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Abstract
Importance of the field—Medication use during pregnancy is prevalent, but pharmacokinetic
information of most drugs used during pregnancy is lacking in spite of known effects of pregnancy
on drug disposition. Accurate pharmacokinetic information is essential for optimal drug therapy in
mother and fetus. Thus, understanding how pregnancy influences drug disposition is important for
better prediction of pharmacokinetic changes of drugs in pregnant women.

Areas covered in this review—Pregnancy is known to affect hepatic drug metabolism, but the
underlying mechanisms remain unknown. Physiological changes accompanying pregnancy are
likely responsible for the reported alteration in drug metabolism during pregnancy. These include
elevated concentrations of various hormones such as estrogen, progesterone, placental growth
hormones and prolactin. This review covers how these hormones influence expression of drug-
metabolizing enzymes, thus potentially responsible for altered drug metabolism during pregnancy.

What the reader will gain—The reader will gain a greater understanding of the altered drug
metabolism in pregnant women and the regulatory effects of pregnancy hormones on expression
of drug-metabolizing enzymes.

Take home message—In-depth studies in hormonal regulatory mechanisms as well as
confirmatory studies in pregnant women are warranted for systematic understanding and
prediction of the changes in hepatic drug metabolism during pregnancy.
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1. Introduction
Medication use in pregnancy is prevalent

According to various surveys conducted in the US, over 50% of pregnant women take at
least one medication, and the average number of prescriptions per patient during pregnancy
ranges from 3 to 5 (excluding prenatal vitamins, iron preparations, and medications at the
time of delivery) [1, 2]. Examples of drugs used in pregnancy are listed in Table 1.

Drug therapy in pregnancy plays an essential role in maternal and fetal health. For example,
poorly controlled epilepsy or diabetes during pregnancy increases the risk of perinatal death
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and prematurity, as well as complications in the mother [3]. To prevent adverse outcomes,
current obstetric guidelines strongly support control of symptoms by using appropriate doses
of drugs that ensure drug efficacy in mothers yet minimize fetal exposure to drugs [4, 5].
However, determining the “appropriate” doses has been difficult in part due to a lack of
understanding on how and why drug disposition is altered in pregnant women. Drug safety
recommendations are also inadequate as information on proper dosing is lacking. Not
surprisingly, for ~40% of drugs used in pregnancy, there is no evidence of safety in pregnant
women (i.e., FDA pregnancy category C) [1]. Thus, there is an enormous need to better
understand how pregnancy influences drug disposition. This effort would in turn advance
our ability to predict pharmacokinetic changes of drugs used during pregnancy and enable
optimal drug therapy in pregnant women.

2. Pharmacokinetic changes during pregnancy
Pharmacokinetic profiles of drugs are different in pregnant women as compared to non-
pregnant women mostly due to altered physiology during pregnancy (reviewed in [6-9]).
Down-regulation of gastrointestinal motility by progesterone leads to delayed oral
absorption of high permeability drugs [10]. Major hemodynamic changes accompanying
expansion of plasma volume and increases in cardiac output (up to 50%) create dilution of
plasma proteins [11]. As a result, concentrations of albumin and α1-acid glycoprotein
decrease up to 20-40% at term [11, 12]. This leads to decreased drug binding to plasma
proteins and increased concentrations of unbound drugs. The expansion in plasma volume
also increases glomerular filtration rate (GFR) and enhances renal excretion of drugs [13].
Accordingly, clearances of many renally excreted drugs have been reported to increase
during pregnancy [14, 15]. For example, renal clearance of atenolol increases by 36% during
pregnancy as compared to that at 3 months post-partum [16].

Pregnancy also influences factors that may determine hepatic clearance, namely protein
binding of drugs, hepatic blood flow, and hepatic enzyme activity (i.e., intrinsic clearance,
CLint). Changes in protein binding or hepatic enzyme activity affect hepatic clearances of
low hepatic extraction ratio (EH) drugs whereas hepatic clearances of high EH drugs are
largely influenced by changes in hepatic blood flow [17]. During pregnancy, hepatic blood
flow increases by 60% [18], potentially affecting hepatic clearances of high EH drugs.
Indeed, clearances of intravenously administered morphine and nicotine (high EH drugs) are
greater (by 60-70%) during pregnancy as compared to post-partum period [19, 20].
Pregnancy also increases free fraction of drugs, which may lead to increased hepatic
clearances of low EH drugs that are highly bound to plasma proteins. The higher oral
clearances of valproic acid in pregnant women could be in part due to the increased free
fraction of the drug during pregnancy [21]. Apparently, pregnancy also affects hepatic CLint
of drugs, the effects differing by enzymatic pathways. Results from clinical pharmacokinetic
studies indicate clearances of drugs metabolized by selected drug metabolizing enzymes
(e.g., CYP2D6 and CYP3A4) increased, whereas those of drugs metabolized by other
enzymes (e.g., CYP1A2) decreased during pregnancy as compared to non-pregnant women
[7, 9, 22]. The underlying mechanisms remain mostly unknown.

3. Hepatic drug metabolism
Various drug-metabolizing enzymes (DMEs) mediate hepatic drug metabolism, and
expression and activity levels of these enzymes determine CLint of drugs. To date, among 18
CYP families that have been identified in humans, enzymes in three CYP families (CYP1,
CYP2, and CYP3) are responsible for most phase I reactions. CYP3A (CYP3A4 and
CYP3A5) and CYP2C (CYP2C8, CYP2C9, CYP2C18, and CYP2C19) are the most
abundant subfamilies in the liver, accounting for 30% and 20%, respectively, of the total
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amount of hepatic CYP [23]. Other isoforms are minor contributors to hepatic CYP
expression: CYP1A2 (13%), CYP2E1 (7%), CYP2A6 (4%), CYP2D6 (2%), and CYP2B6
(0.4%) [23]. On the other hand, glucuronidation mediated by UDP-glucuronosyltransferases
(UGTs) is the major pathway of phase II reactions [24]. UGT1A and UGT2B subfamilies
are mainly responsible for hepatic glucuronidation of drugs. UGT isoforms expressed in the
liver include UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT2B4, UGT2B7, and
UGT2B15.

Various factors (exogenously administered drugs or endogenous small molecules) that affect
expression and/or activity levels of DMEs may alter CLint of drugs. Hepatic drug
metabolism can be impaired by direct inhibition of enzyme activity, either by reversible or
irreversible binding of inhibitors to the enzymes [25]. On the other hand, expression of
DME genes can be enhanced by a variety of transcriptional regulatory mechanisms,
consequently leading to increased protein expression of the enzymes and enhanced drug
metabolism [26, 27]. As shown in Fig. 1, the known regulatory pathways involve a basic
helix-loop-helix transcription factor (aryl hydrocarbon receptor; AhR) or transcriptional
regulators belonging to nuclear receptor family (constitutive androstane receptor, CAR;
pregnane X receptor, PXR; estrogen receptor, ER). These transcriptional regulators act in a
similar fashion: binding of cognate ligand (inducer) activates the transcriptional regulators,
triggering homo- or hetero-dimerization and nuclear translocation of the transcriptional
complex. Each complex binds to their specific DNA-binding sequences in the upstream
regulatory region of target genes and promotes transcription [28]. Shown in Table 2 are CYP
genes whose expression is regulated by above-mentioned transcription factors. In reality,
actions of these transcription factors show significant functional redundancy. Many DME
genes whose expression is induced by PXR activation (e.g., CYP2B6, CYP2C9 and
CYP3A4) are also up-regulated by CAR activation although the magnitude of induction
varies [29, 30]. This suggests that the overall expression level of individual CYP genes is
determined by net effects of multiple regulatory factors.

4. Altered drug metabolism during pregnancy
Results from clinical pharmacokinetic studies suggest that pregnancy influences drug
metabolism in a metabolic enzyme-specific manner. Elimination rates of drugs metabolized
by UGT1A4, UGT2B7, CYP2A6, CYP2C9, CYP2D6 and CYP3A4 are increased, whereas
those of CYP1A2 and CYP2C19 substrate drugs are decreased (Table 3) [7, 9, 22].

Underlying mechanisms for the changes in drug metabolism during pregnancy remain
largely unknown. Most likely, however, physiological changes accompanying pregnancy are
responsible for the altered drug metabolism, examples being rising concentrations of various
hormones in maternal blood (Table 4). Effects of these hormones on hepatic drug
metabolism, especially at concentrations attained during human pregnancy, are mostly
unknown. Yet, accumulating evidence from various in vitro studies suggests that these
hormones are capable of modulating expression and/or activity of certain drug-metabolizing
enzymes.

4.1. Female hormones
Plasma concentrations of female hormones, consisting of different estrogens (Fig. 2) and
progesterone, rise steadily until they peak at term in pregnant women. Estradiol and
progesterone levels reach 0.1 and 1 μM at term (100-fold higher as compared to pre-
pregnancy levels), respectively [31], while concentrations of estrone and estriol reach ~30
nM at term (as compared to 0.1-1 nM in nonpregnant women). Also, concentration of
estetrol, an endogenous estrogen that is exclusively produced by the fetal liver [32], rises in
maternal blood.
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Female hormones at high concentrations influence hepatic DME expression by activating
nuclear receptors [33, 34]. Estradiol up-regulates UGT1A4 expression by ERα activation
and progesterone up-regulates UGT1A1 expression by PXR activation [33, 34]; these results
provide a mechanistic basis for the elevated oral clearances of lamotrigine and labetalol,
respectively, in pregnancy. In addition, estradiol up-regulates expression of CYP2A6,
CYP2B6, and CYP3A4 and down-regulates CYP1A2 expression in human hepatocytes [35].
These in vitro observations are in part similar to the reported clinical changes in pregnancy
(Table 3), suggesting that for certain CYP enzymes female hormones are potentially
responsible for the altered drug metabolism during pregnancy. The up-regulation of
CYP2A6 and CYP2B6 expression by estradiol is likely mediated by activation of ERα and
CAR, respectively. Estrogen response elements where ERα binds have been identified in
upstream regulatory region of CYP2A6 gene [36], and estrogens have been reported to
activate CAR in mouse and human hepatocytes [37, 38]. Considering that nuclear receptors
such as PXR and CAR are involved in up-regulation of expression of many DME genes,
activation of these receptors by female hormones may play an important role in altered drug
metabolism during pregnancy.

4.1.1. Other estrogens—Estriol, estrone, and estetrol were considered as “estradiol with
lower potency” due to their lower binding affinity to ERα compared to estradiol [39, 40].
However, several studies show that these estrogens are as potent as estradiol in mediating
certain biological functions. Estetrol induces endometrial proliferation to a comparable
extent as estradiol valerate in women administered with same doses [41]. Estrone is as
potent as estradiol in activating extracellular-regulated kinase (ERK) in rat pituitary tumor
cells [42] and also in activating CAR in mouse hepatocytes [37]. Concentrations of these
other estrogens all increase during pregnancy, and this may potentially exert additive effects
on CYP expression, exhibiting greater changes in drug metabolism than expected from
estradiol only.

4.1.2. Concentration-dependent hormonal effects—Biological functions of estrogen
and progesterone show concentration-dependency. Interestingly, the concentration profiles
of hormonal effects vary depending on the function (or target tissue). Typical EC50
(hormone concentration resulting in 50% of the maximal effect) values for ERα-mediated
up-regulation of estradiol target gene expression are within 0.01-0.1 nM [43]; however,
EC50 values as high as 100 nM have been reported for certain biological functions of
estradiol, such as increased permeability of human cervical epithelia or modulation of NF-
κB signaling in human T cells [44, 45]. Similarly, EC50 values of progesterone actions may
vary from 1 nM to 1 μM [33, 46].

How CYP expression is influenced by different concentrations of estradiol and progesterone
remains to be determined. This information would be clinically relevant because circulating
hormonal concentration is influenced by various factors, such as gestational age, parity, or
ethnicity [31, 47-49]. Progesterone levels are notably higher in African-American compared
with Caucasian or Hispanic women [48]. Also, women during their first pregnancy have
substantially higher levels of estradiol compared to women who previously had at least one
full-term pregnancy [49]. Clear defining of the hormonal effects on drug metabolism should
help us identify sources of pharmacokinetic variability (such as age, parity, and race) during
pregnancy.

4.1.3. Combined effects of female hormones—During pregnancy, the concentrations
of both estrogen and progesterone rise, which can potentially lead to additive, synergistic or
antagonistic effects of these hormones on CYP expression. The combined effects of estrogen
and progesterone on normal physiological functions have been previously reported, which
vary depending on target tissues. In the brain, estrogen and progesterone work
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synergistically for neuroprotection [50]. In endometrium, progesterone antagonizes estrogen
action by repressing endometrial hyperplasia caused by estrogen [51]. In HepG2 cells,
progesterone represses estrogen-mediated CAR transactivation [37]. Combined effects
(synergistic, antagonistic, or additive) of female hormones on expression of DME genes
remain to be determined.

4.1.4. Supporting clinical evidence—Accumulating data suggest that female hormones
(estrogen and progesterone) modulate expression of major DME, potentially responsible for
the altered drug metabolism during pregnancy. Several lines of clinical evidence further
support this notion. For example, the directional changes in drug metabolism are same
between pregnant women and estrogen-based oral contraceptive users for UGT1A4,
CYP1A2, CYP2A6, and CYP2C19 substrate drugs [9, 52]. Also, changes in hepatic drug
metabolism are comparable between pregnant women and postmenopausal women on
hormone replacement therapy for CYP1A2 substrates [53]. Lastly, elimination rates of
CYP2A6, CYP2B6, and CYP3A4 substrate drugs are faster in females than in males
whereas those of CYP1A2 substrate drugs are slower in females [22, 54, 55]. Taken
together, the roles of female hormones in altered drug metabolism during pregnancy appear
significant although further studies are needed to dissect the differential (or combined)
effects of various female hormones on CYP expression and confirm these findings in in vivo
systems.

4.2. Human placental lactogen (hPL) and placental growth hormone (PGH)
These hormones belong to growth hormone (GH) family which also includes native GH
secreted from pituitary [56]. During pregnancy, levels of native GH decrease but those of
other GH-like hormones, i.e., human placental lactogen (hPL) and placental growth
hormone (PGH), rise dramatically (30 and 100-folds respectively for hPL and PGH) [31].
hPL and PGH are involved in provision of fetal nutrition by regulating maternal metabolism,
e.g., promotion of lipolysis in adipose tissues [31, 56]. The effects of PL and PGH on
hepatic drug metabolism are largely unknown. Yet, they likely resemble the effects of native
GH on CYP expression, based on their 93 to 99% amino acid sequence homology to native
GH [56].

GH is known to influence expression of hepatic DME. Different temporal patterns of plasma
GH contribute to sexually dimorphic expression of CYP and other hepatic genes in rats and
mice [57, 58]. This is attributed to the effects of differential GH-release patterns on activities
of signal transducer and activator of transcription (STAT) 5b and hepatic nuclear factor
(HNF) 4α. For example, a pulsatile release of GH and subsequent activation of STAT5b are
responsible for male-specific expression of CYP2C11 in rats [59], and liver-specific loss of
HNF4α expression in mice leads to down-regulation of male-specific Cyp genes [60]. In
humans, gender differences in expression of major CYP enzymes are not as dramatic as in
rats [61], rendering the effects of GH on human CYP expression questionable. Yet, in
human hepatocytes, native GH was shown to increase CYP3A4 mRNA expression by 9-fold
while not affecting mRNA levels of CYP1A2, CYP2C9, and CYP2E1 [62]. Results from
clinical studies also indicate that GH replacement increases CYP3A4 activity in GH-
deficient boys [63] and adults [64]; the continuous release pattern GH of females was found
to be responsible for the increased CYP3A4 activity in GH-deficient adults [65]. Conflicting
data have also been reported; in a study conducted in healthy elderly men, GH exerted no
effects on CYP3A4 activity while inducing CYP1A2 and inhibiting CYP2C9 activity [66].
This discrepancy is in part due to the differences in GH dosages used in different studies
(physiologic replacement vs. pharmacologic doses) and potential effects of GH deficiency
on baseline CYP expression [63]. Taken together, the effects of GH on CYP expression in
humans vary and appear rather complex, but existing data strongly suggest that rising
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concentration of GH may affect hepatic drug metabolism. It remains to be determined
whether and how hPL and PGH, the GH-like hormones, influence CYP expression and
hepatic drug metabolism in pregnant women.

4.3. Prolactin
Prolactin is secreted mainly from pituitary gland as native GH is. Prolactin shares similar
tertiary protein structure with GH, which is believed to have evolved from a same protein
family over millions of years [67]. During pregnancy, the maternal plasma concentrations of
prolactin increase gradually until they peak at term (10-fold increase as compared to pre-
pregnancy levels) [68]. The higher prolactin level during pregnancy stimulates the
mammary glands to produce milk. In addition, prolactin exerts biological functions in
various organs and is involved in osmoregulation, growth, reproduction, immunoregulation,
and behavior [67]. After delivery, the prolactin concentrations remain elevated and fall
gradually toward the pre-pregnancy levels during a 3- to 4-week interval in non-lactating
mothers [68]. In lactating mothers, however, prolactin levels remain elevated and increase
with each nursing episode [68].

Prolactin has shown to regulate expression of various hepatic DME. In rats, lactation was
shown to increase glutathione conjugation [69] and glucuronidation of p-nitrophenol [70],
which was attributed to the increased prolactin levels during lactation. Indeed,
administration of ovine prolactin in ovariectomized rats led to increased glucuronidation of
p-nitrophenol [71], potentially by up-regulating expression of UGT1A6 and glutathione S-
transferase (m-class subunits) [69, 72]. Ovine prolactin also up-regulates hepatic Na-
taurocholate cotransporting polypeptide (Ntcp) by facilitating Stat5 binding to Ntcp
promoter region [73, 74]. This leads to increased bile secretary function in post partum
lactating rats [75]. These results indicate diverse regulatory roles of prolactin in determining
expression of hepatic genes including DME. Direct extrapolation of the animal data to
humans, however, would require a caution because prolactin shows considerable species
variation in amino acid sequence and protein structure [67], which may in turn lead to
different biological functions. Thus, how human prolactin affects expression of major DME
needs to be examined to determine its role in altering drug metabolism during pregnancy.

4.4. Cortisol
Cortisol in plasma is mostly bound to corticosteroid-binding globulin (CBG) (75%) and to a
lesser extent to albumin (15%) [76]. In pregnancy, plasma levels of CBG rise about 2-fold as
compared to nonpregnant women [77], which increases concentrations of total cortisol.
Concentrations of biologically active, free cortisol are also elevated to 20-30 μg/dL (0.5-0.8
μM), partly due to marked increase in corticotropin-releasing hormone (CRH) during
pregnancy [76-78]. This free cortisol concentration is about 3-fold higher than that in non-
pregnant women.

The effects of corticosteroids on CYP expression and hepatic drug metabolism have been
extensively studied. Corticosteroids (e.g., dexamethasone) induce CYP expression in a
concentration-dependent manner by activating glucocorticoid receptor (GR, at nM
concentration range) or PXR (at > 10 μM concentration) [79-81]. At physiological
nanomolar concentrations, GR activated by corticosteroids induces CYP expression
indirectly, by potentiating the inducing effects of xenobiotics. Corticosteroids increase the
expression levels of nuclear receptors including CAR and PXR [82, 83] so that CYP
induction by xenobiotics can be enhanced. Corticosteroids also increase trans-activation of
CAR and PXR with coactivators such as glucocorticoid receptor interacting protein 1
(GRIP1) [84]. This again leads to potentiation of nuclear receptor activation.
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In pregnant women, the higher concentrations of cortisol likely enhance activation of GR,
leading to up-regulation of CAR and PXR expression. This may in turn potentiate the
induction of CYP expression by other endogenous hormones such as GH-like hormones or
female hormones (estrogen and progesterone). For example, CAR-mediated activation of
CYP2B6 by estrogens may be further enhanced by increased expression of CAR by the
higher cortisol levels during pregnancy. Although further confirmatory studies are needed,
this appears to provide additional potential mechanism underlying the increased elimination
of substrates for PXR or CAR target genes, e.g., CYP2C9 and CYP3A4, in pregnant women
[9].

5. Effects of pregnancy on drug metabolism in animals
The effects of pregnancy on hepatic drug metabolism have been extensively examined in
rodents (Table 5) [55, 72, 85-90]. The studies in mice are limited to enzymes in Cyp3a
subfamily, and the results show that pregnancy has Cyp3a isoform-specific effect on Cyp
expression. In rats, pregnancy generally decreases CYP contents and activities, as well as
mRNA or protein expression of many DME, per gram rat liver. For example, protein
expression levels of UGT and mRNA expression of many CYP genes are down-regulated
during pregnancy [72, 89], consistent with the decreased DME activities in rats.
Interestingly however, the decreased enzyme activity is often compensated by enlarged liver
during pregnancy (50-60% increased as compared to the size at pre-conception) [91]. As a
result, the extent of hepatic drug metabolism may stay unchanged in pregnant rats. For
example, biphenyl-4-hydroxylase activity per gram liver was 30% lower in pregnant rats as
compared to non-pregnant controls, but after adjustment for liver size, the drug-metabolizing
enzyme activities (i.e., the enzyme activity per liver) were similar between the pregnant and
non-pregnant rats [87]. The mechanisms underlying the liver enlargement in rat pregnancy
remain unknown. In humans, such dramatic increases in liver size do not occur during
pregnancy [92], suggesting that the results in rats may not be extrapolated to humans. In
addition, for most CYP pathways the directional changes shown during rat pregnancy do not
correspond to those reported in pregnant women. For instance, CYP1A activity (or
expression) was reported to decrease in human pregnancy while the marker activity
(ethoxyresorufin-O-deethylation) increased in pregnant rats [85]. In addition to the effects of
pregnancy on liver size, other inter-species differences in pregnancy-related physiology may
contribute to the discrepancy. For example, the rise in estrogen or progesterone
concentrations in blood is less than 5-fold in rat pregnancy [93, 94] compared to the ~100-
fold increase in humans. Moreover, inter-species differences in regulation of CYP
expression and activities are well-known to be significant between rodents and humans [95].
Information regarding how pregnancy influences hepatic drug metabolism in other animals
is uncommon.

6. Conclusion
Pregnancy affects the extent of hepatic drug metabolism in humans. The underlying
mechanisms remain unknown, but physiological changes accompanying pregnancy are
likely responsible for the reported alteration in drug metabolism during pregnancy. These
changes include elevated concentrations of various hormones such as estrogen,
progesterone, placental growth hormones and prolactin. The hormones are known to exert
regulatory effects on expression of DME, suggesting that rising hormonal concentrations
during pregnancy are potentially responsible for the altered drug metabolism. Better
understanding of the regulatory mechanisms underlying the hormonal effects on expression
and/or activity of DME is warranted, which would help advance our abilities to predict
pharmacokinetic changes of drugs in pregnant women.
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7. Expert opinion
Medical conditions in the mother, such as diabetes or epilepsy, can adversely affect the
health of both the mother and fetus. These conditions need to be treated with the lowest
effective doses of drugs. However, defining treatment regimens has been difficult due to a
lack of pharmacokinetic information on drugs used in pregnancy. This uncertainty may lead
to delayed drug treatment in pregnant women and detrimental clinical outcomes. Clear
understanding of altered drug disposition during pregnancy is thus necessary for
development of optimal dosing strategies in pregnant women.

Mechanistic understanding of drug disposition has advanced our ability to predict and
prevent adverse events, such as drug-drug interactions. For example, elucidation of the
PXR-mediated regulatory mechanisms for CYP expression established PXR ligands as
potential perpetrators of drug interactions and assisted in predicting pharmacokinetic
changes of drugs co-administered with PXR ligands. Similarly, for prediction of
pharmacokinetic changes for individual drugs used during pregnancy, it would be necessary
to identify and investigate the responsible factors affecting hepatic drug disposition.

Rising hormonal concentrations in maternal blood are potentially responsible for the altered
hepatic drug metabolism during pregnancy. Accumulating in vitro evidence suggests that
certain pregnancy hormones (such as female hormones, GH-like hormones, and cortisol) are
capable of modulating CYP expression; however, confirmatory studies or in-depth
mechanisms studies are still lacking. Also, there is a lack of knowledge on whether and how
other pregnancy hormones (such as aldosterone) can influence drug disposition, potentially
leading to altered pharmacokinetics of drugs in pregnancy. Thus, more studies are needed to
determine and characterize the effects of pregnancy hormones on hepatic drug metabolism.

Pregnancy is a complex physiological system. Extensive mechanistic studies and correlative
analysis of in vitro and in vivo data are required for accurate prediction of pharmacokinetic
changes in pregnancy. Results obtained from the above studies can serve as groundwork for
development of a predictive model, which may ultimately incorporate effects of multiple
physiological changes in pregnancy on hepatic drug metabolism. Collectively, these efforts
will improve our ability to optimize drug treatment in pregnant women and enhance
women’s health.

Abbreviations

CYP cytochrome P450

UGT UDP-glucuronosyltransferase

AhR Aryl hydrocarbon receptor

CAR constitutive androstane receptor

PXR prengane X receptor

ER estrogen receptor
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Article highlight box

• Pregnancy influences hepatic metabolism of drugs in a CYP-dependent manner.

• Hormones the plasma levels of which rise during pregnancy are capable of
regulating expression of hepatic drug metabolism enzymes. These hormones
include estrogens, progesterone, cortisol, and prolactin.

• Appropriate animal models to study altered drug metabolism during pregnancy
are lacking.

• Further studies are needed to examine the role of pregnancy hormones in altered
drug metabolism during pregnancy.
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Fig. 1.
Signaling pathways for regulation of CYP expression. 3-MC, 3-methylcholanthrene;
CITCO, 6-(4-chlorophenyl)imidazo [2,1-b][1.3]thiazole-5-carbaldehyde O-(3,4-
dichlorobenzyl) oxime; PBREM, phenobarbital responsive enhancer module; XREM,
xenobiotic responsive enhancer module; ARNT, aryl hydrocarbon receptor nuclear
translocator; RXR, retinoid X receptor; ERE, estrogen response element; XRE, xenobiotic-
responsive element
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Fig. 2.
Various endogenous estrogens
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Table 1

Drugs used in pregnancy

Drug class Drugs

Antihypertensive Labetalol, methyldopa, hydralazine

Antidiabetic Insulin, glyburide, metformin

Antidepressants Fluoxetine, sertraline, citalopram

Antidyspepsia Omeprazole

Antibiotics Cefoxitin, cephazolin, nitrofurantoin

Antiretroviral Ritonavir, atazanavir, nelfinavir

Antipsychotic Haloperidol, risperidone
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Table 2

Hepatic transcription factors involved in up-regulation of CYP expression [27, 36]

Transcriptional
regulator

Ligand/activator Target CYP genes

ER Estradiol CYP2A6

AhR 3-methylcholanthrene CYP1A2

CAR Phenobarbital, CITCO CYP2B6, CYP2C9,
CYP2C19, CYP3A4

PXR Rifampin CYP2A6, CYP2B6,
CYP2C9, CYP3A4
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Table 3

Changes in drug metabolism in pregnancy [7, 9, 19]

CYP Direction of
activity
change

Clinical evidence

CYP1A2 Decrease Decreased apparent clearances or increased metabolic

ratios* of caffeine, theophylline, olazapine, and clozapine

CYP2A6 Increase Increased clearance of nicotine

CYP2D6 Increase Increased apparent clearances or decreased metabolic
ratio of fluoxetine, citalopram, metoprolol, and
dextromethorphan

CYP2C9 Increase Increased apparent clearances of phenytoin and glyburide

CYP2C19 Decrease Increased metabolic ratio of proguanil

CYP3A4 Increase Increased apparent clearances of midazolam, nifenidine,
and indinavir

UGT1A4 Increase Increased apparent clearances of lamotrigine

*
metabolic ratio: the ratio of concentrations of parent drug to metabolite
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Table 4

Endogenous entities the plasma concentrations of which increase during pregnancy [78, 96, 97]

Small molecules Peptides/Proteins

• Estrogen

• Pregesterone

• 17α-hydroxyprogesterone

• Aldosterone

• Cortisol

• 11-Deoxycortisol

• Androstenedione

• Neuropeptide Y

• Calcitonin gene related peptide

• Prolactin

• Human placental lactogen

• Leptin

• Growth hormone variant (placental growth hormone)

• Inhibin

• Human chorionic gonadotropin
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Table 5

Altered drug metabolism during pregnancy in rodents

Rats

  Decreased specific activities*of

• Ethymorphine N-demethylase [86]

• Aniline hydroxylase [86]

• p-Nitroebnzoic acid reductase [86]

• Biphenyl-4-hydroxylase [87]

• Aminopyrine N-demethylation [85]

• Aldrin epoxidation [85]

• Estrone and estradiol glucuronosyltransferase [88]

• 4-methylumbelliferone glucuronosyl transferase [87]

  Decreased protein expression of

• UGT1A (UGT1A1, 1A5, 1A6) and UGT2B1 [72]

  Decreased mRNA expression of

• CYP2C11, CYP2E1, CYP2D2, CYP2D23, and CYP2A1 [89]

  Increased specific activities of

• Ethoxyresorufin-O-deethylase [85]

• 4-Nitroanisole-O-demethylase [85]

  Increased mRNA expression of

• CYP2C37 [89]

• CYP1A2 [85]

Mice

  Decreased mRNA expression of

• Cyp3a11 and Cyp3a25 [55]

  Increased mRNA expression of

• Cyp3a1 [90]

• Cyp3a16, Cyp3a41, and Cyp3a44 [55]

  Increased specific activities of

• Aminopyrine-N-demethylase [98]

*
drug metabolism per gram liver or per mg microsomal protein

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2013 June 19.


