
Advanced Drug Delivery Reviews xxx (2016) xxx–xxx

ADR-13045; No of Pages 10

Contents lists available at ScienceDirect

Advanced Drug Delivery Reviews

j ourna l homepage: www.e lsev ie r .com/ locate /addr
Placental control of drug delivery☆
Sanaalarab Al-Enazy a,1, Shariq Ali a,1, Norah Albekairi b, Marwa El-Tawil c, Erik Rytting d,⁎
a Department of Pharmacology & Toxicology, University of Texas Medical Branch, Galveston, TX 77555, USA
b Department of Pharmacology & Toxicology, King Saud University, Riyadh, Saudi Arabia
c Department of Pharmacology, Tanta University, Tanta, Egypt
d Department of Obstetrics & Gynecology, University of Texas Medical Branch, Galveston, TX 77555, USA
☆ This review is part of the Advanced Drug Delivery R
Transporters: Molecular Mechanisms”.
⁎ Corresponding author at: University of Texas Me

Boulevard, Galveston, TX 77555, USA.
E-mail address: erik.rytting@utmb.edu (E. Rytting).

1 Contributed equally.

http://dx.doi.org/10.1016/j.addr.2016.08.002
0169-409X/© 2016 Elsevier B.V. All rights reserved.

Please cite this article as: S. Al-Enazy, et a
j.addr.2016.08.002
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 June 2016
Received in revised form 25 July 2016
Accepted 4 August 2016
Available online xxxx
Theplacenta serves as the interface between thematernal and fetal circulations and regulates the transfer of oxygen,
nutrients, and waste products. When exogenous substances are present in the maternal bloodstream—whether
from environmental contact, occupational exposure, medication, or drug abuse—the extent to which this exposure
affects the fetus is determined by transport and biotransformation processes in the placental barrier. Advances in
drug delivery strategies are expected to improve the treatment of maternal and fetal diseases encountered during
pregnancy.
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1. Introduction

Althoughmost pregnantwomen usemedications during pregnancy,
the majority of drug trials to date have excluded the enrollment of
eviews theme issue on “Drug
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pregnant women [1]. It is imperative that more studies be carried out
in order to fully assess the risks of fetal exposure to these medications.
A better understanding of the function of the placenta in controlling
the maternal-fetal transfer of drugs will help scientists and clinicians
to make informed decisions to improve the health of new moms and
newborns.

Given the risks of thalidomide and other teratogenic substances,
some pregnant women may be reluctant to use any medications. How-
ever, for women with chronic conditions, or women who develop a
temporary febrile illness, medications which maintain maternal health
delivery, Adv. Drug Deliv. Rev. (2016), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.addr.2016.08.002
mailto:erik.rytting@utmb.edu
Journal logo
http://dx.doi.org/10.1016/j.addr.2016.08.002
http://www.sciencedirect.com/science/journal/0169409X
www.elsevier.com/locate/addr
http://dx.doi.org/10.1016/j.addr.2016.08.002
http://dx.doi.org/10.1016/j.addr.2016.08.002


2 S. Al-Enazy et al. / Advanced Drug Delivery Reviews xxx (2016) xxx–xxx
can improve neonatal outcomes [2,3]. In 2008, more than 93% of preg-
nantwomen took at least one over-the-counter or prescriptionmedica-
tion at any time during pregnancy, and more than 50% took 4 or more
medications [4]. Fig. 1 highlights some disorders that may require med-
ication during pregnancy. Between 2004 and 2008, the most common
drugs prescribed to pregnant women included antibiotics, albuterol,
progesterone, levothyroxine, and ondansetron [4]. From data collected
between 1997 and 2004, the most common over-the-counter medica-
tions used duringpregnancywere acetaminophen, ibuprofen, and pseu-
doephedrine [5]. Drugs of abuse are also of special concern, as data from
2013 report that 15.4% of women smoked, 9.4% drank alcohol, and 5.4%
used illicit drugs during pregnancy [6].

The potential effects of drugs on fetal development are dependent
on various factors, including gestational age, dose, dosing frequency,
route of administration, and drug clearance [7,8]. Therefore, it is impor-
tant to consider those physiological changes associated with the pro-
gression of pregnancy which can alter the pharmacokinetics of various
drugs. Togetherwith an increase inmaternal blood volume duringpreg-
nancy, maternal serum albumin concentrations decrease. For drugs
with high protein binding, the decreased albumin concentrations may
result in a higher proportion of free drug, and hence, greater bioactivity
[9,10]. The pH of maternal arterial blood increases slightly during preg-
nancy. This results in a shift of the oxy-hemoglobin dissociation curve,
promoting the dissociation of oxygen and its transplacental transfer.
This change in pH could also affect drug-protein binding. Pregnancy-
associated increases in glomerular filtration can accelerate the renal
clearance of many medications. Drug absorption during pregnancy
could be reduced by progesterone-induced delays in gastric emptying,
nausea and vomiting, or an increase in gastric pH [9]. The expression
and function of drugmetabolizing enzymes can also change significant-
ly duringpregnancy, someas the result of increased estrogen levels [11].
Fig. 1. Selected disorders that may require
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It is important to consider whether dose adjustments would be neces-
sary to account for the pregnancy-associated changes affecting the
pharmacokinetics of certain medications [12].

This review focuses on drug transport processes within the placenta
whichdeterminematernal-to-fetal transfer rates. Although theplacenta
is unlikely to prevent completely the transfer of typical small molecule
compounds, the placenta may reduce the transfer of certain drugs
based on properties such as size, lipophilicity, and affinity for transport-
er proteins [13]. Following a summary of human placental structure and
function, mechanisms of drug transport across the placenta and drug
metabolizing enzymes within the placenta will be discussed. Continued
research and advances in these areas will lead us to a greater under-
standing and ability to control drug delivery across the placenta in
order to improve the treatment of maternal and fetal diseases encoun-
tered during pregnancy.

2. Placental structure and function

2.1. Development of the maternal-fetal interface

The placenta is a unique organ of fetal origin that provides nutrients
and oxygen to the developing fetus and also serves as the avenue for
carbon dioxide and other fetal waste products to be eliminated via the
maternal circulation [14]. The placenta starts to develop soon after blas-
tocyst implantation. The outer blastocyst trophoblast cells facing the
uterine epithelium fuse to form multinucleated syncytiotrophoblast.
Proliferation of the syncytiotrophoblast comes about by fusion of pre-
cursor cytotrophoblast cells. Lacunae emerge within the interior of the
trophoblastic complex and trophoblast invasion leads to the remodeling
of maternal spiral arteries within the uterine wall. As the maternal
endometrial vessel walls are eroded, maternal blood cells reach the
pharmacotherapy during pregnancy.

delivery, Adv. Drug Deliv. Rev. (2016), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.addr.2016.08.002
http://dx.doi.org/10.1016/j.addr.2016.08.002


3S. Al-Enazy et al. / Advanced Drug Delivery Reviews xxx (2016) xxx–xxx
lacunae. Arterial inlets into the lacunar system and venous outlets from
the lacunae are established, and branching of trophoblast cells into the
lacunar spaces result in the formation of villous trees. The lacunar
spaces become the intervillous space where maternal blood flows
among the villous trees. Fetal capillaries and larger vessels carry
oxygenated blood from the villi to the umbilical vein, and deoxygenated
fetal blood is returned from the fetus to the placental villi via the
umbilical arteries. Maternal blood in the intervillous space and fetal
blood in the villous capillaries are separated by a continuous layer of
syncytiotrophoblast, a discontinuous layer of cytotrophoblast cells,
basal lamina, connective tissue, and fetal endothelial cells [15,16].

The placenta undergoes several changes as pregnancy progresses.
The ratio of cytotrophoblast to syncytiotrophoblast decreases with
time; for example, in the second month of pregnancy, a complete
layer of cytotrophoblast cells lines the syncytiotrophoblast. However,
the previously cuboidal cytotrophoblast cells lose their thickness and
the cytotrophoblast layer is less continuous at term. At that point,
syncytiotrophoblasts account for 86% of the total villous trophoblast
cell mass. Overall, the placental barrier becomes thinner over time.
The distance separating the maternal circulation from the fetal circula-
tion decreases from 50 to 100 μm in the second month to only 4–5 μm
at term, and the total syncytiotrophoblast surface area increases from
approximately 5 m2 at 28 weeks of gestation to 12 m2 at term [13,
15–17]. The expression and cellular distribution of placental transporter
proteins may also differ in early versus late pregnancy [18].

2.2. Experimental models and methods to study human placental drug
transport

Maternal blood and cord blood samples collected at the time of de-
livery provide valuable information regarding the extent of fetal expo-
sure to drugs present in the maternal circulation during pregnancy.
Nevertheless, it is important to recognize certain pharmacokinetic vari-
ables when interpreting the fetal-to-maternal ratios obtained from
these samples. First, the amount of time that had passed between the
last dose of a drug and sampling of the maternal plasma is more likely
to affect the maternal concentration than the effect of time on the
cord blood concentration of the drug. Perhaps due to a reduced fetal ca-
pacity for biotransformation or processes effecting the transfer of drugs
across the placenta in the fetal-to-maternal direction, the maternal
clearance of some medications is substantially faster than fetal clear-
ance, which means that the maternal levels of a drug would decline
more rapidly than fetal levels [12,19]. If a maternal plasma sample is
taken soon after the dose was administered, the maternal level would
be high, whereas if the sample were taken several hours after the
dose, the maternal level would be much lower. If concentrations of
that same drug in the fetal circulation do not decline as rapidly, this
would result in a lower fetal-to-maternal ratio when sampling closely
followed the dose, but a higher fetal-to-maternal ratio if the sampling
time is much later. A second variable important to consider when
interpreting fetal-to-maternal ratios is whether a single dose of the
medication was given or steady state had been reached due to repeated
and regular dosing. Fetal concentrations of the drug could be higher at
steady state than after a single dose due to the accumulation of a drug
that cannot be as rapidly cleared from the fetal circulation. Therefore,
fetal-to-maternal ratios could be higher at steady state than following
a single dose [12].

Experimental models to gather more data on placental drug transfer
kinetics than is possible with single time point sampling at delivery in-
clude ex vivo dual perfusion of human placental lobule, placental ex-
plants, membrane vesicles, primary cells, and cell lines. Although the
focus of this review is upon human placenta, it should be noted that ad-
ditional data can also be obtained by means of animal studies; in this
case, care should be taken when extrapolating the findings to human
data, due to differences in placental structure, blood flow, as well as
any differences in the expression and function of transporters and
Please cite this article as: S. Al-Enazy, et al., Placental control of drug
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enzymes [20,21]. For example, in guinea pig, rabbit, mouse, and rat pla-
centae, where blood flow is countercurrent, the transfer rate of hydro-
philic substances is permeability limited, but the transfer rate of
hydrophobic substances is flow limited. However, the same pattern
does not always apply to the diffusion of substances across the
multivillous human placenta [20,22].

The ex vivo dually perfused human placental lobule system (DPPL)
provides the most complete experimental model to predict placental
transport and metabolism because it retains the anatomical and func-
tional integrity of the tissue [23]. In the ex vivo placental perfusion
model, tubing is cannulated into fetal vessels corresponding to a single
lobule of a placenta obtained immediately following delivery. Tubing
is likewise inserted in the space left by the maternal spiral arteries on
the opposite side of the placenta. Maternal and fetal perfusate flow
rates are controlled by pumps and gassedwith O2, CO2, and N2 tomain-
tain physiological levels. The system is maintained at 37 °C, and oxygen
transfer, glucose consumption, pH, and fetal volume loss are all moni-
tored to ensure continuity of placental function. Antipyrine transport
is often used as a control to confirm proper experimental setup and to
normalize differences between placentas [24]. During the perfusion ex-
periments, both maternal and fetal concentrations can be sampled at
multiple time points. Studies have shown that functional characteristics
of the placenta are retained for several hours after delivery [25,26].

Placental explants can be used to determine drug uptake andmetab-
olism, as well as to evaluate the effects of exogenous substances on pla-
cental viability or endocrine function. Explants from term placental
tissue can be maintained at 8% O2 and studied for up to 11 days. They
can be cultured on the bottom of a well or on a supportive mesh. Out
of concern for microbial contamination, the explants should be moni-
tored closely for plasma membrane integrity and for any abnormalities
in morphology. Tests to verify viability may include release of hCG,
human placental lactogen, lactate dehydrogenase and alkaline phos-
phatase, lactate production, glucose consumption, trypan blue or inulin
exclusion, and mitochondrial function assays such as JC-1 or MTT [27].

Placentalmembrane vesicles represent another experimentalmodel
which can be especially valuable in determining the activity of efflux
and uptake transporters localized on apical and basal membranes of
syncytiotrophoblast cells. Apical and basal membrane vesicles can be
prepared by differential centrifugation according to established proto-
cols [28–30]. Some of the vesicles will be oriented inside-out, as identi-
fied by acetylcholinesterase activity [31]. The activity of uptake
transporters can be characterized by means of substrate entrapment
into right-side out vesicles. On the other hand, entrapment of efflux
transporter substrates into the core of inside-out vesicles represents a
uniquemethod to characterize efflux transporter activity. While the ac-
tivity of efflux transporters is determined in the presence of ATP, the ac-
tivity of transport via some organic anion transporters can be assessed
in the presence of α-ketoglutarate [28,32,33].

Primary cytotrophoblast cells can be isolated from a placenta shortly
after delivery. Villous tissue is trypsinized and then layered onto a
Percoll gradient to obtain the density fraction containing the
cytotrophoblast cells. Further purification can be achieved by means of
immunomagnetic separation. Villous cytotrophoblast cells do not ex-
press HLA class Ia molecules, so other cells resulting from the tissue di-
gestion and centrifugation steps can be removed using magnetic beads
bound to the HLA class-I-positive cells. As the cell mixture passes
through a magnetic column, the cytotrophoblast cells pass through
while the non-cytotrophoblast cells remain in the column. Although
primary isolated cytotrophoblast cells do not proliferate in culture,
they may syncytialize spontaneously. They can be used in uptake stud-
ies and toxicological assays [34–36].

Immortalized human placental trophoblast cell lines include JEG-3
cells, JAr cells, and BeWo cells, each derived from choriocarcinoma
cells. Similar to primary trophoblast cells isolated from term placentas,
JEG-3 cells, JAr cells, and BeWo cells all express the efflux transporters
MDR1, MDR3, MRP1, MRP2, MRP3, MRP4, and BCRP [37,38]. Likewise,
delivery, Adv. Drug Deliv. Rev. (2016), http://dx.doi.org/10.1016/
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the facilitative glucose transporters GLUT1 and GLUT3 are expressed in
the JEG-3, JAr, and Bewo cell lines [39–41]. BeWo cells secrete hCG,
human placental lactogen, progesterone, and estradiol, and cell fusion
can be induced by forskolin or cyclic adenosine monophosphate [42].
Unlike the parent BeWo cell line, the b24 and b30 clones form confluent
monolayers which can be utilized for drug transport studies [43,44].
Culturing JEG-3 cells with medium containing acidic fibroblast growth
factor can reduce paracellular transport and increase transepithelial
electrical resistance as compared to normal JEG-3 culture protocols [45].

3. Mechanisms of drug transport across the placenta

Any drugs, xenobiotics, or endogenous compounds that cross the pla-
centa and enter the fetal circulation must cross the syncytiotrophoblast,
basement membrane, and the fetal capillary endothelium. The route
that these compounds can take to cross theplacenta canbe energydepen-
dent or energy independent, and depend largely on their physical and
chemical properties [46–48]. Furthermore, interindividual differences in
transport can be influenced by epigenetic changes, genetic differences,
differences in protein expression, and maternal and fetal health [47].
Fig. 2 provides a visual overview of some of themajor transport processes
in the placental barrier.

3.1. Passive diffusion

Passive diffusion of a drug across the placenta is favored for a drug
that is lipophilic, allowing it to cross the phospholipid bilayer. Lipophi-
licity of the compound, typically measured by the octanol/water parti-
tion coefficient, affects the partitioning of the drug between the
extracellular aqueous environment and the phospholipid bilayer [49].
Smaller compounds tend to cross the placenta more readily, with com-
pounds having a molecular weight less than 500 Da crossing the most
[46]. Being that this process is not ATP-dependent and not dependent
on the presence of a membrane protein facilitator, compounds are
more likely to move down a concentration gradient [46]. An example
Fig. 2. Highlighted transport processes within the human placental barrier. It should be note
trophoblast or fetal capillary endothelium. Trophoblast cells represent the rate-limiting ba
resistance protein 1 (P-glycoprotein); BCRP, breast cancer resistance protein; MRP2, multidru
OCTN1, novel organic cation transporter 1; OCTN2, novel organic cation transporter 2; MATE1
1; OAT4, organic anion transporter 4; OATP2B1, organic anion transporting polypeptide 2B1; O
further characterization.

Please cite this article as: S. Al-Enazy, et al., Placental control of drug
j.addr.2016.08.002
of this type of movement is the transplacental transfer of antipyrine, a
widely used internal standard and marker in ex vivo placental perfu-
sions [50]. It freely diffuses across the placenta and has little tissue accu-
mulation, allowing the equilibration of antipyrine concentrations
between maternal and fetal compartments to be considered an indica-
tor of experimental validity [50]. Many other drugs have been shown,
at least partially, to passively diffuse across the placenta, including lido-
caine, azidothymidine, warfarin, and others [51–53]. In some of these
cases, it is still unclear the extent of the role that placental transporters
play in their passage across the placenta [52].

Ionizable compounds may have pH-dependent accumulation in the
fetal compartment. In their ionized state, compounds are much less li-
pophilic and are therefore less likely to cross the lipid bilayer mem-
brane. Generally, the pH of the fetal circulation is somewhat lower
than the pH of the maternal circulation, which can change the propor-
tion of ionized to non-ionized species, effectively trapping or excluding
them from one compartment [46].

Endogenous compounds may also enter the fetal circulation by this
route. It has been shown in the placental perfusionmodel that that gan-
gliosides GM3 and GD3 are rapidly taken up by the placenta [54],
though the authors speculated that GD3 was metabolized during the
perfusion and that more studies needed to be conducted to elucidate
the precise mechanisms of uptake.

It was widely accepted that high plasma protein binding of some
drugs preclude their diffusion across the placenta, and that drugs must
dissociate from plasma proteins before they can enter the apical
syncytiotrophoblast membrane [55,56]. Nevertheless, it has been shown
that albumin and other proteins may enter the syncytiotrophoblast
through endocytosis mechanisms [57].

3.2. Facilitated diffusion

Membrane proteinsmay allow passage of certain compounds across
the placenta without directly hydrolyzing ATP, and for the purposes of
this review theywill be categorized as transporters that allow facilitated
d that this does not represent an exhaustive list of transporters present in the placental
rrier separating maternal and fetal circulations within the placenta. MDR1, multidrug
g resistance-associated protein 2; OATP4A1, organic anion transporting polypeptide 4A1;
, multidrug and toxin extruding protein 1; MRP1, multidrug resistance-associated protein
CT3, organic cation transporter 3. Question marks indicate transport processes requiring

delivery, Adv. Drug Deliv. Rev. (2016), http://dx.doi.org/10.1016/
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diffusion of compounds. These transporters, though not directly able to
hydrolyze adenosine triphosphate (ATP),may function based on energy
dependent concentration or ionic gradients [48,58], though the precise
mechanisms formany of them are unknown. The largest andmost stud-
ied groups of these transporters in the placenta includemembers of the
Solute Carrier Family, including organic anion transporters (OATs), or-
ganic anion transporting polypeptides (OATPs), organic cation trans-
porters (OCTs and OCTNs), multidrug and toxin extruding protein 1
(MATE1), and nucleoside transporters (NTs) [48].

OAT4 is expressed on the basolateral membrane of the
syncytiotrophoblast [58]. OAT4 is capable of bidirectional trans-
port and has broad specificity, as evidenced by its involvement in
the transport of endogenous and exogenous compounds. It has
been shown that OAT4 is involved in the transport of 16-α-
hydroxydehydroepiandrosterone sulfate, a metabolite of dehydro-
epiandrosterone sulfate, into the syncytiotrophoblast for estriol
synthesis [32], as well as the transport of estrone-3-sulfate. OAT4
is responsible for the transport of exogenous compounds including
olmesartan [33], perfluoroalkyl acids [59], and others [48]. Inter-
estingly, OAT4 transporter function is enhanced in the presence
of ions or ionic gradients, with an inwardly directed chloride gradi-
ent increasing substrate transport out of the syncytiotrophoblast,
and transport function generally being reduced in the absence of
sodium [32,33]. The mechanism by which the presence of ions af-
fects the function of the transporter has yet to be elucidated.

The two members of the OATP family observed in placental tropho-
blast that have been most studied to date are OATP2B1 and OATP4A1
[48,58]. Readers are referred to [60] for translating between former
and current OATP nomenclature. OATP2B1 is expressed on the
basolateral surface of the syncytiotrophoblast and is responsible for
the uptake of anions from the fetal circulation into the trophoblast
cells [61]. Like OAT4, this transporter is involved in the transport of es-
trone sulfate and dehydroepiandrosterone sulfate, and this process
maybe sodiumdependent [62]. It has also been proposed that the trans-
port of glutamate may also be coupled to anion transport by both
OATP2B1 and OAT4, though thismay need to be studiedwithmore sub-
strates [63]. OATP4A1, on the other hand, is expressed on the apical
membrane of the syncytiotrophoblast [58,61]. To date, little is known
regarding the substrate profile or specificity of this transporter. It was
reported that OATP4A1 may be involved in hormone transport, but
studies are required to determine substrates, dependence on ionic gra-
dients or exchanger activity, and if it works in conjunction with any
other transporters [48,64,65].

Organic cation transporter 3 (OCT3) is expressed on the basolateral
membrane of the syncytiotrophoblast throughout pregnancy, though
its expression may be variable at different gestational ages [48,61,66].
OCT3 has been shown to be involved in acetylcholine release from the
placenta [67]. OCT3 is also involved in catecholamine transport, though
this happens to a larger extent by monoamine transporters [68]. Inter-
estingly, the expression of OCT3 was found to be significantly lower in
patients with preeclampsia. It was postulated that these changes during
preeclampsia may be related to alterations in placental blood flow [69].
In terms of xenobiotics in the placenta, OCT3 is involved in transport of
metformin in the kidney and is implicated in the transplacental transfer
of metformin, working together with themultidrug and toxin extrusion
1 protein (MATE1). Another compound that is commonly used experi-
mentally as an OCT3 substrate is 1-methyl-4-phenylpyridinium
(MPP+). This cationic compound is frequently used to inhibit the
MATE1/OCT3 transport pathway [66,70,71].

MATE1 has been known to work in conjunction with OCT3 in both
the placenta and in renal tissues. This transporter is heavily affected
by pH, leading to the theory that transport by this proteinworks by pro-
ton exchange [72]. A similar mechanism of organic cation transport has
been proposed to be at work in the placenta, with MATE1 on the apical
membrane of the syncytiotrophoblast and OCT3 on the basolateral
membrane, both pumping organic cations into thematernal circulation.
Please cite this article as: S. Al-Enazy, et al., Placental control of drug
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More studies must be conducted to verify the validity of this transport
scheme and its effect on maternal and fetal xenobiotic concentrations
[66].

Another set of organic cation transporters (OCTN1, OCTN2, and
OCTN3), are expressed on the apical membrane of the
syncytiotrophoblast [48,61]. These transporters most notably function
as carnitine transporters. It was shown that OCTN2 is expressed in the
apical membrane of the syncytiotrophoblast in much higher amounts
than the basolateral membrane using membrane vesicles. OCTN2 is in-
volved in the transport of carnitine from the maternal circulation to the
fetal circulation. Transplacental carnitine transfer is significant because
the fetus alone cannot synthesize sufficient amounts of this nutrient,
which assists in the oxidation of fatty acids in the mitochondria. Carni-
tine deficiency may cause cardiomyopathy, muscle weakness, hypogly-
cemia, and sudden infant death [73]. The expression of OCTN2 starts
early and is maintained throughout pregnancy [74]. Carnitine transport
may be impaired in preeclampsia. It was shown in BeWo cells that
OCTN2 transcription is increased under hypoxic conditions, but
OCTN2 protein expression was unchanged and carnitine transport
was impaired [75]. Another study showed a similar finding in placental
samples from patients with preeclampsia, which complements the
higher maternal carnitine levels found in pregnant patients [76]. It
was also shown in BeWo cells that induction of syncytialization
(which is impaired in preeclampsia) by forskolin treatment increased
OCTN2 expression [77]. These data together support the involvement
of OCTN2 in altered fetal carnitine delivery during preeclampsia.

OCTN1 is also involved in carnitine transport, and is found in a vari-
ety of tissues including the apical membrane of the placental
syncytiotrophoblast [48,78]. This transporter has multiple cationic sub-
strates, and its function is dependent on the presence of a proton gradi-
ent [79]. However, the functional relevance of this transporter in the
human placenta is not yet fully understood.
3.3. Active transport

Energy-dependent drug and xenobiotic transport is largely
governed ATP-binding cassette (ABC) proteins. This family of trans-
porters contains 7 subfamilies and some of these transporters have
been shown to be functionally expressed in the placenta, on both the
apical and basolateral membranes. These transporters work by using
the energy released by ATP hydrolysis to pump drugs and xenobiotics
to one side of a membrane, often against a concentration gradient [48,
61]. These transporters include P-glycoprotein (P-gp), breast cancer re-
sistance protein (BCRP), and multidrug resistance-associated proteins
(MRPs).

P-glycoprotein, also known as MDR1 (ABCB1), is perhaps the most
well studied of all of the active placental transporters due to its diverse
substrate profile [46]. It is expressed on the apical membrane of the
syncytiotrophoblast [50,80]. P-gp is involved in the efflux of both
endogenous and exogenous compounds. Cortisol, a well-known endog-
enous glucocorticoid, was shown to be effluxed by P-gp in a choriocar-
cinoma cell line [81]. P-gp is also known to prevent placental passage of
dexamethasone, a synthetic glucocorticoid, as well as a number of other
drugs including verapamil, paclitaxel, bupropion, zidovudine, tenofovir
disoproxil fumarate, cyclosporine, and others [50,52,61,80–82]. P-gp is
often inhibited in a competitive manner usingmany of these same sub-
strates to test whether compounds are substrates of P-gp in certain
models. Interestingly, P-gp can be inhibited in a non-competitive man-
ner by some drug additives/excipients, such as Cremophor®-EL and
polysorbate 80 [83]. The consequences for placental efflux by P-gp of
compounds in the presence of these excipients are as of yet unclear.
Nonetheless, P-gp undoubtedly plays a significant role in the placental
barrier and fetal protection. Recently, it has been shown that there
may be a significant risk of congenital anomalies when mothers are ad-
ministered multiple drugs that are P-gp substrates or inhibitors [84].
delivery, Adv. Drug Deliv. Rev. (2016), http://dx.doi.org/10.1016/
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Breast cancer resistance protein (ABCG2) is expressed in the apical
membrane of the syncytiotrophoblast and is responsible for the efflux
of a variety of compounds [50,80]. Endogenous substrates of this efflux
transporter in the placenta include steroid sulfates (in conjunction with
OATP2B1) and porphyrins, including heme [85,86]. An interestingmod-
ulator of BCRP expression is hypoxia [86]. Drugs that are known sub-
strates of BCRP include zidovudine, tenofovir disoproxil fumarate,
bupropion, nitrofurantoin, and glyburide, to name a few [52,80,82,87,
88]. Many of the substrates of BCRP are also substrates of P-gp, demon-
strating redundancy in placental efflux capacity. Efflux of glyburide by
BCRP in the placenta is the likely cause of low fetal accumulation of
glyburide, making it safe for use in gestational diabetes [87]. Genistein,
an isoflavone and phytoestrogen, has been shown to both directly inter-
fere with BCRP efflux and alter the transcription of BCRP, which may
have clinical relevance for pregnant patients consuming soy products
[87,89].

Multidrug resistance-associated protein 1, or MRP1 (ABCC1) is
expressed on the basolateral membrane of the syncytiotrophoblast
and on the abluminal side of the fetal capillary endothelium [61,90,
91]. This protein is involved in the transport of both endogenous and ex-
ogenous compounds [48]. Cyclic adenosinemonophosphate (cAMP) is a
substrate of MRP1, and is involved in certain syncytiotrophoblast func-
tions [92]. Interestingly, expression of MRP1 in immortalized placental
trophoblast cells was shown to be modulated by interleukin-1β and
estrone [92]. It was shown that MRP1 is also partially responsible
for the transport of methyl mercury to the fetal circulation, which ex-
plains the higher levels of methyl mercury in umbilical cord blood in
comparison to maternal blood [93]. The position of MRP1 in the
syncytiotrophoblast suggests that MRP1 may not function as a compo-
nent of the placental barrier, but may rather be involved in other phys-
iological and developmental functions not yet fully understood [92,94].
Transport by MRP1 of estrogen sulfates does appear to be enhanced by
reduced glutathione, but this functionality and its relevance in placental
tissue is not yet known [95].

Unlike MRP1, MRP2 (ABCC2) is located on the apical membrane of
the syncytiotrophoblast [48,61,80]. Transcription of MRP2 has been
shown to occur in BeWo and JAr choriocarcinoma cells as well as in pri-
mary trophoblast cells. Protein expression is low in primary tropho-
blasts and not detectable in other cell lines, but the choriocarcinoma
cell lines appear to retain MRP activity [38]. Its position in the mem-
brane means the primary function of MRP2 is probably to protect the
fetus against harmful xenobiotics, in addition to transporting endoge-
nous compounds. The substrate specificity of MRP2 is similar to that of
MRP1 [90]. MRP2 is known to transport some leukotrienes and biliru-
bin. In addition to this, it can transport a number of sulfate, glucuronide,
and glutathione conjugates [96]. Xenobiotics that are transported by
MRP2 include tenofovir disoproxil fumarate and talinolol, among others
[48,61,80,97].

3.4. Endocytosis

The placental syncytiotrophoblast is capable of endocytosis through
multiple mechanisms, which functions for both endogenous compound
transport as well as xenobiotics such as drug-loaded nanoparticles. Al-
bumin, for instance, has been shown to be taken up by the placental tro-
phoblast through a clathrin-mediated process [57]. Megalin has
recently been shown to be involved in receptor-mediated endocytosis
in the syncytiotrophoblast, and is involved in the uptake of the amino-
glycoside gentamicin [98]. Receptor-mediated endocytosis is involved
in uptake of other materials from the maternal blood as well, including
some essential nutrients [99].

It is already known that certain types of nanoparticles are capable of
crossing the placental barrier, or causing indirect effects to placental or
fetal development [53,100–102]. Endocytosis of nanoparticles by the
placenta is important in that it can alter the transplacental passage of
drugs. An example of this is the passage of nanoparticles made of the
Please cite this article as: S. Al-Enazy, et al., Placental control of drug
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polymer poly(lactic-co-glycolic acid) (PLGA) or its PEGylated block co-
polymer, whichmay alter or prevent drug binding to efflux transporters
and potentially alter their metabolism [102,103]. Other nanoparticles,
such as poly(amidoamine) dendrimers and silica nanoparticles, howev-
er, may demonstrate reduced transfer across the placenta as compared
to polystyrene or PLGAnanoparticles [100,101,103,104]. Another exam-
ple is the use of cationic liposomes made of phospholipids and their
ability to decrease the transfer of warfarin across the placenta [53].
There seems to be, as is the casewithmany tissues, a difference in nano-
particle transfer based on size, surface charge, and composition [105].
The clinical uses of diagnostic or therapeutic nanoparticles are expected
to be extended to pregnant patients in the future.

4. Metabolizing enzymes in the placenta

The placenta is capable of both Phase I and Phase II biotransforma-
tion ofmanydifferent types of drugs, xenobiotics, and endogenous com-
pounds through the use of diverse enzymes that are capable of
oxidation, reduction, and conjugation reactions. As such, the properties
that these compounds possess may change, causing differences in re-
ceptor binding, off-target binding, solubility, or others. For this reason,
it is essential to take metabolism into consideration when determining
the transplacental passage of drugs.

4.1. Phase I biotransformation

The cytochrome P450 system is a major metabolic system largely
studied in the liver, but it also plays important roles in placental metab-
olism. These enzymes are localized in the endoplasmic reticulum and
mitochondria [46]. Interestingly, the expression of various cytochrome
P450 enzymes can vary with gestational age (as measured by mRNA
levels), which may have implications on the fetal exposure to different
drugs and xenobiotics [106].

Endogenous compounds and vitamins may be metabolized by the
placenta for normal physiological functions. Vitamin D3 can be hydrox-
ylated at a number of sites by placental CYP11A1, yielding mono-, di-,
and trihydroxylated forms. CYP27B1 is also involved in Vitamin D3
metabolism, causing 1α-hydroxylation of 20-hydroxyvitamin D3.
CYP11A1 is responsible for the metabolism of plant sterols, cholesterol,
and other steroids [107,108]. Aromatase, or CYP19A1, converts
androgens to estrogens and has other steroidal substrates [109]. The
protein levels of CYP19A1 (as well as non-cytochrome P450 enzymes,
HSD17B1 and HSD3B1) were shown not to change in gestational diabe-
tes or insulin resistance, though androgen levels were elevated in these
patients [110]. Placental trophoblast cells (JEG-3 and primary human
trophoblast cells) express CYP17,which catalyzes the conversion of pro-
gesterone to androstenedione, which is then converted to testosterone
by HSD17B1. This process occurs in the placenta and it may be a source
of estrogens, as aromatase converts androstenedione and testosterone
to estrone and estradiol, respectively [111].

Many xenobiotics are metabolized by the placental cytochrome en-
zymes. CYP19A11 is capable of metabolizing glyburide, which exhibits
limited transplacental passage. Glyburide can also be metabolized by
CYP3A7, which is present in the placenta, but metabolism of glyburide
by CYP3A7 has only been studied in the liver [112,113]. Another impor-
tant xenobiotic, ethanol, is shown to be partially oxidized by CYP2E1 to
make acetaldehyde [114].

Regulation of the cytochromes P450may be dependent on a number
of maternal factors. For instance, smoking is known in increase CYP1A1
expression (likely through the aryl hydrocarbon receptor), while
CYP19A1 expression decreases. These types of changes probably have
consequences for the metabolic profile of substrates entering the pla-
centa and their overall effect on the fetus [109]. It was also shown that
patients with highermaternal age have significantly lower CYP1A activ-
ity [114]. CYP19A1 has been shown to be downregulated (and conse-
quently, less active) in patients exhibiting preeclampsia. This results in
delivery, Adv. Drug Deliv. Rev. (2016), http://dx.doi.org/10.1016/
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an overall decrease in circulating 17-β-estradiol and an increase in an-
drogens, whichmay have a role in the pathophysiology of preeclampsia
[115]. CYP27B1 and CYP24A1 are involved in vitamin D metabolism in
the placenta and are upregulated in the presence of inflammatory cyto-
kines in primary trophoblast cells [116].

In addition to cytochrome P450 enzymes, 3β-hydroxysteroid dehy-
drogenase (HSD3B1) is present in the placenta [117]. This enzyme has
the function of metabolizing steroid hormones, namely 3β-hydroxy-5-
ene-steroids such as pregnenolone and dehydroepiandrosterone. The
products of these conversions (progesterone and androstenedione)
are important in determining the activity or inactivity of the uterus in
the context of labor [117,118]. In polycystic ovary syndrome, or PCOS,
androstenedione and testosterone are significantly higher compared
to patients without PCOS. This has been linked to elevated activity of
placental HSD3B1 and reduced activity of CYP19A1 in pregnant PCOS
patients, which may alter androgen concentrations [119]. Monoamine
oxidase is involved in the oxidative deamination of neurotransmitters
such as serotonin, and this enzymehas also been investigated as a target
for prodrug activation [120]. Reduced activity of monoamine oxidase A
in placentas from preeclamptic pregnancies may be responsible for in-
creases in serotonin levels and blood pressure [121].

4.2. Phase II biotransformation

Glucuronide conjugation is conducted by uridine 5′-diphosphate
glucuronosyltransferase enzymes, or UGTs. It has been shown that
UGT1A1, UGT1A4, UGT1A6, UGT1A9, UGT2B4, UGT2B7, UGT2B10,
UGT2B11, UGT2B15 and in some cases UGT2B17 transcription occurs
in the placenta, while UGT1A1, UGT1A4, UGT1A6, UGT1A9, UGT2B4
and UGT2B7 have been observed at the protein level [122–124]. These
enzymes are known for their protective role in fetal development by
conjugating glucuronic acid to xenobiotics. The expression of UGT en-
zymes may be altered by polycyclic aromatic hydrocarbons or other xe-
nobiotics, but the extent of this and the effect on pregnancy is not clear
[124].

Azidothymidine has been shown to be glucuronidated by UGT2B7 in
the placenta. The conversion of azidothymidine to its glucuronide
conjugate is low, varying between in vitro models. However, it was
shown that the glucuronide conjugate exhibits a faster fetal-to-
maternal transfer than maternal-to-fetal transfer, perhaps meaning
that glucuronidation may be protective of the fetus to xenobiotic expo-
sure [125]. Ethanol can be partially oxidized to acetaldehyde by CYP2E1
and it can also be conjugated to glucuronide tomake ethyl glucuronide.
This compound can cross the placenta but it is not yet clearwhether this
is mediated by placental UGT2B7 [126]. UGT1A4 is responsible for
lamotrigine glucuronidation. During pregnancy, lamotrigine levels fall
faster than in non-pregnant patients, which may be due to the activity
of placental UGT1A4 [122]. One compound that has gained significant
attention due to its ubiquity and estrogenic activity is bisphenol A. It
was shown that both bisphenol A and its glucuronide derivative are
present in the fetal circulation. Bisphenol A can readily cross the placen-
ta in both the fetal-to-maternal and maternal-to-fetal directions, but
bisphenol A glucuronide has limited permeability across the placenta
in either direction. Conjugation by the placenta or fetus may affect the
levels of bisphenol A glucuronide in the fetal circulation [127].

Sulfotransferases (SULTs) mediate the conjugation of sulfate groups
to certain compounds using a cofactor, 3′-phosphoadenosine 5′-
phosphosulfate (PAPS). Evidence for SULT1A1, SULT1A3, SULT2B1a,
SULT2B1b, and SULT1E1 expression in the placenta has been shown
[128,129]. SULT2B1b is almost exclusively expressed in the nuclei of
syncytiotrophoblast in human placenta, though it is found in other tis-
sues aswell. In terms of physiological functions, this enzymemay be in-
volved in the sulfation of dehydroepiandrosterone in the placenta [128].
Cholesterol sulfate is also synthesized in the placenta [130]. Sulfation of
hormones can occur by SULT1A1 and SULT1A3 activity, though SULT1E1
(also known as estrogen sulfotransferase) functions in the placenta as
Please cite this article as: S. Al-Enazy, et al., Placental control of drug
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well [129]. Sulfated steroids are inactive at their receptors, unlike un-
conjugated steroids [131]. Other hormones thatmay be sulfated include
iodothyronines [129]. It is, as of yet, unclear howmuch sulfate is gener-
ated in the placenta by sulfur-containing amino acids [132].

Sulfatase enzymes catalyze the removal of sulfate groups from com-
pounds, including steroid hormones and others. Steroid sulfotransferase,
or STS (ARSC1) removes sulfate from steroid sulfates, rendering them ac-
tive at their respective receptors, e.g., estrone sulfate to estrone [131]. This
enzyme is present in the placenta, where it removes sulfate from 3β-
hydroxysteroids. This allows estrogen production to occur during preg-
nancy [133]. Arylsulfatase A is also active in the placenta, though its role
in fetal health and development is unclear. Its function may be related
to the triggering of labor [134]. A number of compounds are being devel-
oped as sulfatase inhibitors for use in some cancer patients, but theymay
affect placental sulfatase activity and could potentially be dangerous for
use during pregnancy [131,135]. Sulfatase deficiency results in signifi-
cantly reduced estriol with moderate reductions in estrone and estradiol.
These reductions are not complete,whichmay be evidence that androgen
and estrogen synthesis may occur in the placenta de novo [111].

Glutathione S-transferase-π (GST-π) is the major GST isoform pres-
ent in the placenta [46]. It is responsible for the conjugation of glutathi-
one to certain compounds to diminish their toxicity. It is not normally
expressed in adult tissues, and it is usually associated with carcinogen-
esis if present in the adult [136]. GST-π in the placentamay be inhibited
by fluoxetine, potentially causing fetal toxicity [137]. Other GST en-
zymes have been shown to be transcribed in the placenta, but their
functional relevance is not yet fully understood [138]. Interestingly,
the level of glutathione S-transferase expression in the human placenta
was shown to be higher in pregnancies where women were experienc-
ing unexplained recurrent pregnancy loss. This may be a protective
response in placentas that are experiencing some type of stress associat-
ed with pregnancy loss [139]. There is also a correlation between the
risk for recurrent pregnancy loss and a specific polymorphism of gluta-
thione S-transferase, GSTM1 [140]. There may be some practical benefit
to the development of inhibitors of glutathione S-transferase or specifi-
cally the placental isoform, but thesewill have to be examined closely in
the context of pregnancy as they may be unsafe for fetal development
[141]. Esterases in the placentamay also be responsible for the hydroly-
sis of several drugs, but since placental tissue is highly perfused, it may
be difficult to distinguish placental esterase activity from that of blood
esterases [142].

5. Conclusion

Understanding the structure and function of the various compo-
nents of the placental barrier—together with an appreciation for the in-
fluence of a drug's physicochemical properties—will guide the selection
of therapeutics and strategies appropriate for treating diseases during
pregnancy. Although most focus is usually placed on the use of medica-
tion to treat maternal disease, fetal disorders can also be treated in
utero, where concerns for maternal exposure to fetal medication sup-
plant the typical concerns for fetal drug exposure [143]. Recent ad-
vances in new technologies are expected to improve drug delivery
during pregnancy. These include the potential for elastin-like polypep-
tides to reduce the transplacental transfer of drugs intended for mater-
nal therapy [144] and the development of nanoparticles targeted to the
placenta to address fetal growth, placental insufficiency, and fetal dis-
eases [145–147].
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