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Abstract

Pregnancy is associated with a variety of physiological changes that can alter the pharmacokinetics
and pharmacodynamics of several drugs. However, limited data exists on the pharmacokinetics
and pharmacodynamics of the majority of the medications used in pregnancy. In this article, we
first describe basic concepts (drug absorption, bioavailability, distribution, metabolism,
elimination, and transport) in pharmacokinetics. Then, we discuss several physiological changes
that occur during pregnancy that theoretically affect absorption, distribution, metabolism, and
elimination. Further, we provide a brief review of the literature on the clinical pharmacokinetic
studies performed in pregnant women in recent years. In general, pregnancy increases the
clearance of several drugs and correspondingly decreases drug exposure during pregnancy. Based
on current drug exposure measurements during pregnancy, alterations in the dose or dosing
regimen of certain drugs are essential during pregnancy. More pharmacological studies in pregnant
women are needed to optimize drug therapy in pregnancy.
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Introduction

Approximately 64% of women in the United States are prescribed one or more medications
during pregnancy for acute or chronic conditions such as urinary tract infections, nausea,
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depression, hypertension, diabetes, preeclampsia, preterm labor, gestational diabetes
mellitus, or asthma.! The average number of medications used in pregnancy, not including
vitamins and minerals, is reported to be 4.2.2 For a majority of these medications, there is no
pharmacological data available in pregnant women.3 A systematic evaluation of the
pharmacokinetics, concentration—effect relationships, placental transfer, fetal drug exposure,
and concentrations in breast milk is generally lacking for these drugs. This problem results
from a lack of initiative by the pharmaceutical companies to conduct research in pregnant
women, probably related to the cost and medical-legal issues. Currently, the dosing regimen
of most medications used by pregnant women is largely based on the data in men and non-
pregnant women, which can lead to either overdosing with excessive side effects or under-
dosing with an inadequate therapeutic response in pregnant mothers. In addition, the
application of any available data from animal models of pregnancy is limited due to species-
dependent differences in metabolism/pharmacokinetics of the drugs and due to our inability
to extrapolate the results from animals to humans.!

To enhance our understanding of obstetric pharmacology and the rational use of medications
during pregnancy, the Obstetric-Fetal Pharmacology Research Unit (OPRU) Network, which
is funded by the Eunice Kennedy Shriver National Institute of Child Health and Human
Development (NICHD), has embarked on several projects (OPRU link, {https:/
www.nichd.nih.gov/research/supported/Pages/opru_network.aspx)). The OPRU Network
investigators have contributed to the improved pharmacological understanding of a number
of commonly used drugs during pregnancy, including statin drugs, antidiabetic drugs,
antihypertensives, antibiotics, antivirals, benzodiazepines, drugs used in preterm delivery,
tocolytics, and immunosuppressants, and provided a rationale for optimizing the dosing
regimen of these agents. Clinical studies* 14 have been performed to evaluate the disposition
and efficacy of drugs during pregnancy, while nonclinical research1>24 has been conducted
to investigate the mechanisms of drug disposition and response in pregnancy. We have
searched English-language literatures through MEDLINE/PubMed using the keywords
“pregnancy, human, pharmacokinetics, pharmacodynamics, clearance, concentrations” and
identified publications based only on in vitro and in vivo human data. The objectives of this
article are to address the basic pharmacokinetic and pharmacodynamic concepts useful in
Obstetric Pharmacology, to summarize physiological changes that occur during pregnancy
that can alter the pharmacokinetics of a drug, and to present a few examples of
pharmacokinetic alterations during pregnancy based on studies published during the period
2005-2014.

Basic pharmacokinetics

Pharmacokinetics (PK) describes the time course of drug concentration in the body. The
processes of drug absorption (A), distribution (D), metabolism (M), excretion (E), and
transport (T) ultimately determine the concentration—time profile of a drug in various parts
of the body. When a drug is administered extravascularly, it goes through a process of
absorption from the site of administration, then distributes to various parts of the body, and
finally gets out of the body either as the parent drug or as metabolites. Metabolites produced
are usually more polar than the parent drug and are more readily excreted by the kidney or
through the bile. Metabolism of drugs (phase | oxidation and phase 1l conjugation) occurs
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primarily in the liver but can also take place in other organs such as the small intestine and
the kidney. While movement of drugs in and out of cells in general occurs through passive
diffusion, certain drugs require membrane transporters to move in and out of cells. In
particular, during pregnancy, placental transporters play an important role in regulating the
access of xenaobiotics from a mother to the fetus. When pharmacokinetic studies are
performed, blood samples are collected over dosing intervals and the blood or plasma
concentrations of a drug are typically measured using a specific and sensitive assay method.
The concentration—time profile is then used to determine various pharmacokinetic
parameters of the drug.

Clinical pharmacological study design in pregnancy

The primary objectives of most clinical pharmacological studies in pregnant women are to
describe the ADMET properties of drugs and to optimize dosing regimen of drugs in this
population. The most desirable study design is to compare the pharmacokinetic parameters
(e.g., apparent oral clearance) during pregnancy with that observed either prior to pregnancy
or during postpartum, as a non-pregnant control comparison within the same subject. In this
longitudinal study design, a group of women are enrolled and individually followed up prior
to pregnancy and throughout gestation or across gestation into the postpartum period for
pharmacokinetic and pharmacodynamics evaluations. However, from a practical point of
view, our ability to perform longitudinal studies is impacted by the inability to obtain the
data before pregnancy. While data collected from postpartum are used as substitute for pre-
pregnancy studies, this approach may be limited by recruitment issues postpartum and the
lack of knowledge of the time taken to recover completely to pre-pregnancy status and the
potential impact of breast-feeding on the pharmacokinetics of drugs. In the cross-sectional
study design that is more often used in practice, but is a less desirable study design, the
pharmacokinetic parameters in a group of pregnant women are compared with those
obtained from a group of non-pregnant women, either healthy adult volunteers or those
inflicted with the same illness for which the drug is approved. It is important to relate any
changes in the pharmacokinetic parameters observed to the pathophysiological changes that
occur in pregnancy. Compared to the longitudinal study design, the cross-sectional study
design may mask any real impact of pregnancy on the pharmacokinetics and
pharmacodynamics of drugs.

Once the concentration-time profile of a drug over dosing intervals is obtained, non-
compartmental and compartmental pharmacokinetic analyses are performed to calculate
pharmacokinetic parameters. Population pharmacokinetic modeling and simulation also
represents a feasible approach when only sparse (limited) sampling is available2® from
pregnant subjects. Nonlinear mixed-effects modeling (NON-MEM) with stepwise covariate
modeling is used to build structural covariate models. The aim of covariate modeling is not
only to find covariates that significantly influence the population pharmacokinetic
parameters but also to provide dosing recommendations for certain drugs used in pregnancy.
Using this approach, pregnancy has been identified as a significant covariate for
pharmacokinetics for some drugs, including labetalol2® and azithromycin.2’
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Analysis of plasma or blood concentration vs time profile

Various pharmacokinetic parameters that can be obtained from the plasma or blood
concentration vs time curve are shown in Figure and are discussed below.

Area under the concentration—time curve (AUC, unit: pg/mL h) is a measure of overall drug
exposure in a subject. Calculation of AUC is usually performed using the trapezoidal rule, as
shown in Figure. The terminal disposition rate constant (A,, unit: 1/h) is calculated as the
slope of the terminal linear portion of a semilog concentration—time curve.

Drug absorption and bioavailability

Bioavailability (F) is a measure of the rate and extent to which a drug is available to the
systemic circulation. When a drug is administered extravascularly, the entire administered
dose or absorbed amount may not be available to the systemic circulation. After oral
administration, a drug may be incompletely absorbed or can be degraded in the gut. Even
completely absorbed, a drug can undergo significant first-pass metabolism in the gut or the
liver or can be effluxed by drug transporters, leading to a lower bioavailability. The
bioavailability is usually determined by comparing dose-normalized AUC after an
extravascular drug administration (e.g., oral or intramuscular or subcutaneous) to that after
intravenous drug administration (Fig.). Absolute bioavailability is expressed as follows:

AUC(Ofoo) extravenous « Doseintravenous

AUC (0—00) intravenous Doseextravenous (1)

Drug distribution

\Volume of distribution (L or L/kg body weight) is a parameter that relates the amount of the
drug in the body to the concentration of the drug at the site of measurement. After
intravenous administration of a drug with first-order elimination, assuming instantaneous
distribution of the drug into the entire body, the apparent volume of drug distribution in the
body is calculated as follows:

Doseintravenous

4™ nitial plasma concentration  (2)
For a drug that exhibits multi-compartment behavior, the volume of the central compartment
(V) describes the initial volume into which the drug distributes instantaneously:

_ Doseintravenous
c— oy . .
Initial concentration in central compartment — (3)

Volume of the central compartment is important in the clinical setting as it determines the
loading dose for an intravenous bolus injection in order to achieve a desired peak plasma
concentration of a drug.
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Another volume term, volume of distribution at terminal phase (), is used to estimate the
amount of drug in the body during the terminal disposition phase, where A; is the terminal
disposition rate constant (Fig.):

DOSCintravenous

V'g:AUC(U_O@) X Ay (4)

After extravascular administration, the apparent volume of distribution of a drug is estimated
as Wyl F, since the actual fraction of the dose that is bioavailable (£) is not normally known.

In plasma, a drug will be in an unbound form or bound to plasma proteins. The ratio of
unbound drug to total drug is known as the fraction unbound (#p) in plasma.
Physiologically, the volume of distribution is determined by plasma volume ( V), total body
water—plasma volume ( V%), the unbound fraction of the drug in plasma (#,p), and unbound
fraction of the drug in tissues (#7):

V=V, 4V, ;UP -
uT

Drugs that predominantly stay within the vascular system will have a volume of distribution
corresponding to plasma volume (Vp). Drugs that are not bound to any proteins in blood or
in the tissues will have a volume of distribution corresponding to the total body water (Vp +
V4). Drugs that are highly bound to tissues (small 7;7) will have a very large volume of
distribution, and only a small amount of the drug will be in the vascular system.
Lipophilicity of a drug, often expressed as octanol/water partition-coefficient (log P), is an
important physicochemical parameter influencing plasma/tissue protein binding and volume
of distribution. Molecular size or molecular weight of a drug can affect its membrane
permeation and therefore the distribution of a drug as well.

Drug metabolism and elimination

Quantitatively, liver normally accounts for the metabolism and clearance of a majority of
drugs, although other organs such as the intestine, kidney, and placenta may also contribute
to the clearance of a few drugs. Drug-metabolizing enzymes mainly localized to cellular
endoplasmic reticulum catalyze the biotransformation of drugs to often pharmacologically
inactive or sometimes active metabolites [e.g., codeine (prodrug) conversion to morphine
(active) and morphine conversion to morphine-6-glucuronide (active)] in humans. The
NADPH-cytochrome P450 reductase (P450R)/cytochrome P450s (P450s, namely CYP1A2,
CYP2A6, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3AA4/5) are enzymes that
mediate phase | oxidative reactions, whereas the UDP-glucuronosyltransferases (UGTs,
namely UGT1AL, UGT1A4, UGT2B4, and UGT2BY7), sulfotransferases (SULTs, namely
SULT1A1L, SULT1A2, SULT2A, and SULT2B), glutathione S-transferases, and N-
acetyltransferases are enzymes that mediate phase Il conjugative reactions of most drugs. In
addition, there are several transporters that are expressed in organs such as the liver, kidney,
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and small intestine that are responsible for the movement of the drug and/or metabolites into
or out of the organ (Table 1).

Clearance (CL, unit: L/h or L/h/kg body weight) is the most important pharmacokinetic
parameter of a drug, as it determines the drug exposure and measures the overall ability of
the human body to eliminate a drug. Total body clearance is the volume of blood or plasma
that is completely cleared of the drug in a unit of time. Blood and plasma clearances will be
equal only when the drug concentrations in blood and in plasma are equal. Drugs can be
cleared from the body by many organs. The total body clearance of a drug is the sum of all
the clearances by various organs.

CLt:CLh‘l'CLr“‘CLotl]er (6)

where CL is total body clearance, CLy, is hepatic clearance, CL, is renal clearance, and
CLther is clearance by all other organs (gastrointestinal tract, pulmonary, etc.).

After intravenous administration, the clearance of the drug is given as follows:

CL.— Doseintravenous
=

AUC@-0)  (7)

When a drug is given via an extravascular route, absolute clearance cannot be calculated,
instead the apparent clearance is estimated, which includes the bioavailability factor, such
that the apparent drug clearance is as follows:

CLt _ Doseextravascular

F— AUCq o)  (g)

The clearance of a drug in the liver (CLy,) is determined by hepatic blood flow (@, 90 L/h in
an adult human being) and the extraction ratio of the drug in the liver (ER):

CLh:Qh x ER (9)

Extraction ratio is considered as an index of how efficiently the liver extracts drug from the
blood that goes through it, and it ranges from 0 to 1. ER across an organ is dependent on the
fraction of unbound drug (#p) and intrinsic clearance of the organ (CL;.:, the inherent
ability to remove the drug by the organ in the absence of any limitations):

fUP X CLint
ER=
Q+(.f[;p X CLiDt) (10)
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Drugs with low ER (ER < 0.3) show a capacity-limited clearance (CL = f;p x CLjnt), Where
the clearance is primarily determined by the unbound fraction of the drug and the intrinsic
clearance. Drugs with a hepatic clearance calculated based on blood concentration <18 L/h
are considered low hepatic clearance drugs. Drugs with high ER (ER > 0.7) show organ
blood flow-limited clearance (CL = @), where the clearance is directly affected by changes
in blood flow. Drugs with hepatic clearance calculated based on blood concentration >63 L/h
are considered high hepatic clearance drugs. In case of high clearance drugs, most or all the
drug delivered to that organ is completely cleared during its passage.

For drugs that are cleared by the kidney, renal clearance is determined from the amount of
unchanged drug excreted in the urine (AU(_oo)) divided by the area under the plasma
concentration—-time curve:

C . Au(Ofoc)
L= 0m)
AUC—) (11)

A drug’s overall renal clearance is a function of glomerular filtration (CLgg), tubular
secretion (CLys), and tubular reabsorption (TR). It can be expressed as follows:

CL,=CL.+CL,—TR (12)

Increased glomerular filtration rate and altered expression of drug transporters can alter the
clearance of certain drugs during pregnancy.

The terminal half-life (£, unit: h) of a drug is dependent on the volume of distribution and
clearance of the drug:

0693 x Vg
1277 0L (13)

The half-life gives an estimate of the time required to remove half of the drug out of the
body or for drug concentrations to fall to 50% of the initial value. Half-life is also used to
determine the time to reach a steady state after initiation of a new dosing regimen (it takes
about 5-6 #) as well as to determine the dosing frequency for a drug.

In general, if there is an increase in clearance or apparent clearance of a drug during
pregnancy, it may necessitate an increase in the dose of the drug to maintain drug exposure
that is comparable to what is observed in non-pregnant state. If there is a decrease in half-
life, it would necessitate an increase in dosing frequency during pregnancy.

Basic pharmacodynamics

Pharmacodynamics (PD) describes the mechanism and magnitude of the observed
pharmacological effects, that is, the toxic or therapeutic clinical response. Pharmacokinetic—
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pharmacodynamic models can be viewed as models for an input (e.g., drug concentration) in
an observed site to the response (e.g., effect, E) of a system at a given time. Unlike drug
plasma concentrations, drug concentration at the target site cannot be measured directly.
Therefore, blood, plasma, or serum concentrations are used as surrogate markers for the
concentrations at the site of action. Linking the drug concentrations to a pharmacological
effect provides a more meaningful approach for determining safe and effective dosing
regimens.

Drug exposure and toxicity in the fetus

It is important to consider potential toxicity of a drug to the fetus when a drug is
administered to a pregnant woman. Unnecessary drug exposure (other than typically
antiretroviral therapy) in a developing fetus can result in severe fetal toxicity, such as
teratogenicity associated with antiepileptic drugs,28 and severe anhydramnios induced by
angiotensin 11 receptor antagonists.2? In general, data on fetal drug exposures is limited to
either case reports or pharmacoepidemiology studies.3 Case reports describe an unusual
clinical outcome after drug exposure to a fetus during pregnancy and subsequent effects on
the infant. Case reports might well raise suspicions, but follow-up evaluations are always
necessary to assess the risk. Formal epidemiology studies, including prospective and
retrospective studies, provide a better way of evaluating whether gestational exposure
adversely affects the developing infant. So far, birth defects are known to occur with
increased frequency in infants born to women with diabetes, independent of the drugs used
to treat the disease.30 More research is needed to better understand the effects of drug
exposure and maternal conditions on fetal development.

Maternal physiological changes during pregnancy that can impact the

pharmacokinetics and pharmacodynamics of drugs

There are a number of physiological changes that occur during pregnancy that can impact
the pharmacokinetics and pharmacodynamics of drugs (Table 2). The extent and rate of
absorption of drugs can be altered by (1) nausea and vomiting during pregnancy; (2)
prolongation of gastrointestinal transit times due to the increase in progesterone and
estrogen concentrations during pregnancy31; (3) altered gastric volume and gastric pH as a
result of pharmacological agents used in pregnancy to alleviate gastrointestinal disorders,
such as antacids, histamine-2 receptor antagonists, and proton pump inhibitors; and (4)
alteration in the expression and activity of drug-metabolizing enzymes and transporters in
the gut.

The volume of distribution can be altered by the following factors (1) changes in maternal
body weight (up to 50-70% increase in pregnant women at the time of delivery) and
accumulation of body fat (3—4 kg) in pregnant women can alter the volume of distribution of
certain drugs; (2) in addition, gain in extracellular and plasma volume (about 50-70%)32 in
pregnant women, particularly during the third trimester; (3) lower levels of plasma albumin
and al-acid glycoprotein throughout pregnancy (reaching concentrations approximately 70—
80% of non-pregnant values at the time of delivery) will decrease drug binding and alter the
volume of distribution of certain drugs3?; and (4) extent of drug transfer across the placenta.
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The volume of distribution will slowly return to its original value once the preghant woman
delivers the baby.

Changes in the activity of hepatic drug-metabolizing enzymes (increased activity of hepatic
CYP2A6, CYP2C9, CYP2D6, CYP3A4, and UGT during pregnancy33 and decreased
activity of CYP1A2 and CYP2C19 in pregnancy33:34), altered hepatic blood flow, and
changes in the expression of drug transporters in the liver can lead to altered hepatic
clearance of certain drugs. The enlarged maternal kidneys, increased urinary dead space3®;
~50-80% increase in maternal renal blood flow3%; ~50% increase in glomerular filtration
rates in the first trimester32; and ~30-50% increase in creatinine clearance can lead to
increased renal clearance of certain drugs.3°

Other factors that can contribute to alterations in pharmacokinetics/pharmacodynamics
during pregnancy include maternal age, race, ethnicity, body weight, singleton vs multiple
gestations, gestational age, smoking history, alcohol usage, dietary habits, and illegal drug
use by pregnant women and are associated with a range of maternal/fetal complications.
Some comorbid medical conditions in pregnant women may serve as confounding factors or

potential additional covariates, including cystic fibrosis, renal impairment, and liver disease.
36

Role of placenta and fetus

In general, lipophilic drugs readily cross the placenta. The fetus and the amniotic fluid can
act as additional compartments for drug distribution or drug accumulation. The human
placenta also expresses a number of xenobiotic metabolic enzymes (phase I: CYP1, CYP2,
and CYP3; phase II: GST alpha and pi, NAT, SULT1A1 and SULT1A3, and some UGT1A
and UGT2B)37 and active membrane transporters. Placental drug metabolism has been
evaluated using in vitro perfusion systems for several drugs including hydroxyprogesterone
caproate,20:23.38 glyburide,3940 and bupropion.#! P-glycoprotein (P-gp) and breast cancer
resistance protein (BCRP) are mainly expressed in the syncytiotrophoblast and actively
efflux a wide range of xenobiotics (Table 1).42 During pregnancy, the expression of drug
transporter is regulated by a number of transcription factors and steroid hormones, such as
progesterone, estrogen, and corticosteroids. The expression profile of the placental
transporters varies with advancing gestation. In normal pregnancy, placental P-gp has been
shown to decline near term, leaving the fetus potentially more exposed to certain drugs
commonly administered to pregnant women than earlier in pregnancy (i.e., synthetic
glucocorticoids, selective serotonin reuptake inhibitors, glyburide, and antiretrovirals). The
levels of drug transporters have also been reported to be altered in pathological pregnancies
(preterm, preeclampsia, growth restriction, and infection).#2 In women with pre-term labor
with inflammation, placental protein and mRNA expression of P-gp and BCRP measured at
gestational age of 28-33 weeks increase.*3 Increased expression of organic cation
transporter (OCT3) in human placenta at later stages of gestation may play a role in
modulating fetal drug exposure of OCT3 substrates.*4

In general, human fetal liver has a lower capacity for metabolism of drugs compared to an
adult. CYP3A7 (CYP3A4/5 in adult) accounts for up to 50% of total fetal hepatic
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cytochrome P450 content. Human fetal livers express moderate levels of SULT2A1 and
SULT1E1, which are comparable with those in the adult human liver, but lower levels of
CYP1A1, CYP2D6, CYP2C19, and UGT2B4.45-48 The human fetal liver is not expected to
significantly contribute to the overall clearance of a drug but can metabolize drugs to some
extent, potentially producing metabolites locally that may contribute to adverse effects in the
fetus.

Clinical pharmacological data for certain drugs used in pregnancy

Even though there is a paucity of data on the effect of pregnancy on the pharmacokinetics of
several drugs, studies have been performed for specific drugs that help in optimizing the
dosing of these agents in pregnancy. Some of the available data on these drugs are
summarized in the following section and in Table 3.

Acetaminophen

Acetaminophen, also known as paracetamol, is the drug of choice for the treatment of mild
to moderate pain in pregnant women. It is also one of the most widely used over-the-counter
medications and the most common overdosed medication during pregnancy. Over 90% of
the therapeutic dose of acetaminophen is converted to inactive glucuronide and sulfate
conjugates and then excreted by the kidneys. Less than 5% of acetaminophen is metabolized
to highly reactive oxides, such as the active electrophilic metabolite N-acetyl-p-benzo-
quinoneimine (NAPQI), through hepatic CYP2E1. Most of NAPQI is further bound by
reduced glutathione and excreted in the urine as conjugates. In near-term pregnancy, the
clearance of acetaminophen is increased by 50%, with clearance to acetaminophen
glucuronide increasing by 140%, and clearance to oxidative metabolites of acetaminophen
increasing by 80%.49 In contrast, the clearance to acetaminophen sulfate remains similar
whether at delivery or postpartum. With maternal overdose of acetaminophen, the amount of
toxic metabolite NAPQI formed exceeds the binding capacity of glutathione and is
distributed to the fetal circulation (acetaminophen freely crosses the placenta), and its toxic
intermediary metabolites can accumulate in fetal circulation, given that glucuronidation
capacity of the fetal liver is low. Toxic intermediary metabolites produced can cause both
maternal and fetal hepatic necrosis.>0

Drug for prevention of preterm delivery

17-Alpha hydroxyprogesterone caproate is the only FDA-approved drug for the prevention
of preterm birth in singleton pregnant women with a history of a prior spontaneous preterm
birth. 17-Alpha hydroxyprogesterone caproate is administered intramuscularly once a week
at a dose of 250 mg. It is predominantly cleared from the body by metabolism. CYP3A
appears to be the enzyme primarily responsible for its metabolism.?1 After intramuscular
administration, its half-life ranges from 9 to 16 days in women with singleton gestation.®
Body mass index (BMI) has been found to contribute to the inter-individual differences in
trough plasma concentrations and area under the curve of 17-alpha hydroxyprogesterone
caproate, with women of higher BMI having a lower drug exposure as determined by AUC.”
Increased progesterone levels or co-administrated medications that are inducers or inhibitors
of CYP3A (Table 4) during pregnancy may also account for some of the large variation in
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plasma 17-alpha hydroxyprogesterone caproate concentrations that is seen in pregnant
patients.

Antiepileptic drugs
Antiepileptic drugs are commonly used in pregnant women for the treatment of epilepsy.>2
Lamotrigine is primarily metabolized in humans through glucuronidation to inactive
lamotrigine-2N-glucuronide by hepatic UGT1A3 and 1A453 and is then excreted in the urine
as conjugates. Pregnancy causes a substantial increase in the rate of glucuronidation,>3
resulting in an increase in the apparent oral clearance of lamotrigine, necessitating an
increase in dose during pregnancy (Table 3). Lamotrigine is known to cross the placenta. It
is secreted in breast milk.5# Phenytoin is primarily metabolized by CYP2C9. Pregnancy
causes a 117% increase in total phenytoin clearance and a 61% decrease in total phenytoin
concentrations in the third trimester compared to baseline.>* However, free phenytoin
concentrations decrease slightly in the third trimester. Phenytoin dosage should be adjusted
based on free phenytoin concentrations. These observations emphasize the importance of
monitoring antiepileptic drugs closely during pregnancy and making appropriate changes in
the dosing regimen, as necessary.

Antihypertensive drugs

In general, multiple antihypertensive agents are widely used in pregnancy to treat women
with chronic hypertension, gestational hypertension, and preeclampsia. Pathophysiology in
pregnancy affects pharmacokinetics as well as pharmacodynamic of the antihypertensive
drugs used (Table 3).

Antidiabetic drugs

Glyburide is predominantly metabolized by CYP2C9 and CYP3A. The apparent oral
clearance of glyburide during pregnancy is significantly increased, resulting in decreased
exposure in women with gestational diabetes mellitus (Table 3).5% This is due to the
pregnancy-related up-regulation of both enzymes. More than twice the dose of glyburide in

pregnancy is needed to achieve the same concentrations seen in the non-pregnant population.
56

Antiretroviral drugs

Physiological changes during pregnancy can alter antiretroviral drug concentrations, and
concerns have been raised that target concentrations are not maintained throughout
pregnancy (Table 2). Suboptimal drug exposure can result in HIV RNA rebound, the
selection of resistant virus, and an increased risk of HIV-1 transmission to the infant.>’ In
some cases, dose adjustments are necessary during pregnancy to achieve comparable
antiretroviral exposure to non-pregnant adults.

Selective serotonin reuptake inhibitors (SSRIs)

SSRIs have become an important treatment option for perinatal women suffering from
depression. There are no clear patterns for pharmacokinetic changes and dosing guidelines
for SSRIs in pregnancy.
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Immunosuppressant drugs

Tacrolimus and cyclosporine have been used successfully in pregnant women following
solid organ transplantation and in those with autoimmune diseases. However, these
pregnancies are considered to be at high risk for maternal, fetal, and neonatal complications.
During pregnancy, there are multiple factors that can increase the fraction of unbound
tacrolimus, including but not limited to low concentrations of albumin and a1-acid
glycoprotein as well as decreased red blood cell counts. The clinical titration of dosage to
maintain whole-blood tacrolimus trough concentrations in the usual therapeutic range can
lead to elevated unbound concentrations and possibly toxicity in pregnant women with
anemia and hypo-albuminemia. Measurement of unbound tacrolimus concentrations for
pregnant women might better reflect the active form of the drug, although these are
technically challenging (tacrolimus highly and saturably binds in red blood cells) and often
unavailable in usual clinical practice. A small amount of tacrolimus is excreted in the breast
milk, which is unlikely to elicit adverse effects in the nursing infant. \ery limited recent
information is available on the effects of pregnancy on pharmacokinetics and
pharmacodynamics of cyclosporine.

Conclusion

In summary, additional clinical pharmacology studies are essential in pregnancy. Here, we
propose some general guidelines for optimal use of medications during pregnancy.

. Drug therapy during pregnancy should weigh the benefits of the therapeutic
treatments against the risks of adverse events to the woman, fetus, and newborn.
Certain drugs should be avoided in pregnant women due to the potential
exposure to the developing fetus and the corresponding undesired consequences.

. When it is safe to use a drug during pregnancy, dosing regimen should be
designed to optimize drug exposure in mothers, taking into account the changes
in the activity of metabolic enzymes and transport of drugs during pregnancy.

. A change in the pharmacokinetics during pregnancy per se may not necessitate a
change in the dosing regimen of a drug. The pharmacodynamics response to the
drug should also be taken into account in making dosing changes.

. In certain cases, it may be necessary to deliver drugs to the fetus as well (anti-
HIV drugs). Appropriate selection of the drug should be based on data on the
placental transfer of such drugs.

. When it is difficult to predict dosing regimens, frequent therapeutic monitoring
should be considered in pregnant women to guide therapy of drugs such as
immunosuppressives, anticonvulsants, antidepressants, and antiretroviral drugs.

. Decisions on dosage adjustment should be made whenever possible using
pharmacologically active unbound drug plasma concentrations rather than total
drug concentrations.

. Based on clinical evidences, pregnancy increases the apparent clearance of
glyburide, indinavir, emtricitabine, lamivudine, paclitaxel, sulfadoxine-
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pyrimethamine, lopinavir, lamotrigine, clonidine, nelfinavir, and methadone.
Pharmacokinetics of metronidazole and fenoterol seems not to be altered during
pregnancy. Controversial effects of pregnancy on drug clearance have been
reported for metformin and nevirapine.

. Gradual reduction in dose, if it has been increased, during pregnancy is often
warranted to avoid overdosing within a few days to weeks after delivery.
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Plasma concentrations ( Y-axis) versus time (X-axis) after a single dose of intravenous or
extravascular administration of a drug. Left panel is shown in normal scale and right panel is
shown in semilog scale. The parameters include the area under the curve (AUC), drug
concentrations (C,+1 measured at time /1 and C, measured at time 77), the last measured
drug concentration (Cj,st), and the terminal disposition rate constant (A ) for a drug that
exhibits linear pharmacokinetics). Bioavailability here is defined as AUC extravascular/AUC
intravenous.
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Table 1

Transporters in the liver, kidney, small intestine, and placenta in humans.

Organs in humans  Influx transporters Eflux transporters
Liver NTCP, OAT2, OATP1/2, and OCT1/3 (blood side) BCRP, BSEP MATE1, MDR1/3, and MRP2 (bile side)
Kidney MRP1/3/5/6, OAT1/2/3, OATP4C, OCT2/3,and OST  ASBT, BCRP, MATE1/2, MDRI, MRP2/4, OCTN1/2, OAT4,
(blood side) OATP1, and PEPT (urine side)
Intestine MRP1/3, OCT1, and OST (blood side) ASBT, BCRP, MDRI, MRP2, OATP1/2, OCT3, and PEPT
(luminal side)
Placenta MRP5, OAT4, OATP2B, and OCTS3 (fetal blood side) = BCRP, MDRI, MRP1/2/3, and OATP4A (maternal blood side)

Note: ASBT, apical sodium-dependent bile acid transporter; BCRP, breast cancer resistance protein; BSEP, bile salt export pump; MATE, multidrug
and toxic compound extrusion; MDR, multi-drug-resistant ABC transporter; MRP, multidrug resistance-associated protein; NTCP, sodium-
taurocholate cotransporting polypeptide; OAT, organic anion transporters; OATP, organic anion-transporting polypeptide; OCT, organic cation
transporters; OST, organic solute transporter; PEPT, peptide transporter.
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Table 2

Pathophysiological changes in pregnant women that can impact pharmacokinetics of certain drugs.

Changes

Potential impact on pharmacokinetics

Physiologic changes

Nausea and vomiting

Delayed motility

Decreased gastric acid secretion

Body weight gain

Body fat gain

Increased plasma volume

Decreased plasma albumin and al-acid
glycoprotein

Changes in hepatic drug-metabolizing enzymes

Increased hepatic blood flow
Increased renal blood flow
Increased glomerular filtration
Other maternal factors
Chronic disease or pregnancy complications
Maternal poly-pharmacy
Maternal-Fetal factors
Placenta

Fetus

Amniotic fluid

| Absorption (! peak conc. and ¢ oral bioavailability)
Delayed absorption (1 time to peak conc.)

| Oral bioavailability for anionic drugs

T Apparent volume of distribution

T Apparent volume of distribution for lipophilic drugs
T Apparent volume of distribution

T Unbound drug concentration for high clearance drugs; unbound drug concentration
not expected to be altered for low clearance drugs. (It is important to base therapy on
unbound drug, for drugs that are highly bound.)

Altered hepatic clearance for low extraction ratio drugs administered intravenously or
high extraction drugs administered orally

THepatic clearance for high extraction ratio drugs
T Renal clearance for unchanged drug

T Renal clearance for unchanged drug

Changes in ADMET/PD
PK/PD drug interactions

Placental drug metabolism, placental transporters

Hepatic CYP3A7 does not contribute to clearance in mother, but it can influence
concentration of drug and metabolites in the fetus and 1 apparent volume of
distribution

Drug accumulation and 1 apparent volume of distribution

Note: 1, increase; ¥, decrease; CYP, cytochrome P450; PK, pharmacokinetics; PD, pharmacodynamics; ADME drug, absorption, distribution,

metabolism, and excretion.
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Table 3

Clinical pharmacokinetic and pharmacodynamic data for selected drugs in pregnancy.
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Drugs Metabolism/elimination path Maternal PK in Fetal:maternal ratio PK-PD
pregnancy
Analgesics
Acetaminophen®0 Hepatic UGT1A, SULT1A, 50% 1 Clearance, 1.0 Concentration-toxicity
CYP2EL, and acetyltransferase 140% 1 glucuronide/
parent, 80% *
oxidatives/parent, and
<> clearance for
acetaminophen sulfate
Antiepileptic
Lamotrigine52-54.58-65 Hepatic UGT1A3 and 1A4 65-164% 1 1.2 1 Seizure frequency
Clearance, *
metabolite/parent, and
| concentration
Phenytoin®* Hepatic CYP2C9 117% * Clearance, NA NA
altered plasma protein
binding, { total
concentration, and <>
unbound
concentration
Levetiracetam®1:66.67 66% Unchanged via renal * Renal clearance and 1.1 NA
| concentration
Antihypertensive
Clonidine88.69 Hepatic CYP2D6 80% 1 Total 1.0 NA
clearance, <> renal
clearance
Labetalol26.70 Hepatic UGT1Al < or* clearance 0.5 Concentration—efficacy
Atenolol™ Renal excretion 1 Renal clearance NA NA
Antidiabetes
Glyburide55:56 Hepatic CYP2C9 and 3A 1 Clearance and ¢ 0.7 NA
concentration
Metformin’2 Renal excretion and minimal <> or 1 Clearance 0.7 NA
metabolism
Antiretrovirals
Indinavir’374 Hepatic CYP3A 68% \ Exposure 0.12 No correlation
Lopinavir/ritonavir’>-83 CYP3A 58% 1 Clearance, 0.2 Concentration-toxicity
exposure, and <>
unbound
concentration
Nelfinavir82-85 Hepatic CYP3A and 2C19 100% 1 Clearance, ¢~ 0.3-0.4 Concentration—efficacy
exposure, ¥ total
concentration, and ¥
unbound
concentration
Nevirapine83.86.87 Hepatic CYP3A4 and 2B6 <> Or 1 clearance 0.8 NA
and 22% | exposure
Efavirenz’>:88 Hepatic CYP3A and 2B6 <> Clearance and ¥ 0.5 NA
concentration
Tenofovird%-90 Renal filtration and active tubular ~ * Clearance 0.6 NA
secretion
Lamivudine®! 71% Unchanged via renal 22% 1 Clearance and  0.86-5 NA
Emtricitabine®? UGT 21% 1 Clearance 1.0 NA
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Drugs Metabolism/elimination path Maternal PK in Fetal:maternal ratio PK-PD
pregnancy
Anti-influenza
Oseltamivir®3 Hepatic esterases and renal <> pk For oseltamivir ~ 0.4 NA
filtration and secretion and 44% 1 clearance
for oseltamivir
carboxylate
Antifungal
Metronidazole® Hepatic < pk 0.3-2 NA
Antimalarial
Sulfadoxine-pyrimethamine®*  N-acetyltransferase 67% 1 Clearance NA NA
SSRls
Sertraline®® Hepatic CYP2C9, 2C19, 2D6, <~ pk 0.67 NA
3A, and UGT1A1
Fluoxetine Hepatic CYP2D6 261 Metabolite/ 0.67 NA
parent
Immunosuppressants
Tacrolimus?3.14.96 Hepatic CYP3A 39% 1 Clearance, | 0.71 NA
whole-blood conc.,
and 1.9-2.0 1
unbound
concentration
Opioid substitute
Methadone®” Hepatic CYP2B6, 2C19, 2C9, 90% 1 Clearance NA NA
2D6, and 3A4
Antineoplastic agents
Doxorubicin%-100 Hepatic CYP2D6, 3A4, and P- * or { Clearance NA NA
glycoprotein
Epirubicin%89 Hepatic UGT2B7 43% 1 Clearance NA NA
Paclitaxel%8:9° Hepatic CYP2C8 and 3A4 21% 1 Clearance NA NA

Note: 1, increase; ¥, decrease; <>, no change; CYP, cytochrome P450; UGT, UDP-glucuronosyltransferase; SSRIs, selective serotonin reuptake
inhibitors; TDM, therapeutic drug monitoring; PK, pharmacokinetics; PD, pharmacodynamics; NA, not available.
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Medications and dietary components used during pregnancy that are known cytochrome P450 3A4 inducers or

inhibitors.

Cytochrome P450 3A4 inducers  Cytochrome P450 3A4 inhibitors

Bactericidals (rifampicin)

St. John’s wort

Anticonvulsants (carbamazepine)  Azole antifungals (ketoconazole and itraconazole)

Antidepressants (nefazodone)
Protease inhibitors (ritonavir, indinavir, nelfinavir, and saquinavir)
Grapefruit juice (bergamottin)

Macrolide antibiotics (clarithromycin and erythromycin)
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