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Abstract

The placenta is critical for successful fetal growth during pregnancy, regulating the transport of
nutrients and other substrates between the mother and the developing fetus. Its implications for fetal
growth can be determined by analyzing the mechanisms and regulation of placental transport protein
systems. Abnormal activity of these transporters can lead to abnormal fetal growth and development, but
their specific mechanisms are not completely understood. This review aims to examine the factors that
increase and decrease the activity of Glucose Transporter Proteins (GLUTs), amino acid transporters,
Fatty Acid Transporter Proteins (FATPs), and Organic Anion Transporters (OATs)/Organic Cation
Transporters (OCTs) and their contributions to adverse health outcomes. Decreased activity of these
transporters generally results in decreased fetal growth, and vice versa. It is important to understand these

mechanisms as their individual and combined actions can clarify how maternal health influences fetal

health.

Section 1.1 - Introduction

Fetal growth and development during pregnancy rely heavily on the placenta. By acting as a
precise selective barrier between the mother and the fetus, specialized placental transport proteins regulate
the exchange of nutrients, hormones, waste products, and drugs. The outer layer of the placenta consists
of trophoblasts, cells that mediate nutrient and waste transport. Syncytiotrophoblasts, a specialized type of
trophoblast, form the entire outer layer of placental villous trees. Since they are in direct contact with the
maternal blood supply, as seen in Figure 1, these cells are the main sites of oxygen and nutrient
exchange.' The transport proteins can be localized to either the microvillous membrane (MVM) of the
syncytiotrophoblasts, the basolateral membrane (BM) of the syncytiotrophoblast, or both. The
microvillous membrane is the maternal-facing side, while the basolateral membrane is the fetal-facing
side. These transport proteins help control the molecular environment within fetal circulation, which is

essential for proper growth before and after birth.
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However, disruptions to the normal functioning of these proteins can lead to irregular fetal
growth. For example, decreased expression and/or reduced activity of certain transport proteins could lead
to Intrauterine Restricted Growth (IUGR), which refers to a small-for-gestational-age fetus that exhibits a
growth rate lower than usual in the womb. Following birth, [URG could lead to complications, such as
hypoglycemia, neurodevelopmental handicaps, and growth restrictions.? On the other hand, increased
expression and/or higher activity of certain transport proteins could lead to macrosomia, which refers to
excessive fetal growth. At birth, macrosomia could increase the risk of stillbirth and brachial plexus

injuries. After birth, macrosomia predisposes the child to developing obesity and type 2 diabetes.>*
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Figure 1. Placental structure and location of transport proteins. Adapted from Reference 5.
Transport of substrates occurs at the trophoblast cell layer. The syncytiotrophoblast, the outer layer of the

trophoblast in contact with the maternal blood supply, controls the movement of substrates.’

Although some mechanisms of placental transport proteins are understood, some still remain

unknown, and their connection to fetal growth needs further analysis. The goals of this paper are to focus
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on the mechanisms of placental transport proteins, their regulation and dysregulation, and how they affect
fetal growth and development. Among the many different types of placental transport proteins, the types
addressed in this paper are Glucose Transporter Proteins (GLUTS), Amino Acid Transporters, Fatty Acid
Transporter Proteins (FATP), and Organic Anion/Cation Transporters (OATs/OCTs), as they are central
for nutrient transport. To study their mechanisms, localizations, and expression levels, a variety of
biochemical techniques could be used, including, but not limited to, Western blots and radiolabeled
substrates. Taken together, these transport proteins demonstrate the importance of biochemical regulations

and clinical implications for fetal growth.

Section 2.1: Glucose Transporter Proteins (GLUTS)

Glucose transporters (GLUTs) are essential for proper fetal growth and development during
pregnancy. Since the transfer of glucose to the fetus is proportional to and relies on maternal glucose
concentrations, maternal nutrition before and during pregnancy plays a large role in determining
pregnancy outcomes. Based on a concentration gradient, glucose is transported from the maternal blood
supply (higher glucose concentration) across the syncytiotrophoblast towards the fetal blood supply
(lower glucose concentration) through facilitated diffusion. Facilitated diffusion uses a transporter, but not
adenosine triphosphate (ATP), an energy source. Alterations in transporter densities can lead to pregnancy
complications through varying levels of expression and activity. Glucose transporter proteins localized in
the MVM control glucose uptake, while GLUTs localized in the BM control glucose delivery. These
proteins contain approximately 500 amino acids in transmembrane alpha helices and a single N-linked
oligosaccharide. GLUT isoforms are divided into 3 classes based on differences in their sequences,
structures, and substrates. Class I contains GLUT1 through GLUT4 and includes high-glucose-affinity
transporters. Class II contains GLUTS, GLUT7, GLUT9, and GLUT11 and includes fructose-specific
transporters. Class III contains GLUT6, GLUTS8, GLUT10, and GLUT12 and includes transporters
without a glycosylation site in the first extracellular linker domain. However, the only known isoforms

that are expressed in the human placenta are GLUT1, GLUT3, GLUT4, GLUTS8, GLUT9, GLUT10, and
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GLUT12. Many of these isoforms are scattered throughout the syncytiotrophoblast symmetrically.
Notably, GLUT1 is localized to the MVM, GLUT9a to the BM, and GLUT9b to the MVM. Expression
levels vary throughout pregnancy.® The function of all GLUT isoforms will not be addressed in this paper

due to length and available literature.
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Figure 2. Localization of Glucose Transporter Proteins (GLUTSs) in the syncytiotrophoblast, with a
focus on GLUT1. Adapted from Reference 6. GLUT1, one of the many isoforms, is asymmetrically
localized at the syncytiotrophoblast membranes, with higher expression on the microvillous membrane
(MVM). Expression at the basolateral membrane (BM) increases throughout pregnancy. However,
GLUT1 expression can be regulated by a variety of factors. Increased expression can be caused by
maternal hypoglycemia, insulin-like growth factor, hydrocortisone, and glucocorticoids, while decreased
expression can be caused by maternal hyperglycemia, preeclampsia, and linoleic acid. A sufficient
amount of GLUTT is required to transport the necessary nutrients for fetal development. Abnormal
amounts can lead to either intrauterine growth restriction or macrosomia.®
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Section 2.2: Glucose Transporter Type I (GLUTI)

The most significant isoform is GLUT1. As seen in Figure 2, it is highly expressed in both the
MVM and BM; however, expression in the MVM is three times greater than in the BM. In this figure,
there are 11 representative transporters in the MVM and 2 representative transporters in the BM. Since
GLUTT is expressed at much lower levels in the BM than in the MVM, it has a lower transport capacity.
By limiting the transport capacity in the BM, the movement of glucose from the trophoblast into fetal
circulation is slowed down, and BM GLUT1 becomes the rate-limiting factor in overall placental glucose
transport. However, the expression of BM GLUT1 increases during the second trimester and is
maintained until birth to support the energy needs of the growing fetus, while MVM GLUT1 expression

remains constant.’

Section 2.3: Relevant Studies and Effects on Fetal Growth

A study used isolated MVM and BM membranes along with Western Blots to determine the
positive correlation between GLUT1 expression and birthweight.” In addition to insulin-like growth factor
1 (IGF1), a variety of substrates and factors have been shown to upregulate GLUT1 expression. For
instance, maternal hypoglycemia, hydrocortisone, and glucocorticoids are all correlated with an increase
in GLUT1 expression. In contrast, maternal hyperglycemia, linoleic acid, and preeclampsia have been
correlated with a decrease in GLUT1 expression.® Studies have shown that there is a positive association
between maternal fasting glucose concentration and neonatal weight, head circumference, and ponderal
index, a measurement often used to evaluate infants for IUGR. Glucose provides the necessary nutrients
and energy for tissue growth and cell proliferation. Therefore, a lower glucose concentration or maternal
undernutrition is associated with decreased fetal weight, a lower ponderal index, and a higher chance for
developing IUGR, whereas a higher glucose concentration or maternal overnutrition is associated with
increased fetal weight, a higher ponderal index, and a higher chance for developing macrosomia.
Increased glucose transport, due to maternal diabetes, can also contribute to the risk of the fetus

developing macrosomia.® To study glucose uptake, radiolabeled glucose can be used. After mixing
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membrane vesicles with radiolabeled glucose, filtering them, and placing the filters in liquid scintillation

fluid, a counter was used to quantify glucose concentrations.’

Section 3.1: Amino Acid Transporters

Amino acid transporters play an essential role in the movement of amino acids through the
placenta for fetal protein synthesis. Amino acid transfer can be directed towards the maternal blood
supply or taken from maternal circulation to supply the fetus. Since there is a higher concentration of
amino acids in the fetal plasma than in the maternal plasma, active transport, which requires ATP to move
substrates against a concentration gradient, is suggested to occur. To facilitate this transfer, there are over
20 different amino acid transporters, localized on both the MVM and the BM of the syncytiotrophoblast.
First, an ATP-powered sodium-potassium pump increases the sodium concentration outside of the cells on
the maternal side. Then, accumulative transporters, using secondary active transport, couple the
movement of amino acids into the trophoblast using the concentration gradient of sodium, resulting in an
increased amino acid concentration within the cells. Sodium moves into the cells and “pulls” amino acids
with it. Using its concentration gradient, amino acids that accumulate within the trophoblast are then

transported towards the fetus through facilitated transport using an efflux transporter.
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Figure 3. Localization of amino acid transporters, SNAT (System A) and LAT (System L). Adapted
from Reference 8. SNAT is localized to the microvillous membrane (MVM). Expression can be
increased by insulin, interleukin (IL)-6, and tumor necrosis factor (TNF-a), and decreased by hypoxia,
interleukin-1p, and angiotensin II. LAT is localized to both the MVM and the basolateral membrane
(BM). Expression can be increased by insulin and the mTOR pathway, and decreased by rapamycin,
cocaine, and nicotine. A sufficient amount of SNAT and LAT is needed to control the movement of

essential and nonessential amino acids. Decreased amounts can lead to intrauterine growth restriction.®
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Section 3.2: SNAT - System A

SNAT (system A) is a sodium-dependent transporter that drives the active transport of amino
acids from the mother into the trophoblast using an electrochemical gradient resulting from a
sodium-potassium pump, as illustrated in Figure 3.* Commonly transported amino acids include glycine,
alanine, and serine, among other small, neutral amino acids. Although it is expressed in both the MVM
and the BM, it is more concentrated in the MVM. Isoforms include SNAT1, SNAT2, and SNAT4.
Activity levels of each isoform differ throughout pregnancy, with SNAT1 being the major contributor to
system A in full-term placentas. Factors like maternal insulin, interleukin (IL)-6, and tumor necrosis
factor (TNF-a) have been shown to increase SNAT activity, while hypoxia, interleukin-1b, and
angiotensin II have been shown to decrease SNAT activity. In cases of [UGR, lower system A transporter

activity, and thereby decreased amino acid uptake from maternal circulation, can be seen.’

Section 3.3: LAT - System L

LAT (system L) is a sodium-independent transporter that directs essential amino acids from the
mother towards the fetus and amino acids from the fetus towards the mother using an antiport mechanism.
This mechanism is illustrated in Figure 3. By coupling with system A activity, essential amino acids from
maternal circulation are exchanged for nonessential amino acids that accumulate within the trophoblast or
from fetal circulation, especially glycine. Similar to SNAT, LAT is also expressed in both the MVM and
BM, but is expressed at a higher level in the MVM. Isoforms include LAT1 and LAT2, with LAT1
primarily localized to the MVM and LAT?2 primarily localized to the BM. By regulating the rates of gene
transcription and translation, the mTOR pathway helps regulate cell growth and protein synthesis. The
mTOR pathway works as a positive regulator of LAT activity.*'® Insulin can also increase LAT activity.
Rapamycin inhibits the mTOR pathway and can consequently decrease LAT activity. Cocaine and
nicotine can also decrease system L activity. Lower birth weights have been seen after cocaine and/or

nicotine use during pregnancy.’
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Section 3.4: Relevant Studies and Effects on Fetal Growth

The activity of these amino acid transporters can be assessed using radiolabeled substrates. For
example, transporter activities were studied in baboons by measuring the uptake of radiolabeled
methylaminoisobutryric acid (MeAIB), an amino acid analog, through system A, and radiolabeled
L-leucine through system L. Baboons were chosen as they have a similar placentation to humans. MVM
and BM vesicles were isolated and mixed with either MeAIB or leucine before performing incubation,
termination at various time points, and rapid filtration. The concentrations of amino acids in maternal and
fetal plasma were determined using mass spectrometry.'' The same study also hypothesized that placental
amino acid transporters are down-regulated before the onset of [IUGR. To study this, baboons were either
fed a normal diet or a maternal nutrient restriction (MNR) diet. Halfway through gestation at day 90 (GD
90), the maternal and fetal plasma amino acid concentrations were the same between the control and
MNR populations. On day 120 (GD 120), which corresponds to 60% of gestation, the concentration of
leucine and isoleucine within the fetal plasma was significantly lower than that of the maternal plasma.
This observation occurred before the development of [IUGR. On day 165 (GD 65), which corresponds to
90% of gestation, the concentrations of leucine and isoleucine, and other amino acids, decreased in the
MNR population. The fetal plasma concentrations were also reduced. Additionally, these findings
highlight how decreased fetal availability of essential amino acids, especially leucine, plays an important
role in the development of IUGR. It has also been found that lower fetomaternal enrichment ratios of
leucine have been associated with IUGR severity, and leucine supplements have the capacity to prevent
fetal growth restrictions, such as IUGR."" Leucine is the main amino acid that activates the mammalian
target of rapamycin (mTOR) pathway. Therefore, maintaining appropriate concentrations of leucine

within the maternal blood supply is important for proper fetal growth and development.'

Section 4.1: Fatty Acid Transport Proteins (FATPs)

Fatty acid transport proteins (FATPs) influence the delivery of fatty acids (FAs) to the fetus. As

gestation progresses throughout pregnancy, the maternal concentration of triglycerides, phospholipids,
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cholesterol esters, and non-esterified FA shows a pronounced increase to support maternal energy use.
These lipids are the primary source of FA for placental transfer to the fetus. Due to being too large in size,
some lipids, like triglycerides, have to be hydrolyzed into non-esterified (“free””) FA by lipases in the
MVM before entering the syncytiotrophoblast. Other lipids that are already non-esterified can enter
through simple diffusion or receptor-mediated endocytosis. Simple diffusion does not require transporters
or ATP, and receptor-mediated endocytosis requires the recognition of receptors on the cell membrane by
the substrates to initiate the engulfment process, powered by ATP. Isoforms of FATPs include: FATP2,
FATP4, and FATP6. It is important to note that the specific roles of the different isoforms are not well

understood.'?

Section 4.2: Fatty Acid Binding Proteins (FABPs)

Within the syncytiotrophoblast, FAs are bound to FA-binding proteins (FABPs) and are
transferred to either the mitochondria or the endoplasmic reticulum. After rapidly converting to acyl-CoA,
FAs in the mitochondria are oxidized. In the endoplasmic reticulum, FAs are re-resterified and integrated
into lipid droplets. FAs must be converted to acyl-CoA to prevent efflux through transporters or diffusion.
It is theorized that the release of FAs from syncytiotrophoblasts occurs through dissociation from FABPs,
thioesterases, and/or hydrolases; however, the exact mechanism remains unknown due to the limited

depth of the available literature. Isoforms for the FABPs include: FABP1, FABP3, FABP4, and FABP5."

Section 4.3: Relevant Studies and Effects on Fetal Growth

Using baboon placentas, which have a similar placentation to humans, an experiment studied the
expression levels of FATPs and FABPs in baboons on an MNR diet compared to a normal diet. It was
found that restrictive maternal diets contributed to increases in FATP and FABP expression in late
gestation. Western blotting was used to determine protein expression levels. Although FA concentration
decreased following maternal MNR, the plasma FA concentration of the fetus remained relatively

unchanged. FA content in plasma was determined by using gas chromatography-mass spectrometry. This
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relationship suggests that expression of FATPs and FABPs increases to compensate for the decreased FA
supply and to maintain standard placental FA transfer.'” An important fatty acid to mention is
docosahexaenoic acid (DHA). DHA plays an important role in proper fetal neurodevelopment, which
could affect postnatal intelligence, behavior, and risk for psychiatric illnesses. DHA also plays a role in
lipid transfer, and DHA levels are positively correlated with insulin sensitivity, which could be a
predisposing factor for childhood obesity if negatively affected. Fetal plasma shows a higher
concentration of DHA than maternal plasma; therefore, decreased maternal DHA levels, like in the case
of a maternal MNR diet, would result in decreased DHA being transported into the fetal blood supply.
Decreased fetal DHA levels would then eventually lead to defects in neural function, behavior, and
insulin response.'® Additionally, maternal gestational diabetes or diabetes mellitus has also been reported
to affect placental FA transfer. Since the fetal plasma FA levels rely on maternal FA levels, diabetes would
result in an increase in fetal plasma FA levels. The combination of hyperglycemia and insulin resistance
would result in higher levels of plasma FAs. This larger concentration gradient accelerates the transfer of
FAs into fetal circulation, which further results in higher fetal fat depositions that increase the risk of

developing macrosomia.'*

Section 5.1: Organic Anion/Cation Transporters (OATs/OCTs)

Organic Anion/Cation Transporters are important proteins in the placenta that enable the
movement of charged compounds. Examples of charged compounds include amino acids for protein
synthesis, hormones for signaling, waste products, drugs, and many others that are important for fetal
growth and development. Movement of these charged compounds can occur towards the maternal or fetal

blood supply.'

Section 5.2: Organic Anion Transporters (OATS)

Organic Anion Transporters (OATs) mediate the transport of negatively charged compounds.

OAT4 is the primary and most expressed OAT isoform in the human placenta. This isoform is mainly
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localized to the BM, where it mediates transfer of materials out of fetal circulation. OAT4-mediated
transport occurs through coupling to a glutamate gradient. Glutamate moves down its concentration
gradient as it moves from the syncytiotrophoblast into fetal circulation. Through coupling, OAT4 can
transport compounds out of the plasma in exchange for glutamate into the plasma. Substrates for OAT4
include select steroid sulfates, such as dehydroepiandrosterone sulfate (DHEAS). DHEAS is important for
fetal development as it is believed to be used for estrogen biosynthesis in the placenta. Estrogen can drive
placental angiogenesis and vasodilation. Placental blood vessels that are bigger in size and quantity allow
for increased oxygen delivery and nutrient transfer to the fetus, which directly impacts fetal growth.'
However, excess DHEAS has been linked to slower and/or interruptions in intrauterine growth, which
increase the risk of developing IUGR. OAT4 expression can be increased by cAMP-dependent protein
kinase A (PKA) activators forskolin and 8-bromo-cAMP, a cAMP analog, which would lead to an
increase in DHEAS uptake. In contrast, OAT4 expression can also be decreased. Protein kinase C (PKA)
activators, phorbol 12-myristate 13-acetate and phorbol 12,13-dibutyrate, can decrease OAT4 expression.
Decreased DHEAS, from a decrease in OAT4 activity, can decrease estrogen levels, which can contribute
to the risk of miscarriage or premature birth.'® OAT4 also mediates the transport of some drugs and toxins,
like perfluorinated alkyl acids (PFAS). Often referred to as “forever chemicals,” PFAS are man-made
chemicals with particularly strong carbon-fluorine bonds. They break down very slowly and can be found
in materials such as drinking water, food, household products, and dust.''® Since the toxins exposed to by
pregnant women can be found within the umbilical cord, fetal exposure to the same toxins is suggested.

However, these toxins are also substrates for OAT4, which allows for fetal detoxification.!®"



Huang 14

Maternal
Apical

/E)(T\Z}[E\Tl 2| |(\T2/ I lB(RP]_[\mpz I |p(,p I
.

Trophoblast ello 0

k | OCT3 | ' OAT4 | /
Fetal LI—¢_) LIT) Basolateral

OAT4: 7 forskolin, 8-bromo-cAMP
| = phorbol 12-myristate 13-acetate, phorbol 12.13-dibutyrate

Figure 4. Localization of Organic Anion Transporters in the syncytiotrophoblast, with a focus on
OAT4. Adapted from Reference 16. OAT4, one of the isoforms, is localized to the basolateral
membrane (BM). Expression can be increased by forskolin and 8-bromo-cAMP, and decreased by phorbol
12-myristate 13-acetate and phorbol 12,13-dibutyrate. The “?” represents uncertainty in the bidirectional

function of the transporter. However, this is outdated, and OAT4 can facilitate bidirectional transport.'®

Section 5.3: Organic Cation Transporters (OCTs)

Organic Cation Transporters (OCTs) mediate the transport of positively charged compounds.
OCT3 is the only OCT isoform in the human placenta. This isoform is mainly localized to the BM, where
it mediates transfer of materials out of fetal circulation. OCT3 can also mediate transport towards fetal
circulation, but it tends to transport in the direction favored by the electrochemical potential gradient.
Cations transported include monoamine neurotransmitters, like serotonin, which is essential for fetal
growth and brain development.?**' Among others, metformin is another notable substrate for OCT3.
Metformin is given to patients with type 2 diabetes, including mothers with gestational diabetes, to
increase their insulin sensitivity. Since metformin given to women can be found within the umbilical cord,
fetal exposure to metformin is suggested. Fetal exposure to metformin does not result in any major

congenital abnormalities, but it can lead to an increased risk for low birth weights. Although more
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research is needed to clarify the safety of metformin’s use during pregnancy, it is generally considered a
safer alternative to insulin. Since OCT3 can facilitate bidirectional transfer, excess metformin in fetal
plasma can be transported back out. Animal studies have shown regulation of metformin transport to be
dependent on transporter saturation. However, due to the limited number of human studies, the exact

mechanisms behind the regulation and dysregulation of metformin transfer require further research.

Section 6.1 - Summary and Conclusions

The placenta is a precise and selective barrier that helps regulate the fetal environment. The
syncytiotrophoblast, the outermost layer of the placental villous trees, is where the transport of nutrients
and essential substrates takes place. Transport is localized to the MVM and/or the BM. Different placental
transport proteins facilitate the transport of different types of molecules. Glucose Transporters (GLUTSs)
control the uptake and delivery of glucose through facilitated diffusion based on a concentration gradient.
Amino acid transporters control the movement of essential and non-essential amino acids through a
multi-step system involving secondary active transport, facilitated transport, and an exchanger. Fatty Acid
Transport Proteins (FATPs) contribute to the multi-step delivery of fatty acids to the fetus through lipid
processing, simple diffusion, endocytosis, and intracellular trafficking. Organic Anion/Cation
Transporters (OATs/OCTs) control the movement of charged molecules. OATs transport negatively
charged molecules by coupling to a concentration gradient, while OCTs transport positively charged
molecules through an electrochemical potential gradient. Transport through all of these transport proteins
is tightly regulated and coordinated, and dysregulation could lead to abnormal fetal growth and
development.

Although there is significant research on placental transport proteins, some aspects still remain
unknown. Currently, many of the published studies were done on animal models. Therefore, relevance to
human placental cells can only be inferred. Additionally, many aspects of the exact roles, mechanisms,

and regulations of transporters are still being investigated. For example, the understanding of how FAs
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leave the syncytiotrophoblast is incomplete. The mechanisms of OCT3 regulation are also not fully
understood.

By analyzing the activity level of certain placental transport proteins, real-time diagnostic tests
during pregnancy could potentially be developed. These tests could then be used as an early indicator for
developmental outcomes like IUGR and macrosomia. Additionally, these tests could be used in
conjunction with targeted therapeutics to improve the efficiency of specific transporters. A better
understanding of transporter kinetics can lead to a better understanding of placental drug transport, further
improving the delivery of personalized medicine during pregnancy. Since fetal outcomes can be affected
by maternal nutrition and other environmental factors, additional research in this field can help address
health disparities in pregnancy outcomes.

Since efficient placental transport is the foundation of healthy fetal growth and development,
continued research is essential. A deeper understanding of these placental transport proteins can play a
large role in reducing pregnancy complications and maximizing positive health outcomes. The placenta

does more than just support fetal life; it shapes their future.
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