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Abstract

Fetal development is regulated by several important factors, such as maternal physiology and
health condition, lifestyle, use of different types of drugs and susceptibility to various chemical,
physical, and biological agents. An imbalance, abuse, misuse, or undesirable exposure to these
factors can prove to be teratogenic. Drugs can act as teratogens depending on its extent of use,
gestational age at which the drug is administered and the drug’s pharmacokinetics. This is
possible since most drugs can cross the placental barrier and disrupt the optimal environment of
the amniotic fluid, causing birth abnormalities. Some drugs can even cross the fetal blood brain
barrier and cause neurological disorders. In this review paper, the extent of teratogenicity of
common gestational drugs has been explored, along with their mechanisms of action that lead to

congenital deformities.

Keywords: Fetal development; FDA classification, Common Drugs in Gestation;
Teratogenicity; Placenta; Fetal BBB
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Chapter 1:
Introduction

1.1 Background of the review

The use of medications in pregnancy is almost inevitable, especially for underlying physiological
disorders of the mother and the physiological changes that are brought about in gestation. More
than 85% of pregnant women take medications during pregnancy (Kennedy, 2011). Amongst all
these medications, the ones commonly used in pregnancy are antidepressants, antihypertensives,
anesthetics, analgesics, medications for heartburn, antiemetics, antidiabetics, antibiotics, and
statin drugs (Khedun et al., 2000; Black & Hill, 2003; Eltonsy et al., 2014; Dubovicky et al.,
2017; Tsamantioti & Hashmi, 2021).

The administration of a drug in a pregnant woman is challenging owing to the pharmacokinetic
changes that occur with pregnancy and the risk of harm to the developing fetus (Sachdeva et al.,
2009). The need for medication cannot be completely ruled out since certain medical conditions
(e.g., elevated blood pressure, asthma) can exacerbate the mother’s health and consequently
harm the fetus. On the other hand, some drugs can pose substantial risk to the fetus for their
ability to cross the placental barrier and the fetal blood brain barrier. This is a matter of concern
since most drugs cross the placenta and reach the fetal systemic circulation. Moreover, more than
10% of the congenital anomalies occur due to the maternal exposure to drugs during pregnancy
(Black & Hill, 2003).

Some medications have been taken for such a long time that doctors are able to understand its
level of safety and provide recommendations accordingly. For instance, it is generally safe to
take acetaminophen, some antibiotics, some antihistamines, some antihypertensives, most
asthma medications and most antidiabetics ("Medicines During Pregnancy; Michigan Medicine",
2020). However, some prescription medications and OTC medicines are not completely safe and
need to be administered with caution since the safety profile of drugs can vary according to the
gestational period and many other factors, which will be discussed in this paper (Black & Hill,
2003).



Drugs that hinder the natural development of a fetus and cause any type of fetal abnormality are
known as teratogenic drugs. The extent of teratogenicity can vary depending on the
pharmacokinetics of the drug, maternal physiology in gestation, dose of the drug, frequency of
the drug, and most importantly the embryonic age. Teratogenic exposure two weeks before
gestation has been shown to have no correlation with abnormalities (Alwan & Chambers, 2015).
However, it is recommended to avoid all types of teratogenic drugs in the first trimester,
especially during organogenesis, which is the most sensitive stage of fetal development
(Donovan & Cascella, 2020).

Drugs have been classified by the U.S. Food and Drug Administration (FDA) into five risk
categories (A, B, C, D, and X) depending on its potential to cause congenital abnormalities (Law
et al., 2010). There is relevant literature that assesses the safety of a particular drug during
pregnancy and categorizes every drug available into this FDA classification. This is due to the
ethical considerations for conducting controlled clinical studies on pregnant women and the
potential risk to the fetus and mother. However, data retrieved from animal studies can be useful
for further evaluation of teratogenic potential in pregnancy. Furthermore, post-marketing
surveillance is also beneficial in the case of drugs that have been in use since a very long time.
Under such circumstances, the key decision to provide a particular medication therapy depends
on whether the benefits of the therapy outweigh the risks for both the mother and the fetus (Law
etal., 2010).

1.2 Rationale of the study

Pregnancy is a common natural phenomenon in the female reproductive cycle. Understanding
the safe use of medications is a necessity, given the growing dependence on medications in both
the prenatal and postnatal period. Due to the ethical considerations and lack of data of clinical
studies involving pregnant women, the use of certain medications is controversial. This review
highlights the possible areas of controversy and recommendations for clinical management of a
disease during pregnancy that ensures the maximum safety for both the mother and the fetus as
per the existing literature. In addition, it explores some of the key mechanisms of teratogenic

drugs and how they interact with the fetal development and lead to congenital abnormalities.



1.3 Aim and objectives of the study

The aim of this review is to understand the critical stages of pregnancy and the safe practice of

medication use with regard to its teratogenic potential.
The objectives of this study include:

e to understand the critical stages of fetal development and the practice of medication use
during these stages

e to understand the extent of teratogenicity of common medications in pregnancy

e to know the possible mechanisms of action of teratogenic medications

e to identify the limitations of data for a certain drug that is commonly used in pregnancy

e to explore the recommendations for the safe use of medications in pregnancy according

to the most recent literature



Chapter 2:

Methodology

This paper is an overview of the teratogenic potential of common medications used during
pregnancy and its safe practice. The paper has been constructed based on an outline with relevant
research questions per heading. The content for each heading was extracted by a thorough
literature search. The information for this review paper was collected from primary sources such
as NCBI, Springer, Science Direct, Wiley Online Library, Journal of the American Medical
Association etc., secondary sources such as PubMed, Mayo Clinic, WebMD, Elsevier, Parents
Magazine, etc., and tertiary sources such as University of Michigan Health, etc. The plethora of
information was then summarized in tabular forms to organize the current data available. The
mechanisms of action and anatomical structures pertaining to teratogenicity and fetal
development were illustrated with appropriate citation of literature. The areas that need further
research have been identified and discussed. The use of valid and reliable information with
proper in-text citation and bibliography has been meticulously followed using APA 6™ version

referencing format.



Chapter 3:
Fetal development
3.1 Stages of fetal development

Gestational age is a measure of the progression of a pregnancy. It is calculated from the first day
of a woman’s last menstrual period (LMP) to the current date (Jukic et al., 2013). This means
that the onset of pregnancy is marked by a women’s last menstruation, and it occurs two weeks
before conception. Conception, also known as fertilization, is the instance when a sperm
penetrates an ovum and forms a zygote. At this point, the gender and genetic makeup of the fetus
is fixed. Embryonic age is different from gestational age in the sense that unlike gestational age,
it is a measure of the fetus’ actual age and is calculated from the point of fertilization and is
therefore also termed as fertilization age, conceptional age, or fetal age. It begins from
approximately week 3 of pregnancy for a menstrual cycle that has a duration of 28 days (Jukic et
al., 2013). Once fertilization has taken place, the zygote rapidly divides into a mass of cells
known as a morula, which marks day 4 of the embryonic age and consists of 16-32 blastomeres.
This morula stage is crucial for the formation of blastocyst, first cell-line and subsequently the
entire development of the fetus (Coticchio et al., 2019). In terms of CNS development, the
formation of synapse usually takes place in the later gestational period and takes 2-3 years

postnatally to complete its development (Li et al., 2021).

Table 1: Stages of growth and development of the fetus

Trimester | Age of | Fetal size | Fetal weight | Development stage %23
gestation | (in  mm) | (in gm) *
(in 4
weeks)
First ! 3 - - Fertilization has occurred; zygote
travels to the uterus and forms a morula
4 0.2-0.3% |1-11 Implantation of blastocyst takes place
on the endometrium of uterus




1-1.5

1.1-1.2

HCG hormone levels increase; ovaries
stop releasing eggs; production of
estrogen and progesterone increases;
menstruation is  halted; embryo
develops into three layers: ectoderm
(outer layer), mesoderm (middle layer)
and endoderm (inner layer)

34

1.1-1.3

Rapid growth occurs; neural tube
closes; heart and other major organs
begin to form; heartbeat develops;
anatomical features leading to the
formation of eyes, ears and limbs
begins to develop; C-shaped structure

forms

10-12

1.1-14

Growth of brain and facial features
occurs; nostrils and retina begin to
develop; arm buds become paddle-
shaped

12-16

1.1-15

Lower limb buds become paddle-
shaped; fingers start to develop; ear
structures grow outwards; eyes become
conspicuous; upper lip and nose
develop; torso straightens

16-22

1.5-2.5

Arms grow, forming elbows; eyelids
form; toes appear; slightly developed

chin is visible

10

29-33

3-4

Head becomes rounder; elbows can be

bent; webbing of toes and fingers




disappear to make them elongated;
eyelids and outer part of ears develop

further; umbilical cord is conspicuous

11

48-52 1

6-101

Fetus is formed as per clinical
description; head grows up to half its
full body length; eye lids, ears, and eye
spacing becomes more pronounced;
teeth buds form; production of red
blood cells begins in liver; genitalia

start to develop as per the gender

12

59-63 1

12-161

Fingernails develop; facial features
become more prominent; intestines

position themselves in the abdomen

Second ?

13

72-76

21-25

Production of urine occurs; skull and

long bones harden

14

85-89 1

43-471

Neck  becomes  more  distinct;
production of red blood cells begins in

the spleen; gender becomes obvious

15

99-103

68-72

Bones  become  conspicuous in
ultrasound imaging; pattern of the scalp

becomes visible

16

118-1221

108-1121

Head becomes erect; slight movement
of eyes occurs; skin thickens; limb
movements become detectable by USG

but not actually felt by mother

17

128-132

138-142

Toenails begin to form; fetal movement

inside amniotic sac increases; heart




pumps around 47.3 liters of blood per

day

18

138-1421

198-2021

Ears become straight and allow fetus to
hear sounds; eyes face forward,;

digestive system becomes active;

19

151-155

238-242

Growth slows down; outer coating
known as vernix caseosa develops to
cover and protect fetus from damage;
uterus and vaginal passage develops (in

females)

20

162-166

298-302

Termed as the half-way point of
pregnancy; mother can feel fetal
movements;  sleep-cycle  becomes
functional where maternal movement
and external sound can awaken the

fetus

21

200-260

320-360

Layer of hair called lanugo covers the
skin and holds the vernix caseosa in

place; sucking reflex begins

22

270-280

430-460

Hair and eyebrows become
conspicuous;  brown  adipose tissue
forms to provide warmth; testes grow

downwards (in males)

23

280-290

490-500

Eye movements become rapid,
fingerprints and footprint begin to
form; hiccups and twitchy movements

occur




24

290-300

590-630

Creases appear on skin; skin becomes
reddish and semi-transparent  for

underlying capillaries;

25

340-345

660-670

Fetus responds to recognizable sounds;
majority of the sleep-cycle consists of
Rapid Eye Movement (REM)

26

355-360

760-820

Lungs develop with the formation of

surfactant layer

27

365-370

860-890

Second semester is over; nervous
system develops further; fat deposition

under the skin continues

Third 3

28

375-380

1005-1010

Eyelids open slightly; eye lashes
develop; CNS controls mechanical

breathing and body temperature

29

385-390

1150-1155

Movements such as kicking, sprawling

and clenching occur

30

395-400

1300-1330

Eyes can be widely opened; hair
growth is high; red blood cells are

produced in the bone marrow

31

405-410

1500-1510

Major development is complete; fetus

gains weight rapidly

32

420-425

1700-1705

Toenails become conspicuous; lanugo

is shed

33

435-440

1910-1920

Pupillary Light Reflex (PLR) develops;




all bones except the skull hardens

34

445-455

2100-2150

Fingernails become conspicuous and

grow larger

35

460-465

2380-2390

Skin smoothens; limbs become plump

36

470-475

2600-2610

Most of the space inside amniotic sac is
filled up; frequency of fetal movements

increases

37

485-490

2850-2870

Head may turn downwards facing the

pelvis for delivery

38

495-500

2900-3100

Head and abdomen have reached nearly
the same diameter; toenails grow

larger; most of the lanugo has fallen off

39

505-510

3200-3300

Chest becomes more distinct; testes
grow further downwards (in males); fat

accumulation increases

40

510-515

3400-3500

Estimated time of delivery, which

varies amongst individuals

Note: From 1"Fetal Development: The 1st Trimester - Mayo Clinic", 2021; 2"Fetal Development:

The 2nd Trimester - Mayo Clinic", 2021; *'Fetal Development: The 3rd Trimester - Mayo
Clinic", 2021; *"Pregnancy Stages Week by Week - Parents", 2021.

3.2 Factors affecting fetal development

The rate of fetal growth increases exponentially during the last 20 weeks of gestation. On

average, it reaches 95% of its weight. As its growth progresses, several factors play a crucial role

10




in its outcome. These factors can be (i) genetic, (ii) environmental, (iii) nutritional, (iv)
uteroplacental, or (v) fetal. The uteroplacental and umbilical blood flow and transplacental
glucose and fetal insulin are major determinants of fetal growth (H, 1982). The rate of uterine
blood flow determines the amount of nutrients (e.g., glucose, fatty acids, and amino acids) and
oxygen reaching the developing fetus. The uptake of these nutrients and presence of hormones
(e.g., thyroid hormone, insulin, and cortisol) modulate the expression of genes in the developing
fetus for certain fetal components such as glucose transporters, mechanism of ketogenesis,
hexokinase, oxidation of fatty acids and so on (Mongelli, 2003).

The environmental factors include paternal and maternal genome, maternal weight, and uterine
capacity to deliver oxygen and nutrients to the developing fetus. Genetic factors are the fetal
genome that influences it growth pattern. Several genes from both parents are imprinted in the
fetal genome, especially insulin-like growth factor | (IGF-1) and IGF-II. These genes control the
maturation of trophoblast cells to form the placenta. A study with a cohort of 171 females
pregnant with twins was conducted by Eunice Kennedy Shriver National Institute of Child
Health and Human Development (NICHD) Fetal Growth Studies. It was observed that the impact
of environmental factors on fetal development is greater than genetic influence in early
pregnancy and the effect of genetic influence is greater in later pregnancy (Workalemahu et al.,
2018).

3.3 Critical stages susceptible to teratogenicity

Every stage of development has its own critical period, which is the time at which the fetus is

most vulnerable to a teratogen (Donovan & Cascella, 2020).

The development of fetal CNS is the most sensitive stage in terms of the influence of
environmental factors and drugs. The significant events of this stage occur during the mid-
trimester. This stage is divided into 2 sub phases: (i) neurogenesis and (ii) neuronal migration.
Both these phases are critical for the neurodevelopment of the fetus. Neurogenesis involves the
formation of neurons via proliferation and differentiation of neural crest cells. Neuronal
migration leads to the development of the neural tube and subsequent formation of synapse
(Kummer et al., 2006).

11



In various animal studies, rodents have been used to study the effect of drugs in pregnancy. The

events that occur in fetal rodent brains in day 14 to 16 of fetal period correspond to the events

that occur in the 2" trimester of the human fetal brain. Therefore, this period is used as the

reference value for assessment of human fetal development (Clancy et al., 2007).

Drugs can affect the development of the fetus in 3 phases, as summarized in table 3 (Khedun et

al., 2000).

Table 2: Summary of drug influence in three major stages of fetal development

Duration in gestation

Name of the phase

susceptible to drug

Effect of interference of the

drug

Day 0 to 17

Fertilization and implantation

Embryonic death and abortion

Day 18 to 55

Organogenesis, most sensitive

stage

Functional and structural

abnormalities

Day 56 to birth

Fetal period, least sensitive

stage

Reduction of cell size and
number leading to fetal

deformities

12




age of embryo {in weeks) fetal period (in weeks) ——/4—s-full term
3 4 5 | 6 [ 7 7 9 16 20-36 38
« indicates common site of action of teratogen. >

\

1 ] 2
period of dividing
zygote, implantation
& bilaminar embryo

palate ear

external genitalia

susceptible to
terclogens

* Red indicates highly sensitive periods when teratogens may induce major anomalies.

Figure 1: Critical periods in fetal development (Adapted from "Prenatal Stages of

Development", 2020)
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3.4 Fetal blood brain barrier
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Figure 2: Fetal blood brain barrier (Adapted from Landers & Richard, 2017)

Recent studies have demonstrated that the fetal BBB not only exists in the development stage for
as early as 8 weeks of gestation, but also possesses physiological functionality. Moreover, the
fetal BBB has also been shown to have many of the characteristics of a completely developed
adult BBB (Sanders et al., 2014). The blood-brain barrier (BBB) is a crucial part of the fetal
anatomy and physiology, which plays an important role in the normal functioning of the fetal
central nervous system (CNS). It acts as a barrier between systemic circulation and the
parenchyma of the brain and regulates the movement of various substances between them. It
comprises compact endothelial cells such as astrocytes, microglia, pericytes, together with
neuron and form the neurovascular unit (NVVU). In addition, there are various protein complexes
that form cell-cell junctions. These junctions allow the diffusion of selective substances into the
brain, restricting the free movement of large molecules such as proteins, charged molecules and
polar molecules such as water. This helps to maintain fetal homeostasis and provides protection
to the developing fetal brain from various toxins, which can be either endogenous or exogenous

and can have long term pathological implications (Goasdoué et al., 2017).
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Apart from fetal anatomy, there are certain transport mechanisms in the fetal BBB that acts as a
medium of nutrient transfer to the brain as well as a medium of harmful substances away from
the brain. The types of transport mechanisms include: (i) free diffusion, (ii) carrier-mediated
transport, (iii) receptor-mediated transport, and (iv) active efflux transport. The active efflux
mechanism is a key process that regulates the movement of drugs into the fetal BBB. These
transporters also remove metabolic waste products and xenobiotics from the brain (Hawkins,
2009).

Some transport systems are present in both the placenta and the fetal BBB. However, the
placenta does not provide the optimum protection to the fetus because drugs can permeate the
placenta with adequate time of exposure and dosage of the drug. Small and lipophilic drugs can
freely diffuse through the placenta and enter fetal blood, which increases the risk of
teratogenicity to the fetal CNS. On the other hand, fetal BBB is more selective and restrictive
and is largely dependent on the size and lipophilicity of the drug. Despite this meticulously
maintained barrier, it can be disrupted and lead to long-term neurological diseases such as
multiple sclerosis and Alzheimer's disease (Stolp et al., 2013). This is because fetal development
not only depends on the anatomical structures or transporters in the BBB, but also on drug
metabolizing enzymes, mainly glutathione S-transferases and cytochrome P450 (Agundez et al.,
2014). Moreover, drugs can reach the fetal brain via other routes such as the blood-CSF barrier
between systemic circulation and choroid plexus, meningeal barrier, and the fetal-specific CSF-
brain barrier (CJ et al., 2012).

3.5 Placenta

The human placenta is composed of 3 layers: (i) amniotic layer, (ii) chorionic layer, and (iii)
decidual layer. The amniotic layer is composed of a layer of single-celled epithelium and a
deeper layer of mesoderm. The chorionic layer has a mesoderm and trophoblast layer.
Trophoblast cells are derived from the outer layer of blastocyst and form the larger portion of the
placenta (Herrick & Bordoni, 2021). Trophoblast cells provide nutrients to the developing fetus
(Soares & Varberg, 2018). The decidual layer is found between the fetal membrane and

myometrium (Castillo-Castrejon et al., 2018).
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Figure 3: Structure of the placenta (Adapted from Jansen et al., 2020)

The chorionic villus is the basic structural unit of the placenta. The maternal blood reaches the
uterus via endometrial arteries. The two umbilical arteries carry deoxygenated blood of the fetus
to the placenta through the umbilical cord. Various substances present in the maternal blood
diffuse into the intervillous space and combine with the fetal blood. The average rate of maternal
blood flow to the uterus at term is 600 ml per minute. 80% of this blood reaches the placenta
(Griffiths & Campbell, 2015).

16



a) human placenta Maternal arteries
(oxygenated blood)

Maternal veins

Intervillous pool of
(deoxygenated blood)

maternal blood

Chorionic villi

Umbilical arteries
(deoxygenated blood)

Umbilical vein
(oxygenated blood)

b) chorionic villi c) syncytiotrophoblast cell layer

Microvillous
Basal membrane

membrane Intervillous pool
of maternal blood
| Waste + CO, |
I Nutrients + O, i

Foetal capillary blood vessles

Figure 4: Blood flow across the placenta (Adapted from Barman, 2015)

Uterine vessels Ulterine glands

Syneytiotrophoblast

Cylotrophoblast

Mesoderm Intervillous space

Figure 5: Chorionic villus in the placenta (Adapted from Aplin et al., 2018)

17



The chorionic villus is composed of two layers: (i) The syncytiotrophoblast layer, which is which
forms rapidly and ruptures the capillaries of the endometrium to form a connection with the
fetus, and (ii) cytotrophoblast layer, which develops into the early-stage chorionic villi (Aplin et
al., 2018)

Drugs are carried from the maternal to the fetal blood in a number of stages. The drug must first
be released into the intervillous space. Then it is transferred to the layer of syncytiotrophoblast
cells of the chorionic villi. The drug then progresses into the fetal capillary blood vessels. In this
overall process, the transfer of drugs across the syncytiotrophoblast cell layer acts as the rate-
limiting step (Griffiths & Campbell, 2015).

The placenta is responsible for carrying out several functions, including: (i) gaseous exchange
between mother and fetus, (ii) transfer of nutrients from mother to fetus, (iii) transfer of
metabolic wastes from fetus to mother, (iv) passive immunity, and (v) hormonal secretion,
mainly thyroid hormone essential for fetal development. The mechanisms of placental transfer
include: (i) passive diffusion, (ii) facilitated diffusion, (iii) active transport, (iv) endocytosis, (V)
exocytosis (Griffiths & Campbell, 2015).

Table 3: Mechanisms of placental transfer (Murphy et al., 2006)

Substance Mechanism of Dependent factors
transferred transfer
Oxygen Passive diffusion Oxygen partial pressure gradient between

maternal blood in the intervillous space
and fetal blood in the umbilical arteries (4
kPa); Bohr effect; placental exchange area

and blood flow

Carbon dioxide Passive diffusion Partial pressure gradient for carbon dioxide
between fetal blood in the umbilical
arteries and maternal blood in the
intervillous space (1.8 kPa); Haldane
effect; placental exchange area and blood

flow
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Glucose Facilitated diffusion | --------

Amino acids Active transport. Co- | --------
transport of sodium
down the concentration
gradient cause influx of

amino acids

Fatty acids and | Simple diffusion; fatty | --------

glycerol acid binding proteins

Electrolytes Sodium, chloride: | --------

passive diffusion

Calcium, iron: active | --------

carrier mediated
transport
Vitamins Active carrier mediated | --------
transport
Water Simple diffusion; water | Osmotic pressure and hydrostatic gradients

channel proteins in

trophoblast

Immunoglobulins Pinocytosis; | -=-----

exocytosis; endocytosis

As previously mentioned, organogenesis, which occurs during the 1% trimester, is the most
susceptible stage. The fetus is directly or indirectly affected. For instance, changes in
uteroplacental blood flow can expose the fetus to adverse effects. Therefore, placental blood
flow and its components being transferred are crucial for the fetal development.
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Table 4: Classification of drug transfer across the placenta (Griffiths & Campbell, 2015)

Type of drug | Description Examples
transfer
Type 1 Complete; concentration of drug in maternal blood | Thiopental drugs

quickly equilibrates with the concentration of the

drug in the fetal blood

Type 2 Incomplete; concentration of drug is higher in the | Ketamine
fetal blood than in the maternal blood

Type 3 Exceeding; drug partially crosses the placenta so that | Succinylcholine
the concentration of drug in the maternal blood is
higher than in the fetal blood

There are several factors affecting the drug transfer across the placenta (Griffiths & Campbell,
2015). These include:

e Physical placental surface area

e Placental thickness

e pH of maternal and fetal blood

e Placental metabolism

e Uteroplacental blood flow

e Protein binding

e pKa

e Lipid solubility

e Pharmacological molecular weight of drug
e Presence of placental drug transporters
e Concentration gradient across placenta

e Degree of ionization
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Chapter 4:

Pharmacokinetic changes in pregnancy

Clinical management in pregnancy with medications requires adequate understanding of
maternal physiology, pathophysiology, and pharmacology of the medications used during
gestation. The primary goal is to optimize the therapeutic efficacy of the treatment with minimal
risk to both the mother and fetus. One major limitation of ensuring this is the lack of
pharmacological studies involving pregnant women due to preconceived concerns regarding fetal
safety. In addition, the majority of studies on gestation-specific medications have been done

involving healthy adult males and non-pregnant women (Feghali et al., 2015).

Comprehension of the pharmacokinetic parameters must be evaluated by considering the
pregnancy-related changes. The parameters of interest are absorption, distribution, metabolism,

elimination, and transport of drugs.

4.1 Drug absorption

Absorption of drugs is defined as the movement of drugs from the site of administration into the
blood. This is expressed by bioavailability, which is the amount of active ingredient absorbed
into the bloodstream to produce the desired therapeutic effect (Alagga & Gupta, 2021). In early
pregnancy, oral bioavailability is reduced by nausea and vomiting. Therefore, drugs must be
administered when these conditions are minimal to achieve the optimum therapeutic effect.
Moreover, during gestation, production of gastric acid is reduced, and secretion of mucus is
elevated, which raise the stomach pH. This in turn may reduce the absorption of weak acids and
weak bases. Lower Gl motility may also affect oral bioavailability. On the other hand, increased
cardiac output and blood perfusion to the intestines may increase drug bioavailability
(Costantine, 2014). However, there is limited data to confirm these assumptions for both oral

and non-oral routes of administration (Feghali et al., 2015).

4.2 Drug distribution

Distribution is the perfusion of drugs into different tissues after being absorbed into the
bloodstream. This is expressed by volume of distribution (\Vd), which is a theoretical volume
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occupied by a drug, assuming it is uniformly distributed at a certain plasma concentration. This
parameter is crucial for determining a drug’s loading dose required to attain the desired
therapeutic effect. The higher the value of Vd, the higher the proportion of drugs bound to
tissues. Conversely, plasma protein-bound drugs will have a lower Vd. Such variations Vd
ultimately affect the therapeutic efficacy and safety profile of a drug. For instance, the heart rate
in the third trimester is about 90 bpm at rest, which implies higher cardiac output and stroke
volume (Feghali et al.,, 2015). The plasma volume also increases during pregnancy with
approximately 3.5 L at 38 gestational weeks. An increase in total body water increases the Vd of
hydrophilic drugs. On the other hand, an increase in total maternal body fat increases the Vd of
lipophilic drugs. In case of plasma-protein binding, the concentration of albumin and alpha 1-
acid glycoprotein decreases throughout gestation, and this increases the plasma concentration
and Vd of unbound drugs (Hayashi et al., 2002). This is crucial for administration of drugs with a
narrow therapeutic index (e.g. phenytoin). A small increase in the unbound fraction of such
drugs can increase the possibility of adverse effects. Therefore, it is crucial to monitor the plasma
concentration of unbound drugs and make strategic dosing adjustments to avoid subsequent
toxicity (Feghali et al., 2015).

Uterine blood increases by 10 times at term, which increases the Vd of certain drugs and may

lead to drug accumulation in the fetus as well as the amniotic fluid (Feghali et al., 2015).

4.3 Drug metabolism

Metabolism of drugs is defined as the modification of drugs via certain enzyme systems mainly
found in the liver. During pregnancy, the placenta also plays a role in drug metabolism as it
contains certain drug-metabolizing enzymes, and their levels fluctuate throughout gestation
(Syme et al., 2004).

Both the liver and the placenta involve phase | and phase Il metabolic reactions.
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Table 5: Comparative metabolism of drugs in liver and placenta (Jeong, 2010; Syme et al.,

2004)

Drug metabolism

Normal hepatic metabolism

Placental metabolism

reactions and altered metabolism in
pregnancy

Phase I reactions | Oxidation, reduction, and | Synthesis and catabolism of a wide
hydrolysis range of drugs and toxic substances,

including steroid hormones, fatty

acids, and metabolizing vitamins

Phase Il reactions

Conjugation of glucuronic

acid to various substrates

i.  conjugation of glucuronic acid
to xenobiotics

ii.  conjugation of glutathione to
bioactive electrophiles

iii.  conversion of epoxides into

trans-glycols or trans-
dihydrodiols
Enzymes involved | Cytochrome P450 (CYP) | Cytochrome P450 (CYP) family,
in phase | family namely CYP1Al, CYP1A2, CYP1B1,
CYP2E1, CYP3A
Enzymes involved | Uridine 5’-diphosphate | Uridine 5’-diphosphate
in phase Il glucuronosyltransferases glucuronosyltransferases (UGTs);
(UGTys) Glutathione S-Transferases; Epoxide
Hydrolase; Sulfotransferases
Enzymatic CYP3A4, CYP2A6, CYP2D6, | CYP1, CYP2, CYP3, and CYP4 show

activity of phase |

enzymes

and CYP2C9 show increased
activity in gestation; CYP1A2
CYP2C19
decreased activity in gestation

and show

increased activity in the 1% trimester
and decreased activity in the later

trimesters
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Enzymatic Overall, enzymes  show i. UGTs catalyze conjugation of

activity of phase | increased activity, with a glucuronic acid to xenobiotics

Il enzymes higher activity in the 3| ii. Glutathione S-Transferases
trimester compared to the 1% catalyze conjugation of
and 2" trimesters glutathione to bioactive

electrophiles
iii. Epoxide Hydrolase convert
epoxides into trans-glycols or

trans-dihydrodiols

Factors affecting | Ethnicity, age, gender, pathophysiological conditions

enzyme activity

Once drugs cross the placental barrier, they travel through the umbilical vein and perfuse into the
fetal liver tissues where they undergo fetal first pass effect. The drugs then subsequently reach
the fetal systemic circulation. The enzymatic activity of liver enzymes in the fetus is lower than
that in the adult liver. Occasionally, fetal hepatic enzymes remain inactive as well. Moreover, the
fetal renal clearance is ineffective since the excreted products in the amniotic fluid are taken in
by fetal swallowing. However, presence of placental metabolism reduces the exposure of the
fetus to potentially teratogenic drugs. In addition, hepatic first-pass effect of the fetus contributes
further to drug metabolism and inhibits transfer of unchanged drug (Muller et al., 2010).

4.4 Drug elimination

Drug clearance is defined as the volume of plasma that is completely eliminated of a drug via
different organs, e.g., mainly liver and kidneys. This is in turn depends on extraction ratio (ER),
which is the amount of drug that is absorbed by the liver and metabolized. The clearance of
drugs with high ER depends on the hepatic blood flow. On the other hand, the clearance of low
ER depends on metabolizing capacity of the liver and the amount of free drug in the plasma,

regardless of the hepatic blood flow (Feghali et al., 2015).

Renal clearance is dependent on GFR, secretion via renal tubules, reabsorption. The GFR is a

measure of the amount of blood that is filtered by the kidney per unit time (usually in minutes).
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The GFR increases by 50% within the 1% trimester, which continues till the last week of
gestation. Drugs that undergo renal clearance will have a higher rate of elimination after the 1%
trimester since the GFR is higher (e.g., cefazolin, clindamycin, digoxin, atenolol). Furthermore,
changes in renal tubular secretion and tubular reabsorption also affect the rate of renal clearance
of drugs in pregnancy (Feghali et al., 2015).
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Chapter 5:
Teratogenicity in gestation
5.1 Types of teratogenicity

Teratogenicity can be of five types, which are: (i) infectious agents (e.g., pathogenic viruses and
bacteria), (ii) physical agents (e.g., ionizing agents), (iii) maternal health factors (e.g., chronic
diseases), (iv) environmental chemical substances (e.g., organic mercury compounds, herbicides,

and (v) drugs (medicinal or recreational) (“Teratogens/Prenatal Substance Abuse", 2017) .

5.2 Factors determining teratogenic potential

Apart from the type of teratogen, the extent of teratogenicity and congenital abnormality depends
on factors including duration of exposure to teratogen, embryonic age, dose of teratogen, genetic
susceptibility of the fetus, combination therapies, maternal pharmacokinetics, and variations in
maternal metabolism. For instance, the risk of teratogenicity is greatest in the first trimester
compared to the later gestational period (Gelder et al., 2010).

5.3 Pregnancy risk classification for medicines

After the thalidomide tragedy in 1961, the U.S. Food and Drug Administration (FDA) developed
a system of labelling medications in 1979. Five risk categories (A, B, C, D or X) were
established to promote safe use of medications during pregnancy. It is important to note that
drugs must only be administered if they pose no evidence-based risk to the fetus, or as clearly
needed if the benefits outweigh the risks (Law et al., 2010).

Table 6: FDA risk classification for gestational drugs (Law et al., 2010)

Category | Broad description Examples

A No fetal risks found in the 1% trimester of gestation in | Levothyroxine,
sufficient and well-controlled studies have been | Folic acid, liothyronine
conducted in pregnant women (and there is no

evidence of risk in later trimesters)

B No fetal risks found in animal reproduction studies; | Metformin, hydrochloro-
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sufficient and well-controlled studies in pregnant

women have not been conducted

thiazide, cyclobenzaprine

, amoxicillin

Adverse effects found on the fetus in animal
reproduction studies; sufficient and well-controlled
studies have not been conducted in humans; benefits
in gestation may allow use of the drug despite the

risks

Gabapentin, amlodipine,

trazodone

Fetal risks found based on adverse reaction data from
investigational or post-marketing experience or
human studies; potential benefits in gestation may

allow use of the drug despite the risks

Losartan

Fetal abnormalities found in animal or human studies
based on adverse reaction data from investigational
or post-marketing experience; risks in gestation

outweigh the benefits; contraindicated in pregnancy

Atorvastatin, simvastatin,

methotrexate, finasteride

The table below summarizes the main medications that are contraindicated in pregnancy.

Table 7: Category X medications in pregnancy (Hall, 2016; "Medicines During Pregnancy -

Michigan Medicine", 2020)

ACE inhibitors (angiotensin converting | Efarvirenz
enzyme)

Anticonvulsants Etretinate
Carbamazepine (carbimazole) Fluconazole

Heroin/methodone

Dilanten, Phenytoin

Phenobarbital Isotretinoin (13-cis-retinoic acid)
Tegretol Lamotrigine
Trimethadione/paramethadione Lithium

Valproic acid

LSD (lysergic acid diethylamide)

Cocaine

Methotrexate (aminopterin)

Coumarin derivatives e.g., warfarin

Misoprostol (prostaglandin E1)

27



https://www.drugs.com/hydrochlorothiazide.html
https://www.drugs.com/cyclobenzaprine.html
https://www.drugs.com/cyclobenzaprine.html
https://www.drugs.com/amoxicillin.html
https://www.drugs.com/gabapentin.html
https://www.drugs.com/amlodipine.html
https://www.drugs.com/trazodone.html
https://www.drugs.com/losartan.html
https://www.drugs.com/atorvastatin.html
https://www.drugs.com/simvastatin.html
https://www.drugs.com/methotrexate.html
https://www.drugs.com/finasteride.html

Cyclosporin Mycophenolate mofetil

Tetracycline Statin drugs

Thalidomide Anxiety medications Alprazolam, Diazepam

Vitamin A in large doses/ retinoid | Antidepressant Paroxetine

containing drugs

Antitussives containing guaifenesin Decongestants Phenylephrine or

pseudoephedrine

Bismuth subsalicylate

5.4 Mechanism of action of teratogenic drugs

The risk of teratogenicity is unknown for 90% of the medication treatments in the US alone. In
addition, the etiological pathways of the congenital abnormalities are mostly unknown, although
some mechanisms through which drugs may lead to fetal abnormalities have been identified
(Gelder et al., 2010).
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5.4.1 Folate Antagonism
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Figure 6: The inhibition of folate-methylation cycle (Adapted from Gelder et al., 2010)

Folate-homocysteine—-methionine metabolism. B12, vitamin B12; DHFR, dihydrofolate
reductase; MTHF, methyltetrahydrofolate; MTHFR, methyltetrahydrofolate reductase (Gelder et
al., 2010).

Drugs following this mechanism either competitively inhibit the conversion of folate to
tetrahydrofolate by binding irreversibly to the enzyme dihydrofolate reductase (DHFR), bind
antagonistically with the enzymes involved in folate metabolism, reduce folate absorption, or
facilitate folate degradation (Gelder et al., 2010).

5.4.2 Endocrine Disruption

Some drugs inhibit or mimic the action of hormones and consequently disrupt the release,
metabolism or binding of endogenous hormones. The extent to which this is achieved depends
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on the drug’s affinity and specificity towards the hormone. In addition, such interference either
activates the hormone or inhibit its action and hinders the natural physiological processes. These

are known as endocrine-disrupting drugs or endocrine-disrupting chemicals (Gelder et al., 2010).
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Figure 7: Teratogenesis via endocrine disrupting drugs (Adapted from Priyam et al., 2018)

EDC= Endocrine-Disrupting Chemical
5.4.3 Vascular Disruption

The arteries, veins, and capillaries, i.e., the vasculature of the fetus can be disrupted by certain
factors such as lower uterine blood flow to the fetus, infection, maternal anatomical
abnormalities, blockage of the vessels, constriction of the vessels can impair the proper transfer
of nutrients and oxygen to the fetus and hinder its growth. This can lead to structural
abnormalities in the fetus which in turn depends on gestational age, location, and extent of
vascular damage. The congenital defects that arise through vascular disruption are usually
observed in distal extremities and fetal intestines (Gelder et al., 2010).

5.4.4 Disruption of Neural Crest Cells

Neural crest cells (NCCs) are a group of multi-potent cells that originate from the neural tube
present at the border of the ectoderm during the embryonic development. The neural tube is the
foundation of the spinal cord. The NCCs then differentiate into different kinds of cells
(Shakhova & Sommer, 2010).
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Figure 8: Formation and proliferation of neural crest cells (Adapted from "Anatomical

Embryological Development of Neural Crest", 2021)

Some drugs can hinder the normal formation, proliferation, and migration of NCCs. They can do
so by interfering with the growth factors involved in NCC formation. They may also interfere
with the natural interaction of peptides called endothelins with their corresponding receptors, a
process essential for the migration and proliferation of NCCs (Hu et al., 2006). Birth anomalies

via neural disruption include cardiovascular and non-cardiovascular defects (Gelder et al., 2010).
5.4.5 Oxidative Stress

The developing embryo has a weak defense mechanism against oxygen free radicals. Any
imbalance in the amount of these radicals creates an oxidative stress. The radicals, also termed as
Reactive Oxygen Species (ROS), can be from exogenous sources (e.g., ionizing radiation) or
endogenous sources (fetal metabolic changes). An increase in ROS levels can hinder the

organogenesis of the fetus. For instance, changes in the embryonic metabolism can form ROS
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via oxidation-reduction interaction between the fetal enzymes and the non-toxic pro-teratogen.
The resulting ROS consequently hinder the natural formation of fetal DNA, RNA, proteins, and
lipids, causing birth defects such as skeletal anomalies, neural tube anomalies, cleft lip,
cardiovascular abnormalities, and defects of the extremities (Mazzu-Nascimento et al., 2017).
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Figure 9: Teratogenesis via reactive oxygen species (Gelder
etal., 2010)

5.4.6 Enzyme-mediated Teratogenesis

i.  Angiotensin Converting Enzyme (ACE) inhibitors and All Receptor Blockers (ARBS)
may interfere with the RAAS mechanism of the fetus and impair its growth. A recent
study has demonstrated that this can lead to cardiac and CNS anomalies in the developing
fetus (Gelder et al., 2010).

ii.  Cholesterol-lowering drugs can inhibit the hydroxymethylglutaryl-coenzyme A (HMG-
CoA) reductase, which is essential for the production of mevalonic acid via the
mevalonate pathway. This inhibition can lead to birth defects since statins are essential
for the normal development of the fetus (Gelder et al., 2010).

iii.  Histone deacetylases (HDACSs) are essential for the control of gene expression via

chromatin remodeling. The inhibition of HDACs may hinder cell proliferation, division,

32



and apoptosis (Gelder et al., 2010). The HDAC activity is vital for the proper
development of the fetus and its inhibition can lead to axial skeletal anomalies (Di Renzo
et al., 2007) and neural tube defects (Daniel Eikel et al., 2006) as per animal studies.
Drugs and substances that exhibit teratogenesis in this mechanism include valproic acid
(Gottlicher et al., 2001), salicylates and boric acid (Gelder et al., 2010).

iv.  Cyclooxygenase-1 (COX-1) is responsible for the production of prostaglandins required
for a number of physiological processes (e.g., maintenance of blood pressure and platelet
aggregation). Cyclooxygenase-2 (COX-2) also produces prostaglandins for inflammatory
action. Selective NSAIDs inhibit COX-2 and non-selective NSAIDs inhibit both COX-1
and COX-2. The resulting COX-1 inhibition can cause cardiovascular, diaphragm and
midline defects. However, inhibition of COX-2 has not been observed to cause
teratogenic effects because the expression of this enzyme has not been found during the
process of embryogenesis in rats. Aspirin irreversibly inhibits the COX enzymes via
acetylation and is linked to greater incidence of teratogenic effect in preclinical studies
(Gelder et al., 2010).

v.  Carbonic anhydrase catalyzes the reversible hydration of carbon dioxide to bicarbonate
ion and protons. This enzyme is expressed in several developing embryos and plays a
crucial role in various physiological reactions, such as homeostasis, respiration, and bone
resorption. Drugs that inhibit this enzyme (e.g., acetazolamide) have been reported to
cause congenital anomalies and defects of the extremities. The main mechanism that is
suspected to cause this teratogenic effect is the decrease in intracellular pH of the
embryo, which consequently hampers glycolysis and synthesis and proliferation of
important proteins. However, there is insufficient evidence of this mechanism in humans
(Gelder et al., 2010).

5.4.7 Receptor-mediated Teratogenesis

I.  Angiotensin-converting enzyme (ACE) and angiotensin Il receptors: Blood pressure is
regulated in the human body via a mechanism of homeostasis known as renin-angiotensin
system (RAAS). The hormone angiotensin Il increases the blood pressure by causing
vasoconstriction of the smooth vascular muscles. The human fetus contains the elements

of RAAS, but its composition varies from that of an adult. ACE inhibitors and
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angiotensin Il receptor antagonists can adversely affect the fetal RAAS and cause fetal
abnormalities by affecting renal function, fetal blood pressure and vascular tone. For
instance, ACE inhibitors can cause human malformation syndrome if taken in the 2" or
3" trimester. The adverse effects associated with this are oligohydramnios, dysgenesis of
the proximal renal tubules, limb contractures, hypoplasia of the lungs, and incomplete
formation of the skull bones (Gelder et al., 2010). In the case of Angiotensin Il receptor
antagonists, there is a higher risk of developing fetal cardiovascular and CNS
abnormalities with 1% semester exposure according to a recent study (Cooper et al.,
2009).

N-methyl-D-aspartate receptors: N-methyl-D-aspartate (NMDA) receptors play a crucial
role in the fetal brain development via migration of the NCCs. If these receptors are
blocked, the fetal brain and blood brain barrier would not develop properly. NMDA
receptor blockers can affect the fetal brain after 20 weeks of gestation. However, it is
controversial whether NMDA receptor blockers cause neural tube defects, since this has
not been proven in clinical trials with mice. Moreover, dextromethorphan, which is an
NMDA blocker, is extensively used and has not been reported to cause birth defects
(Gelder et al., 2010).

5-Hydroxytryptamine receptors and transporters: 5-hydroxytryptamine (5-HT) receptors
play an important role in the structural development of several tissues of the embryo.
Therefore, higher stimulation or inhibition of these receptors can lead to congenital
abnormalities. Moreover, the reuptake of 5-HT by serotonin transporters imply that
SSRIs can also cause birth anomalies. For instance, fluoxetine, paroxetine, and sertraline,
have been observed to cause cranial and facial defects, although the risk does not appear
to be significantly high. Fluoxetine in particular has been associated with cardiac
anomalies when taken in the 1% trimester. In addition, since 5-HT is also involved in the
development of the fetal heart, its inhibition can lead to cardiac defects (Gelder et al.,
2010).

G-Aminobutyric acid receptors: G-aminobutyric acid (GABA) is an inhibitory
neurotransmitter which is believed to be involved in embryonic morphogenesis and
palate formation, although its exact function is not yet known. Benzodiazepines act via

GABA receptors and is reported to cause floppy infant syndrome. In addition, according
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to some studies, use of benzodiazepines in the 1% trimester has been linked to orofacial
clefts, cardiac defects, and Gl tract atresia, although other studies are not consistent with
these findings (Gelder et al., 2010).

The mechanism of action of certain number of drugs have been speculated till date. The table

below summarizes this information.

Table 8: Summary of suspected mechanism of teratogenesis in certain drugs till date (Gelder et
al., 2014)

Suspected mechanism of action | Examples of drugs

Folate antagonism Several anti-epileptic drugs, methotrexate
(immunosuppressant), metformin (antidiabetic agent),
sulfasalazine (disease-modifying anti-rheumatic drug),

trimethoprim (antibiotic)

Disruption of neural crest cells | Bosentan (treats pulmonary artery hypertension),
(NCCs) etretinate (treats severe psoriasis), isotretinoin (13-cis-
retinoic acid, which treats severe acne), ketoconazole

(antifungal agent)

Endocrine disruption Medications used to improve fertility, oral

contraceptives

Oxidative stress Class Il antiarrhythmic drugs, iron supplements,
phenytoin (anti-seizure medication), terbutaline (B2
adrenergic receptor agonist used to relieve asthma),
tetracyclines (antibiotics), thalidomide (treats several
forms of cancer and skin diseases), valproic acid (anti-

seizure medication)

Vascular disruption Antihypertensive medications, aspirin (NSAID and
blood thinner) and other NSAIDs, ephedrine (CNS
stimulant)

Enzyme-mediated teratogenesis

(1) HMG-CoA reductase Statins (cholesterol lowering drugs)

(i) HDAC Boric acid (when used as an inactive excipient)
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salicylates (mostly used to treat pain, fever, and

inflammation), valproic acid (anti-seizure medication)

(iii) COX

NSAIDs

(iv) Carbonic anhydrase

Acetazolamide (anti-epileptic drug), topiramate (anti-

epileptic drug)

Receptor-mediated teratogenesis

(i) ACE and Angiotensin Il

receptors

ACE inhibitors, Angiotensin Il receptor inhibitors

(it) NMDA receptors

Amantadine (antiviral medication; also used to treat
symptoms of parkinsonism), dextromethorphan (cough

suppressant), ketamine (anesthetic agent)

(iii) 5-HT receptors and
transporters

Risperidone (antipsychotic agent used to treat bipolar
disorder and schizophrenia), SSRIs (antidepressants),
sumatriptan (used to treat severe headaches)

(iv) GABA receptors

Barbiturates (sedative-hypnotics), benzodiazepines
(CNS depressants)
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Chapter 6:
Teratogenic potential of common medications
6.1 Antihypertensives

Hypertension is one of the most prevalent diseases during pregnancy, contributing approximately
7 to 15% to all the pregnancy related complications with 0.05% incidence rate in developed

countries and a staggering 27% in developing countries (Khedun et al., 2000).

Antihypertensive drugs, which are hydrophobic, cross the placental barrier easily; unlike the
hydrophilic ones which mostly cannot pass through. The placental transfer of antihypertensives

administered during pregnancy can be classified as follows (Khedun et al., 2000):

e Complete - an equilibrium is set between the maternal and fetal plasma, due to significant

concentration of the drug (e.g., methyldopa and clonidine)

e Incomplete - the drug concentration is higher in the maternal plasma than in the fetal

plasma (e.g., isradipine, prazosin, propranolol and sotalol)

e undefined - the mechanism of drug transfer is not defined due to a lack of data and most

of the drugs fall in this category (e.g., atenolol and acebutolol)

Antihypertensive drugs that reduce cardiac output to lower the maternal blood pressure (i.e.
calcium channel blockers) will also reduce the uterine blood flow. As a result, the transfer of
nutrients and oxygen will be hindered to some extent. Therefore, antihypertensives that are
administered during gestation must be able to cause uterine vasodilation, preferably lower
uterine vascular resistance and increase uterine blood flow, regardless of the blood pressure
alterations. However, the safety assessment of these drugs is challenging because only a few
randomized trials involving a small sample size have been conducted with a short-term

treatment, which is usually less than 6 weeks (Khedun et al., 2000).

In terms of teratogenicity, ACE inhibitors fall under category X of the FDA risk classification
and are contraindicated in the 2" and 3" trimesters. In case of combination therapy, nifedipine
and MgSOs pose some fetal risk secondary to evidence of severe hypotension, cardiac

depression, and neuromuscular blockade (Khedun et al., 2000).
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The use of diuretics in gestation and its effect on the fetus is controversial. These are used during
pregnancy to treat hypertension and cardiac disorders. Some studies have indicated that diuretics
cause an increase in birth weight, growth retardation, neonatal diabetes, neonatal jaundice, and
an imbalance in electrolytes. This is linked to the decrease in plasma volume after the
administration of diuretics in the 2" and 3" trimesters. However, they have not been proved to

be teratogenic and are classified as category C (Olesen et al., 2001).

6.2 Antidepressants, sedatives, and hypnotic drugs

Approximately 9-20% of pregnancies are accompanied with depressive disorders. Moreover,
nearly 2-3% of pregnant females take medications for depression during (Dubovicky et al.,
2017).

The common antidepressants used in the gestational period are serotonin reuptake inhibitors
(SSRIs) and serotonin and noradrenaline reuptake inhibitors (SNRIs). Since these drugs inhibit
the reuptake of monoamines in the presynaptic neuron, they raise the concentration of
monoamines in the developing fetal brain and hinder its natural functional maturation (Oyebode
etal., 2012).

The clinical management of depression during pregnancy with antidepressants is challenging and
its efficacy without significant fetal risk is debatable. This is mainly because all antidepressants
can cross the placental barrier and most of them can traverse the fetal BBB as well as get
transferred via breast milk. Some studies indicate that the use of antidepressants is associated
with preterm deliveries, unprecedented abortions, neonatal adaptive syndrome, reduction in birth
weight, intrauterine growth retardation, neonatal persistent lung hypertension, immediate
postnatal irritability, hypoglycemia, bradycardia, reduced muscle tone, cyanosis, apnea, and
stillbirth. For instance, a study has found that paroxetine treatment is correlated to fetal

cardiovascular disorders (Oyebode et al., 2012).

On the other hand, untreated depression can create a number of complications such as maternal
suicidal ideation, preeclampsia, eclampsia, postpartum depression, and a higher possibility of
preterm labor. In addition, it can adversely affect the emotional and cognitive functioning of the
developing fetus (Kinsella & Monk, 2009; Oberlander, 2012).
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Recent data from meta-analyses and reviews indicate that the risk of teratogenicity in fetal
development secondary to antidepressant therapy is minimal to non-existent. However, there
have not been adequate well-controlled studies to evaluate the extent of teratogenicity of
antidepressants in fetal development. Therefore, it is recommended to treat mild to moderate
depression with psychotherapy and severe depression with antidepressants (Dubovicky et al.,
2017).

According to one review, the risks of teratogenicity include omphalocele (1 per 5386 births),
gastroschisis (1 per 2229 births), anencephaly (1 per 4859 births), and craniosynostosis (4—10 per
10,000 births) (Ram & Gandotra, 2015).

Table 9: Antidepressants and their comparative extent of teratogenicity (Ram & Gandotra,

2015)

Sub-class Pregnancy loss due | Risk of teratogenesis Neonatal toxicity

to miscarriage

Tricyclic Most reports do not | Risk of organ | Anticholinergic effects

antidepressants | indicate miscarriage | dysgenesis in 400+ | such as functional
cases as  per 3| bowel obstruction and
prospective and 10+ | urinary retention.
retrospective  studies. | Withdrawal syndrome

Medications of choice | including jitteriness,

include desipramine and | irritability, and seizure

nortriptyline  due to | with clomipramine use

abnormalities is present.

lower  anticholinergic

activity
Selective Higher  risk  of | No increased risk of | A prospective study
serotonin spontaneous birth defects in 1100 | with 55  neonates
reuptake abortion with 1% | fluoxetine-exposed exposed to paroxetine
inhibitors trimester use infants but risk of | developed respiratory
(SSRIs) several minor | distress, hypoglycemia,

and jaundice, and they
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Data from 2500 cases
indicate no risk of
major birth anomalies.
A prospective  study
comprising 531 infants
indicated no risk with
1%t -trimester exposure
to SSRIs

citalopram). One meta-

(mostly

analysis found a higher

risk of cardiac

anomalies in infants

with paroxetine

exposure in the 1% -

trimester

resolved in 1-2 weeks.
PPHN is
with

SSRils,

paroxetine, fluoxetine,

associated
exposure  to

mainly

and venlafaxine

Monoamine
oxidase

inhibitors

Comparative risk of
34 for birth
anomalies found
with monoamine
oxidase inhibitors in
21 prenatal
exposures. A
population-based

prospective  cohort
study indicated a
higher risk of PPHN
for early exposure in

pregnancy.

Has not been reported

Has not been reported

Bupropion

A study with 136
women in 18t

trimester found no

Has not been reported

Has not been reported
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major anomalies. A

report by
GlaxoSmithKline

indicated 3.6%
incidence of
congenital  defects

and 1.3% incidence
of congenital
cardiovascular

anomalies

Venlafaxine

One study with 150
women found the
incidence of major
anomalies to be 1-
3%. Another study
with 10

found no  such

subjects

incidence. A
prospective  cohort
study found the rate
of cardiac anomalies

to be 0.6%

Has not been reported

Has not been reported

Nearly 15% pregnant women have anxiety (Wang et al., 2020). The medications prescribed in
these cases are usually sedatives like benzodiazepines and hypnotics. The use of sedatives during

gestation is 1-14% (Silvestri & Arico, 2019). The maximum usage has been observed in Eastern

Europe, while the minimum usage has been observed in Asia (Bjorkstedt et al., 2021).

Similar to antidepressants, benzodiazepines and hypnotics can cross the placental barrier and
fetal BBB. However, unlike antidepressants, they do not cause any significant adverse

neurodevelopmental changes to the growing fetus, especially in the first week of gestation, as per

the most recent literature (Vigod & Dennis, 2019; Bjorkstedt et al., 2021).
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6.3 Anesthetics

The extent of teratogenicity of anesthetics has been assessed in about 65 preclinical trials but no
clinical trials have been conducted. In all the preclinical trials, it has been consistently found that
anesthetics administered in animal models induced neurotoxicity in the fetus (e.g., memory
impairment and learning disabilities). However, some limitations of these preclinical trials
include longer duration of exposure to anesthetics, higher frequency of doses administered, and
suboptimal regulation of physiological homeostasis. Moreover, most of the animal models used
were rodents which have a different mechanism of CNS maturation compared to humans. This
implies that there is limited information regarding the pharmacokinetics and transport
mechanism of anesthetics in the fetus. Therefore, well-controlled clinical studies are required to

conclude the teratogenic extent of anesthetics (Bleeser et al., 2021).

Considering the aforementioned evidence, the USFDA alerts pregnant women since 2017 against
the use of general anesthetics due to its neurotoxic potential, especially in the later gestational
period. Since majority of anesthetics are lipid-soluble, they can traverse the placental barrier with
ease. (Tina et al., 2017). For instance, propofol can easily permeate the placental barrier and lead
to elevated levels in the plasma. A study done with 1.3% isoflurane anesthesia exposed for six
hours found elevated concentrations of the anesthetic in the fetal brain (0.40 mmol/g) (Li et al.,
2021). Moreover, an abnormal heart rate was observed in the fetus in an actual clinical setting,
secondary to anesthetic exposure. Another clinical study demonstrated a correlation with general
anesthesia and higher frequency of low birth babies. However, they have not been explicitly

addressed as a teratogen (Li et al., 2021).

Minimum alveolar concentration (MAC) is the minimum concentration of an inhalant anesthetic
agent in the alveoli of the lungs that is required to prevent the responsive movement of 50%
patients after applying a surgical stimulus (Lobo et al., 2021). In pregnancy, the MAC value is
lower and the sensitivity to the anesthetic is higher (Li et al., 2021). Therefore, the MAC value of
anesthetics is crucial for evaluating the fetal safety of exposure during pregnancy. A high MAC
may ensure sufficient cervical relaxation, but it is not necessarily safe for the neurodevelopment
of the fetus, especially in the 2" trimester when the fetus is most vulnerable to inhalation
anesthetics. This has been established after a study on rat babies demonstrated that one-time

exposure to 1.4% isoflurane for four hours in the 2" trimester hindered fetal long-term memory,
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emotional and personality disorders (Kong et al., 2011). The mechanism of this adverse effect
was studied by a group of scientists who concluded that general anesthesia in the 2" trimester

induces apoptosis and hinders the proliferation of NSCs (Wang et al., 2018).

6.4 Analgesics and NSAIDs

Approximately 50-60% pregnant women use analgesics for pain management. Analgesics are the
second most prevalently used medication in gestation, the first one being vitamins (Kennedy,
2011). However, there is a lack of well-controlled and prospective clinical trials evaluating the
safety of majority of this category of drugs (Price et al, 2017).

Occasionally, low-dose aspirin is prescribed in pregnancy for mild pain and fever management in
pregnant women who have antiphospholipid syndrome and history of recurrent miscarriages.

Apart from this, aspirin is generally considered to be safe for use in gestation (Kennedy, 2011).

NSAIDs such as ibuprofen, indomethacin, diclofenac, and naproxen are extensively used for
mild to moderate pain and fever management. It is well known that NSAIDs inhibit the cyclo-
oxygenase enzymes. A Scandinavian cohort, population-based, retrospective study indicated that
the risk of spontaneous abortion was higher with the exposure to prescribed NSAID treatment in
the 1% trimester. The major limitation of this study was the lack of a control group with NSAID
indications. Another study in California also demonstrated that there is an 80% higher risk of

miscarriage secondary to NSAID and aspirin use in the 1% trimester (Kennedy, 2011).

NSAIDs are contraindicated after 30 weeks of gestation due to the possibility of causing
persistent lung hypertension and unprecedented closure of fetal ductus arteriosus. Moreover, it
has been speculated that elevated doses of NSAIDs in the 3" trimester decreases the fetal renal
perfusion and subsequently reduces urine output of the fetus. and High doses of NSAIDs in the
third trimester may also reduce perfusion of the fetal kidneys and decrease fetal urine output,
which can lead to renal failure (Kennedy, 2011).

Opioids including oxycodone, codeine, hydrocodone, morphine, pethidine, and tramadol are
indicated for moderate to severe pain management. Continuous use of opioids is associated with

neonatal abstinence syndrome (Kennedy, 2011).
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More than 50% of pain medications used in gestation have been classified as category C, and a

higher percentage has been classified as category D, especially for the 3" trimester (Price et al,

2017).

Table 10: Summary of analgesics and their teratogenicity (Bisson et al., 2019)
Name/ Sub- Mechanism  of | Effect Effect after | Recommenda
Category of | category | action before 30 | 30 weeks of | tion as per
analgesic weeks of | gestation FDA

gestation
Paracetamol weak inhibitor of | Safe to use Safe to use Safe to use in
prostaglandin any trimester
synthesis;
selective COX-2
inhibitor
NSAIDs inhibition of | Conflicting Risk of | Avoid use
cyclooxygenase | evidence of | neonatal after 30
higher risk of | pulmonary weeks;
1t trimester | hypertension | administer in
miscarriage | and minimum
premature effective dose
closure  of | with shortest
fetal ductus | duration
arteriosus; before 30
lower fetal | weeks
renal  blood
flow;
reduced
volume  of
amniotic
fluid
Opioid Codeine | conversion  to | Higher risk | Neonatal Avoid
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active of neural | respiratory indiscriminate
metabolites, tube depression; use;
mainly abnormalities | neonatal administer in
morphine; in 1%t | withdrawal minimum
activity is | trimester symptoms effective dose
dependent on an with  shortest
individual’s duration
metabolizing
capacity
Dihydro- | pro-drug that is
codeine | metabolized to
(DHC) dihydromorphine
(DHM) by
CYP2D6
Tramadol | opioid and
monoaminergic-
mediated
mechanism; also
metabolized by
CYP2D6 to an
active O-
desmethyl
metabolite
Morphine | opioid receptor
agonist in the
CNS;

Gabapentin Limited Risk of | Concomitant
evidence for | neonatal administration
use in | withdrawal of high dose
pregnancy; folic acid
no before
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association

with  high
risk
miscarriage

conception
er and in 1%
of trimester;
inform

neonatology
beforehand
about

previous use

in mother

6.5 Antihistamines

The prevalence of antihistamines in pregnancy is between 4-10% in the 1% trimester and 8-15%

at any point in pregnancy (Kéllén, 2009; Shawky & Seifeldin, 2015). Their major indications

include pruritis, atopic dermatitis, allergic conjunctivitis, upper respiratory tract infections,

vomiting, nausea, dizziness, sleeping difficulties, urticaria, allergic rhinitis, or angioedema

(KeleSl, 2018; Shawky & Seifeldin, 2015).

Table 11: FDA risk classification of antihistamines (Shawky & Seifeldin, 2015)

Antihistamine

Name of drug

Category as

Adverse effects reported so far

Hydroxyzine

class per FDA
risk
classification
First cyproheptadine A Chlorpheniramine is linked to eye
generation Chlorpheniramine, B and ear defects, spina bifida and
Diphenhydramine, cleft lip with or without cleft
Dexchlorpheniramine, palate. Doxylamine linked to oral
Clemastine, and clefts, pyloric stenosis, hypoplastic
Tripelennamine left heart syndrome, spina bifida
Promethazine and | C and neural tube defects
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Second Cetirizine, Loratadine, | B

generation Levocetirizine
Third Fexofenadine, C Mild glandular hypospadias in
generation Desloratadine infants with early gestational use,

although the finding is

controversial

The teratogenic potential of antihistamines is not explicitly defined, and neither are they
classified as category A of FDA risk classification. However, the relatively safe and extensively
studied antihistamines are first generation antihistamines. As per National Asthma Education
recommendation, chlorpheniramine and tripelennamine are safe to use due to clear evidence
derived from preclinical and clinical trials. However, as per Allergic Rhinitis and its impact on
Asthma (ARIA) guidelines, 1% generation antihistamines have poor selectivity with associated
sedative and anticholinergic activity. In the case of 2" generation antihistamines, loratadine or

cetirizine is the drug of choice in the 2" and 3™ trimesters (Shawky & Seifeldin, 2015).

6.6 Drugs for hyperlipidemia (statin drugs)

As a normal physiological process, cholesterol levels increase in the maternal serum by 25-90%
relative to the pre-gestational period. It is well established that cholesterol is required for
optimum development of the fetus. Therefore, cholesterol lowering drugs (i.e., statins) are
contraindicated during pregnancy. Moreover, these are recommended to be discontinued prior to
being pregnant due to potential risk to the fetus. If a pregnant woman has a history of
hyperlipidemia, this discontinuation for a short period of time has been speculated to have no
significant negative impact on her hyperlipidemia or risk of developing Coronary Heart Disease
(Ofori et al., 2007).

The extent of teratogenicity of statins has not been explored in clinical trials. However, one FDA
case report has pointed out 22 cases of congenital abnormalities with statin treatment during
pregnancy, with an incidence rate of 3.2% with simvastatin and lovastatin treatment (Pollack et
al., 2005; Ofori et al., 2007).
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6.7 Antibiotics

Approximately 80% of the medications prescribed during pregnancy are antibiotics. Moreover,
20-25% pregnant women are prescribed antibiotics for indications including urinary tract
infections (UTIs), sexually transmitted infections (STIs), and upper respiratory tract infections
(URTIs). Teratogenic effects of antibiotics include both prenatal and post-natal effects. (e.g.,
alterations in gut flora, asthma, atopic dermatitis). However, about 10% of the antibiotics have
sufficient data related to safe and effective use in pregnancy. Beta-lactams, vancomycin,
nitrofurantoin, metronidazole, clindamycin, and fosfomycin are deemed as safe in gestation,

unlike fluoroguinolones and tetracyclines, which are risky for the fetus (Bookstaver et al., 2015).

6.8 Antidiabetic drugs

The treatment of choice for gestational diabetes mellitus is insulin therapy mostly due to the fact
that it does not traverse the placental barrier. However, recent studies have indicated that oral
antidiabetic medications (e.g., metformin and glyburide, which are most commonly taken in
pregnancy) serve as safe, effective, less costly, and more patient compliant alternatives, although
one study found that antenatal metformin exposure is linked to higher birth weight (Weelden et
al., 2018). While metformin is safe despite its ability to cross the placenta, glibenclamide has a
higher efficacy and lower rate of treatment failure than metformin. However, some studies have
demonstrated an increased incidence of neonatal jaundice, stay in the neonatal intensive care

unit, and neonatal hypoglycemia with glibenclamide treatment (Kalra et al., 2015).

The use of oral hypoglycemic medications in gestation is not advised by the American Dental
Association (ADA) ( Kitzmiller et al., 2008). In addition, the USFDA has not approved any oral
antidiabetic agent for treating gestational diabetes (Berggren et al., 2013). However, as per UK
National Institute for Health and Care Excellence (NICE) guidelines, metformin and glyburide

are safe to use (Group, 2008).
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Table 12: Antidiabetic medications commonly used in pregnancy (Kalra et al., 2015)

Type of | Class of | Mechanism of hyperglycemic | Recommendations
antidiabetic | antidiabetic | control
agent agents it
belongs to
Metformin bigaunide Inhibition of gluconeogenesis and | Not FDA approved
increased peripheral glucose uptake; | for gestational use
reduces intestinal glucose
absorption and increases insulin
sensitivity
Glyburide second Induces the release of insulin from | Not FDA approved
generation the pancreatic beta cells for gestational use
oral
sulfonylurea
Acarbose a-glucosidase | Decreases the intestinal absorption | Use is not
inhibitors of carbohydrate by inhibiting the | recommended due
cleavage of disaccharides and |to lack of safety
oligosaccharides to |data in  human
monosaccharides in the small | pregnancies
intestine, and lowers post-prandial
rise of glucose
Insulin hormone Increases glucose absorption by | Optimal anti-
cells diabetic treatment

6.9 Antiepileptics

Antiepileptic medications are one of the most prevalent medications prescribed during gestation
for management of seizures, nerve pain, migraines, and other psychotic diseases. In higher doses,
these medications have the potential to cause structural defects. In lower doses, they can cause

cognitive abnormalities (Tsamantioti & Hashmi, 2021).

49



Table 13: Summary of some antiepileptics and their teratogenic potential (Tsamantioti &

Hashmi, 2021)

Name of antiepileptic

Mechanism of action

Teratogenic effect

Phenobarbital Inducer of CYP450 2B and 3A | Growth impairment, motor
genes, producing free radicals and | function impairment, fetal
transversion of DNA bases death.

Valproate The inhibitory actions of folate and | Most teratogenic,

histone deacetylase and

subsequently high accumulation in

cardiovascular defects,

neural tube abnormalities,

fetal circulation in addition to | spina bifida, growth delay,
formation of reactive oxygen | fetal valproate syndrome,
species (ROS) lip/cleft palate, impaired
urinary tract, defects of the
extremities
Carbamazepine Metabolized to carbamazepine-10, | DNA destruction,
11-epoxide craniofacial anomalies,
facial cleft, growth

retardation

Lamotrigine | - Safest anticonvulsant
despite risk of fetal facial
malformations

Topiramate | ---—---- Neonatal hypospadias and
oral clefts in higher doses

Phenytoin Bioactivated by fetal prostaglandin | Fetal phenytoin syndrome

H synthase to a free radical, leading
to DNA oxidative damage
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6.10 Antiemetics

Nausea and VVomiting of Pregnancy (NVP) is a common disorder in gestation, affecting 70-80%
of all pregnant females (Taylor, 2014). It is not interchangeable with morning sickness since it
persists throughout the day in the majority of pregnancies. The onset of NVP symptoms is
usually between two to four weeks after conception. It is maximum in 9-16 weeks of pregnancy
and finally gets alleviated by week 22 (Lee & Saha, 2011), (Taylor, 2014).

A severe form of NVP can develop in pregnancy, which is known as hyperemesis gravidarum,

affecting about 0.3-2% of pregnant women (Lee & Saha, 2011).

Table 14: FDA risk assessment and recommendations of antiemetic treatments (Taylor, 2014)

Antiemetic Category as | Adverse effects reported | Comments
therapy per FDA risk
classification

Pyridoxine Uncategorized | -------- | =mmemeee

Prochlorperazine O N [

Phenothiazines C High doses in late | --------
gestation caused

prolonged  neurological

disorder
Metoclopramide A | Limited safety and
efficacy data
Ondansetron B Constipation in mother; | Not recommended as

7.9% risk of fetal death in | first-line therapy; co-

a large multi-cohort study | administration of
(Dormuth et al., 2021) laxatives IS
recommended
Mirtazapine | - | 2 Alternative for treating

hyperemesis

gravidarum when other
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medications failed

Corticosteroid | -------- Cleft lip and palate Recommended only for
intractable nausea and
vomiting; best to avoid

in the first 10 weeks of

gestation
Antacids, |- | e To relieve exacerbating
ranitidine, and symptoms, e.g.,
proton pump bloating or heartburn
inhibitors
Thiamine | - | - To treat thiamine
replacement (100 deficiency

mg daily via oral

or IV route)

6.11 Medications for GERD

Approximately 30-50% of pregnant females suffer from gastroesophageal reflux disorder

(GERD) or commonly termed as heartburn (Gerson, 2012).

All proton pump inhibitors (PPIs) fall under category B of the USFDA classification of drugs.
However, only omeprazole is classified as a category C drug, although most recent studies have
found no association of omeprazole use with congenital anomalies. In general, all PPIs have been
considered to be safe for use during pregnancy. However, a recent study conducted in Denmark
indicated a higher risk of congenital abnormalities secondary to PPI therapy before conception.
This led to the recommendation of avoiding PPl use in women considering getting pregnant,

although further research is needed to assess this recommendation (Gerson, 2011).

The recommended treatment of choice for GERD or associated symptoms is antacid or Ho-
receptor antagonists (e.g., famotidine, ranitidine). Otherwise, PPl therapy should only be
provided if the heartburn is severe. In case of an ineffective PPI therapy, a prokinetic agent (e.g.,

as metoclopramide, which is a category B medication) could be prescribed (Gerson, 2012).
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In the case of treating symptoms of GERD, antacids are often prescribed. It is important to
ensure that they do not contain aspirin, sodium bicarbonate, or magnesium trisilicate since these
can have adverse effects on the fetus (“Gastroesophageal Reflux Disease (GERD) During
Pregnancy", 2020)

6.12 Medications for asthma

Approximately 4 to 8% of the pregnant women in the United States suffer from asthma, making
it one of the most prevalent diseases in gestation (Eltonsy et al., 2014). It has been established
that uncontrolled and exacerbated asthma can lead to pregnancy complications and hinder fetal
development. Persistent asthma is managed mainly with inhaled corticosteroids (ICS), but the
use of beta-2 agonists is equally important. While short acting beta-2 agonists (SABA) are used
for treating mild to severe asthma, long-acting beta-2 agonists (LABA) are used for treating
moderate to severe consistent asthma in conjunction with low to moderate dose of ICS. Among
these two modes of treatment, SABA is more commonly used. However, both the categories of
beta-2 agonists are classified as Category C in the FDA risk classification. Furthermore, as per
the Teratogen Information System (TERIS), the teratogenic potential of these beta-2 agonists is
not yet defined due to lack of sufficient and qualitative data. According to the evidence gathered
so far in 21 studies, treatment with beta-2 agonists is associated with a higher risk of fetal
abnormalities and a reduction in birth weight secondary to gestational LABA treatment (Eltonsy
etal., 2014).
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Chapter 7:
Conclusion and Future Recommendations

7.1 Conclusion

Most of the common drugs have been studied in this review paper to assess their current safety
profile in pregnancy and relevant recommendations that have been provided by the USFDA and
other drug regulatory authorities. However, some drugs still require further study to evaluate the
teratogenicity and ensure their safe use. For instance, there is inadequate data on the safety
assessment on diuretics, anesthetics, analgesics, statin drugs, antibiotics, and some antiemetic
drugs. According to the most recent literature, most of the medications commonly prescribed in
pregnancy are safe if taken in the later gestation periods and are best to be avoided in the first
trimester, which is the most susceptible stage of pregnancy. Since the safe use of drugs during
pregnancy is of utmost importance for the normal fetal development, this review paper will help

in awareness creation among the pregnant women.

7.2 Future recommendations

For better understanding the adverse effects of a medication in fetal development, more studies
are needed on a clinical level as well as through post-marketing surveillance. For this reason,
federal regulations could include pregnant women in clinical studies, after thorough assessment
of the safety data obtained from animal trials. Moreover, enhanced scientific knowledge
regarding the complex physiology of pregnancy and the mechanism of action of drugs
administered during pregnancy will further help to optimize the medication practice in gestation
with minimal to negligible adverse effect on the fetus.

54



References

Agundez, J. A. G., Jiménez-Jiménez, F. J., Alonso-Navarro, H., & Garcia-Martin, E. (2014).
Drug and xenobiotic biotransformation in the blood-brain barrier: a neglected issue.
Frontiers in Cellular Neuroscience, 8(OCT). https://doi.org/10.3389/FNCEL.2014.00335

Alagga, A. A., & Gupta, V. (2021). Drug Absorption. XPharm: The Comprehensive
Pharmacology Reference, 1-2. https://doi.org/10.1016/B978-008055232-3.60020-0

Alwan, S., & Chambers, C. D. (2015). Prenatal Exposures and Short and Long Term
Developmental Outcomes: Identifying Human Teratogens: An Update. Journal of Pediatric
Genetics, 4(2), 39. https://doi.org/10.1055/S-0035-1556745

Anatomical embryological development of neural crest. Retrieved October 17, 2021, from
https://www.researchgate.net/figure/Anatomical-embryological-development-of-neural-
crest-in-green-from-neural-ectoderm_fig2_ 341361455

Aplin, J. D., Lewis, R. M., & Jones, C. J. P. (2018). Development of the Human Placental Villus.
Reference Module in Biomedical Sciences. https://doi.org/10.1016/B978-0-12-801238-
3.99857-X

Barman, M. (2015). Long Chain Polyunsaturated Fatty Acids in Serum Phospholipids: Relation
to Genetic Polymorphisms, Diet and Allergy Development in Children. PQDT - Global,
April 2015, 87.
https://search.proquest.com/docview/2423588132?accountid=26642%0Ahttp://link.periodic
os.capes.gov.br/sfxlcl41?url_ver=239.88-

2004 &rft_val_fmt=info:ofi/fmt:kev:mtx:dissertation&genre=dissertations+%?26+theses&sid

=ProQ:ProQuest+Dissertations+%26+Theses+Globa

Berggren E. K. & Boggess K. A. (2013). Oral agents for the management of gestational diabetes.
Clinical Obstetrics and Gynecology, 56(4), 827-836.
https://doi.org/10.1097/GRF.0B013E3182A8E0AS5

Bisson, D., Newell, S., & Laxton, C. (2019). Antenatal and Postnatal Analgesia. BJOG: An
International  Journal of Obstetrics &  Gynaecology, 126(4), ell4-el24.
https://doi.org/10.1111/1471-0528.15510

Bjorkstedt, S.-M., Kautiainen, H., Tuomi, U., Gissler, M., Pennanen, P., Eriksson, J. G., &

55



Laine, M. K. (2021). Maternal use of sedative drugs and its effects on pregnancy outcomes:
a Finnish birth cohort study. Scientific Reports 2021 11:1, 11(1), 1-8.
https://doi.org/10.1038/s41598-021-84151-7

Black, R. A., & Hill, D. A. (2003). Over-the-Counter Medications in Pregnancy. American
Family Physician, 67(12), 2517-2524. www.aafp.org/afp

Bleeser T., Veeken L. V. D., Fieuws S., Devroe S., Velde M. V., Deprest J. & Rex S. (2021).
Effects of general anaesthesia during pregnancy on neurocognitive development of the
fetus: a systematic review and meta-analysis. British Journal of Anaesthesia, 126(6), 1128—
1140. https://doi.org/10.1016/J.BJA.2021.02.026

Bookstaver, P. B., Bland, C. M., Griffin, B., Stover, K. R., Eiland, L. S., & McLaughlin, M.
(2015). A Review of Antibiotic Use in Pregnancy. Pharmacotherapy: The Journal of
Human Pharmacology and Drug Therapy, 35(11), 1052-1062.
https://doi.org/10.1002/PHAR.1649

Castillo-Castrejon, M., Jansson, T., & Powell, T. L. (2018). Fetal Maternal Unit. Encyclopedia of
Reproduction, 477-483. https://doi.org/10.1016/B978-0-12-801238-3.64674-3

Clancy, B., Finlay, B. L., Darlington, R. B., & Anand, K. J. S. (2007). Extrapolating brain
development from experimental species to humans. NeuroToxicology, 28(5 SPEC. ISS.),
931-937. https://doi.org/10.1016/j.neuro0.2007.01.014

Cooper, W. O., Hernandez-Diaz, S., Arbogast, P. G., Dudley, J. A., Dyer, S., Gideon, P. S., Hall,
K., Ray, W. A., & Medicine JAD, P. (2009). Major Congenital Malformations after First-
Trimester Exposure to ACE Inhibitors. Hittp://Dx.Doi.Org/10.1056/NEJM0a055202,
354(23), 2443-2451. https://doi.org/10.1056/NEJMOA055202

Costantine, M. M. (2014). Physiologic and pharmacokinetic changes in pregnancy. Frontiers in
Pharmacology, 5 APR, 65. https://doi.org/10.3389/FPHAR.2014.00065/BIBTEX

Coticchio, G., Lagalla, C., Sturmey, R., Pennetta, F., & Borini, A. (2019). The enigmatic morula:
Mechanisms of development, cell fate determination, self-correction and implications for
ART. Human Reproduction Update, 25(4), 422-438.
https://doi.org/10.1093/humupd/dmz008

Daniel Eikel, f, Alfonso Lampen, { and, & Heinz Nau*, 7. (2006). Teratogenic Effects

56



Mediated by Inhibition of Histone Deacetylases: Evidence from Quantitative Structure
Activity Relationships of 20 Valproic Acid Derivatives. Chemical Research in Toxicology,
19(2), 272-278. https://doi.org/10.1021/TX0502241

Di Renzo, F., Cappelletti, G., Broccia, M. L., Giavini, E., & Menegola, E. (2007). Boric acid
inhibits embryonic histone deacetylases: A suggested mechanism to explain boric acid-
related teratogenicity. Toxicology and Applied Pharmacology, 220(2), 178-185.
https://doi.org/10.1016/J. TAAP.2007.01.001

Donovan, M. F., & Cascella, M. (2020). Embryology, Weeks 6-8. StatPearls.
https://www.ncbi.nlm.nih.gov/books/NBK563181/

Dormuth, C. R., Winquist, B., Fisher, A., Wu, F., Reynier, P., Suissa, S., Dahl, M., Ma, Z., Lu,
X., Zhang, J., Raymond, C. B., Filion, K. B., Platt, R. W., Moriello, C., Paterson, J. M., &
Investigators, C. N. for O. D. E. S. (CNODES). (2021). Comparison of Pregnancy
Outcomes of Patients Treated With Ondansetron vs Alternative Antiemetic Medications in a
Multinational, Population-Based Cohort. JAMA Network Open, 4(4), e215329—€215329.
https://doi.org/10.1001/JAMANETWORKOPEN.2021.5329

Dubovicky, M., Belovicova, K., Csatlosova, K., & Bogi, E. (2017). Risks of using SSRI / SNRI
antidepressants during pregnancy and lactation. Interdisciplinary Toxicology, 10(1), 30.
https://doi.org/10.1515/INTOX-2017-0004

Ek C. J., Dziegielewska K. M., Habgood M. D. & Saunders N. R. (2012). Barriers in the
developing brain and  Neurotoxicology. Neurotoxicology, 33(3), 586-604.
https://doi.org/10.1016/J.NEURO.2011.12.009

Eltonsy, S., Kettani, F. Z., & Blais, L. (2014). Beta2-agonists use during pregnancy and perinatal
outcomes: A  systematic  review. Respiratory  Medicine,  108(1), 9-33.
https://doi.org/10.1016/J.RMED.2013.07.009

Feghali, M., Venkataramanan, R., & Caritis, S. (2015). Pharmacokinetics of drugs in pregnancy.
Seminars in Perinatology, 39(7), 512. https://doi.org/10.1053/J.SEMPERI.2015.08.003

Fetal development: The 1st trimester - Mayo Clinic. (n.d.). Retrieved October 17, 2021, from
https://www.mayoclinic.org/healthy-lifestyle/pregnancy-week-by-week/in-depth/prenatal-
care/art-20045302

57



Fetal development: The 2nd trimester - Mayo Clinic. (n.d.). Retrieved October 17, 2021, from
https://www.mayoclinic.org/healthy-lifestyle/pregnancy-week-by-week/in-depth/fetal-
development/art-20046151

Fetal development: The 3rd trimester - Mayo Clinic. (n.d.). Retrieved October 17, 2021, from
https://www.mayoclinic.org/healthy-lifestyle/pregnancy-week-by-week/in-depth/fetal-
development/art-20045997

Gastroesophageal Reflux Disease (GERD) During Pregnancy - Michigan Medicine. Retrieved
October 24, 2021, from https://www.uofmhealth.org/health-library/aa130363

Gelder, M. M. H. J,, Bos, J. H. J,, Roeleveld, N., & De Jong-Van Den Berg, L. T. W. (2014).
Drugs associated with teratogenic mechanisms. Part I: dispensing rates among pregnant
women in the Netherlands, 1998-2009. Human Reproduction, 29(1), 161-167.
https://doi.org/10.1093/HUMREP/DET369

Gelder, M. M. H. J., van Rooij, I. A. L. M., Miller, R. K., Zielhuis, G. A., de Jong-van den Berg,
L. T. W., & Roeleveld, N. (2010). Teratogenic mechanisms of medical drugs. Human
Reproduction Update, 16(4), 378-394. https://doi.org/10.1093/HUMUPD/DMP052

Gerson L. B. (2011). Proton pump inhibitors and safety during pregnancy. Gastroenterology,
141(1), 389-391. https://doi.org/10.1053/J.GASTR0.2011.05.017

Gerson, L. B. (2012). Treatment of Gastroesophageal Reflux Disease During Pregnancy.
Gastroenterology & Hepatology, 8(11), 763. /pmc/articles/PMC3966174/

Goasdoué, K., Miller, S. M., Colditz, P. B., & Bjorkman, S. T. (2017). Review: The blood-brain
barrier;  protecting the developing fetal brain. Placenta, 54, 111-116.
https://doi.org/10.1016/j.placenta.2016.12.005

Gattlicher, M., Minucci, S., Zhu, P., Kramer, O. H., Schimpf, A., Giavara, S., Sleeman, J. P.,
Coco, F. Lo, Nervi, C., Pelicci, P. G., & Heinzel, T. (2001). Valproic acid defines a novel
class of HDAC inhibitors inducing differentiation of transformed cells. The EMBO Journal,
20(24), 6969-6978. https://doi.org/10.1093/EMB0J/20.24.6969

Griffiths, S. K., & Campbell, J. P. (2015). Placental structure, function and drug transfer.
Continuing Education in Anaesthesia Critical Care & Pain, 15(2), 84-89.
https://doi.org/10.1093/BJACEACCP/MKUO013

58



Group, T. G. D. (2008). Guidelines: Management of diabetes from preconception to the postnatal
period: summary of NICE guidance. BMJ: British Medical Journal, 336(7646), 714.
https://doi.org/10.1136/BMJ.39505.641273.AD

Hall, J. G. (2016). Pediatric Diseases and Epigenetics. Medical Epigenetics, 415-442.
https://doi.org/10.1016/B978-0-12-803239-8.00023-5

Hawkins, R. A. (2009). The blood-brain barrier and glutamate. The American Journal of Clinical
Nutrition, 90(3), 867S. https://doi.org/10.3945/AJCN.2009.27462BB

Hayashi M., Ueda Y., Hoshimoto K., Ota Y., Fukasawa I., Sumori K., Kaneko 1., Abe S., Uno
M., Ohkura T. & Inaba N. (2002). Changes in urinary excretion of six biochemical
parameters in normotensive pregnancy and preeclampsia. American Journal of Kidney
Diseases: The Official Journal of the National Kidney Foundation, 39(2), 392-400.
https://doi.org/10.1053/AJKD.2002.30561

Herrick, E. J, & Bordoni, B. (2021). Embryology, Placenta. StatPearls.
https://www.ncbi.nlm.nih.gov/books/NBK551634/

Hu, Y. F., Zhang, Z.-J., & Sieber-Blum, M. (2006). An Epidermal Neural Crest Stem Cell (EPI-
NCSC) Molecular Signature. Stem Cells, 24(12), 2692-2702.
https://doi.org/10.1634/STEMCELLS.2006-0233

Jansen, C. H. J. R, Kastelein, A. W., Kleinrouweler, C. E., Leeuwen, E. Van, Jong, K. H. De,
Pajkrt, E., & Noorden, C. J. F. Van. (2020). Development of placental abnormalities in
location and anatomy. Acta Obstetricia et Gynecologica Scandinavica, 99(8), 983-993.
https://doi.org/10.1111/A0GS.13834

Jeong, H. (2010). Altered drug metabolism during pregnancy: Hormonal regulation of drug-
metabolizing enzymes. Expert Opinion on Drug Metabolism & Toxicology, 6(6), 689.
https://doi.org/10.1517/17425251003677755

Jukic, A. M., Baird, D. D., Weinberg, C. R., Mcconnaughey, D. R., & Wilcox, A. J. (2013).
Length of human pregnancy and contributors to its natural variation. Human Reproduction,
28(10), 2848-2855. https://doi.org/10.1093/HUMREP/DET297

Kéllén, B. (2009). Use of antihistamine drugs in early pregnancy and delivery outcome.
Http://Dx.D0i.0rg/10.1080/Jmf.11.3.146.152, 11(3), 146-152.

59



https://doi.org/10.1080/JMF.11.3.146.152

Kalra, B., Gupta, Y., Singla, R., & Kalra, S. (2015). Use of Oral Anti-Diabetic Agents in
Pregnancy: A Pragmatic Approach. North American Journal of Medical Sciences, 7(1), 6.
https://doi.org/10.4103/1947-2714.150081

KeleSI, N.  (2018). Treatment of  Allergic  Rhinitis  during  Pregnancy:
Https://Doi.Org/10.1177/194589240401800106, 18(1), 23-28.
https://doi.org/10.1177/194589240401800106

Kennedy, D. (2011). Analgesics and pain relief in pregnancy and breastfeeding. Australian
Prescriber, 34(1), 8-10. https://doi.org/10.18773/austprescr.2011.007

Khedun, S. M., Maharaj B. & Moodley J. (2000). Effects of antihypertensive drugs on the
unborn child: what is known, and how should this influence prescribing? Paediatric Drugs,
2(6), 419-436. https://doi.org/10.2165/00128072-200002060-00002

Kinsella, M. T., & Monk, C. (2009). Impact of Maternal Stress, Depression & Anxiety on Fetal
Neurobehavioral Development. Clinical Obstetrics and Gynecology, 52(3), 425.
https://doi.org/10.1097/GRF.0B013E3181B52DF1

Kitzmiller J. L., Block J. M., Brown F. M., Catalano P. M., Conway D. L., Coustan D. R.,
Gunderson E. P., Herman W. H., Hoffman L. D., Inturrisi M., Jovanovic L. B., Kjos S. I.,
Knopp R. H., Montoro M. N., Ogata E. S., Paramsothy P., Reader D. M., Rosenn B. M.,
Thomas A. M. & Kirkman M. S. (2008). Managing preexisting diabetes for pregnancy:
summary of evidence and consensus recommendations for care. Diabetes Care, 31(5),
1060-1079. https://doi.org/10.2337/DC08-9020

Kong, F., Xu, L., He, D., Zhang, X., & Lu, H. (2011). Effects of gestational isoflurane exposure
on postnatal memory and learning in rats. European Journal of Pharmacology, 670(1),
168-174. https://doi.org/10.1016/J.EJPHAR.2011.08.050

Kummer, T. T., Misgeld, T., & Sanes, J. R. (2006). Assembly of the postsynaptic membrane at
the neuromuscular junction: Paradigm lost. Current Opinion in Neurobiology, 16(1), 74-82.
https://doi.org/10.1016/j.conb.2005.12.003

Landers, K., & Richard, K. (2017). Traversing barriers — How thyroid hormones pass placental,

blood-brain and blood-cerebrospinal fluid barriers. Molecular and Cellular Endocrinology,

60



458, 22-28. https://doi.org/10.1016/J.MCE.2017.01.041

Law, R., Bozzo, P., Koren, G., & Einarson, A. (2010). FDA pregnancy risk categories and the
CPS: Do they help or are they a hindrance? Canadian Family Physician, 56(3), 239.
/pmc/articles/PMC2837687/

Lee, N. M., & Saha, S. (2011). Nausea and VVomiting of Pregnancy. Gastroenterology Clinics,
40(2), 309-334. https://doi.org/10.1016/J.GTC.2011.03.009

Li, X., Jiang, X., & Zhao, P. (2021). Effects of Pregnancy Anesthesia on Fetal Nervous System.
Frontiers in Pharmacology, 0, 2299. https://doi.org/10.3389/FPHAR.2020.523514

Lobo, S. A, Ojeda, J.,, Dua, A., Singh, K., & Lopez, J. (2021). Minimum Alveolar
Concentration. StatPearls. https://www.ncbi.nlm.nih.gov/books/NBK532974/

Mazzu-Nascimento, T., Melo, D. G., Morbioli, G. G., Carrilho, E., Vianna, F. S. L., Silva, A. A.
da, & Schuler-Faccini, L. (2017). Teratogens: a public health issue — a Brazilian overview.
Genetics and Molecular Biology, 40(2), 387. https://doi.org/10.1590/1678-4685-GMB-
2016-0179

Medicines During Pregnancy | Michigan Medicine. Retrieved October 17, 2021, from
https://www.uofmhealth.org/health-library/uf9707

Mongelli, M. (2003). Factors influencing fetal growth. Annals of the Academy of Medicine
Singapore, 32(3), 283-288. https://doi.org/10.1542/neo.2-6-e119

Muller, A. E., Mouton, J. W., QOostvogel, P. M., Dérr, P. J., Voskuyl, R. A., DeJongh, J.,
Steegers, E. A. P., & Danhof, M. (2010). Pharmacokinetics of Clindamycin in Pregnant
Women in the Peripartum Period. Antimicrobial Agents and Chemotherapy, 54(5), 2175.
https://doi.org/10.1128/AAC.01017-09

Murphy, V. E., Smith, R., Giles, W. B., & Clifton, V. L. (2006). Endocrine Regulation of Human
Fetal Growth: The Role of the Mother, Placenta, and Fetus. Endocrine Reviews, 27(2), 141—
169. https://doi.org/10.1210/ER.2005-0011

Oberlander, T. F. (2012). Fetal Serotonin Signaling: Setting Pathways for Early Childhood
Development and Behavior. Journal of Adolescent Health, 51(2), S9-S16.
https://doi.org/10.1016/J.JADOHEALTH.2012.04.009

61



Ofori, B., Rey, E., & Bérard, A. (2007). Risk of congenital anomalies in pregnant users of statin
drugs. British Journal of Clinical Pharmacology, 64(4), 496.
https://doi.org/10.1111/J.1365-2125.2007.02905.X

Olesen, C., Vries, C. S. de, Thrane, N., MacDonald, T. M., Larsen, H., Sgrensen, H. T., &
Group, T. E. (2001). Effect of diuretics on fetal growth: A drug effect or confounding by
indication? Pooled Danish and Scottish cohort data. British Journal of Clinical
Pharmacology, 51(2), 153. https://doi.org/10.1111/J.1365-2125.2001.01310.X

Oyebode, F., Rastogi, A., Berrisford, G., & Coccia, F. (2012). Psychotropics in pregnancy:
Safety and other considerations. Pharmacology & Therapeutics, 135(1), 71-77.
https://doi.org/10.1016/J.PHARMTHERA.2012.03.008

Pollack P. S., Shields K. E., Burnett D. M., Osborne M. J., Cunningham M. L. & Stepanavage
M. E. (2005). Pregnancy outcomes after maternal exposure to simvastatin and lovastatin.
Birth Defects Research. Part A, Clinical and Molecular Teratology, 73(11), 888-896.
https://doi.org/10.1002/BDRA.20181

Pregnancy Stages Week by Week | Parents. Retrieved September 19, 2021, from

https://www.parents.com/pregnancy/week-by-week/

Prenatal Stages of Development (Detailed) - Resource: EM 2020 FALL-CFS176 23645.
Retrieved October 17, 2021, from
https://learn.maricopa.edu/courses/1133990/pages/prenatal-stages-of-development-detailed-

resource?module_item_id=17385382

Price H. R. & Collier A. C. (2017). Analgesics in Pregnancy: An Update on Use, Safety and
Pharmacokinetic Changes in Drug Disposition. Current Pharmaceutical Design, 23(40),
6098-6114. https://doi.org/10.2174/1381612823666170825123754

Priyam, A., Singh, P. P., & Gehlout, S. (2018). Role of Endocrine-Disrupting Engineered
Nanomaterials in the Pathogenesis of Type 2 Diabetes Mellitus. Frontiers in
Endocrinology, 0, 704. https://doi.org/10.3389/FENDO.2018.00704

Ram, D., & Gandotra, S. (2015). Antidepressants, anxiolytics, and hypnotics in pregnancy and
lactation. Indian Journal of Psychiatry, 57(Suppl 2), S354. https://doi.org/10.4103/0019-
5545.161504

62



Sachdeva, P., Patel, B. G., & Patel, B. K. (2009). Drug use in pregnancy; A point to ponder!
Indian Journal of Pharmaceutical Sciences, 71(1), 1-7. https://doi.org/10.4103/0250-
474X.51941

Saunders N. R., Dreifuss J. J., Dziegielewska K. M., Johansson P. A., Habgood M. D., Mgllgard
K. & Bauer H. C. (2014). The rights and wrongs of blood-brain barrier permeability studies:
a walk through 100 vyears of history. Frontiers in Neuroscience, 8(DEC).
https://doi.org/10.3389/FNINS.2014.00404

Shakhova, O., & Sommer, L. (2010). Neural crest-derived stem cells. StemBook.
https://doi.org/10.3824/STEMBOOK.1.51.1

Shawky, R. M., & Seifeldin, N. S. (2015). The relation between antihistamine medication during
early pregnancy & birth defects. Egyptian Journal of Medical Human Genetics, 16(4), 287—
290. https://doi.org/10.1016/J.EJIMHG.2015.04.003

Silvestri, R., & Arico, 1. (2019). Sleep disorders in pregnancy. Sleep Science, 12(3), 232-239.
https://doi.org/10.5935/1984-0063.20190098

Soares, M. J., & Varberg, K. M. (2018). Trophoblast. Encyclopedia of Reproduction, 417-423.
https://doi.org/10.1016/B978-0-12-801238-3.64664-0

Stolp, H. B., Liddelow, S. A., Sa-Pereira, |., Dziegielewska, K. M., & Saunders, N. R. (2013).
Immune responses at brain barriers and implications for brain development and
neurological function in later life. Frontiers in Integrative Neuroscience, 7(AUG).
https://doi.org/10.3389/FNINT.2013.00061

Syme M. R., Paxton J. W. & Keelan J. (2004). Drug transfer and metabolism by the human
placenta. Clinical Pharmacokinetics, 43(8), 487-514. https://doi.org/10.2165/00003088-
200443080-00001

Taylor, T. (2014). Treatment of nausea and vomiting in pregnancy. Australian Prescriber,
37(2), 42-45. https://doi.org/10.18773/ AUSTPRESCR.2014.019

Teratogens/Prenatal Substance Abuse - Understanding Genetics - NCBI Bookshelf. Retrieved
October 17, 2021, from https://www.ncbi.nim.nih.gov/books/NBK 132140/

Tina A. D. & Palanisamy A. (2017). General Anesthesia During the Third Trimester: Any Link
to Neurocognitive Outcomes? Anesthesiology Clinics, 35(1), 69-80.

63



https://doi.org/10.1016/J. ANCLIN.2016.09.007

Tsamantioti, E. S., & Hashmi, M. F. (2021). Teratogenic Medications. StatPearls.
https://www.ncbi.nlm.nih.gov/books/NBK553086/

Vigod, S. N., & Dennis, C.-L. (2019). Benzodiazepines and the Z-Drugs in Pregnancy—
Reasonably Reassuring for Neurodevelopment But Should We Really Be Using Them?
JAMA Network Open, 2(4), €191430-€191430.
https://doi.org/10.1001/JAMANETWORKOPEN.2019.1430

Vorherr H. (1982). Factors influencing fetal growth. American Journal of Obstetrics and
Gynecology, 142(5), 577-588. https://doi.org/10.1016/0002-9378(82)90765-7

Wang W. J., Hou C. L., Jiang Y. P., Han F., Wang X. Y., Wang S. B., Ng C. N. & Jiaab F. J.
(2020). Prevalence and associated risk factors of insomnia among pregnant women in
China. Comprehensive Psychiatry, 98.
https://doi.org/10.1016/J.COMPPSYCH.2020.152168

Wang, Y., Yin, S., Xue, H., Yang, Y., Zhang, N., & Zhao, P. (2018). Mid-gestational
sevoflurane exposure inhibits fetal neural stem cell proliferation and impairs postnatal
learning and memory function in a dose-dependent manner. Developmental Biology, 435(2),
185-197. https://doi.org/10.1016/J.YDBI0.2018.01.022

Weelden, V. W., Wekker, V., de Wit, L., Limpens, J., ljas, H., van Wassenaer-Leemhuis, A. G.,
Roseboom, T. J., van Rijn, B. B., DeVries, J. H., & Painter, R. C. (2018). Long-Term
Effects of Oral Antidiabetic Drugs During Pregnancy on Offspring: A Systematic Review
and Meta-analysis of Follow-up Studies of RCTs. Diabetes Therapy 2018 9:5, 9(5), 1811
1829. https://doi.org/10.1007/S13300-018-0479-0

Workalemahu, T., Grantz, K. L., Grewal, J., Zhang, C., Louis, G. M. B., & Tekola-Ayele, F.
(2018). Genetic and Environmental Influences on Fetal Growth Vary during Sensitive
Periods in Pregnancy. Scientific Reports 2018 8:1, 8(1), 1-8.
https://doi.org/10.1038/s41598-018-25706-z

64



65



