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Abstract: For many years, the medical community has
relied in clinical practice on historic data about the phys-
iological changes that occur during pregnancy. However,
some newer studies have disputed a number of assump-
tions in these data for not being evidence-based or derived
from large prospective cohort-studies. Accurate knowledge
of these physiological changes is important for three
reasons: Firstly, it facilitates correct diagnosis of diseases
during pregnancy; secondly, it enables us to answer
questions about the effects of medication during preg-
nancy and the ways in which pregnancy alters pharma-
cokinetic and drug-effects; and thirdly, it allows for
proper modeling of physiologically-based pharmacoki-
netic models, which are increasingly used to predict
gestation-specific changes and drug–drug interactions, as
well as develop new knowledge on the mode-of-action of
drugs, the mechanisms underlying their interactions, and
any adverse effects following drug exposure. This paper
reviews new evidence regarding the physiologic changes
during pregnancy in relation to existing knowledge.

Keywords: pharmacogenomics; pharmacokinetics; phar-
macology; physiologic changes; pregnancy.

Introduction

Pregnancy is associated with several structural and func-
tional changes that influence the processes of drug ab-
sorption, distribution, metabolism, and excretion (ADME)
[1]. For example, there is increased drug transit time in the

gastro-intestinal tract, increased volume of distribution of
drugs, increased renalfiltration, and increasedmetabolism
of most medications during pregnancy [1]. Besides these
pregnancy-related changes attributable to alterations in

maternal blood flow, increased fluid retention, and the

effect of hormones (such as vasopressin, progesterone,

relaxin, estrogen, and angiotensin II), transmembrane

transporter function, expression, and regulation also

significantly influencing the pharmacokinetics (PK) of

many drugs during pregnancy [2, 3]. These physiologic and

transporter changes that occur during pregnancy have

critical effects on the PK profile of drugs during pregnancy.
Although several efforts have been made to under-

stand the physiologic changes that occur during pregnancy
andhow these changes affect drug PK [4–11], recent studies
have disputed a number of assumptions in older studies for
not being gestational-age specific, evidence-based, or
derived from large prospective cohort studies [12, 13]. In
2018, for example, a New England Journal of Medicine
publication demonstrated that platelet count consistently
decreases throughout gestation in uncomplicated preg-
nancies [13], contrary to previously published reports that
this decrease begins in the mid-second to third trimester
and continues until time of delivery [14–16]. Other recent
data from multicenter observational cohorts similarly
dispute physiological reference values for blood pressure,
heart rate, respiratory rate, and oxygen saturation during
pregnancy [12]. In addition, there have been multiple
publications on intestinal, hepatic, and renal transporter
expression, regulation, and function during pregnancy
[17–20] which have not yet been systematically reviewed.
Accurate knowledge of these physiological changes is
important for three reasons: Firstly, it helps us correctly
diagnose and treat diseases during pregnancy; secondly, it
enables us to answer important questions about the effects of
medication during pregnancy and the ways in which preg-
nancy alters PK and drug effects; and thirdly, it allows for
proper modeling and validation of physiologically-based
pharmacokinetic (PBPK) models, which are increasingly be-
ingused to predict gestation-specific changes anddrug–drug
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interactions, as well as develop new knowledge on themode
of action of drugs, the mechanisms underlying their in-
teractions, and any adverse effects following maternal drug
exposure.

This paper reviews new evidence in relation to existing
knowledge, focusing on the five major organ-systems with
the greatest potential to alter the PK of drugs during
pregnancy: cardiovascular, respiratory, hematologic,
renal, and gastrointestinal systems. Data for this manu-
script were obtained from a comprehensive review of new
and old published literature on the physiologic changes
that occur during normal pregnancy, in addition to rele-
vant pregnancy pharmacology literature.

Methods

The methodology of this review conformed to the synthesis without
meta-analyses (SWiM) guidelines [21]. The search included
ClinicalTrials.gov, MEDLINE, EMBASE, Scopus, Web of Science, and
the Cochrane Library for studies that met inclusion and exclusion
criteria using a search strategy designed in collaboration with an
experienced Librarian at the Johns Hopkins University School of
Public Health. The search included controlled vocabulary terms
(MeSH and free text keywords) for physiologic changes in pregnancy,
transporters, drug therapy, patient monitoring, and pharmacoki-
netics. The search strategy included Boolean operators “OR” (for
related term) and “AND” (combination of different concepts). Relevant
synonyms and alternative spellings were identified via EMBASE’s
controlled vocabulary, Emtree.

Using Covidence software (Veritas Health Innovation Ltd,
Australia 2018), titles and abstracts were extracted for full-text review.
Duplicate entries were removed by Covidence software based on
matching titles, authors and journals, and then manually confirmed.
Studies were categorized by titles and abstracts as “include” or
“exclude” based on relevance to the study question. Titles and ab-
stracts marked “include” were reviewed in full text. Each full-text
article was read to assess for eligibility based on the predefined
eligibility criteria. Full-text articles were categorized as “include” or
“exclude.” Studiesmarked as “include” based on full-text reviewwere
included in the review.

Results

The search identified 332 bibliographic references, 274
through the PubMed database and 58 through Clinicaltrials.
gov. After 12 duplicate papers were removed, there were a
total of 320 records in title and abstract form available for
further screening. 193 clearly irrelevant references were
excluded through reading of the abstracts. Thus, 127 refer-
ences were assessed for eligibility into the review. After
careful scrutiny, 13 other references were excluded as they
did not fulfil the inclusion criteria (did not discuss

physiology of pregnancy, drug transporter, or related to
drug pharmacokinetics). Subsequently, 114 references met
the inclusion criteria for this review on topics related to
physiologic changes in pregnancy, transporters, and
pharmacokinetics.

Discussion

Cardiovascular changes and its influence on
drug pharmacokinetics during pregnancy

Maternal heart rate and blood pressure changes

The cardiovascular system, consisting of the heart and
blood vessels, undergo several changes during pregnancy
that impact the PK of many drugs [22]. Recent data suggest
new target ranges for maternal heart rate and blood pres-
sure changes in pregnant women. For example, up until
recently, it was thought that maternal heart rate increases
by approximately 10–15 beats/min, and cardiac output
increases by about 30–50% (due to increased blood vol-
ume and heart rate) during pregnancy [23, 24]. Maternal
blood pressure falls by 10–15 mmHg due to a reduction in
peripheral vascular resistance caused by progesterone-
induced vasodilation, and a low resistance circuit during
normal pregnancy [24]. While systolic ejection murmurs
(grades 1 or 2) are the most common types of murmurs that
occur during pregnancy [25], diastolic murmurs are rarely
due to physiologic changes associated with pregnancy.

Recent data from over 36,000 healthy pregnant
women have disputed some of these previously described
changes as not gestational age specific nor evidence based,
and were based on data from small retrospective studies
[12, 26]. The results from newer studies demonstrate that
changes in maternal heart rate and blood pressures are not
as substantial as previously thought. Using data from the
Pregnancy Physiology Pattern Prediction (4P) study, a
multicenter observational cohort, University of Oxford in-
vestigators developed a database of prospective vital sign
measurements using standardized measurement tech-
niques throughout pregnancy in healthy women with
singleton pregnancies [12]. The median maternal heart rate
was noted to be lowest at about 12 weeks of gestation,
at approximately 82 beats/min (3rd to 97th centile of
63–105 beats/min). The heart rate rose progressively until
about 34.1 weeks of gestation to a maximum of 91 beats/
min (3rd to 97th quartile of 68–115 beats/min), an increase
of 9 beats/minwhen compared to thematernal heart rate at
12 weeks of gestation [12]. Maternal heart rate then
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minimally decreased to a median of 89 beats/min at
40 weeks [12] (Figure 1). This means that the range of heart
rate during pregnancy is approximately between 63 and
115 beats/min, compared to a range of 60–100 beats/min as
previously suggested. For blood pressure changes, dia-
stolic blood pressure declined from 12 weeks of gestation
(median of 70 mmHg), nadired to 69 mmHg at approxi-
mately 19.2 weeks, and subsequently increased to a
maximum median of 78 mmHg at 40 weeks, a difference
9 mmHg from minimum to maximum diastolic blood
pressure [12] (Figure 2). Systolic blood pressure also
declined in parallel from 12 weeks of gestation (median of
114 mmHg), nadired to 113 mmHg at approximately
18.6 weeks, and subsequently increased to a maximum
median of 121 mmHg at 40 weeks, a difference 7 mmHg
fromminimum tomaximum systolic blood pressure during
pregnancy [12] (Figure 2). These changes in blood pressure
and heart rate differ slightly fromprior knowledge, where it
is thought that blood pressure decreases by 10–15 mmHg
during mid-pregnancy.

There is additional recent research on newer blood
pressure targets for pregnantwomen [27]. In 2018, based on
results from the Systolic blood Pressure Intervention Trial
(SPRINT) [28], the American Heart Association (AHA) and

the American College of Cardiology (ACC) updated the
threshold for diagnosis of hypertension in adults to
130/80 mmHg. However, a blood pressure threshold of
140/90 mmHg is still being used by many Obstetrical so-
cieties across the world to diagnose hypertension during
pregnancy, despite the known reduction in blood pressure
during pregnancy. Although the Obstetrics and Gyneco-
logic community have not yet adopted the AHA/ACC new
criteria for diagnosing high blood pressure, the study by
Green et al. [12] suggesting that over 90% of women at
12 weeks of gestation have a blood pressure of ≤130 mmHg
systolic and ≤80 mmHg diastolic, suggest that the
AHA-ACC criteria for stage I hypertension are plausible in
pregnant women. The pharmacologic importance of these
cardiovascular changes is critical for diagnosis and phar-
macologic management of some diseases during preg-
nancy, like pre-eclampsia and sepsis. For example, the
third percentile for systolic blood pressure in theUniversity
of Oxford study was between 94 and 96 mmHg after
30 weeks of gestation in all groups. These thresholds are
above the <90 mmHg systolic blood pressure threshold
used to recognize and pharmacologically treat hypoten-
sion and sepsis during pregnancy [29]. In addition, data
from the Control of Hypertension in Pregnancy Study

Figure 1: Heart rate changes during normal pregnancy.
Figure illustrates heart rate changes during normal pregnancy (previously known knowledge on the left graph, and current knowledge on the
right graph). On the right graph, themedian heart rate was lowest at 12weeks of gestation, at approximately 82 beats/min. The heart rate rose
progressively until 34.1 weeks of gestation to a maximum of 91 beats/min, an increase of 9 beats/min when compared to the heart rate at
12 weeks of gestation. Maternal heart rate thenminimally decreased to amedian of 89 at 40 weeks. These changes in heart rate differ slightly
from prior knowledge (left graph), as it is thought that heart rate increases by approximately 10–15 mmHg throughout gestation in normal
pregnancy.
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(CHIPS) randomized trial that compared the effectiveness
of tight (target diastolic blood pressures of 85 mmHg) vs.
less-tight blood pressure control (target diastolic blood
pressures of 100mmHg) in improving pregnancy outcomes
among women with mild chronic or gestational hyperten-
sion between 14 and 33 weeks of gestation, demonstrate
that tight blood pressure control (similar to the updated
physiological blood pressure changes in pregnancy as
described above), might be the best clinical option because
itminimizesmaternal riskwithout increasing perinatal risk
[30]. The 85 mmHg diastolic blood pressure goal from the
CHIP trial is similar to the median diastolic blood pressure
(78 mmHg) reported in the 2020 4P University of Oxford
study [12].

Plasma volume during pregnancy and its impact on drug
PK

Pregnancy is associated with about 40–50% rise in blood
volume, reaching a peak at approximately 32 weeks of
gestation [22]. Increased maternal plasma volume is
thought to be related to the combined effect of mineralo-
corticoid and vasopressin activity, causing sodium and

water retention during pregnancy [31]. This increase in
plasma volume allows adequate perfusion of vital organs,
and may provide some needed survival benefit in antici-
pation of blood loss at the time of vaginal delivery or
cesarean section. In addition, there ismaternal weight gain
and increased body fat (a mean increase of 12–20 kg) from
baseline during the course of pregnancy [32]. The PK
consequence of increased maternal blood volume and
increased fat and body mass during pregnancy is that hy-
drophilic drugs tend to be relatively minimally distributed
(low volume of distribution), while lipophilic drugs tend to
have a large volume of distribution, particularly into fatty
tissues during pregnancy compared to the nonpregnant
state. These physiologic changes may result in increased
loading and maintenance medication dosage requirements,
aswell as thepotential for subtherapeutic drugdosingduring
pregnancy. For example, buprenorphine is highly lipophilic
and is highly (96%) protein bound [33], therefore, has a large
volume of distribution (188–335 L). In a dose optimization PK
study, thePKof buprenorphine inpregnant andnonpregnant
individuals differed significantly [34]. Due to buprenor-
phine’s high volume of distribution, persistently low bupre-
norphine plasma concentrations were demonstrated during

Figure 2: Blood pressure changes during normal pregnancy.
Figure illustrates blood pressure changes during normal pregnancy (previously known knowledge on the left graph, and current knowledge on
the right graph).On the right graph, diastolic bloodpressure declined from 12weeks of gestation (median of 70mmHg), nadired at to 69mmHg
at 19.2 weeks, and subsequently increased to a maximummedian of 78 mmHg at 40 weeks, a difference 9 mmHg fromminimum to maximum
diastolic blood pressure. Systolic blood pressure declined from 12 weeks of gestation (median of 114 mmHg), nadired at to 113 mmHg at
18.6 weeks, and subsequently increased to a maximum median of 121 mmHg at 40 weeks, a difference 7 mmHg from minimum to maximum
systolic blood pressure during pregnancy. These changes in blood pressure differ slightly from prior knowledge (left graph), as it is thought
that blood pressure decreases by 10–15 mmHg during mid-pregnancy.
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the second and third trimesters of pregnancy, suggesting that
pregnantwomenmayneedbuprenorphinedose adjustments
during pregnancy, due to its very high apparent volume of
distribution and protein binding [34]. Similarly, body weight
and increased volume of distribution during pregnancy
impacted the PK of enoxaparin, requiring dose adjustments,
corrected for body weight in pregnant women, compared to
non-pregnantwomen [35]. Several other drugs are affectedby
the increased volume of distribution that occurs during
pregnancy. For example, analgesics (e.g., oxycodone) [36]
and antihypertensives (e.g., metoprolol [37]) have extensive
volumes of distribution of approximately 2.6 L/kg (range
1.8–3.7) [36] and3.2–5.6 L/kg respectively that canaffect drug
disposition during pregnancy. Digoxin, while very low-
protein bound (25%), distributes intomuscle and fat, with an
apparent volume of distribution of approximately 475–500 L
in non-pregnant adults, but reaches a volume of distribution
of approximately 680–730 L during pregnancy [38]. Simi-
larly, metformin has a larger apparent volume of distribution
at steady-state during pregnancy compared to postpartum
[39]. Due to these pregnancy-induced changes in the PK of
drugs, clinicians who prescribe these medications often
make significant dosage changes when inadequate re-
sponses are encountered in clinical practice.

Consequences of pregnancy on the pharmacokinetics of
high and low plasma-protein bound drugs

The synthesis of plasma proteins during pregnancy (pri-
marily albumin and alpha 1-acid glycoprotein) are
increased, but the increase in plasma volume results in a
dilutional decrease in plasma protein concentrations,
decreased protein binding ability, and increased free-drug
(non-protein bound pharmacologically active drug frac-
tions during pregnancy that correlates with therapeutic
and adverse effects), as well as trans-placental drug
transfer. Therefore, measuring total plasma concentrations
of highly protein bound drugs is not a good proxy for free
plasma drug concentrations [40]. A critical PK conse-
quence of changes in plasma proteins is that drugs that are
highly protein-bound (>80%) may show variations in pro-
tein binding during pregnancy. For drugs with significant
protein binding, clearance is often dependent on the drug’s
total concentration (a sum of the free and protein-bound
concentrations), and not just the free drug concentrations.
During pregnancy, there is decreased clearance of exten-
sively protein-binding drugs (because there is less free
pharmacologically available drug for metabolism).
Conversely, there is increased clearance of low plasma
protein-binding drugs due to increase the free-fraction of a

drug from the decreased plasma protein concentrations
and protein-binding ability during pregnancy. Decreased
serum concentrations of drugs potentially reduce total
drug concentrations needed for a desired therapeutic ef-
fect. For example, carbamazepine is an anticonvulsant
medication that is approximately 80–85% protein-bound.
Several studies have demonstrated decreased carbamaze-
pine plasma concentrations during pregnancy [41, 42],
with the largest prospective open label nonrandomized
study of pregnant and postpartum women reporting a
decline in total carbamazepine concentrations of 9–12%
during the second and third trimesters of pregnancy [43].
Similarly, the serum concentration of phenytoin, which is
approximately 90% bound to serum proteins, also de-
creases steadily from the first trimester of pregnancy, upto
the third trimester, when the total serum concentrations of
phenytoin are decreased by approximately 55–61% [44].
These physiological changes can lead to subtherapeutic
plasma concentrations of these antiepileptic medications
during pregnancy, resulting in worsening of epilepsy
symptoms during pregnancy. Increased clearance of a drug
due to decreased plasma protein is only true for drugs
with low-extraction ratios (see hepatic changes and hepatic
transporter expression during pregnancy for description of
drug-extraction ratios). Although directly measuring free
(unbound) drug concentrations either by dialysis or ultra-
filtration remain the optimal strategy to quantify plasma
drug concentrations for highly protein bound drugs [45, 46],
PK studies in pregnant women continue to rely on plasma
concentrations of total drug concentrations (bound plus
unbound) drug for decision making during clinical care, as
development of bioanalytical methods for measuring free
fractions are extremely complicated, exceedingly time-
consuming, difficult to validate, and exorbitantly expensive
[46, 47].

It is crucial to note that while it is important to un-
derstand the impact individual organ-system changes can
have on drug disposition during pregnancy, the final
plasmadrug concentration during pregnancy depends on a
complex relationship (net effect) between so many PK
variables, including the fraction of drug absorbed, the
physicochemical properties governing diffusion across
membranes, drug bioavailability, protein binding and
unbound fractions of drug, volume of distribution,
intrinsic organ clearance, organ extraction ratio (hepatic or
renal), and several other PK variables. For example, dar-
unavir (a protease inhibitor) is approximately 85% bound
to plasma-proteins, but plasma proteins decrease during
pregnancy, so the bound fraction of darunavir is expected
to decrease. Darunavir has a low hepatic extraction ratio
(<0.3), is metabolized extensively by cytochrome P450-3A
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(which increases in pregnancy), and eliminated (>90%) by
the liver throughhepatic clearance [40]. During pregnancy,
darunavir protein binding decreases to approximately 30%
(compared to pre-pregnancy), while the free-fraction
(active drug) would be expected to increase. The in-
creases in darunavir hepatic drug metabolism, volume of
distribution, and clearance during pregnancy account for
the low plasma darunavir concentrations observed during
pregnancy [48–53].

Respiratory system physiologic changes
during pregnancy

Several functional changes that occur in the respiratory
system due to increased estrogen and progesterone during
pregnancy, affect drug PK. The increase in estrogen con-
centrations during pregnancy result in increased vascu-
larity and edema of the upper respiratory tract [54].
Additionally, progesterone, a known stimulant of respira-
tion and respiratory drive, directly induces an increase in
alveolar ventilation during pregnancy [55]. As a result, the
minimum alveolar concentration (alveolar concentration
of an inhaled anesthetic that is required to prevent a
response to a standardized painful stimulus in 50% of
patients) of drugs, is reduced during pregnancy [56]. This
means that a lower amount of inhalational agent is
required to produce a response with inhalational agents
during pregnancy compared to the non-pregnant state.
Progesterone’s stimulant effect is also responsible for a
40–50% increase in minute ventilation, beginning in the
first trimester, and reaching 20–50% above pre-pregnancy
values at term (Table 1). The increased minute ventilation
occurring during pregnancy is primarily due to an increase
in tidal volume (by 30–35%) and secondarily due to a
negligible increase in respiratory rate (by 10–15%) above
nonpregnant levels –minute ventilation is respiratory rate
times the tidal volume [57]. The peak expiratory flow rate
(PEFR) and forced expiratory volume in 1 s (FEV1) are
largely unaffected during pregnancy, while vital capacity
and total lung capacity undergo minimal decrease
(Table 1). There is a 15–25% decrease in functional residual
capacity due to a decrease in residual volume and expira-
tory reserve volume during the third trimester of pregnancy
[57, 58]. There is also an increase in oxygen consumption
(by 20–30%) due to resting maternal metabolic rate and
fetal metabolic demands [58]. The effect of pregnancy on
other physiologic parameters in the respiratory system is as
shown in Table 1.

The stimulatory effect of progesterone also results in
maternal hyperventilation and physiological changes in

acid-base balance, including increased arterial partial
pressure of oxygen (pO2 of 95–105 mmHg), decrease arterial
carbon dioxide partial pressure (pCO2 of 28–32 mmHg), a
compensatorydecrease in serumbicarbonate (18–22mmol/L)
due to increased renal excretion, and a mild compensatory
respiratory alkalosis that occur during pregnancy [59, 60],
maintaining the maternal arterial pH in the range of

Table : Respiratory changes during normal pregnancy show the
respiratory changes during normal pregnancy.

Variable Normal values

Pregnant (updated) Non-pregnant
women

Lung volumes and ventilation
Respiratory rate, mL/min No change/minimal

increase
–

Tidal volume, mL Increased (–% at
term)

–

Minute ventilation, mL Increased (–% at
term)

,–,

Inspiratory capacity, mL Increased (by –%
at term)

,–,

Vital capacity, mL Unchanged/minimal
decrease

,–,

Inspiratory reserve volume,
mL

Increased (by –% at
term)

,–,

Expiratory reserve volume,
mL

Decreased (–% at
term)

–

Residual volume, mL Decreased (–% at
term)

,–,

Functional residual
capacity, mL

Decreased (–% at
term)

,–,

Total lung capacity, mL No change/minimal
(–%) decrease

,–,

Spirometry
Forced expiratory volume in
 s (FEV)

No change ,–,

Forced vital capacity (FVC) No change ,–,
(FEV)/FVC No change >%
Blood gases
pH Slight respiratory

alkalosis (.–.)
.–.

Bicarbonate, mmol/L Decreased by –%
(–)

–

Arterial pO, mmHg Increased by –%
(–) []

–

Arterial pCO, mmHg Decreased by –%
(–)

–

Base excess No change + to −

Recent literature has demonstrated that although the respiratory rate
does not change significantly during pregnancy compared to the
nonpregnant state (an average of  beats/min), the pO decreases
from amedian of %at weeks of gestation, to reach aminimumof
% at  weeks of gestation. This small decrease in pO differ from
previously published reports that suggest moderate reduction in
pO in the second and third trimesters of pregnancy
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7.40–7.47 (Table 1). Up until recently, it was thought that the
partial pressure of oxygen can approach 106 mmHg in the
first trimester (12 weeks), and then decreases to approxi-
mately 100 mmHg at term [59]. However, recent literature
have demonstrated that although the respiratory rate does
not change significantly during pregnancy compared to the
non-pregnant state (an average of 15 beats/min), the pO2

decreases from a median of 98% at 12 weeks of gestation, to
reach a minimum of 97% at 40 weeks of gestation [12]. This
small decrease in pO2 differs from previously published re-
ports that suggest moderate reduction in pO2 in the second
and third trimesters of pregnancy [59].

The pharmacologic consequence of these pulmonary
changes applies mainly to the PK of drugs used to treat
respiratory diseases affecting pregnancy, and the use of
inhalational pharmacologic agents in pregnant women.
For example, respiratory alkalosis is associated with
decreased PaCO2 (hypocapnia) and an increased bicar-
bonate to PaCO2 ratio, with increase in pH. This increase in
pH affect the absorption of inhalational agents, as lung
uptake of basic drugs like halothane, enflurane and iso-
flurane increases with increase in pH due to more of the
drug rapidly absorbed in the non-ionized lipophilic form
[61]. Themore rapidly these basic drugs are being absorbed
and equilibrate in blood in the setting of respiratory alka-
losis, the more quickly the drugs passes into the brain to
produce anesthetic effects, and the lower the dose needed
to produce anesthetic effects in pregnantwomen compared
to non-pregnant women. In a study by Chan et al. the
minimum alveolar concentration (MAC) of isoflurane in
pregnant women (at 8–12 weeks gestation) was 28% less
than the MAC measured in non-pregnant controls [62]. In
another study in pregnant women during the first trimester
(at 8–13 weeks gestation), the median percentage de-
creases in MAC for halothane and enflurane were 27 and
30%, respectively, compared with those in nonpregnant
women [56]. The disposition of asthmatic drugs is affected
by physiologic changes of pregnancy as well. For example,
in a study of the effect of pregnancy on quantitative
medication use relating to asthma exacerbations during
pregnancy, a third of asthmatics had optimal control of
their asthma despite discontinuing anti-asthmatics during
pregnancy when compared to non-pregnant asthmatics
[63]. Asthma medications were rapidly reduced at the
beginning of pregnancy, and then slowly increased to pre-
pregnant levels in the postpartum period [63]. In another
study, there was a 23% decrease in the use of inhalational
drugs used in treatment of acute asthmatic attacks, and a
13% decrease in the use of short-acting beta-2 agonists for
asthma treatment during pregnancy [64]. The decreased
medication uses and dosing in asthmatics, and decreased

requirements for general inhalational anesthetics are
because of the respiratory physiologic changes in preg-
nancy as discussed above. In addition, the increase in
placental-mediated steroid hormone production during
pregnancy (free and conjugated cortisol) are associated
with antiinflammatory effects, bronchial smooth muscle
relaxation, and enhanced secretion of prostaglandin E2
(PGE2), leading to improvement in the symptoms of asthma
(dyspnea, wheezing), and reduction in asthmatic flares
during pregnancy. The impact of respiratory changes
during pregnancy has yet to be included in many preg-
nancy PBPK models in current use.

Hematopoietic system physiologic changes
during pregnancy

Pregnant women undergo many changes in the hemato-
logic system that impact the PK of drugs. Recent literature
demonstrate that platelet count consistently decrease
throughout gestation in uncomplicated pregnancies [13],
contrary to previously published reports that this decrease
begins in the mid-second to third trimester and continues
until time of delivery [14–16] (Table 2). This recent evidence
also suggests that the largest physiological decrease in
platelet count occur at term, with return to pre-pregnancy
levels occurring at mean of seven weeks postpartum [13].
The normal range of platelet count during pregnancy is
150,000 to 450,000/µL. Therefore, a decrease in platelet
count below 150,000/µL is termed thrombocytopenia, with
counts below 150,000/µL but not less than 100,000/µL
classified as mild thrombocytopenia, and levels <100,000/
µL and <50,000/µL classified as moderate and severe
thrombocytopenia respectively [65]. Gestational thrombo-
cytopenia, a diagnosis of exclusion with platelet counts
below 150,000/µL, occurs as a result of hemodilution from
increased plasma volume, which peaks in the third
trimester of pregnancy (between 28 and 32 weeks of
gestation) [65].

During pregnancy, the plasma volume increases by
approximately 40–50% above baseline, while the red
blood cell volume increases concomitantly by approxi-
mately 20–30% [66]. Hemodilution that occurs from an
increase in plasma volume relative to increase in red blood
cell volume that occur during the second trimester and
third trimesters of pregnancy (with a peak at about
32weeks of gestation) account for the so called ‘physiologic
anemia of pregnancy’ [67]. Pregnancy is a ‘hypercoagula-
ble state’ because most of the blood clotting factors in the
intrinsic and extrinsic pathways of the clotting cascade
increase during pregnancy, with the potential for increased
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risk of thrombosis in pregnant patients predisposed to
coagulation, either due to a genetic predisposition (for
example, prothrombin gene G20210A homozygous muta-
tion) or as a result of other factors (Table 2). The changes in
the coagulant system are usually balanced by the antico-
agulant system (protein C, anti-thombin III, and protein S)
and by the fibrinolytic system changes during pregnancy.

The pharmacologic consequence of hematologic
changes during pregnancy applies mainly to antiplatelet
and anticoagulation therapy. Administration of low mo-
lecular weight heparin (LMWH) or unfractionated heparin
(UFH) at the time of labor or cesarean delivery is usually
dependent on platelet count, with moderate to severe
thrombocytopenia being a relative contraindication for use
of heparin or other anticoagulants. Another pharmacologic

consideration is drugs that induce thrombocytopenia
during pregnancy. A common example is heparin-induced
thrombocytopenia (HIT), a severe adverse effect that can
occur with the use of heparin. In the setting of HIT, direct
thrombin inhibitors (bivalirudin and danaparoid), or factor
Xa inhibitors (fondaparinux) are used for thombo-
prophylaxis or treatment, as continued use of heparin can
worsen thrombocytopenia and predispose to thrombosis.

Renal system changes and renal transporter
expression during pregnancy

During pregnancy, both kidney bipolar diameters increase
in size by an average of 1.5 cm, and the right ureter dilates
in approximately 80% of women during the duration of
pregnancy [68], with concomitant increases in the size of
the renal calyces and ureters (Table 3). These renal changes
begin to occur as early as the first trimester of pregnancy,
between 6 and 10 weeks of gestation. The renal blood
flow rises to about 70–80% from its baseline value at
20–22 weeks of gestation, peaks around 32–24 weeks of
gestation, and then falls to about 60–70% above pre-
pregnancy levels towards the end of pregnancy, while the
glomerular filtration rate (GFR) rises in parallel to about
40–50% of its baseline values at 20–22 weeks, then con-
tinues to increase throughmost of the third trimester, up to
36–38 weeks of gestation, when it declines steadily until
the time of delivery [69, 70] (Figure 3). A 2019 systematic
review of serum creatinine concentrations during preg-
nancy from 49 studies that measured over 4,000 serum
creatinine concentrations in healthy pregnant women
demonstrated that the mean values for serum creatinine in
the first, second, and third trimesters were 16, 23, and 20%
lower when compared to baseline values in non-pregnant
adults [71] (Figure 3). The increased renal blood flow and
increased glomerular hyper-filtration are responsible for
the increased creatinine clearance, decreased blood urea
nitrogen levels, and increased protein excretion (up to
300mg/day) during pregnancy [9] (Table 3). These changes
return to pre-pregnancy levels about 2–10 weeks post-
partum. The renal changes associated with normal preg-
nancy (Table 3) are largely responsible for the decreased
serum concentrations of several drugs during the second
and third trimesters of pregnancy [72–78], withmany drugs
requiring dose adjustments during pregnancy to prevent
subtherapeutic levels [50, 72, 73].

In addition to increased renal blood flow and increased
renal clearance, changes in transmembrane receptor func-
tion, expression, and regulation also alter the PK of drugs
during pregnancy. Transmembrane transporter function in

Table : Hematologic changes during normal pregnancy.

Coagulation factor Change during pregnancy

Factor  (fibrinogen) Increased (>–% above
pre-pregnancy levels) []

Factor II (prothrombin) Increased []
Factor III (tissue
thromboplastin)

Increased [, ]

Factor IV (calcium ions) No change [, ]
Factor V (labile factor) No change
Factor VII (stable factor) Increased (upto ,% above

pre-pregnancy levels) []
Factor VIII (antihemophilic
factor)

Increased (>% above
pre-pregnancy levels)

Factor IX (christmas factor) Increased (>% above
pre-pregnancy levels) []

Factor X (Stuart–Prower factor) Increased (>% above
pre-pregnancy levels)

Factor XI (plasma thrombo-
plastin antecedent)

Variable

Factor XII (hageman factor) Increased (>% above
pre-pregnancy levels) []

Factor XIII (fibrin stabilizing
factor)

Decreased (upto % of non-
pregnant levels at term) []

Von Willebrands factor, vWF Increased (>% above
pre-pregnancy levels)

Anti-thrombin III No change/slightly decreased
(–%) []

Activated partial thrombo-
plastin time, APTT

No change/slightly decreased

D-dimer Increased (upto %) []
Plasminogen activator inhibi-
tor 

Increased

Plasminogen activator inhibi-
tor 

Increased

Protein C No change []
Protein S Decreased (upto %) [, ]
Prothrombin time, PT No change
Platelets Decreased by –% []
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Table : Renal changes during normal pregnancy.

Variable Direction and magnitude of change in pregnancy

Renal, calyceal, and ureter size Increases in bipolar diameter (.–. cm); kidney volume increases by –%
pH Increases by about .–.
Renal blood flow Increases by –%
Glomerular filtration rate Increases by –%
Renal osmolality Decreases by approximately  mOsm/kg of water
Urine protein excretion Increases (up to  mg/day)
Serum creatinine Decreases by ,  and % in first, second & third trimester (normal

pregnancy range: .–. mg/dL)
Blood urea nitrogen levels Decreases to – mg/dL
Serum bicarbonate Decreases (by – mEq/L) due to compensatory respiratory alkalosis
Renal albumin excretion Increases
Renal AAG- excretion Increases

Electrolytes
Potassium (K)
Sodium (Na)
Bicarbonate (HcO3)
Chloride (Cl)
Phosphorus
Magnesium

Unchanged to mild decreases
Decreases to approximately – mmol/L
Decreases by (– mmol/L is normal range in pregnancy)
Unchanged
Unchanged
Unchanged

Uric acid (serum) Decreases by approximately – mEq/L
Aldosterone Increases
Renin–angiotensin Increases

Renal transporters
BRCP
MRP1
MRP2
MRP3
MRP4
MRP5
MRP6
MATE1
MATE2-K
MDR1
OAT1
OAT2
OAT3
OAT5
OAT1A6
OAT2B1
OAT3A1
OATP4C1
OCT1
OCT2
OCT3
OCTN1
OCTN2
P-gp
PEPT1
PEPT2
URAT1

Slight increase in BRCP [, ]
Unchanged []
Decreased to unchanged expression of MRP in pregnant rats [, ]
Increased MRP (–%) [, ]
Decreased MRP [, ]
Decreased MRP []
Unchanged []
Decreased expression (by –%) of MATE []
Increased expression of MATE-K
Unchanged to slight decrease MDR expression [, ]
Decreased expression of OAT []
Increased OAT expression []
Decreased expression of OAT []
Decreased OAT []
Decreased expression []
Increased expression []
Decreased OATA []
Increased during pregnancy
Increased OCT expression []
Increased OCT expression []
Decreased OCT expression []
Decreased OCTN []
Decreased OCTN []
No change in renal P-gp expression during pregnancy []
Increased PEPT expression []
Decreased PEPT expression []
Decreased expression of URAT []

BRCP, breast cancer resistance protein; MATE, multidrug and toxin extrusion transporter; MDR, multidrug resistance protein; MRP, multidrug
resistance-associated protein; OAT, organic anionic transporter; OATP, organic anionic transporting protein; OCT, organic cationic transporter;
OCTN, organic cation/carnitine transporter; PEPT, peptide transporter; Pgp, P glycoprotein; URAT, urate transporter.
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the kidneys is the most studied transporter changes during
pregnancy. Renal elimination of drugs occurs through a
combination of glomerular filtration, tubular secretion, and
efflux into urine [79]. Although glomerular filtration and
tubular secretion increases during pregnancy, tubular
reabsorption appears unchanged [69]. Literature is
increasing on how pregnancy alters the function of renal
transporters in secretion and/or reabsorption of drugs [80].
Generally, the changes in these renal transporter functions
are modest. For example, a 2012 study showed that preg-
nancy had minimal effect on streptozocin-mediated
changes in renal function [81]. To date, more than 20 renal
transporters have been studied and described in pregnant
humans, mice, and rats (Table 3). Some of these renal
transporters are predominant on the renal basolateral
membranes (separating the renal tubular cells andmaternal
blood), while others are located on the apical luminal
membranes of the kidneys. Pregnancy has been shown to
decrease the renal expression of multi-drug resistance

mutation 1 (MDR1), multi-drug resistance protein 4 and 5
(MRP4 and MRP5), and increase the mRNA and protein
expression of MRP3 by 50–60% [81] (Table 3). These renal
transmembrane transporter changes are critical to explain
some of the PK changes that occur during pregnancy. For
example, breast cancer receptor protein (BCRP) is the pri-
mary uptake transporter for glyburide during pregnancy,
and BCRP activity increases during pregnancy (Table 3).
Therefore, it is plausible that due to the increase in BCRP
expression in the renal tubules during pregnancy, systemic
intrinsic renal clearance of glyburide increases [82]. The
increased expression of MATE-1, OCT-2, and MATE-2-K
might contribute to increased creatinine clearance during
pregnancy, as creatinine is a substrate of these transporters
[83]. Incorporating the effect of these drug efflux and influx
transporters in maternal and fetal PBPK models would
improve the predictive abilities of these models in esti-
mating the PK of drugs, and the effect of drugs on medical
diseases during pregnancy.

Figure 3: Effective renal plasma flow, glomerular filtration rate, and creatinine changes during pregnancy.
Figure illustrates the changes in effective renal plasma flow, glomerular filtration rate, and serum creatinine concentrations during normal
pregnancy the renal blood flow rises to about 70–80% from its baseline value at 20–22 weeks of gestation, and then falls to about 60–70%
above pre-pregnancy levels towards the end of pregnancy, while the glomerular filtration rate (GFR) rises in parallel to about 40–50% of its
baseline values at 20–22 weeks, then continues to increase through most of the third trimester, up to 36–38 weeks of gestation, when it
declines steadily until the time of delivery.
A 2019 systematic review of serum creatinine concentrations during pregnancy from 49 studies that measured over 4,000 serum creatinine
concentrations in healthy pregnant women demonstrated that the mean values for serum creatinine in the first, second, and third trimesters
were 16, 23, and 20% lower when compared to baseline values in nonpregnant adults (as shown in figure above).
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Gastrointestinal changes and intestinal
transporter expression during pregnancy

Pregnancy is characterized by several changes in the
gastrointestinal system that affects the PK of drugs. For
example, pregnancy results in prolongation of gastric
emptying, increase in gastric residence times, an increase in
gastric pH, and increased small bowel transit times [84].
These pregnancy-related changes are mainly driven by
progesterone-mediated inhibition of smooth muscle
motility [85]. Progesterone levels increase exponentially
during pregnancy. The corpus luteumof the ovaries initially
produces progesterone, but at about 8–12 weeks of gesta-
tion, the placenta completely takes over the progesterone
production to maintain pregnancy. These progesterone-
induced pregnancy associated smooth muscle relaxant ef-
fects may lead to reflux, nausea and vomiting, constipation,
and exaggerated heartburn due to increased gastric acidity
and excessive production of gastrin during pregnancy [85].
These gastrointestinal changes also affect the PK of many
orally administered drugs by delaying their absorption and
onset of action. For drugs that are rapidly absorbed, the
gastrointestinal changes would decrease bioavailability,
while the opposite effect is seen in slowly absorbed drugs
during pregnancy. Due to the exaggerated gastric reflux
during pregnancy, the use of proton pump inhibitors and
H2-receptor blockers are used widely in pregnancy to pre-
vent and treat acid reflux, as well as moderate to severe
gastroesophageal reflux in about 50% of pregnant women
[86]. In addition, increased pH of the stomach during
pregnancywill alter absorptionof pHdependent drugs,with
the potential for lower efficacy during pregnancy.

A fundamental aspect of drug PK during pregnancy is
the role of intestinal membrane transporters in drug ab-
sorption. Majority of transporters that impact the
bioavailability of drugs are localized in the small intestine,
and the evidence from pregnant humans, mice and rats
suggest that the activity of some of these transporters
change during pregnancy (Table 4). The most extensively
studied intestinal transporters belong to the ATP binding
cassette (ABC) family. These include ABCB1, also known as
P-glycoprotein (P-gp), ABCG2, also known as breast can-
cer resistance protein, and ABCC2, called multidrug
resistance-associated protein 2 (MRP2) [87]. Some of the
other gastrointestinal transmembrane transporters, and
changes that occur during pregnancy, are shown in
Table 4. Gastrointestinal changes in these intestinal trans-
membrane transporters may have significant effect on drug
disposition within the gastrointestinal tract, as inhibition of
these transporters can lead to decreased or increased efflux
of drugs from the gastrointestinal tract, and alter drug

absorption [88]. MRP4 is a primary uptake transporter for
bile acids during pregnancy, and MRP4 activity decreases
during pregnancy. Therefore, it is plausible that due to the
decrease in MRP4 expression in the liver/bile ducts during
pregnancy, systemic clearance of bile acids during preg-
nancy are likely decreased, especially in pregnancies
complicated by intrahepatic cholestasis of pregnancy [89].
Intestinal membrane transporters are also particularly
valuable in PBPK modeling, as most current PBPK models
lack information on transmembrane transporter expression,
regulation, and function [90, 91]. As research in this area is
still growing in humans, most data from membrane trans-
porter expression, regulation and function are derived from
mice and rats. The international Transporter Consortium
(ITC), formed in 2007, meet on a yearly basis to discuss the
role of transporters in drug safety and efficacy [92].

Hepatic changes and hepatic transporter
expression during pregnancy

The activity of most phase I cytochrome P450 (except
CYP1A2 and CYP2C19) and phase 2 drugmetabolic enzymes
are increased during pregnancy [1] (Table 4). The changes
in activity of these metabolic enzymes account for altered
drug metabolism and clearance during pregnancy. For
example, the activity of hepatic cytochrome P450 3A
(CYP3A), the most abundant CYP in humans [93], increase
by about 2 to 3 fold during pregnancy [94]. The resultant
effect of increased activity of these enzymes is an increase
in metabolic clearance, requiring increased doses of med-
ications during pregnancy. The hepatic elimination of
many anti-seizure medications, opioids, antibiotics, anti-
microbials, antiviral agents, cancer chemotherapeutics,
antiprotozoal, and immune-therapeutic drugs, are
increased during pregnancy [95, 96]. Contrarily, decreased
activity of CYP1A2 and CYP2C19 during pregnancy results
in decreased metabolism and elimination of drugs that are
substrates for CYP1A2 and CYP2C19, requiring dose re-
ductions to avoid toxicity during pregnancy. For example,
the elimination half-life of caffeine, a substrate of CYP1A2,
was shown to increase during pregnancy [97]. The doses of
drugs metabolized by CYP1A2 and 2C19 (for example,
theophylline, caffeine, clozapine, olanzapine, ondanse-
tron, and cyclobenzaprine), should ideally be reduced
during pregnancy to prevent potential toxicity from
decreased activity of by CYP1A2 and 2C19. Other hepatic
enzyme changes that occur during pregnancy include
minimal changes in serum levels of aspartate amino-
transferase, alanine aminotransferase, bilirubin, and
γ-glutamyl transferase, and a 4-fold increase in the
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Table : Gastrointestinal system, hepatic enzymes and transporter changes during normal pregnancy.

Gastrointestinal changes Direction and magnitude of change in pregnancy

Transporter changes in the gut
ABC
BCRP
GLUT2
MDR1 (P-gp)
MRP1
MRP2
MRP3
OST alpha
OST beta
CYP3A4
CYP3A5

Decreased []
Increased BRCP expression in pregnant mice (–%) []
GLUT is increased during pregnancy
Increased expression of P-gp in pregnant mice []
Decreased MRP expression in pregnant mice (–%) []
Decreased MRP expression in pregnant mice (–%) []
Decreased expression of MRP in pregnant mice
No change in OSTα expression []
No change/minimal increase in OSTβ expression []
No change in expression of intestinal CYPA [, ]
No change in expression of intestinal CYPA [, ]

Hepatic changes Direction and magnitude of change in pregnancy

CYP expression in the liver
CYP1A2
CYP2B6
CYP2C9
CYP2C19
CYP2D6
CYP2E16
CYP3A3
CYP3A4
CYP3A5
CYP3A7
UGT activity
Cathepsin A
Carboxyesterase type 1 (CES1)
Hepato-biliary transporter changes
ABCG5
ABCG8
ATP8B1
BRCP (ABCG2)
BSEP – Bile salt export pump
ENT1
ENT2
MATE1
MDR3
MRP1
MRP2 (ABCC2) – Bile acid transporter
MRP3 (ABCB4) – Bile acid transporter
MRP4 – Bile acid transporter
MRP6
OAT2
OAT7
OATP1B1
OATP1B2
OATP1B3
OATP2B1
OCT1
OST – Bile acid transporter
P-gp (MRD1)

Decrease in CYPA during pregnancy []
Increases
Increases
Decrease in CYPC during pregnancy
Increases in CYPD during pregnancy []
Increases
Increases []
Increases []
Increases []
Increases []
Increases []
Expression of cathepsin A increase during pregnancy []
Expression of CES is unchanged during pregnancy []
>% decrease in expression of ABCG in hepatocytes of pregnant mice []

>% decrease in expression of ABCG in hepatocytes of pregnant mice []
ATPB decrease in pregnant mice [] and women with cholestasis []
Decreased expression in hepatocytes of pregnant mice []
Decreases expression of BSEP in hepatocytes of pregnant mice []
>% decreased expression of ENT in pregnant mice []
Decreased expression of ENT in pregnancy
Decreased expression in pregnant mice []
Bile acid transporter (MDR)
Unchanged in hepatocytes of pregnant rats []
Decreased expression of MRP in biliary system of pregnant rats [].
% decreased expression of MRP in hepatocytes of pregnant rats []
% increased expression of MRP in hepatocytes of pregnant rats []
% decreased expression of MRP in hepatocytes of pregnant rats []
% increased expression of OAT in hepatocytes of pregnant mice []
OAT is only found in the liver (hepatic specific).
Relatively unchanged of OATPB in hepatocytes of pregnant rats and humans [, ]
% decreased expression of OATPB in hepatocytes of pregnant rats []
Decreased expression of OATB in pregnant women with cholestasis []
Decreased expression of OATPB in hepatocytes of pregnant mice []
>% decreased expression of OCT in hepatocytes of mice []
Decreased expression of OST (alpha and beta) during pregnancy
Unchanged MRD expression in the liver []

ABC, ATP binding cassette; ABCG, ATP-binding cassette super-family G; BCRP, Breast cancer receptor protein; CYP, cytochrome P; ENT,
equilibrative nucleoside transporters; GLUT, glucose transporter; MATE, Multiantimicrobial extrusion protein; MDR, multi-drug resistance
mutation, MRP, multidrug resistance protein; OAT, organic anionic transporter; OCT, organic cationic transporter; OST, Organic solute and
steroid transporter; UGT, uridine ′-diphospho-glucuronosyltransferase.
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concentration of alkaline phosphatase (mainly due to
increased placental production), reaching a peak during
the third trimester [98].

Hepatic changes in transporter function (uptake and
efflux) may have significant effect on drug PK during
pregnancy [88]. The impact of these during pregnancy can
be significant, as inhibition of efflux transporters can lead
to accumulation of metabolites within the liver. The three
transportersmost commonly expressedwithin hepatocytes
are organic anion transporters (OAT) –OATP1B1, OATP1B2,
and OATP1B3 [99]. During the third trimester, pregnant
mice have been shown to exhibit decreased expression of
several uptake OATP transporters, as well as down-
regulation of several efflux transporters (MRP2, MRP3, and
MRP6) [88]. These transporters mediate bidirectional
movement of substrates (efflux and reabsorption) through
the liver, and can affect the PK of drugs during pregnancy.
For example, OATP1B1 and OATP1B3 are responsible for
hepatic uptake of TAF [100]. Decreased expression of
OATP1B3 during pregnancy [19] potentially causes reduced
TAF uptake into the liver in during pregnancy. Some of the
other hepatic transmembrane transporters, and changes
that occur during pregnancy, are shown in Table 4.

Pregnancy affects the organ extraction ratio of drugs,
defined as the fractional unit of a drug cleared from plasma
as it traverses a particular organ of drug elimination (e.g.,
liver or kidney) [101]. The hepatic extraction ratio is the
amount of drug uptake from the liver cells (hepatocytes)
per unit time, usually expressed as one pass (perfusate)
through the liver. Based on howmuch drug is cleared from
the plasma, the hepatic extraction ratio of drugs can be
classified as high (>0.7), medium (0.3–0.7), or low (<0.30)
[101]. The effect of pregnancy on a drug’s hepatic extraction
ratio is directly dependent on three critical factors: hepatic
blood flow (perfusion rate), protein binding (fraction of
unbound drug in plasma), and the action of hepatic
metabolic enzymes (hepatic intrinsic clearance of unbound
drug). Drugs with high extraction ratio (e.g., morphine,
lidocaine, verapamil, metoprolol, and propranolol) have
decreased oral bioavailability and increased hepatic
clearance during pregnancy, because drugs with high
extraction ratios are dependent on hepatic blood flow
(perfusion-rate dependent), which increases during preg-
nancy [102]. Contrarily, drugs with low extraction ratio
(e.g., digoxin, cyclosporine, methadone, phenytoin, and
warfarin) are dependent on protein binding and intrinsic
action of hepatic metabolic enzymes, which are altered
during pregnancy. A rise in fraction of unbound for drugs
with low extraction ratio increases hepatic metabolic
clearance, whereas for drugs with high extraction ratio,
this does not affect metabolic clearance. The extraction

ratio of drugs therefore depends on the properties of the
drug and the effect of physiological changes during
pregnancy.

Effect of the physiologic changes during
pregnancy on phase I and phase II metabolic
enzymes, and pharmacogenomic
polymorphisms

Understanding biotransformation (complex processes
occurring in hepatocytes responsible for facilitating drug
metabolism) and the effect of pregnancy on biotransfor-
mation (through phase I and phase II drug-metabolizing
enzymes) are critical to personalized medicine and phar-
macotherapeutic decision-making in pregnant women.
Pregnancy affects several phase I (oxidation via cyto-
chrome P450, reduction, hydrolysis) and phase II (glu-
curonidation, acetylation, and sulfation) reactions
(Table 4). CYP2D6, themostwidely and extensively studied
highly polymorphic enzyme (>100 types), accounting for
metabolism of approximately 20–25% of currently avail-
able drugs [103], is a cytochrome P450 enzyme whose ac-
tivity is increased during pregnancy. The pharmacokinetic
consequence of increased CYP2D6 activity is an increase in
metabolism of drugs that are substrates of CYP2D6,
including but not limited to codeine, dihydrocodeine, tra-
madol, dextromethorphan, clomipramine, nortriptyline,
and selective serotonin receptor inhibitors (fluoxetine,
fluvoxamine, and paroxetine) [103]. Due to the high poly-
morphism exhibited by the CYP2D6 gene, the activity of
this enzyme varies greatly among pregnant women.
Phenotypically, women are classified on the basis of their
enzyme activity as poor metabolizers (PMs), expressing
very little of the enzyme due to the presence of two
nonfunctional alleles or entire deletion of genes; extensive
metabolizers (EM), expressing a normally functioning
enzyme due to one or two normal functioning alleles; in-
termediate metabolizers (IM) due to the expression of one
nonfunctional allele and another allele with reduced
function; and ultra-rapid metabolizers (UMs), expressing
one or multiple extra-functional genes [103, 104]. These
genetic differences in CYP2D6 activity in pregnant women
have the potential to increase or decrease serum concen-
tration of drugs during pregnancy, thereby determining the
effectiveness of therapy and potential for serious adverse
effects. For example, the PK changes of codeine in a
pregnant woman would depend on if the woman is a PM,
IM, EM, or UM of codeine. Codeine is metabolized by
O-demethylation to the active drug, morphine by CYP2D6
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[105]. A PM will experience reduced analgesia due to low
serum morphine concentrations from decreased meta-
bolism of codeine (and less adverse events), while an UM
will experience quick and effective pain relief due to high
morphine concentrations in plasma from rapidmetabolism
of codeine to morphine, but potentially more adverse
effects compared to a PM. CYP2D6 activity of EM and UM
increases further during pregnancy [106], and can have
major consequences for pregnant women taking drugs that
are CYP2D6 substrates.

Other enzymes that are encoded by highly poly-
morphic genes that can potentially be affected by preg-
nancy physiology include CYP2C19 [107], (the second most
extensively studied gene in pharmacogenomics) respon-
sible for the hepatic metabolism of clopidogrel, tricyclic
antidepressants, omeprazole, propranolol, and diazepam;
vitamin K epoxide reductase complex subunit 1 (VCORC1)
responsible for the pharmacogenomic polymorphic
changes and risk of hemorrhage in women using warfarin
(especially in PMs); and thiopurine methyltransferase
(TPMT), involved in the inactivation of chemotherapeutic
drugs like azathioprine and 6-mercaptopurine. Reduced
TPMT CYP2D6 activity in PMs increases further during
pregnancy, leading to excessive levels of 6-mercaptopurine
serum concentrations, with the potential to result in altered
efficacy, severe bone marrow suppression and myelo-
toxicity [108].

Conclusions

In conclusion, accurate knowledge of physiological
changes that occur during pregnancy is critical to under-
standing the manner in which pregnancy alters the PK of
drugs, because it aids in making correct diagnosis of dis-
eases, andhelp in understanding themechanisms inwhich
pregnancy alters the PK of drugs. Additionally, a detailed
knowledge of physiological changes during pregnancy
allow for proper modeling and validation of PBPK models,
which are increasingly being used during pregnancy to
guide drug dosing. While prior knowledge of some of the
physiologic changes during pregnancy were based on
small retrospective studies, this paper presented an update
of the currently available evidence based on the use of
gestational-age specific, evidence based large datasets to
derive these physiologic changes, with emphasis on the
fivemajor organ-systemswith the greatest potential to alter
the PK of drugs during pregnancy: cardiovascular, respi-
ratory, hematologic, renal, and gastrointestinal systems.
Although most of the transporter information discussed in
this manuscript was data from animal studies, a PBPK
model in humans can be developed from these data,

starting with all available data and what is understood at
the organ or tissue level, to build a physiological model
that fits the data, pending future understanding of the
various transporters in humans. Future research should
focus on encouraging studies in membrane transporter
expression, regulation, and function in women.
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