYP3A4, is
increased during pregnancy, whereas the activity of others, such as
CYP1A2, is decreased. Likewise, the activity of some renal trans-
porters, including organic cation transporter and P-glycoprotein,
appears to be increased during pregnancy [2].

The multiple forms of the CYP450s and their activities have
been described in detail in numerous reports and reviews [3–5] and
are touched on briefly in this chapter. The drug transporters are a
newer area of intense research into the complexity of factors influ-
encing drug pharmacology and disposition due to their integral
role in drug absorption, exposure, elimination and thus an addi-
tional source of drug–drug interactions. The pharmacokinetic
changes due to genetic polymorphisms and drug–drug interactions
involving transporters can often have a direct impact on the thera-
peutic safety and efficacy of many important drugs [6]. The trans-
porters studied and described to date are primarily from the major
organs involved in drug uptake and disposition such as the GI tract,
liver, kidney, and brain as described by Borst et al. [7].

The P450 metabolic pathways through their actions on
drugs, endogenous compounds and concomitantly administered
medications are a major source of drug–drug, drug–diet, and
drug–disease/condition interactions; consequently, functional
variability in this complex system can have pronounced conse-
quences in suboptimal therapeutic response or enhanced toxicity
[8]. The regulation of the numerous CYP450s is becoming
better understood as research in this area continues. The genetic
factors and physiological processes controlling CYP450 levels and
their induction/inhibition properties are well documented [9].
Additionally, the effects of various nutritional and a disease state
such as fasting, diabetes, malnutrition, and alcohol abuse on these
systems has been examined and the changes in CYP450s have been
discussed [8].

However, there is not much information available about
changes in the CYP450s and transporter systems during pregnancy
and lactation in the human female as this is an area of more recent
investigation and just beginning to be understood. Understanding
the physiological and biochemical factors that change in the
human female during pregnancy and how they influence pharma-
cokinetic factors, the CYP450s and transporters is important as
medication during pregnancy is common, but specific information
about the changes in how these medicines are processed as a
result of pregnancy or what the drug exposure is to the mother,
placenta, and fetus is not fully known or understood. An accurate
understanding of the pharmacokinetics and metabolism of
drugs during pregnancy is essential for the safe and optimal drug
therapy for the mother and fetus, thus, it is important to have a full
understanding of how pregnancy influences drug disposition
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factors for better therapeutic outcomes and better predictions of
the pharmacokinetic changes of drugs and their effects in pregnant
women as well as the fetus. This will allow better prediction of
pharmacokinetic changes of drugs in pregnant women. Therefore,
the goal of this review is to present what is known about these
enzyme and transporter systems and how they change in women
during pregnancy and lactation, in the placenta and in the fetus. In
addition, the review also discusses any known drug–drug interac-
tions in the pregnant mother/placenta and the fetus.

1.1 Drug Disposition

Changes During

Pregnancy and

Lactation

The pharmacokinetics of various drugs may be profoundly altered
during different stages of pregnancy, parturition, and lactation due
to numerous physiological and biochemical changes that takes
place during pregnancy. During pregnancy the physiological
changes include plasma volume expansion and increases in extra-
cellular fluid space and total body water; decreased plasma albumin
concentration; a compensated respiratory alkalosis; increased car-
diac output with regional blood flow changes; increased renal
blood flow associated with increased glomerular filtration; changes
in hepatic drug-metabolizing enzymes; and reduction in intestinal
motility, increased glomerular filtration rate, and reduced plasma
albumin concentration [10]. The increases in plasma volume and
total body water may increase the volume of distribution and
thereby increase the dose requirements that are necessary to sustain
therapeutic drug levels [11].

These changes begin in early gestation but are most pro-
nounced in the third trimester of pregnancy. More maternal physi-
ologic changes occur intrapartum with some normalizing
themselves within 24 h of delivery, while others are more prolonged
only returning to normal some 12 weeks postpartum [12]. All these
changes modify drug distribution, metabolism, and elimination. As
a result, the exposure and disposition of many medicines may be
altered during pregnancy and the resulting clinical efficacy and
toxicity of these drugs can be difficult to predict or can lead to
serious side effects. An increase in body weight during pregnancy
may result in a decrease in dose per kilogram and thus a potential
for a significant lowering of a drug’s steady state concentration and
thus possible suboptimal treatment.

Additionally, gastrointestinal absorption or bioavailability of
drugs may vary due to changes in gastric secretion and motility.

Multiple hemodynamic changes such as an increase in cardiac
output, blood volume, and renal plasma flow may affect drug
disposition and elimination [13]; these changes in pharmacokinetic
parameters should be considered when dosing antiarrhythmic
agents in pregnant women [14]. Absorption of drugs may be
decreased by nausea and vomiting associated with pregnancy, espe-
cially in the first trimester [15]. There are also increases in hormone
levels, particularly estrogen, progesterone, placental growth
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hormone, and prolactin which have multiple effects particularly on
the drug-metabolizing enzymes. One possible effect of the hor-
monal change is on absorption, the increased plasma progesterone
concentrations during pregnancy corresponds to decreases in gas-
trointestinal motility, with associated prolonged gastric emptying
and intestinal transit times which may lead to delayed drug absorp-
tion and reduced peak concentrations [16]. Indeed an in-depth
understanding in hormonal regulatory mechanisms is warranted
for systematic understanding and prediction of the changes in
hepatic drug metabolism during pregnancy [17].

Additional absorption changes for weak acid and basic
drugs are due to increased gastric pH due to reduced gastric
acid secretion which may affect the ionization and absorption of
week acids and bases [18]. The increase in blood and total
body water volumes can alter the volume of distribution for various
drugs. These changes may affect drug disposition and elimination,
and can cause an increase or decrease in the terminal elimination
half-life of drugs.

1.2 Enzyme

Influences During

Pregnancy and

Lactation

The enzymes of the cytochrome P450 family (CYP450s) have a
central role in the pharmacokinetics and metabolism of most med-
icines in clinical use today. They have been extensively studied ever
since there discovery in the 1950s. The majority of CYP enzymes
are found in the liver, although other organs such as the gastroin-
testinal mucosa, skin, lung, brain, and kidney also have significant
CYP expression and functional activity [19].

Pollutants and toxicants passing from the mother to the fetus
may damage developing organ systems. The human fetal liver is
both a potential target organ and a critical defense against exposure
to such chemicals. Exposure of the fetus to pollutants/toxicants is
associated with significantly altered transcript expression, with the
more marked response in the male potentially affecting levels of
endogenous factors involved in fetal growth [20].

The activities and nomenclature have been better defined
over the last 20 years. Although there are more than 100 CYP
genes in humans, there are only about 10 gene products that are
important to monitor in preclinical and clinical development for
potential drug–drug interactions as reported by Huang et al. [21],
namely, CYPs 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4,
and 3A5. These CYPs have the potential for not only inhibition
and induction but also genetic polymorphisms that can produce
clinically important outcomes. Several of the drug-metabolizing
enzymes are polymorphic, having more than one variant of the
gene.

A prospective cohort study of 293 women, who delivered
singleton live births in Sapporo, Japan, was conducted to estimate
the effects of maternal smoking and genetic polymorphisms on
infant birth weight and length. Birth weight and length were
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significantly lower among infants born to continuously smoking
women having the aryl hydrocarbon receptor (AhR) wild type
genotype the CYP1A1 variant genotype or the GSTM1 null geno-
type indicating that maternal smoking in combination with mater-
nal AhR, CYP1A1, and GSTM1 genetic polymorphisms may
adversely affect infant birth size [22].

The CYP2D6 enzyme is perhaps the most widely recognized
polymorphic enzyme with a recessive poor metabolizer (PM) phe-
notype resulting when individuals carry two null alleles, yielding
either a completely metabolically inactive protein, or no protein
[23]. Although the CYP isozymes generally have similar structural
and overlapping functional properties, each form has key structural
differences resulting in distinct functional properties creating a
distinct pattern of metabolic reactions for given substrates.
Although CYP2D6 mRNA is detectable in the fetus, however,
CYP2D6 protein expression remains mostly undetectable during
pregnancy. The CYP2D6 protein concentration rises only a few
days after birth [24], but remains low during the first month of
life (about 20 % of adult’s levels [25]. During the lactation (new-
born) period a low level of CYP2D6 activity occurs, independent of
genotype that functionally results in all new born being poor meta-
bolizers, as a result, clearance of CYP2D6 substrates are expected to
be low for almost all infants. In order to prevent drug accumulation
or toxicity individualization of dosing is necessary in infants [23].
The variability of CYP2D6 activities in infants older than 1–2 weeks
was largely found to be related to genetic variability [26].

With the additional dimension of genetic polymorphisms there
is an increased basis for interindividual differences in the pharma-
cologic efficacy and side effects of drugs as well as their toxicologi-
cal and carcinogenic potential. The variability associated with the
CYP450 enzymes between individuals result in marked differences
in responses when the same drug and the dose are administered to
different individuals [12].

In addition to the genetic polymorphism found in CYP2D6,
this has been also found in the CYP2C family, specifically 2C8,
2C9, and 2C19 [27].

The expression of CYP3A4 is low during pregnancy and at
birth. However, it is the primary hepatic CYP expressed postnatally
and is involved in the metabolism of over 75 % of commonly used
drugs [23]. CYP3A7 is the major CYP isoform detected in embry-
onic, fetal, and newborn liver with a shift between the CYP3A7 and
CYP3A4 occurring after birth [25].

Loss of consciousness was reported in neonates receiving coad-
ministration of erythromycin (an inhibitor of CYP 3A4) with mid-
azolam [28]. Drug–drug interactions can occur if a drug acts as an
inducer or inhibitor of a CYP450 enzyme and significantly alters
the function of that enzyme or if an individual has a polymorphic
variant form of a CYP450 enzyme. The degree of induction or
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inhibition of CYP 3A4 might be influenced by the developmental
changes which could further enhance the drug–drug interactions in
an immature system.

Regarding changes found in the CYP450 system in pregnant
adult women, it has been shown that the changes are variable and
affect only a few of the CYP450 enzymes. It has been demonstrated
that the activity of the CYP2C subfamily, CYP2D6 and CYP3A4
enzymes increase, while in contrast, the activity of CYP1A2
decreases [29, 30]. The study by Wadelius et al. [30] on CYP2D6
activity involved 17 pregnant women phenotyped into 3 groups
with 4 as poor metabolizers, seven as heterozygous extensive meta-
bolizers and six as homozygous extensive metabolizers with dex-
tromethorphan in late pregnancy and 7–11 weeks after parturition.
During pregnancy, the metabolic ratio of dextromethorphan and
dextrorphan was significantly reduced (p ¼ 0.0015) in the homo-
zygous and heterozygous extensive metabolizers, consistent with
increased CYP2D6 activity. In contrast, the poor metabolizers
showed an increased metabolic ratio during pregnancy. This study
finding was consistent with a previous study finding which found a
marked increase in the metabolism of the CYP2D6 substrate met-
oprolol during pregnancy. Because both studies found an increase
in CYP2D6 activity during pregnancy, it was suspected that preg-
nancy somehow causes the induction of the CYP2D6 enzyme. The
findings of Davis et al. and Wadelius et al. [29, 30] have been
recently confirmed in a study by Tracy et al. [31] which also showed
increases in CYP2D6 and CYP3A4 activity and a decrease in
CYP1A2 activity. In this study 25 subjects completed the study
conducted at several stages of pregnancy, 14–18 weeks, 24–28
weeks and 36–40 weeks, and again at 6–8 weeks after delivery.
The enzyme activity results from the 3 phases of pregnancy were
compared with the postpartum period. It was found that CYP1A2
activity decreased progressively during the pregnancy relative to the
postpartum period with activity reductions of 33, 48 and 65 at
14–18 weeks, 24–28 weeks, and 36–40 weeks, respectively.
CYP2D6 activity increased over the course of the pregnancy rela-
tive to the postpartum period with increases of 26, 35 and 48 % at
14–18 weeks, 24–28 weeks, and 36–40 weeks, respectively.
CYP3A4 activity increased consistently and similarly at each phase
relative to the postpartum period with increased activity between
35 and 38 %. Thus, pregnancy can cause opposing actions on the
CYP450 system with increases in CYP2D6 and CYP3A4 activity
and a decrease in CYP1A2 activity [31]. Recently, increased
Cyp3A4 expression; unchanged Cyp2A5 expression and decreased
Cyp1A2, Cyp2C37, Cyp2D22, Cyp2E1, and Cyp3A11 was
reported in mice during pregnancy Also expression of CYPD22
and CYP2 E1 isoforms correlated with that of peroxisome
proliferator-activated receptor PPARα in the mouse livers, suggest-
ing potential involvement of PPARα in downregulation of the
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P450 expression during pregnancy [32]. In addition, they found
that the expression of Cyp2D22 and Cyp2E1 isoforms directly
correlated with that of peroxisome proliferator-activated receptor
(PPAR) α in the mouse livers, which led them to suggest potential
involvement of PPARα in downregulation of the P450 expression
during pregnancy. It is fair therefore to conclude that any dosing
adjustment during pregnancy will depend on the medication and
the enzyme involved in its metabolism.

Another important aspect is the formation of toxic metabolites
that could lead to birth effects. For example, a genetic defect in
arene oxide detoxification seems to increase the risk of the baby
having major birth defects in epileptic women treated with phenyt-
oin [33]. Shanks et al. [34] developed a murine embryo culture
model to study the potential contribution of enzymatic bioactiva-
tion to the teratogenicity of phenytoin. Their result suggest that the
embryo can enzymatically bioactivate embryotoxically significant
amounts of phenytoin, and that bioactivation and embryotoxicity is
further enhanced, by an exogenous P-450 system, implicating a
possible maternal contribution to phenytoin teratogenicity. A liter-
ature review performed on pharmacogenetics of drug induced birth
defects found that direct relationship between pharmacogenetics
and drug-induced birth defects exits for folate metabolism, oxida-
tive stress caused by phenytoin exposure and drug transporters in
the placenta [35].

It has been also been suggested that an increased metabolic
conversion of valproate (VPA) to its toxic metabolites including 2-
propyl-4-pentenoic acid (4-en) is involved in the mechanism of
VPA teratogenicity at higher doses and concentrations [36].

The impact of development and CYP2C9 polymorphisms on
neonatal therapeutics can be explained by the interindividual varia-
bility for AUC values reported when ibuprofen and indomethacin
are used for treatment of ductus arteriosus in neonates. Although
indomethacin had a higher volume of distribution in the very
preterm baby; clearance from the blood stream occurs more quickly
in babies more than 1–2 weeks. In addition markedly longer half-
life was observed for Ibuprofen [37].

Although the impact of ontogeny for Phase II enzymes is less
studied than phase I enzymes; however, the understanding of their
developmental profiles is essential to recognizing the acquisition of
metabolic competence in the neonate and its potential therapeutic
implications [38]. Glutathione S-transferase (GST) A1 and A2 were
identified in human fetal liver tissues during gestation as early as 10
weeks gestational age with adult levels not reached until 1–2 years.
For GSTP1, the fetal kidney expression pattern at less than 35
weeks gestational age was similar to that observed for GSTA1/
A2. In fetal tissue greater than 35 weeks of age, expression was
restricted to collecting tubules and the distal loop of Henle [38].
The presence of GST isoforms in urinary epithelia, digestive tract,
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and respiratory tract highlights the importance of GST in detoxifi-
cation reactions at a very early age and suggests that the embryo is
capable of metabolizing drugs [23]. Maternal exposure to these
chemicals that induce GST including non-nutrient xenobiotics
found in vegetables and citrus fruits have the potential to alter
drug metabolism during pregnancy and lactation [23]. The tragedy
of Gray Baby Syndrome was the result of failure to recognize the
impact of development on the glucuronidation of chloramphenicol
and its implications to age related individualization of therapy. The
gray baby syndrome occurred in premature and newborn infants
receiving high or unmodified doses of chloramphenicol and this
condition can be avoided by reduction of dosage and by monitor-
ing levels of drug in the serum of these infant [39]. Furthermore,
mutation of the promoter region of UGT 1 gene has been asso-
ciated with Gilbert’s syndrome, a milder form of congenital uncon-
jugated hyperbilirubinemia [40]. Sulfo-transferase (SULT1A3)
activity is absent in human liver, but expressed at high levels early
in fetal development, and decreases significantly in the late fetal and
early neonatal development [41].

Changes in phase II drug-metabolizing enzyme expression
during development, as well as the balance between phase I and
phase II enzymes, can significantly alter the pharmacokinetics for a
given drug or toxicant. Understanding the ontogeny of drug-
metabolizing enzymes in the neonate is very important for defining
the dosage regimens suitable for children and for limiting the risk of
accumulation leading to adverse effects and toxicity.

1.3 Transporter

Influences During

Pregnancy

The drug transporters are another significant determinant in drug
bioavailability and exposure. The first transporter identified was
P-glycoprotein (Pgp) in 1976 [42]. Since then about 25 different
transporters have been identified. The transporters can be divided
into three classes. Two classes are considered uptake transporters,
the SLC or solute-linked carrier transporter family and the SLCO
or solute-linked carrier organic anion transporter family. The third
class, the efflux transporter family, is denoted as ABC or ATP-
binding cassette transporter superfamily. Notable members of this
efflux family are Pgp, the multidrug-resistant proteins (MDR), the
multidrug resistance associated proteins (MRPs) and the breast
cancer resistant protein (BCRP) [43]. The distribution of the
transporters, representative substrates, inhibitors, and inducers are
also given. As shown by Shugarts and Benet [44] the intestine
expresses several transporters controlling the uptake such as
MCT1 (monocarboxylate transporter protein), PEPT1 and 2 (pep-
tide transport protein), OATP 1A2 and 2B1 (organic anion trans-
porting protein), OCT3 (organic cation protein), and others.
There are several efflux transporters including Pgp, several MRPs,
BCRP, MCT1, and ENT 1 and 2 (equilibrative nucleoside trans-
porter) proteins. The liver also expresses several uptake and efflux
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transporters. The hepatic uptake transporters from the blood
stream include the OCTs 1 and 2, OAT2, OATPs 1B1, 1B3, 2B1
AND 1A2, NTCP (sodium-taurocholate co-transporting protein),
and several MRPs 3, 4, and 5. The majority of the hepatic efflux
transporters remove their compounds into the bile canaliculi,
Pgp, MDR3, MRP2, BCRP, and BSEP (bile salt export pump),
while one type removes compounds to the blood stream, the MRPs
3, 4, and 5 [45].

The changes in transporters in the adult female following preg-
nancy are not clearly understood as yet. The variety of important
medications given during pregnancy such as anticancer agents,
antiviral agents, and cardiovascular drugs such as warfarin can
have their pharmacokinetics, their absorption, disposition, metab-
olism, and elimination affected in a number of ways based on the
activity of the individual transporters involved or the cytochrome
P450 enzymes as discussed above. While the mother’s exposure
and drug disposition is controlled by her own complement of
cytochrome P450 enzymes, transporters, and internal hormonal
and other chemical signaling systems, the drug exposure to the
developing embryo and fetus is controlled primarily by the placenta
and the ability of the fetus itself to handle the individual medicine
given to the mother through its own complement of cytochrome
P450 enzymes as discussed below.

A large number of known functional drug transporters have
been found in human placenta [46]. Transporter knockout animal
studies have shown the role of drug transporters in protecting the
fetus from chemical effects [47]. The protection is in part due to
the presence of various efflux transporters in the placenta. The
effect of placental transporters in effluxing drugs such as glyburide
and numerous protease inhibitors from the fetal circulation offers
the potential to manipulate the passage of drugs across the placenta
[48]. It is important to take into considerations, that placental
transporters are vital in modulating the exposure of the fetus to
drugs and, therefore, the efficacy and toxicity of such drugs towards
the fetus [49]. Some of these transporters are under hormonal
regulation in the placenta. Vore and Leggas [50] reported that
ABCG2/BCRP expression is regulated by Estradiol and progester-
one in BeWo cells, a human trophoblastic cell line.

1.4 Enzyme and

Transporter Influences

in the Fetus and

Placenta

The placental has the ability to metabolize drugs in early pregnancy.
Indeed the placenta expresses a wider variety of enzymes during the
first trimester than at term [51]. Depending on the substrate, this
metabolic action may have significant clinical implications on how it
affects the fetus [52]. Also the developing fetus has been shown to
express a number of CYP450 enzymes during its development and
thus is fully capable of metabolizing endogenous and xenobiotic
compounds and drugs it is exposed to. The CYP450 enzymes
found to be present in the fetal liver include CYPs 1A1, 1B1,
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2C8, 2D6, 2E1, 3A4, 3A5, and 3A7 after the embryonic phase
(after 8–9 weeks of gestation) [23]. Xenobiotic metabolism activity
was also found to be significant earlier, during organogenesis (before
8 weeks of gestation). Extra hepatic tissues such as the kidney and
adrenals also contain substantial levels of CYP enzymes and can thus
also exhibit metabolizing activity. The adrenals are involved in the
metabolism of hormones of fetal or placental origin to help maintain
and protect the fetus during gestation. The polymorphic expression
of CYP3A5 and the variability of CYP3A7 expression in fetal liver
were demonstrated by Hakkola et al. [53]. This suggests the
existence of interindividual differences in the metabolism of xeno-
biotics at the prenatal stage which may contribute to individual
pharmacological and/or toxicological responses in the fetus.

The placenta is also an extremely important organ for the
mother and fetus. The human placenta oxidizes several xenobiotics
and it represents a critical barrier from toxic agents as well as an
essential organ to provide the fetus with nutrients and appropriate
gas exchange during gestation. It is also active in drug metabolism
and drug transport. CYP1A1, 2E1, 3A4, 3A5, 3A7, and 4B1 have
been detected in the term placenta. Although little is known about
phase II enzymes in the placenta, however, uridine diphosphate
glucuronosyltransferases, have been detected suggesting a signifi-
cant role of this enzyme in placental drug detoxification [54]. From
studies in women examining the effects of smoking and found they
found that placental CYP1A1 is highly inducible in pregnant
women who smoke, in addition to maternal hepatic CYP1A1 and
it is the most important metabolizing enzyme of the placenta for
which relevant inducible activity has been demonstrated through-
out pregnancy [55]. Aromatase, CYP19, and cholesterol side-chain
cleaving, CYP11B genes and proteins are catalytically active in
human placenta throughout the pregnancy [56].

Transport proteins play an important role in the adsorption,
distribution, and elimination of a wide variety of drugs. It is there-
fore, comprehensible that transporter-based drug interactions can
occur in the clinic. Transporter-based drug interactions in the clinic
may be inhibitory, inductive, or both, and may involve influx or
efflux transporters [57]. The existence of uptake and efflux trans-
porters in organs responsible for drug biotransformation and excre-
tion gives transporter proteins a unique gatekeeper function in
controlling drug access to metabolizing enzymes and excretory
pathways [44]. The presence of efflux transporters, P-glycoprotein
(Pgp), the breast cancer resistance protein (BCRP), and the multi-
drug resistance associated proteins (MRP) in the placenta has been
implicated to offer the fetus protection from medication taken
during pregnancy because of their location on brush border mem-
branes of the placenta syncytiotrophoblast [58].

Transporters for 5-HT (SERT) and NE (NET) are also
expressed at the apical surface of the placenta and regulate
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extracellular concentrations of monoamines. Some of the members
of the organic anion transporters are also expressed at the basolat-
eral surface of the syncytiotrophoblast [59]. The expression profile
of these transporters varies with advancing gestation. P-gp has
been shown to decline near term, leaving the fetus susceptible
to potentially developmental toxic drugs commonly administered
to pregnant women [60].

In the placenta, P-gp is located on the maternal-facing
membrane of the syncytiotrophoblasts (Fig. 1) [58], and has been
shown to play a significant role in protecting the fetus from xeno-
biotics [49]. However, studies in pregnant Mdr1a/b (+/+) mice,
produced increase in fetal drug distribution following oral admin-
istration of the Pgp inhibitors, PSC833 or GF120918, thus indi-
cating that the Pgp protective barrier can be ablated through
pharmacological means [61].

These proteins are members of the ABC or ATP-binding
cassette transporter superfamily [62]. Solute carrier (SLC) and
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Fig. 1 In humans, P-gp is present in several tissues important for drug absorption, distribution, and
elimination, such as the apical membrane of intestinal epithelial cells, the canalicular membrane of the
hepatocytes, the capillary endothelial cells of the brain, the apical membrane of the placental syncytiotropho-
blasts, and the apical membrane of the renal proximal tubular cells. In these tissues, P-gp functions as an
efflux pump, preventing the entry of xenobiotics into these tissues (from ref. [57])
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ATP-binding cassette (ABC) transporters play also pivotal roles in
the transport of both nutrients and drugs into breast milk, thus
drug–nutrient transport interactions at the lactating mammary
gland are possible [63].

While most have been found to have mainly physiological sub-
strates there are a number of drugs that also gain access to the fetus
through transport across the placenta. As discussed by Hodge and
Tracy [64] due to changes in many physiological parameters, the
variability in the activity of the maternal drug-metabolizing
enzymes as well as the influence of the drug transporters in the
placenta, the exposure, efficacy, and toxicity of many drugs used by
pregnant women can be difficult to predict. Transporters play an
important role in exposure of the embryo/fetus to drugs with
teratogenic potential during pregnancy, although the significance
of placental transporters on human fetal drug exposure is almost an
unstudied field so far.

1.5 Resulting

Implications in Drug

Disposition (DMPK)

During Pregnancy

The pregnant woman presents many changes for proper drug
administration as discussed above. The variety of physiological
changes, the variety in the responses of the cytochrome P450
enzymes in terms of induction and inhibition as well as the presence
of polymorphic forms which may be present and the influence of
the drug transporters make predicting the pharmacokinetics and
pharmacodynamics of any givenmedicine difficult. There is a lack of
full information on these changes and influences that needs more
investigation. Because experimenting on humans is limited the
need for better animal models, in vitro systems and predictive
software is needed. During pregnancy opposing changes in drug
metabolism are reported to occur. This includes decreased activity
of CYP1A2 and increased activity of CYP2D6 and CYP3A [31].
The CYP1A2, CYP2D6, and CYP3A enzymes are shown to be
important in the metabolism of several drugs that are administered
during pregnancy of coexisting conditions. Inhibitors of CYP1A2,
which plays a role in metabolism of clozapine and olanzapine,
include fluvoxamine and grape juice in large quantities; cigarette
smoke is considered to be an inducer of enzymes. Inhibitors of
CYP3A4 include erythromycin, carbamazepine, rifampin, and glu-
cocorticoids. Women with epilepsy do have increased risks for
maternal and fetal complications as children born to mothers taking
antiepileptic drugs (AEDs) are at increased risk for findings of fetal
anticonvulsant syndrome. In this situation the risks associated with
drug exposure to the fetus and newborn need to be balanced
against the risks incurred by seizures, and knowledge of pharmaco-
kinetic alterations becomes particularly important for AED optimi-
zation. Pregnancy can affect the pharmacokinetics of AEDs at any
level from absorption, distribution, metabolism, to elimination.
The effect varies depending on the type of AED. The most pro-
nounced decline in serum concentrations is seen for AEDs that are
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eliminated by glucuronidation (UGT), in particular lamotrigine
where the effect may be profound [65]. The apparent clearance of
lamotrigine increases by 50–90 % in pregnancy, requiring dosage
adjustment to prevent exacerbation of seizures [66].

These risks can be considerably reduced with careful selection
of AED treatment regimens. Prescribing AEDs for women during
their childbearing age should include the constant consideration of
pregnancy, planned or unplanned [67].

Drug interactions involving antiviral agents mostly reflect
shared toxicity with other agents (e.g., neutropenia with ganciclovir
and zidovudine, pancreatitis with didanosine and alcohol),
although renal excretion or hepatic metabolism may be implicated.
Given the possibility of severe adverse reactions and drug interac-
tions, antiviral chemotherapy should only be used for potentially
serious virus infections during pregnancy [68].

Maternal ethanol consumption during pregnancy and lactation
inhibits the hepatic metabolism of drugs such as chlorpromazine
which require glucuronidation for their detoxification. This
ethanol-mediated inhibition is largely exerted through the decrease
in the NAD-dependent conversion of UDP-glucose (UDPG) to
UDP-glucuronic acid, (UDPGA) [69].

In the fetus, important factors influencing drug metabolism are
the variety of CYP450s that exist, some polymorphic, and some
with changing activity in opposing directions thus presenting com-
plicating situations on what to expect pharmacokinetically and
pharmacodynamically relative to the situation in the nonpregnant
state. The placenta is a very active and integral tissue in the fetal
exposure to drugs. With the presence of both several CYP450s and
drug efflux transporters, and there may be others as yet unknown,
the placenta plays a very active role controlling the exposure of the
fetus to drugs taken by the mother. The opinion on the implica-
tions for exposure and disposition is mixed. Depending on the drug
and the enzyme and transporter involved the clinical response may
be significant or uneventful. Therefore, for drugs with a narrow
therapeutic window or those with marked pharmacologic or toxi-
cological outcomes that are also cleared predominantly by a single
CYP450 or handled by a single transporter, the need for systemic
monitoring of plasma concentration to monitor exposure is war-
ranted, at least during the initial days of starting a medication. In
addition, improved understanding of transplacental drug transfer
and metabolism will result in further enhancement of the clinical
treatment of fetal diseases/conditions.

References

1. Glover DD, Amonkar M, Rybeck BF, Tracy TS
(2003) Prescription, over-the-counter, and
herbal medicine use in a rural, obstetric popu-
lation. Am J Obstet Gynecol 188:1039–1045

2. Isoherranen N, Thummel KE (2013) Drug
metabolism and transport during pregnancy:
how does drug disposition change during
pregnancy and what are the mechanisms that

Metabolism and Drug–Drug Interaction in Pregnant Mother/Placenta/Fetus 13



cause such changes? Drug Metab Dispos 41
(2):256–262

3. Danielson PB (2002) The cytochrome P450
super family: biochemistry, evolution and
drug metabolism in humans. Curr Drug
Metab 3:561–597

4. Guengerich FP (1994) Catalytic selectivity of
human cytochrome P450 enzymes: relevance
to drug metabolism and toxicity. Toxicol Lett
70:133–138

5. Slaughter RL, Edwards DJ (1995) Recent
advances: the cytochrome P450 enzymes. Ann
Pharmacother 29:619–624

6. Mizuno N, Niwa T, Yotsumoto Y, Sugiyama Y
(2003) Impact of drug transporter studies on
drug discovery and development. Pharmacol
Rev 55(3):425–461

7. Borst P, Evers R, Kool M, Wijnholds J (2000)
A family of drug transporters: the multidrug
resistance-associated proteins. J Natl Cancer
Inst 92:1295–1302

8. Rogers AS (1994) The role of cytochrome
P450 in developmental pharmacology. J Ado-
lesc Health 15(8):635–640

9. Hollenberg PF (2002) Characteristics and
common properties of inhibitors, inducers,
and activators of CYP enzymes drug metabo-
lism reviews. Drug Metab Rev 34(1&2):17–35

10. Feghali MN, Mattison DR (2011) Clinical
therapeutics in pregnancy. J Biomed Biotech-
nol ID 783528, 13 p

11. Little B (1999) Pharmacokinetics during preg-
nancy: evidence-based maternal dose formula-
tion. Obstet Gynecol 93:858–868

12. Frederiksen MC (2001) Physiologic changes in
pregnancy and their effect on drug disposition.
Semin Perinatol 5:120–123

13. Pavek P, Ceckova M, Staud F (2009) Variation
of drug kinetics in pregnancy. Curr Drug
Metab 10:520–529

14. Mitani GM, Steinberg I, Lien EJ, Harrison EC,
Elkayam U (1987) The pharmacokinetics of
antiarrhythmic agents in pregnancy and lacta-
tion. Clin Pharmacokinet 12:253–291

15. Best B, Capparelli EV (2008) Implications of
gender and pregnancy for antiretroviral drug
dosing. Cur Opin HIV AIDS 3:277–282

16. Morgan DJ (1997) Drug disposition in mother
and fetus. Clin Exp Pharmacol Physiol
24:869–873

17. Jeong H (2010) Altered drug metabolism dur-
ing pregnancy: hormonal regulation of drug-
metabolizing enzymes. Expert Opin Drug
Metab Toxicol 6(6):689–699

18. Loebstein R, Lalkin A, Koren G (1997) Phar-
macokinetic changes during pregnancy and

their clinical relevance. Clin Pharmacokinet
33:328–343

19. Krishna DR, Klotz U (1994) Extrahepatic
metabolism of drugs in humans. Clin Pharma-
cokinet 26:144–160

20. O’Shaughnessy PJ, Monteiro A, Bhattacharya
S, Fowler PA (2011) Maternal smoking and
fetal sex significantly affect metabolic enzyme
expression in the human fetal liver. J Clin
Endocrinol Metab 96(9):2851–2860

21. Huang SM, Temple R, Throckmorton DC,
Lesko LJ (2007) Drug interaction studies:
study design, data analysis, and implications
for dosing and labeling. Clin Pharmacol Ther
81(2):298–304

22. Sasaki S, Kondo T, Sata F, Saijo Y, Katoh S,
Nakajima S, Ishizuka M, Fujita S, Kishi R
(2006) Maternal smoking during pregnancy
and genetic polymorphisms in the Ah receptor,
CYP1A1 and GSTM1 affect infant birth size in
Japanese subjects. Basic Sci Reprod Med
12(2):77–83

23. Blake MJ, Gaedigk A, Pearce RE, Bomgaars
LR, Christensen ML, Stowe C, James LP,
Wilson JT, Kearns GL, Leeder JS (2005)
Ontogeny of dextromethorphan O- and
N-demethylation in the first year of life. Clin
Pharmacol Ther 81:510–516

24. Treluyer JM, Jacqz-Aigrain E, Alvarez F,
Cresteil T (1991) Expression of CYP2D6 in
developing human liver. Eur J Biochem
202:583–588

25. Fakhoury M, Jacqz-Aigrain E (2005) Develop-
mental pharmacogenetics. Pediatrica 16
(2):28–31

26. Stevens JC, Marsh SA, Zaya MJ, Regina KJ,
Divakaran K, Le M, Hines RN (2008) Devel-
opmental changes in human liver CYP2D6
expression. Am Soc Pharmacol ExpTher 36
(8):1587–1593

27. Zanger UM, Turpeinen M, Klein K, Schwab M
(2008) Functional pharmacogenetics/geno-
mics of human cytochromes P450 involved in
drug biotransformation. Anal Bioanal Chem
39(6):1093–1108

28. DeWildt SN, Kearns GL, HopWC,Murry DJ,
Abdel-Rahman SM, van den Anker JN (2001)
Pharmacokinetics and metabolism of intrave-
nous midazolam in preterm infants. Clin Phar-
macol Ther 70:525–531

29. Davis M, Simmons CJ, Dordoni B et al (1973)
Induction of hepatic enzymes during normal
human pregnancy. J Obstet Gynaecol Br Com-
monw 80:690–694

30. Wadelius M, Darj E, Frenne G, Rane A (1997)
Induction of CYP2D6 in pregnancy. Clin Phar-
macol Ther 62:400–407

14 Ali S. Faqi and Karsten A. Holm



31. Tracy TS, Venkataramanan R, Glover DD, Car-
itis SN (2005) Temporal changes in drug
metabolism (CYP1A2, CYP2D6 and CYP3A
activity) during pregnancy. Am J Obstet Gyne-
col 192:633–639

32. Koh KH, Xie H, Yu A-M, Leong H (2011)
Altered cytochrome P450 expression in mice
during pregnancy. Drug Metab Dispos 39
(2):165–169

33. Strickler S, Margaret A, Miller E, Linda A,
Marie-Helene DS, Spielberg SP (1985)
Genetic predisposition to phenytoin-induced
birth defects. Lancet 2:746–749

34. Shanks MJ, Wiley MJ, Kubow S, Wells PG
(1989) Phenytoin embryotoxicity: role of
enzymatic bioactivation in a murine embryo
culture model. Teratology 40:311–320

35. Wilffert B, Altena J, Tijink L, van Gelder M, de
Jong-van den Berg L (2011) Pharmacogenetics
of drug-induced birth defects: what is known
so far? Pharmacogenomics 12(4):547–558

36. Nagai G, Ono S, Yasui-Furukori N, Nakamura
A, Mihara K, Kondo T (2009) Formulations of
valproate alter valproate metabolism: a single
oral dose kinetic study. Ther Drug Monit 31
(5):592–596

37. Shaffer CL, Gal P, Ransom JL, Carlos RQ,
Smith MS, Davey AM, Dimaguila MA, Brown
YL, Schall SA (2002) Effect of age and birth
weight on indomethacin pharmacodynamics in
neonates treated for patent ductus arteriosus.
Crit Care Med 30:343–348

38. McCarver DG, Hines RN (2002) The ontog-
eny of human drug-metabolizing enzymes:
phase II conjugation enzymes and regulatory
mechanisms. J Pharmacol Exp Ther 300
(2):361–366

39. Feder HM, Osier C, Maderazo EG (1981)
Chloramphenicol: a review of its use in clinical
practice. Clin Infect Dis 3(3):479–491

40. Bosma PJ, Chowdhury JR, Bakker C, Gantla S,
de Boer A,Oostra BA, Lindhout D, Tytgat GN,
Jansen PL, Oude Elferink RP, Chowndry NR
(1995) The genetic basis of the reduced expres-
sion of bilirubin UDP-glucuronosyltransferase
1 in Gilbert’s syndrome. N Engl J Med 333
(18):1171–1175

41. Richard K, Hume R, Kaptein E, Visser TJ,
Coughtrie MWH (2001) Sulfation of thyroid
hormone and dopamine during human devel-
opment: ontogeny of phenol sulfotransferases
and arylsulfatase in liver, lung and brain. J Clin
Endocrinol Metab 86:2734–2742

42. Juliano RI, Ling VA (1976) A surface glyco-
protein modulating drug permeability in Chi-
nese hamster ovary cell mutants. Biochim
Biophys Acta 455:152–162

43. Klaassen CD, Aleksunes LM (2010) Xenobi-
otic, bile acid, and cholesterol transporters:
function and regulation. Pharmacol Rev 62
(1):1–96

44. Shugarts S, Benet LZ (2009) The role of trans-
porters in the pharmacokinetics of orally admi-
nistered. Pharm Res 26(9):2039–2054

45. Scherrmann JM (2009) Transporters in
absorption, distribution, and elimination.
Chem Biodivers 6(11):1933–1942

46. V€ah€akangas K, Myllynen P (2009) Drug trans-
porters in the human blood-placental barrier.
Br J Pharmacol 158(3):665–678

47. KlaassenCD, LuH (2008) Xenobiotic transpor-
ters: ascribing function from gene knockout and
mutation studies. Toxicol Sci 101:186–196

48. Gedeon C, Koren G (2006) Designing preg-
nancy centered medications: drugs which do
not cross the human placenta. Placenta 27
(8):861–868

49. Unadkat JD, Dahlin A, Vijay S (2004) Placen-
tal drug transporters. Curr Drug Metab 5
(1):125–131

50. Vore M, Leggas M (2008) Progesterone acts
via progesterone receptors A and B to regulate
breast cancer resistance protein expression.
Mol Pharmacol 73:613–615

51. Hakkola J, Pelkonen O, Pasanen M, Raunio H
(1996) Xenobiotic-metabolizing cytochrome
P450 enzymes in the human feto-placental
unit: role in intrauterine toxicity. Crit Rev Tox-
icol 28:35–72

52. Weier N, He SM, Li XT, Wang LL, Zhou SF
(2008) Placental drug disposition and its
clinical implications. Curr Drug Metab
9:106–121

53. Hakkola J, Raunio H, Purkunen R, Saarikoski
S, V€ah€akangas K, Pelkonen O, Edwards RJ,
Boobis AR, Pasanen M (2001) Cytochrome
P450 3A expression in the human fetal liver:
evidence that CYP3A5 is expressed in only a
limited number of fetal livers. Biol Neonate 80
(3):193–201

54. Syme MR, Paxton JW, Keelan JA (2004) Drug
transfer and metabolism by the human pla-
centa. Clin Pharmacokinet 43(8):487–514

55. Stejskalova L, Pavek P (2011) The function of
cytochrome P450 1A1 enzyme (CYP1A1) and
aryl hydrocarbon receptor (AhR) in the pla-
centa. Curr Pharm Biotechnol 12(5):715–730

56. Pasanen M (1999) The expression and regula-
tion of drug metabolism in human placenta.
Adv Drug Deliv Rev 38(3):81–97

57. Endres CJ, Hsiao P, Chung FS, Unadkat JD
(2006) The role of transporters in drug inter-
actions. Eur J Pharm Sci 27(5):501–517

Metabolism and Drug–Drug Interaction in Pregnant Mother/Placenta/Fetus 15



58. Atkinson DE, Brice-Bennett S, D’Souza SW
(2007) Antiepileptic medication during preg-
nancy: does fetal genotype affect outcome?
Pediatr Res 62(2):120–127

59. Eshkoli T, Sheiner E, Ben-Zvi Z, Holcberg G
(2011) Drug transport across the placenta.
Curr Pharm Biotechnol 12(5):707–714

60. Iqbal M, Audette MC, Petropoulos S, Gibb W,
Matthews SG (2012) Placental drug transpor-
ters and their role in fetal protection. Placenta
33(3):137–142

61. Smit JW, Huisman MT, van Tellingen O,
Wiltshire HR, Schinkel AH (1999) Absence
or pharmacological blocking of placental
P-glycoprotein profoundly increases fetal drug
exposure. J Clin Invest 104(10):1441–1447

62. Dean M, Rzhetsky A, Allikmets R (2001) The
humanATP-binding cassette (ABC) transporter
superfamily. Genome Res 11(7):1156–1166

63. Gilchrist SE, Alcorn J (2010) Lactation stage-
dependent expression of transporters in rat
whole mammary gland and primary mammary
epithelial organoids. Fundam Clin Pharmacol
24(2):205–214

64. Hodge LS, Tracy TS (2007) Alterations in
drug disposition during pregnancy: implica-
tions for drug therapy. Expert Opin Drug
Metab Toxicol 3:557–571

65. Tomson T, Landmark CJ, Battino D (2013)
Antiepileptic drug treatment in pregnancy:
changes in drug disposition and their clinical
implications. Epilepsia 54(3):405–414

66. Pennell PB, Peng L, Newport DJ, Ritchie JC,
Koganti A, Holley DK, NewmanM, Stowe ZN
(2008) Lamotrigine in pregnancy: clearance,
therapeutic drug monitoring, and seizure fre-
quency. Neurology 70:2130–2136

67. Pennell P (2005) Using current evidence in
selecting antiepileptic drugs for use during
pregnancy. Epilepsy Curr 5(2):45–51

68. Morris DJ (1994) Adverse effects and drug
interactions of clinical importance with anti-
viral drugs. Drug Saf 10(4):281–291

69. Rawat AK (1981) Ethanol and psychotropic
drug interaction during pregnancy and
lactation. Biochem Pharmacol 30(17):
2457–2460

16 Ali S. Faqi and Karsten A. Holm


	Dedication
	Preface
	Contents
	Contributors
	Metabolism and Drug-Drug Interaction in Pregnant Mother/Placenta/Fetus
	1 Introduction
	1.1 Drug Disposition Changes During Pregnancy and Lactation
	1.2 Enzyme Influences During Pregnancy and Lactation
	1.3 Transporter Influences During Pregnancy
	1.4 Enzyme and Transporter Influences in the Fetus and Placenta
	1.5 Resulting Implications in Drug Disposition (DMPK) During Pregnancy

	References

	Critical Periods of Development in Teratology
	1 Introduction
	2 Developmental Periods
	3 Principles of Teratogenesis
	4 Validating the Principle of Critical Period
	4.1 Ionizing Radiation
	4.2 Maternal Rubella Infection
	4.2.1 Susceptible Periods of CRS

	4.3 Retinoic Acid
	4.3.1 Vitamin A Deficiency/Excess


	5 Critical Period of Developmental Susceptibility to Retinoids
	6 Summary
	References

	Nonclinical Safety Assessment of Developmental and Reproductive Toxicology: Considerations for Conducting Fertility, Embryo&nd
	1 Overview and Historical Background of Regulations and Guidelines for Reproductive and Developmental Toxicology Assessments
	1.1 Background and Historical Perspective
	1.2 Early Guidelines
	1.3 ICH Establishment and Guidelines
	1.4 Reproductive Life Cycle and ICH Approach
	1.5 ICH Stages of Development

	2 Current ICH Study Designs
	2.1 ICH Study of Fertility and Early Embryonic Development to Implantation (ICH 4.1.1)
	2.2 Species Selection
	2.3 Considerations for Alterations in Study Design
	2.4 Dose Selection
	2.5 Number of Animals and General Study Design Considerations

	3 Fertility and Reproduction Evaluation
	3.1 Female Fertility Evaluation
	3.1.1 Parameters
	3.1.2 Evaluation of Mating Success: Preimplantation Loss, Implantation Loss, and Implantation Viability
	3.1.3 Ovarian Evaluation and Follicular Count

	3.2 Male Fertility Evaluation
	3.2.1 Hormone Regulation of Fertility


	4 Embryo-Fetal Developmental Toxicity Study Designs
	4.1 General Background
	4.2 Wilson´s Six Principles of Teratology
	4.3 Study Design Requirements
	4.3.1 Species Considerations
	4.3.2 Conducting Dose Range-Finding Studies for the Definitive Embryo-Fetal Development Studies
	4.3.3 Number of Animals
	4.3.4 Maternal In-life and Caesarian Section Observations
	4.3.5 Caesarian Section Examinations
	4.3.6 Fetal Evaluations
	Fresh Visceral Examination (Staple´s Technique)
	Wilson´s Soft Tissue Sectioning Technique for Visceral Exam

	4.3.7 Skeletal Staining and Examination
	4.3.8 Timing Considerations for Embryo-Fetal Developmental Toxicology Studies


	5 Prenatal and Postnatal Developmental Toxicity Studies
	5.1 Study Design Requirements
	5.1.1 Species Considerations
	5.1.2 Number of Animals
	5.1.3 Dose Selection Considerations
	5.1.4 Exposure Timing Considerations and Treatment Period
	5.1.5 Maternal In-life Observations F0 Generation
	5.1.6 Parturition and Preweaning Litter Observations F1 Generation
	5.1.7 Postweaning Assessments
	5.1.8 Behavior and Learning Assessments
	5.1.9 Assessment of F1 Fertility and Reproductive Performance

	5.2 Bioanalytical and Toxicokinetic Considerations for Studies to Evaluate Fertility, Developmental Toxicity, and Prenatal and...
	5.3 Data Presentation for Prenatal and Postnatal (PPN) Studies

	6 Evaluating Biopharmaceuticals for Reproductive and Developmental Toxicity in Traditional Models
	6.1 Considerations of Placental Transfer in Traditional Species

	7 Reproductive and Developmental Toxicity Evaluations in the Nonhuman Primate
	7.1 Biopharmaceuticals
	7.2 ICH Considerations for Nonhuman Primate DART Studies
	7.3 Study of Fertility and Early Embryonic Development to Implantation Evaluation
	7.4 Embryo-Fetal Development (EFD) Study
	7.5 Enhanced Study Design for Prenatal and Postnatal Development (e-PPND)
	7.6 Juvenile Toxicity Studies in NHPs

	8 Alternative Methods Used for Reproductive and Developmental Toxicity Testing
	8.1 Embryonic Stem Cell Test (EST)
	8.2 Whole Embryo Culture (WEC)
	8.3 Zebrafish Embryotoxicity Test (ZET)

	9 Perspective and Future of Reproductive and Developmental Toxicology
	References

	A Developmental and Reproductive Toxicology Program for Chemical Registration
	1 Use of Developmental and Reproductive Toxicity Studies for Chemical Registration
	1.1 Typical Flow and Integration of Studies for Agrochemicals
	1.2 Mode of Action Studies
	1.3 Typical Flow and Integration of Studies for Industrial Chemicals

	2 General Considerations for All DART Study Designs
	2.1 Principles of the 3Rs (Refinement, Reduction, and Replacement)
	2.2 Species and Strain Selection
	2.3 Incorporating Toxicokinetics into DART Study Designs
	2.4 Dose Level Selection

	3 DART Study Designs
	3.1 Palatability and Triggered Range-Finding Study in Rats
	3.2 Developmental Toxicity Probe Study
	3.3 Developmental Toxicity Definitive Study (OECD 414)
	3.4 Reproduction/Developmental Toxicity Screening Study (OECD 421/422)
	3.5 Two-Generation Reproductive Toxicity Study (OECD 416)
	3.5.1 Data Interpretation
	3.5.2 Future Directions

	3.6 Extended One-Generation Reproductive Toxicity Study (EOGRTS; OECD 443)
	3.6.1 Regulatory Use of EOGRTS
	3.6.2 EOGRTS Range-Finding Study
	3.6.3 EOGRTS
	3.6.4 Advantages of the EOGRTS Study Design
	3.6.5 Disadvantages of the EOGRTS Study Design
	3.6.6 Challenges When Conducting an EOGRTS


	4 Conclusion
	References

	The Influence of Environmental Contaminants and Lifestyle on Testicular Damage and Male Fertility
	1 Introduction
	2 Chemicals Affecting Male Fertility
	2.1 Phthalates
	2.2 Heavy Metals
	2.3 Chemotherapy and Radiation
	2.4 Pesticides and Herbicides
	2.5 Lifestyle, Nutrition, Alcohol, and Smoking

	3 Methods
	3.1 Assessment of Testicular Toxicity
	3.2 Biomarkers of Testicular Damage and Male Fertility in Humans

	4 Conclusion
	References

	Effects of Chemicals on Mammary Gland Development
	1 Introduction
	2 Key Stages of Mammary Gland Development
	2.1 Gestation
	2.2 Postnatal and Prepubertal
	2.3 Puberty
	2.4 Pregnancy and Lactation
	2.5 Involution

	3 Hormone Actions in Mammary Gland Development
	3.1 Gestation
	3.2 Postnatal and Prepubertal
	3.3 Puberty
	3.4 Pregnancy and Lactation
	3.5 Involution

	4 Chemicals Affecting Mammary Gland Development
	4.1 Ethinyl Estradiol
	4.2 Diethylstilbestrol
	4.3 Genistein
	4.4 Bisphenol A
	4.5 Triclosan
	4.6 Vinclozolin
	4.7 2,3,7,8-Tetrachlorodibenzo-p-Dioxin
	4.8 Cadmium
	4.9 Perfluorooctanoic Acid
	4.10 Atrazine
	4.11 Radiation

	5 Implication of Altered Development
	6 Concluding Remarks
	References

	Alternative Methods Used to Assess Potential Embryo-Fetal Developmental Risk of Pharmaceuticals
	1 Introduction
	2 Alternative Mammalian Models
	2.1 Whole Embryo Culture (WEC)
	2.2 Advances in Whole Embryo Imaging Using Micro-Computed Tomography (Micro-CT)
	2.3 Mouse Embryonic Stem Cell Test (mEST)
	2.4 Advances in High Content Embryoid Body Imaging
	2.5 Human Embryonic Stem Cell Test (hEST)

	3 Alternative Non-mammalian Models
	3.1 Zebrafish Developmental Toxicity Assays
	3.2 Neurobehavioral Testing in Zebrafish Larvae
	3.3 Automation for Rapid Handling of Zebrafish Embryos
	3.4 Advances in High-Content Imaging and Image Analysis of Zebrafish
	3.5 Genetics and Genomics to Elucidate Mechanism of Action Using Zebrafish

	4 Looking to the Horizon
	References

	Using the Alternative Model C. elegans in Reproductive and Developmental Toxicology Studies
	1 Introduction
	2 Use of C. elegans in Toxicology
	2.1 Genotoxicology
	2.2 Neurotoxicology
	2.3 High-Throughput Screening

	3 C. elegans as a Reproductive Model
	4 Use of C. elegans in Reproductive Toxicology
	5 Methods
	5.1 Apoptosis Assay
	5.1.1 Apoptosis Assay by Acridine Orange (AO) Staining

	5.2 Nuclear Morphology Assessment by DAPI Staining
	5.2.1 DAPI Staining of C. elegans

	5.3 Examination of Protein Expression Kinetics in the Germline by Immunofluorescence
	5.3.1 Immunofluorescence Protocol


	6 Interpretation and Extrapolation of Data Generated in C. elegans
	7 Concluding Remarks
	References

	High-Throughput Screens for Embryonic Stem Cells: Stress-Forced Potency-Stemness Loss Enables Toxicological Assays
	1 Introduction
	2 Materials
	2.1 Media and Solutions
	2.1.1 Dulbecco´s High Glucose Modified Eagles Medium (We Use HyClone)
	2.1.2 MEM Nonessential Amino Acid Solution 100x (We Use Sigma)
	2.1.3 ESC Growth Medium
	2.1.4 Dulbecco´s Phosphate Buffered Saline (We Use HyClone)
	2.1.5 Dulbecco´s Phosphate Buffered Saline with Calcium and Magnesium (We Use HyClone)
	2.1.6 Gelatin Solution

	2.2 Cell Culture Ware
	2.3 Cell Lines
	2.4 Lentiviral Particles and Cell Infection
	2.5 Additional Reagents
	2.6 ECVAM ESC Test [19, 28, 29] Embryotoxic Stressors
	2.6.1 Strongly Embryotoxic Group
	2.6.2 Moderately Embryotoxic Group
	2.6.3 Nonembryotoxic Group
	2.6.4 AMPK-Modulating Diet Supplements Group


	3 Methods
	3.1 Generation of Mouse Transgenic ESCs with Single- or Double-Viable Potency Activity Reporters by Low Stress Protocols
	3.2 Transgenic ESC Culture and Test Drug or Toxicant Treatment
	3.3 Determination of Potency Reporter by Fluorescent Plate Reading
	3.4 Fluorescence Data Analysis
	3.5 Validation of the Hoechst Staining with the Protein Concentration Determination
	3.5.1 Preparation of Media with Incremental Concentrations of Drugs
	3.5.2 Cell Culture and Drug Treatment
	3.5.3 Testing the ECVAM Toxicant Set Previously Use to Validate Embryonic Stem Cell Toxicity Assays
	3.5.4 Trend Line and EC50 Calculations for Protein- and Hoechst-Based Assays Cell Growth for Hyperosmotic Stress
	3.5.5 Trend Line and EC50 Calculations for Protein- and Hoechst-Based Assays Cell Growth for AMPK Modulators
	3.5.6 False Hit Rate


	4 Notes
	References

	Index

