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Abstract

Abstract

Congenital heart defects are a leading cause of postnatal loss; they could
genetically or environmentally induced. Herbal remedies are often used during
the early stages of pregnancy, being considered ‘harmless’ and ‘natural'. To
alleviate pregnancy-induced symptoms, women frequently use herbal
medicines such as ginger to relieve nausea and vomiting - ‘morning sickness’,
gingko biloba and ginseng as dietary supplements or tonics to boost body
energy and blood circulation, particularly to the brain. Also, chamomile and
holy basil are recommended to promote calmness and reduce stress, often
related to planned or unplanned pregnancy. These easily available and
accessible medicinal herbs could be possible causes of congenital
malformations. Additionally, diabetes mellitus in gestation is a considerable
medical challenge, since it is related to augmented dangerous morbidity and
mortality for both the fetus and the pregnant woman. Two in vitro methods
were utilised; chick embryonic heart micromass (MM) and mouse embryonic

D3 stem cells (ESD3).

The potential effects of the tested herbal components in both in vitro systems
were evaluated by monitoring the alteration in several endpoints. These
include contractile activity (morphological scoring system), cell activity, total
protein content, ROS production, DNA damage, transmembrane proteins

expression (connexin43, integrin B1) and stem cell migration.

In MM, 6-gingerol decreased contractility, cell activity and protein content. It
caused an increase in ROS production and DNA damage and a decrease in

transmembrane protein expression (connexin43, integrin 1) at high
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concentrations. In ESD3, 6-gingerol severely affected differentiation into
cardiomyocytes cell activity and protein content at both low and high
concentrations. With regards to ginkgolide A and ginkgolide B, there were
alterations for few endpoints in both systems at moderate to high

concentrations.

G-Rgl, from ginseng, decreased contractile activity, cell activity, protein
content and elevated ROS production in both systems only at high
concentrations. a-bisabolol (chamomile) showed no immediate effects on all
end points at low concentrations, but several disturbances occurred at high
concentrations. Eugenol (holy basil) at moderate to high concentrations,
significantly decreased contractility, cell activity and protein content. The
diabetic formula used showed an increase in DNA damage and a decline in cell

migration in mouse embryonic stem cells.

Molecular endpoints indicate a role for reactive oxygen species and changes in

cell membrane proteins.

To summarise, these data indicate that some herbal remedies used in the first
trimester of pregnancy might not be safe for fetal development. Also care

needs to be taken to ensure good glycaemic control in diabetic pregnancy.
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1 Chapter one - General introduction

1.1 Developmental toxicity and teratogenesis

Abnormal development of the conceptus, which may result from exposure to
exogenous agents or conditions, could lead to one of these outcomes:
structural malformation, growth retardation, functional impairment, and/or
death of the organism. The science studying the cause of these adverse effects
is a relatively new research branch which is called “developmental toxicology”,
whereas teratology, the study of human structural birth defects, appeared
before written language [1]. The phrase ‘developmental malformation’
describes permanent fetal abnormalities which occur during the prenatal
period, when many fundamental cellular processes could be affected, such as
cell communication, cellular differentiation, proliferation and migration [2].
Whilst birth defects are considered as multifactorial conditions, the cause of
40-60% of these congenital anomalies is unknown. Also, it has been recorded
that 15% of the cases are caused by genetic aspects such as gene mutation
or chromosomal abnormalities. However, environmental factors per se could
cause 10% of the birth defects, but they might be combined with genetic
factors in approximately 20-25% of cases [3]. In general, teratogenic exposure
during preghancy could be classified into four categories: drug and chemical
agents (including pesticides and herbal remedies), infectious disease (e.g.,
rubella, syphilis and mumps) physical agents (e.g., ionizing radiation,
mechanical factors and temperature), and metabolic disorder (e.g., diabetes
and phenylketonuria). There is very limited quality data regarding the safety

of herbal medicines during pregnancy. The emphasis of this thesis is the




Chapter 1

investigation of embryotoxic effects of some herbal components, mainly on
development of cardiac cells. The selected phytochemicals might be taken by
pregnant women during the first stages of pregnancy, which mostly includes
organogenesis, to treat or ease certain conditions which might be triggered
due to the pregnancy itself. The project is an attempt to negate the public view
that herbal medicines are intrinsically ‘safe’ because they are ‘natural’, but also

to rationalise the non-essential use of herbal remedies during pregnancy.

1.1.1Principles of teratogenesis

James Wilson, a well-known teratologist, proposed five general principles of
teratogenesis in 1959 which were revised in 1977 after the thalidomide
disaster [4,5]. These teratogenesis principles are still acceptable at present

and have continued to guide scientific research in teratology [6]; these are:

‘1. Susceptibility to teratogenesis depends on the genotype of the conceptus

and the manner in which this interacts with adverse environmental factors.

2. Susceptibility to teratogenesis varies with the developmental stage at the

time of exposure to an adverse influence.

3. Teratogenic agents act in specific ways (mechanisms) on developing cells
and tissues to initiate sequences of abnormal developmental events

(pathogenesis).

4. The access of adverse influences to developing tissues depends on the

nature of the influence (agent).

5. The four manifestations of deviant development are death, malformation,

growth retardation, and impaired function.
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6. Manifestations of deviant development increase in frequency and degree as

dosage increases from no-effect to the totally lethal level.’

Wilson encouraged the scientific community to revise his principles and
formulate new ones for a better understanding of teratogenesis, but in fact,
since that time, no new principles have been originated or recognised [7].
However, the first revisiting of these principles was attempted by an invited
lecturer at the second meeting of the International Federation of Teratology
Societies held on July 14-16, 1988 in Kyoto, Japan. The author stated that
individual development and teratogenesis are not single cell-dependent
processes, but are part of a morphogenetic system, which is defined as a set
of cell populations which communicate to create and execute the
developmental process for a definitive part of any organism [7]. Molecular
pharmacological mechanisms have been found to be implicated in
embryotoxicity processes for various compounds, for instance, valproic acid,
and many chemotherapeutic drugs [8]. However, reproductive toxicants could
achieve their action through cellular disturbances at the genetic or molecular
levels, such as mutation, chromosomal aberrations, cell division, energy supply
for embryonic development, cellular enzyme systems, membrane
characteristics, genetic transcription, RNA splicing, translation, and post-

translational modification [9].

1.1.2 Cardiac teratology

Congenital heart defects (CHD) are defects in the structure of the heart or
great vessels at birth. These faults often result from the diversion of several
molecular pathways that are involved in embryonic heart development [10].

CHD are considered a leading cause of postnatal death, almost one out of 100



https://en.wikipedia.org/wiki/Transcription_(genetics)
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https://en.wikipedia.org/wiki/Translation_(biology)
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newborns are estimated to be affected directly, but the exact causes of these
defects are yet to be specified [11,12]. The etiologies of 90% of CHD cases are
considered complex and multifactorial; 8% are chromosomal and genetic in
nature but only 2% caused by known environmental teratogens [10]. However,
it is challenging to assess the incidence of non-genetic cardiac developmental
defects due to a lack of information on environmental risk factors, such as
radiation and air pollution and toxic chemicals [12]. The difficulty and
complexity of collecting human paternal or maternal exposure data has made
animal models for cardiac developmental defects become an important tool for
understanding, detecting, and isolating different cardiac teratogens [13].
Understanding normal cardiac development is a fundamental element for
applying the animal model data (chick, mouse, frog, and zebrafish) to human
congenital heart disorders and could make the understanding of the
mechanism for cardiac teratogens more reliable [14]. Although the cardiac
developmental process is quite conserved among vertebrates, there is
variation in genetics, anatomy, pharmacokinetic processes and bioavailability
between human and animals, so, all these aspects should be considered in
selecting an animal model and in the analysis of results [13]. It has been
agreed that drugs, chemicals, extracts and herbs and nanoparticles may be
considered as the causes of environmentally-induced CHD, as they interfere

with the normal embryonic cardiac developmental processes [15].

1.2 Approaches to teratogenicity assessment

A substance that reaches the blood stream and causes developmental

abnormalities or fetal death is called a teratogen. This substance is assumed
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to have embryonic or placental penetrating capacity in sufficient
concentrations to be toxic at a specific time in gestation [16]. Drugs and
chemicals are supposed to cause 1-3% of all birth defects, but the figure is a
rough approximation [17]. Such substances need to be assessed by different
methods. The well-known protocols that have been developed to investigate

the teratogenicity of substances are discussed below.

1.2.1 Analytical methods for structure detection

The identification of the structure of a substance is one of the methods that
can give predictions about possible teratogenicity. Notably alkaloid-related
elements have been shown to have developmental toxicity in different
published literature, especially indolizidine [18], pyrrolizidine [19], piperidine
and triterpene [16]. The structural alerts could be detected by various methods
that include gas chromatography-mass spectrometry, liquid chromatography-

mass spectrometry, spectrophotometry and thin layer chromatography [20].

1.2.21In vitro approaches for teratogenicity assessments and
the three Rs

It has been estimated that several millions of experimental animals would be
sacrificed per year to perform in vivo developmental toxicity tests for existing
and manufactured chemicals. Therefore, there is a need to find appropriate
alternatives to cease or at least reduce the use of animal models [21]. The
growing efforts in this area have been mainly led by the European Centre for
the Validation of Alternative Methods (EVCAM), since the 1990s, when it
became responsible for identifying, evaluating and validating alternative
methods for developmental toxicity [22]. In February 2008, three US agencies

(the Environmental Protection Agency (EPA), the National Institutes of Health
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(NIH), and the consortium of the National Toxicology Program (NTP)) had met
and sighed a memorandum which contained an agreement to cease the use of
animals in chemical safety assessments by 2020 [23]. All the efforts made in
the past 40 years, to find alternative tests, have stemmed from the three R’s
principles which were proposed by Russell and Burch in 1959 in a paper entitled
"The Principles of Humane Experimental Technique" [24]. The three Rs concept
stated that ‘if animals were to be used in experiments, every effort should be
made to Replace them with non-sentient alternatives, to Reduce to a minimum
the number of animals used, and to Refine experiments which used animals
so that they caused the minimum pain and distress’ [25]. In the United
Kingdom, these principles have become formally incorporated into the Animal
(Scientific) Procedures Act (1986) and they have progressively influenced new
legislation intended to control the use of laboratory animals elsewhere around
the world [25]. In general, in vitro tests for embryotoxicity can be classified
into three subcategories: cell cultures (e.g. embryonic stem cell test), organ
cultures (micromass models) and embryo cultures (e.g. whole embryo

culture).

1.2.2.1 Approach based on stem cell-derived systems (SCD)

Three stem cell-derived systems are in common use, namely: the mouse
embryonic stem cell test (MEST), human embryonic stem cell test (hEST) and
induced pluripotent stem cells test (iPSC). However, the most widely used test
among the developmental toxicity assays is the mES cells [26]. The potential
of mMEST to detect embryotoxicity is approximately 73, 69, and 100% to
identify whether tested chemicals are non, weak or strong teratogens,

respectively [27]. ECVAM has approved the use of non-human embryonic stem
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cells in culture studies as an alternative model [28]. The stem -cells’
pluripotency, which theoretically enables them to differentiate into all types of
mammalian cells, offers a valuable tool to assess adverse developmental
effects on the differentiation process of any substance [17]. The in vitro
differentiation of EST into cardiomyocytes has been widely used in
developmental toxicity studies because it is easily monitored by clearly
identified beating cells in the cultures [29]. Nonetheless, there are some
limitations to this approach, which are the long culture duration and
subjectivity of endpoint scoring [30]. However, Karen et al. (2010) suggested
three goals to refine this test; these includes: finding and validating a
molecular end point of differentiation instead of the current phenotype based
assessment, shortening the duration and increasing the throughput of the
assay [31]. Attempts at ‘humanisation’ of mEST have been undertaken to
overcome the interspecies variation. Similar to mES cells, the ability of hES
cells to produce embryoid bodies (EBs) with three germ layers (ectoderm,
mesoderm, and endoderm) maintained by all required transcriptional genes
has been recently verified [32]. However, the biggest obstacle encountered in
this system before its validation could be accomplished is the ethical issue of
human embryo usage in the research field. The regulations for the use of hES
cells in the European member states, which were last updated in September
2003, have been very controversial. Only Belgium and the United Kingdom
have clearly stated the legal position for the production of human embryos for
ES cell research; the other countries have made no regulations, or restrictive
regulations or prohibited derivation of ES cells from human embryos [21].

However, an alternative to hES cells was introduced recently, iPSC, in which
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differentiated adult cells are reprogrammed to regain pluripotency and can
then differentiate into any cell type [33,34]. The main advantage of this model
is the possibility of selection of a compatible donor, which may allow for more
precise data collection, but also it circumvents the ethical issues of using
human embryonic stem cells as a test model [35]. Several experimental
hurdles were identified when using reprogrammed stem cells. It has been
demonstrated that reprogrammed stem cells were associated with nucleotide
mutations in 22 cell lines [36]. In addition, many studies have shown that
mMRNA and gene expression of iPSC hugely differ from ES cells, which adds
another challenge that should be addressed before mES or hES cells might be

replaced by iPSC [37-40].

1.2.2.2 Approach based on mammalian embryonic primary
cells - micromass assay (MM assay)

Many in vitro culture methods have been developed including whole embryo
culture or even single cell culture. However, the micromass culture could be
placed in the middle, between the two culture approaches [41]. The method
for micromass was developed in the 1980s using rat midbrain and limb bud
embryonic cells grown in special media to allow the cells to differentiate,
launching a new in vitro test supporting other tests to evaluate compounds for
their embryotoxicity potential [42]. Later, this system was employed in mouse
[43] and recently in chick [44]. This test is based upon using primary early
embryonic cells from any animal species; these have to be disaggregated
before seeding them in vitro at a high density when they reassemble, forming
fully differentiated cultures. The teratogenic potential of chemicals could be

investigated using this method, especially studying cell-cell communication,
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cellular differentiation, and cell-matrix reactions [45]. Rat limb bud micromass
is the only ECVAM registered and validated (using 20 well known teratogenic
compounds) micromass test for developmental toxicity [22]. Primary cells from
several organs have been employed in the micromass assay including limb
buds, digits, palatal shelves, lung, intestine, midbrain and sex organs [46].
Pros and cons of the micromass system as a cell-based model have been
apparent. Firstly, the lack of a 3D culture environment, which means the
system is functionally restricted and naturally disconnected from interacting
tissues, secondly, the difficulty of quantifying physiological parameters, but
also thirdly the absence of the effect of maternal toxicity and indistinct
extrapolation of the test duration and dose into human data [47]. However,
the main advantages of this model are cost effectiveness, fewer animals are
required, and it overcomes some interfering factors from maternal toxicity
such as placental metabolism [48]. Except for rat limb bud micromass, all other
organ micromass models are still in the pre-validation stage, and many efforts

and studies are in progress toward their validation.

1.2.2.3 Approach based on whole embryo culture test (WEC
tests)

The rodent post implantation WEC system is one of three currently validated
developmental toxicity models. The initial purpose of this system was for
studying the regulation of embryogenesis [49], but since then it has been
widely utilised in teratogenicity screening of drugs and chemicals [50-52]. The
system has been considered quite accurate regarding detecting the teratogens,
and its accuracy approaches 80% [53]. In the WEC test, whole embryos from

different rodents and lagomorphs are maintained intact in their visceral yolk
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sac, supported by growth media for a period, until the organogenesis process
is completed [54]. Monitoring allows the main phases of organogenesis, such
as neural tube formation, cardiac development, early development of eyes and
ears and limb buds to be investigated; malformation for any organ could
happen as a result of either proliferation or differentiation disturbances
[54,55]. The incorporation of drug-metabolising enzymes is another advantage
of this test system; also the drug or metabolite concentration in embryonic
tissues could be easily monitored [56]. One suitable measure of embryonic
development in this method is the total embryonic protein because it increases
logarithmically during early development [57,58]. However, some researchers
argue that the lack of maternal-embryo interactions can be considered a
drawback for this system, where maternal metabolites might have an effect on
embryonic development and eventually result in birth defects [26]. The system
was also criticised for the period where the embryotoxicity might happen. For
instance, any chemical showing an effect on implantation or the early stages
of gastrulation might be missed, as the system deals with the post-
implantation period; further, as the embryo can persist for only short period
of time in culture (technically about 72 hours), this means embryotoxicity in

the advanced organogenesis period would be ignored [26].

1.2.2.4 Approach based on lower order classes test

The use of lower order species (frog and fish embryos) in the field of embryonic
toxicity has increased greatly because it supports the current interest in
applying the 3 Rs principle (refinement, reduction, replacement) in decreasing
the number of animals required for teratogenicity assessment [59]. Different

vertebrates (amphibians, zebrafish) have gradually started to take their
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position as an alternative for mammals; the similarity of their embryogenesis
to those of high-order species at both morphological and molecular levels make
them a reasonable alternative [60]. These systems offer many advantages for
teratogenicity evaluation, including low cost, good embryo fecundity,

acceptable productivity and reproducibility [61,62].

1.2.2.5 Approach based on invertebrates test

Invertebrates could be a very powerful alternative technique for toxicity tests.
Hydra, a simple metazoan animal found in clean slow-moving fresh waters,
has been suggested to replace or reduce animal usage in teratogenicity
screening tests [63]. However, because the invertebrates have less advanced
organ systems, and they lack the adaptive immune system, these factors were
considered drawbacks of the system [64]. Further, Hydra shows limitations in
studying water-insoluble chemicals [48]. However, invertebrate models
possess several advantages such as their small size and simple anatomy,
overcoming the social and scientific ethical debate of using laboratory animals
in experiments and they are inexpensive compared with the cost of housing of
higher animals [65]. This model is yet to be validated, and many more studies

are required to show its validation might be achieved.

1.2.3In vivo approaches for teratogenicity assessments

In vivo embryonic toxicity tests basically use rats, rabbits, mice and monkeys.
The embryos are exposed to test compounds in their mother’s uterus, and the
mother is periodically weighed and checked for any toxicity signs along the
gestational period [66,67]. Wilson in 1975 advised that metabolism,

distribution and transferring test chemicals cross the placenta can be
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accomplished using animal models in teratogenicity screening tests [68]. Three
years later, Wilson highlighted the importance of having mother-placenta-
embryo interaction in any developmental toxicity model used [69]. Schardein
and Keller have evaluated some animal models, namely, rat, mouse, hamster,
several species of primate and rabbit. Although no one animal species has been
identified to be a perfect animal model in developmental toxicity screening
tests, their data showed that these models were reliable for identification of
human developmental toxicants, after being tested against some 50 already
known teratogens [70]. In order to increase the potential detecting accuracy
for teratogens and to improve the opportunity to distinguish human
teratogens, testing in more than one species is very necessary; rat and rabbits
are typically recommended for historical and physiological reasons (where
thalidomide showed teratogenicity in some strains of rabbits but not in rats)
[71]. Furthermore, one of the big challenges that is encountered in animal
models is the appropriate extrapolation of data from animal species to
humans; factors such as the difference in sensitivity between animal species
and human toward tested compounds, doses and exposure periods need
further understanding and standardisation [72]. Using animals as testing tools
is increasingly facing public protests worldwide and many governments are
now under pressure to support alternative methods and programs to cease
using animals in experiments. This is backed up by the view of the EU REACH
(Registration, Evaluation, Authorisation and Restriction of Chemicals)
program, which is aimed at completing a minimal toxicity database for
thousands of existing chemicals during the coming decade [73], hence, a call

for alternative embryotoxicity models is urgently required.
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1.2.4 Computational (In silico) toxicology model

In silico toxicology methods are also known as computational toxicology,
predictive quantitative structure-activity relationship (QSAR) modeling of
toxicity, e-tox, i-drug discovery or predictive ADMET (absorption,
distribution, metabolism, excretion, and toxicity). They can be defined as
a computer-based informative tool which shows a chemical structure utility for
producing compound characteristic information to help in compound risk
assessment at the design stage of the pharmaceutical industry [74]. Another
definition of computational toxicology (i.e., in silico toxicology) has been
proposed by the U.S. Environmental Protection Agency (EPA), which is
“integration of modern computing and information technology with molecular
biology to improve agency prioritization of data requirements and risk
assessment of chemicals” [75]. The system has been suggested to be a very
powerful alternative toxicity method but primarily it has to successfully address
some essential challenges that hamper it from being a fully reliable model.
However, being considered as a high throughput approach, several regulators
have recommended using the QSAR model as a preliminary screen to evaluate
the degree of further testing that is needed [76]. Attention should be drawn to
some limitations in the current computational system; as it relies totally on
input data, which in turns relies on human credibility, thereby, assurance and
transparency of high-quality experimental data (e.g. molecular structure
animal toxicity data) used to build the QSAR model is necessitated [77]. The
applicability domain of this model (the limit of the setup information of the
model) has been established as a major limitation in the use of in silico QSARs

in toxicology and pharmacology, simply because the prediction is invalid if an
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in silico screened pharmaceutical is outside its applicability domain [78,79]. A
long-term goal to develop this system has been proposed to incorporate more
complex data (such as receptors and signal pathways) into the computer to
provide simulations of multicellular behaviour and dynamic interactions. It is
aimed to help in better understanding and interpretation of the emerging data,
which may assist in reducing uncertainty in risk assessment for embryonic

teratogenicity [80].

1.2.5 Approach of alternative in vitro test battery

In the past few years, some attempts have been made to combine several
alternatives in vitro tests to assess the augmented value of a test battery over
an individual assay. It is the complexity of the reproductive cycle, the necessity
to reduce the number of experimental animals and presence of thousands of
compounds in the market which need to be tested for their embryotoxicity,
that encouraged embryotoxicologists and teratologists to employ more
complex in vitro procedures for investigating chemicals that might carry
reproductive hazards [81]. Recently, 10 compounds have been studied in a
battery of 14 tests by The EU Framework 7 Integrated Project ReProTect [82].
The study demonstrated the concept that a combination of in vitro alternative
tests was able to identify all teratogens whose modes of action were
represented in at least one of the tests within the battery. According to recent
studies, the commonly used battery includes these tests: zebrafish embryo
test to monitor any effect on egg development from fertilisation until hatching;
embryonic stem cell test to assess effects on cardiomyocyte differentiation;
ReProGlo assay which includes the wingless-related integration (Wnt) pathway

monitoring; and metabolic assays for evaluating CYP17 and CYP19 which are
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essential in hormone reproductive homeostasis [81,83]. In the absence of any
in vivo or pertinent structural information of tested chemicals, the battery test
serves as an optimising filter which prevents further additional animal studies
for detecting teratogens or at least prioritises them for further limited animal
studies [84,85]. However, although this battery assay seems to be promising,
more studies should be performed before it is applied as a validated assay to

replace the in vivo tests.

1.2.6 Omics approaches for teratogenicity assessments

Transcriptomic, proteomic, genomic and metabonomic techniques are starting
to occupy an interesting place in supporting the substantial efforts of using
alternative methods for teratogenicity testing. However, their use is still in the
early stages, although their initiation has given a strong push to the reduction

of use of animals in vivo toxicity tests [86,87].

1.3 Use-in-pregnancy ratings categories

The United States Food and Drug Administration (FDA) employs “Use-in-
Pregnancy Ratings” to categorise the maternal advantage to fetal hazard with

respect to drug exposures; the categories are as follows [88]:

Category A: Controlled studies in women failed to demonstrate a risk to the

fetus in the first trimester, and the possibility of fetal harm appeared remote.

Category B: Either animal reproductive studies have not demonstrated fetal
risks, but no controlled studies in pregnant women have been reported, or
animal reproductive studies have shown an adverse effect that was not

confirmed in controlled studies in women in the first trimester.
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Category C: Either studies in animals have revealed adverse effects on the
fetus but no controlled studies have been reported, or studies in women and
animals are not available. Drugs should be given only if the potential benefit

justifies the potential risk to the fetus.

Category D: Positive evidence of human fetal risk exists but the benefits for

use in pregnant women may be acceptable despite the risk.

Category X: Contraindicated in pregnancies: Studies in animals or human
beings have demonstrated fetal anomalies or evidence exists of fetal risks
based on human experience or both, and the fetal risk clearly outweighs any

possible benefit.

The Teratology Society has recommended that the drug labelling of the FDA
Use-in-Pregnancy Ratings be removed and substituted by descriptive
statements that summarise and explain available data regarding hazards of
developmental toxicity and present some estimations of teratogenic risk [89].
The using of ‘letters’ in this system might suggest the utilisation of a risk
gradation system, while the original classification does not necessarily follow
such gradation. For example, category C is the most misleading category in
the system as it implies some degree of risk rather than just lack of safety
information regarding particular agent [89]. Addis et al. (2000) analysed 645,
446 and 527 drugs included in three risk classification systems, the US FDA,
the Australian Drug Evaluation Committee (ADEC) and the Swedish Catalogue
of Approved Drugs (FASS), respectively, and he found that only quarter of
analysed drugs were assigned to a similar risk class [90]. It was concluded
that differences in the same drug allocation would result in confusion for

practitioners and may limit the practicality and reliability of the current risk
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classification systems. Medical staff should be informed by a better risk
classification method about the teratogenic potential of drugs and perhaps a

comprehensive revision of the current systems should be considered soon.

1.4 Herbal Remedies for Early Pregnancy-
Induced Conditions

1.4.1 Historical view

It has been recorded that the first use of herbs as medicines effectively began
at the start of history itself [91]. However, this ancient inclination to treat by
herbs has been extended to become a modern trend in different parts of the
world [92,93]. It has been shown, by several studies, that almost half of
pregnant women have chosen herbal medicines for various purposes during

their gestation time [94].

1.4.2Common early pregnancy conditions and their eminent
herbal treatment

1.4.2.1 Pregnancy-induced nausea and vomiting

Nausea and vomiting during gestation, also known as morning sickness, are
considered as an annoying and offensive symptom which is encountered by
almost two-thirds of pregnant women during the first trimester [95].
Nevertheless, some pregnant women continue suffering this condition until just
before delivery [96]. Sometimes the sickness develops to be severe vomiting
(hyperemesis gravidarum) that it leads to dehydration, where hospitalization
becomes necessary for management [97]. The underlying cause of this
condition is not entirely understood, but it is realized that the central nervous

system and chemoreceptor trigger zone play an essential role here. Activation
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by cholinergic or serotonergic mediators of this centre leads to a slowing of
gastrointestinal motility accompanied by a reduction in stomach secretion and
weakness in tonicity of the oesophageal sphincter. This effect leads to
expulsion of the stomach contents [98]. Other theories suggested that this is
either triggered by a by-product of “mother-embryo genetic conflict” or by
hormones associated with pregnancy [99]. It could be a protective measure
for the fetus, by making mother expel some potentially harmful substances
[100]. The three most popular herbs that can counter the above mentioned
morning sickness mechanisms and are used by pregnant women to treat this
condition, often without advising their doctors, are ginger, peppermint and

cannabis [101-103].

1.4.2.2 Pregnancy-induced stress/depression

It has been estimated that about half of all pregnancies are unplanned, which
adds further stress which might turn into depression in the early stages of
gestation [104]. Untreated depression in gestation has been correlated with
increased danger of miscarriages, premature birth and low birth weight [105].
The antidepressant herbal medicines are: St. John’s Wort via its two main
constituents, hypericin and hyperforin [106-109]; recently discovered
antidepressant activity of ginseng, Rhodiola Rosea (roseroot) and Crocus
sativus (saffron) [110]. Several mechanisms were suggested through
monoamine (serotonin, dopamine and noradrenaline) reuptake inhibition,
improved binding and sensitisation of serotonin receptors, inhibition of
monoamine oxidase, and neuroendocrine modulation [111,112]. Chamomile

and holy basil have also shown anti-stress and anti-anxiety activities which are
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the main reasons to encourage pregnant women to use these herbs during

their gestation period [113,114].

1.4.2.3 Common cold during pregnancy

Echinacea, also called purple coneflower, has reached a high selling point as
an herbal remedy for flu and common cold conditions in Europe and the USA
[115,116]. The three top species of this plant are Echinacea Purpurea,
Echinacea Angustifolia and Echinacea Pallidum [117]. The reason behind using
this plant is the fact that echinacea can activate macrophages,
polymorphonuclear leukocytes and natural killer cells, which enables it to
modulate the immune system and improve defence mechanisms, which in turn
made it popular as a “cure” or prophylactic herb for flu and the common cold
[118]. Regarding safety during pregnancy, the concern for the teratogenic
potential of echinacea is raised due to its effects on embryonic angiogenesis in
mice. Therefore, there is an opportunity for the echinacea ingredients to
influence fetal development in the human as well [119]. Further, chamomile
has also been recorded to be commonly used in the Middle East during

pregnancy to ease flu and cold symptoms [120].

1.4.2.4 Pregnancy-induced weakness and anaemia

The relationship between nutrition during development, birth weight at
delivery and appearance of diseases through later life stages has been well
documented [121,122]. The alteration of nourishment levels in pregnancy
could cause different defects in the offspring’s biological systems [123-126].
The herbs that have been used as tonics during the gestation period are ginkgo

biloba, which is one of the most commonly used herbal supplements [127],
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and ginseng, which is according to Chinese traditional medicine. The ‘tonic’
features and powerful accumulative actions of ginseng appear particularly

when the herb is taken regularly [110].

1.4.2.5 Unexplained infertility in women

Infertility itself is another reason that might expose the early fetus to herbal
medicines. Many herbal supplements contain phytoestrogens and have been
examined and marketed purporting positive fertility effects [128]. Shahin et
al. (2009) demonstrated that 120mg per day of black cohosh (Cimicifuga
racemosa), a herb native in the USA, shows an agonist effect with clomiphene
by increasing luteinizing hormones, progesterone and oestradiol in addition to
increasing the endometrial thickness with significant improvement in clinical
pregnancy [129,130]. So far, no safety information is available regarding this

herb in terms of its effect on fetal development.

1.4.2.6 Diabetes mellitus during pregnancy

Diabetes mellitus (DM) is the most frequently encountered metabolic disorder
during gestation which has a high potential risk to harm both the mother and
her fetus [131]. Diabetes mellitus could either develop during the gestation
(GDM), but it could also represent pregnant women who already have type I
or II diabetes. A new program was initiated in the UK (2002-2003) by the
Confidential Enquiry into Maternal and Child Health (CEMACH) committee to
compare the events of perinatal morbidity and mortality of type I and type II
diabetic pregnancy deliveries to non-diabetic pregnancies. This showed in 2005
that 1 adverse event in 364 babies was born from type I and 1 adverse event

in 955 babies were born from type II diabetic mothers. However, the study
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showed that major defects of diabetic mothers was 41.8 per 1000 births
compared with 21 per 1000 births for births of mothers in general [132]. The
most common risk factor for the development of GDM is obesity. It has been
found that approximately 1 in 5 obese pregnant women can develop GDM
[133]. Whilst fetal morbidity should always be considered as one of the GDM
consequences, McCance (2015) has demonstrated that the main concern
regarding the mortality is the long-term metabolic and cardiovascular
implications for both mother and child [134]. One of the herbal components of

holy basil, which is called eugenol, showed some hypoglycaemic characteristics

through inhibition some diabetes related enzymes (pancreatic a-amylase,
lipase, and angiotensin converting enzyme activity) in diabetic rats, but also
brings about a decrease in cholesterol levels where low-density lipoprotein
(LDL) cholesterol decreases whilst high-density lipoprotein (HDL) increases
[135]. Several further herbal alternatives which might be offered by traditional
Chinese medicine to treat DM such as herbs with a bitter flavour based on San
Huang Tang, Kushen (Radix Sophorae Flavescentis), Longdancao (Radix et
Rhizoma Gentianae), Kuding (Herba Corydalis Bungeanae), and Shanzhizi
(Fructus Gardeniae) also could be considered. Herbs of sour flavour are
represented by Fructus Mume formula, Shanzhuyu (Fructus Corni),
Suanzaoren (Semen Ziziphi Spinosae), and Shiliupi (Pericarpium Granati)
should also be considered [136]. Collectively speaking, much more needs to
be done in terms of embryotoxic investigations for these herbs before they

might be advocated for pregnant women.
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1.5 Current herbal medicines regulations

The Chinese pharmacopeia contains over 2000 Chinese drugs and Chinese
crude drugs, fats and extracts, vegetable oil, patented Chinese traditional
medicines, and single components of Chinese crude drugs [137]. Reports
showed that there are over 300 herbal medicines which have been used during
pregnancy on a daily basis, all being considered safe and effective [138].
However, among hundreds of herbal medicines, only 30 of them were classified
as contraindicated, not recommended or used with caution in pregnancy [138].
Marcus and Snodgrass in 2005 have suggested that there is not sufficient
scientific data to indicate that herbal remedies are safe and gentle in
pregnancy. Their proposed commentary stated ‘The active ingredients of plant
extracts are chemicals that are similar to those in purified medications, and
they have the same potential to cause serious adverse effects’, which criticised
the quality control and very limited toxicity studies of herbal medicines [139].
The Teratology Society has also indicated that the safety of herbal medicinal
products for the embryo or fetus should not be assumed by the public, or even
by some health care providers and obstetricians, who should advise women
that fetal exposure to herbal medicines is not a risk-free measure [140].
Hence, there is a current necessity to apply pharmaceutical style safety for
herbs to ensure that they meet governmental regulations and the demands of
pregnant women. The International Committee on Harmonization of Technical
Requirements for Registration of Pharmaceuticals for Human Use (ICH) has
grouped the US FDA and European Medicines Agency guidelines for
pharmaceutical testing and their registration regulations together. This also

suggested that all pharmaceuticals of human use must undergo embryotoxic
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evaluations to identify any risks for fetus or mother [141]. However, the main
strategy of the World Health Organisation (WHQO) is to focus more on the
development of traditional medicine as a field rather than only concentrate on
the traditional medicine products [142]. While many might consider traditional
knowledge, skills, and practices are far away from the principle of scientific
methods, the European framework for traditional herbal medicinal products
has recognised the position of traditional medicine based upon long-standing
use [142]. The decision was based partially on the definition of traditional
medicine by WHO, which states ‘Traditional medicine has a long history. It is
the total of the knowledge, skill, and practices based on the theories, beliefs,
and experiences indigenous to different cultures, whether explicable or not,
used in the maintenance of health as well as in the prevention, diagnosis,
improvement or treatment of physical and mental illness’ [143]. An herbal
medicine product may be registered in the EU only if it has been used for at
least thirty years within the EU. However, medicinal use outside the EU can be
considered only if the product has been used for at least 15 years in the EU
[142]. On the other hand, US FDA defines dietary supplements as ‘ingredients
as vitamins, minerals, herbs, amino acids, and enzymes’. Dietary supplements
are marketed in forms such as tablets, capsules, softgels, gelcaps, powders,
and liquids [144]. What essentially comes out is that an herb being part of a
diet supplement does not have to meet the same guidelines as drugs and over
the counter medications for proof of strict safety, effectiveness, and good
manufacturing practices. With these facts, one can conclude that at the
moment, drugs are considered unsafe until proven safe, whereas dietary

supplements are considered safe until proven unsafe.
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1.6 Aims and objectives

The main aims and objectives of this thesis are

To evaluate two in vitro techniques to be used for developmental

toxicity screening purposes.

To investigate and compare the teratogenic potential for some
commonly used herbal components by using chick embryonic
cardiomyocytes and mouse embryonic D3 stem cell-derived

cardiomyocytes models employing different end points.

To detect possible protective effects of the selected herbal components

against standard teratogens in both utilised systems.

To determine the potential teratogenic mechanisms at the molecular

level of the effects on embryonic heart cell development induced by

herbal components.

To study the embryonic cardiotoxic effects of experimental diabetic

conditions utilizing in vitro micromass and stem cell systems.
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2 Chapter two - Optimising and evaluation
of two in vitro alternative models; the
chick embryonic heart micromass and

mouse embryonic D3 stem cell system

2.1 Introduction

Experimental design and optimization are essential elements of scientific
research. It is a necessity to plan the experiments in such a way that valid
data will be obtained [145]. However, the main purpose in any optimisation is
to determine the experimental conditions that generate reproducible results.
It is essential that the influence of one variable at a time be monitored [146].
In this study, two in vitro models were employed, namely, the chick embryonic
cardiomyocyte micromass (MM) system and the (ECVAM-validated) mouse
embryonic D3 stem cell-derived cardiomyocyte (ESD3) system. Both systems
were optimised and evaluated by using different cell seeding densities, by
identification of cardiomyocytes within the cultures and by treating the cells
with known standard teratogens (ethanol, retinoic acid and valproic acid) and
standard non-teratogens (folic acid, ascorbic acid and superoxide dismutase).
Three endpoints were monitored: contractile activity, cell activity (resazurin

reduction assay) and total protein content (kenacid blue assay).
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2.1.1 Major chick heart developmental stages

Among various available vertebrate models, such as zebrafish, mouse or
xenopus, chick heart is a longstanding model used by cardiovascular scientists
and embryologists. This is perhaps because it is easy to obtain but also because
it provides ready observation of a living embryo even at early stages of
embryogenesis [147]. The main cardiac development stages are extremely
well-maintained processes in all vertebrate organisms; in particular, the stages
from the linear heart tube phases into the early stages of looping and chamber
formation, which are nearly indistinguishable [148], especially when it comes
to comparison of chick heart development stages with those of the human
[149,150]. The critical period of embryonic exposure to a cardiac teratogen in
human is the very first weeks of gestation (week 2 to 7), where the outcome
is most likely to be cardiac malformation [12]. The early milestones of chick
cardiogenesis will be described and correlated to the same stages in the human

according to the staging of Hamburger and Hamilton (HH, 1951).

2.1.1.1 Cardiac Tube Formation

The early human embryo is composed of a flat disk of cells called a blastula,
which is formed after implantation into the endometrium; subsequently, the
blastula converts to a trilaminar structure (ectoderm, mesoderm, and
endoderm) by a process called gastrulation, which includes massive cell
migration and differentiation processes [151]. A structure called the ‘primitive
streak’ appears as a thickened layer of cells in the caudal or tail end of the
embryo. The formation of the primitive streak begins the gastrulation process
(Figure 2-1A and B) [152]. Indeed, gastrulation is a very sensitive period for

teratogen exposure because it involves cellular migration, differentiation and

28



Chapter 2

proliferation, which result in establishing the basic morphogenic fields of the
embryo. In the chick, it starts at HH3 (12-13 hours of incubation) [153,151].
However, organogenesis starts at HH4 (18 hours of incubation) and the first
organ to be formed is the heart; this period is correlated to 15-16 days of the
human embryo [13,153]. At HH5 (22 hours of incubation), endoderm initiates
a signal to the anterior lateral plate mesoderm in order to induce progenitor
cells to perpetrate a cardiogenic destiny and form two crescent-like cardiogenic
plates [154,155]. The primitive heart tube is formed after fusion of these two
plates at the midline [156]. Furthermore, the tubular heart starts beating at
HH10 (33 hours of incubation) correlating to day 23 in human embryo; at this
stage, the looping process for the ventricular region of the tubular heart begins
and any disturbances of this process leads to heart malformations later

(Figure 2-1A) [155,153].

2.1.1.2 Cardiac Looping

At this stage, HH17 (52 hours of incubation), structures called cushions are
formed due to thickening and swellings of the extracellular matrix at valve
forming regions of the heart tube, outflow tract, and atrioventricular (AV)
junction. These structures end up differentiating into the AV and semilunar
valves [155] (Figure 2-1C). The AV cushions contribute to the interventricular
and interatrial septa [157,153]. However, many extensive repositioning-
remodelling processes for these inner structures of the looped heart tube must
be completed to make the cardiac chambers, aortic and pulmonary arteries
possess their final structure [158]. The heart finishes the looping period by
HH18 (69 hours of incubation) by completing the S-shaped heart loop; this

period compares to about day 30 in the human embryo [159,153].
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2.1.1.3 Cardiac septation and chamber formation

The atria and ventricles do not acquire their proper final shape until stages HH
21-23 (day 3.5-4 after incubation) [13,153]. During this period of
development, the fusion of the ostium primum and ostium secundum is
typically completed by the development of the primary and secondary inter-
atrial and AV septum (Figure 2-1D) [13,160]. However, an insufficient fusion
of these septa results in different heart septal defects such as the AV septum
defect, primary atrial septum defect, and atrial secundum septum defect
[161]. In general, communication and physical location of the cardiac
chambers are recognised by almost HH32 (day 7.5 after incubation) and
cardiac morphogenesis is completed at approximately HH36 (day 10 after

incubation) [13,153].

A

Figure 2-1: Illustration of stages of vertebrate heart development

(A) primary heart tube starting of myocardial contraction, (B) initiation of looping
and chamber and PE formation, (C) ventricular trabeculation and valve and
epicardium formation, (D) Chamber septation. Arrows illustrate turbulent flow. The
endocardium is marked green, myocardium red, epicardium blue, and the
developing valves yellow. Blue circles represent proepicardial cells. A, atrium; AVC,
atrioventricular canal; LA, left atrium; LV, left ventricle; OFT, outflow tract; PE,
proepicardium; RA, right atrium; RV, right ventricle; V, ventricle.Taken from[160].
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2.1.2 Principal of stem cells

Stem cells are characterised from other cell types by two important features.
First, they are unspecialised cells which can undergo unlimited self-renewing
through cell division, sometimes after long periods of dormancy. Second,
‘pluripotency’, which means that under certain physiologic or experimental
conditions, they can be ultimately differentiated to become any tissue- or
organ-specific cell with special functions [162]. However, plasticity can also be
considered an attribute of stem cells where they can differentiate into cell types
beyond the tissue where they originally reside. Stem cells can be categorised
into three types, totipotent, pluripotent and multipotent [163] and two origins,
embryo and adult stem cells [164]. Bongso and Richards (2004) have clearly

defined these terminologies [165], see Figure 2-2:

e Totipotency is the ability of stem cells to differentiate into all cell types of
the conceptus, including the entire fetus and placenta. Early mammalian
embryos are clusters of totipotent cells.

e Pluripotency is the ability to form several cell types (almost 200) from the
three germ layers (ectoderm, mesoderm and endoderm) but it lacks the

ability to generate the whole organism.
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e Multipotency is the ability of stem cells to give rise to a limited range of
cells and tissues appropriate to their location, e.g. skin stem cells give rise
to the different types of skin cells, whereas blood stem cells give rise to

red blood cells, white blood cells and platelets.

Q Fertilised oocyte (Totipotent)

Blastocyst
Inner cell
mass
- s Embryonic Stem (ES)
v cell
trophoblast I \
placenta mesoderm endoderm ectoderm self-renewal

Figure 2-2: Illustration of stem cell origin

The diagram demonstrates that the fertilised oocyte (totipotent) can give rise to all
tissue types and can produce an embryo. Blastocyst (inner cell mass) is derived
from a fertilised oocyte. It also shows that embryonic stem cells are derived from
the inner cell mass of a preimplantation embryo. These cells are termed
(pluripotent) as they can give rise to most, however, not all, tissue types within the
body. Adopted from [162].

2.1.2.1 Embryonic stem cell self-renewal signalling networks

Embryonic stem cell self-renewal depends on the presence of leukemia
inhibitory factor (LIF) - an interleukin (IL-6) cytokine family member - or other
cytokines that activate intracellular signal pathways from cell surface receptors
[166,167]. Human ESC differ from mouse ESC in their response to LIF, perhaps
due to fewer receptors being available in the human than in the mouse ESC
[168,169]. The LIF receptor comprises of the LIF-specific receptor subunit

(LIFRB) and the common signal transducer (gp130), and the activation of this
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receptor can be achieved by cytokines other than LIF [170]. For a long time,
scientists thought that the renewal process was completely governed by the
‘JAK-STAT’ activation pathway. It was proposed that LIF stabilises the
association of LIF receptor and gp130 transducer. Resultant activation of
receptor-associated Janus-associated tyrosine kinases (JAK) causes the
recruitment, phosphorylation, and dimerisation of signal transducer and
activator of transcription 3 (STAT3). Next, the STAT3 dimers translocate to the
nucleus, where they bind to a specific DNA region that controls the
transcription of genes adjusting the self-renewal process (Figure 2-3) [171].
One of the transcription factors that plays a major role in this pathway is
octamer-binding transcription factor 4 (Oct4). It is considered a key element
in maintaining pluripotency of the ICM, but it also relies on LIF availability for
functioning [172,173]. On the contrary, Chambers et al. and Mitsui et al., in
2003, have discovered what they called Nanog, the gene that has an essential
role in the stem cell renewal pathway. It has been found that overexpression
of the Nanog gene resulted in stem cells renewal even when STAT, JAK and
LIF effects were terminated [174,175]. However, Nanog overexpressed cells
showed enhanced proliferation when LIF was introduced, which suggests
Nanog and LIF may work in synergy [162]. The other important gene
transcription in the stem cell renewal pathway and maintenance of their
pluripotency is sex determining region Y-box 2 (SOX2) [176]. This gene
transcription co-factor cooperatively functions with Oct4 in such a way to either

suppress or activate other stem cell renewal related genes [177].
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2 Figure 2-3: A
LIFR/gp130 schematic illustration
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l taken from [168].

ES cell self-renewal

2.1.2.2 Embryonic stem cell differentiation into cardiac lineage

The formation of three-dimensional aggregates termed embryoid bodies (EBs),
has been widely used and been considered the main step in the differentiation
of ES cells. The first pluripotent cell line isolation of mMESC had been achieved
almost 40 years ago, which was derived from the inner cell mass of a
preimplantation blastocyst [178,179]. The withdrawal of LIF or mouse
embryonic fibroblast (MEF) feeder layers enhances spontaneous differentiation
of ES cells to form EBs. These spheres contain three germ layers (ectodermal,
mesodermal, and endodermal) and can show multicellular dynamic
interactions, recapitulating many aspects of cell differentiation during early
mammalian embryogenesis [180,181]. The key technique of EB formation is
to culture ES cells in suspension without differentiation hindering factors such
as LIF and feeder layer cells. The three basic methods which are mainly utilised

for EB formation are culture in methylcellulose semisolid media, liquid
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suspension culture in bacterial-grade dishes, and culture in hanging drops
[182,183]. However, EB-independent strategies for differentiation of hESC
have also been developed but less frequently utilised [168]. Although two
types of EBs were described, simple and cystic EBs according to the stage of
their development, researchers tend to use the term ‘EBs’ regardless of the
methodology or the features [184]. Several transcription factors and signalling
molecules have been shown to play a vital role in the differentiation of stem
cells into the cardiac lineage, but their combinatorial interactions need further
elucidation [185]. These are from several families: NK-2 homeodomain
protein, GATA, and myocyte enhancer factor-2 (MEF2) [186]. NK-2
homeobox genes also termed ‘Nkx genes’, are expressed in mammals in early
overlapping patterns. However, Nkx2-5 (also called Csx) seems to perform a
unique function in cardiac development. Among all other cardiac-specific genes
which are involved in initial vertebrate heart development, Nkx2-5 has been
proven to be the earliest known cardiogenic marker [187]. Jamali et al. (2001)
revealed that Nkx2-5 knockdown in mice led to the failure of looping
morphogenesis and abnormal cardiac muscle growth. The mutant embryos
were able to develop a primitive heart tube and express some cardiac-specific
genes, but eventually they died midway through gestation [188]. Similarly,
the role of GATA transcription factors has been confirmed in cardiomyogenesis.
There are six GATA transcription factors, but according to their expression
patterns, the GATA factors have been allocated into two subfamilies, GATA-1,
-2, and -3 and GATA-4, -5, and -6 [189]. The latter family has been implicated
as important regulators of gene expression in some tissues such as heart, liver,

gonads, gut epithelium, and lungs [190]. Also, Molkentin et al. (2000) have
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demonstrated that mouse GATA factors directly regulate the Nkx2.5 gene in
the developing heart and reveal a jointly reinforcing regulatory circuit of
Nkx2.5 and GATA transcription factors during cardiogenesis [191]. GATA-4 and
-5 null mice show a similar pattern of expression and die between embryonic
day 8 and 9 because of defects in cardiogenesis and ventral closure of the
foregut. However, mice null of GATA-6 die during day 5.5-7.5 of embryonic
development because of defects in visceral endoderm function [189].
Collectively speaking, GATA transcriptional factors are important regulators of
both structural and regulatory genes in the heart. The other important
transcription regulator in heart development is myocyte enhancer factor-2
(MEF2). Indeed, MEF2 is a subfamily of the MADS-box family of transcriptional
regulators. MEF2 has been shown to play an essential role in morphogenesis
and myogenesis of muscle cells (skeletal, cardiac, and smooth). In vertebrates,
four MEF2 genes have been discovered; these are referred as MEF2A, -B, -C,
and -D, and are located on different chromosomes [192]. Some other
molecules have been discovered to play a role in early heart development,
such as cardiotrophin-1 (CT-1) (a member of the IL-6 cytokine family), which
was believed to play a fundamental role in the normal development of the
heart, particularly in ensuring that the myocardium grows to a normal
thickness [193]. Additionally, heart and neural crest derivatives-expressed
proteins, dHAND and eHAND, were found to be transcription factors which are
mainly expressed in chamber specific patterns and, perhaps, they are
responsible for the specification of chamber identity [194]. Finally, the
extracellular environment is said to be involved in directing stem cell

differentiation toward cardiomyocytes by providing signalling molecules or
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growth factors that act in this manner, including bone morphogenetic proteins
(BMP), sonic hedgehog (SHH), fibroblast growth factors (FGF), Wnt and Notch
proteins, where each one of them down or up-regulates specific embryonic
cardiogenic genes [195].

2.1.3 Well-known cytoprotective molecules

2.1.3.1 Folic acid

The Latin word ‘folium’, which means leaf, is the origin of the word ‘folate’
which was first isolated from spinach leaves. Folic acid is a synthetically
produced water-soluble vitamin B9. This vitamin cannot be synthesised in the
body de novo. Therefore, naturally-occurring foods and fortified dietary
supplements are essential sources to meet the daily requirements of humans
[196,197]. Several essential folate-dependent reactions are present in the
human body where folate acts as a co-enzyme or co-substrate in the
metabolism of amino acids and synthesis or the repair of nucleic acids (DNA
and RNA) [198]. It is particularly important in childbearing age or pregnant
women for continuous cell division and embryonic development. Folate is
mainly stored in the liver but also in blood and other tissues. The approximate
total body content of folate is about 10 to 30 mg. In serum, its total level is
about 5 to 15 ng/ml, while the normal levels in erythrocytes vary from 175 to
316 ng/ml. Folate deficiency is associated with serum levels below 5 ng/ml,
but megaloblastic anemia (a hallmark of folate deficiency) is viewed at a serum
level less than 2 ng/ml [198,199]. It has been advised that the daily
recommended allowance of folic acid is 400 pg for teenagers and adults, 500
Mg for breastfeeding women and 600 ug in pregnancy [196]. An adequate

supply of dietary folate in the early stages pregnancy has been confirmed to
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be pivotal for normal embryo development, but also to lower the incidence of
congenital defects, including congenital heart defects (CHD) and neural tube
defects (NTDs) [200,201]. Folic acid has antioxidant characteristics, and this
has been proven by using an in vitro cellular model where an induced oxidative
stress environment was counteracted [202]. While some scientists are yet to
support the periconceptional folic acid fortification policy, Atta et al. (2016)
have meta-analysed global data of folic acid supplementation and congenital
defects, and they strongly recommended mandatory folic acid fortification

policies to be legislated immediately [203].

2.1.3.2 Ascorbic acid (Vitamin C)

Ascorbic acid or vitamin C is a water-soluble micronutrient. It is essential in
the biosynthesis of connective tissue as it is involved in the synthesis of
collagen, and in antioxidant defence mechanisms. Humans lack the ability to
synthesise ascorbic acid due to the absence of required enzymes, hence why
an adequate dietary intake of ascorbic acid is necessary in order to replenish
body stores. However, it is available in many fruits and vegetables, such as
blackcurrants, guava, strawberries, citrus fruits, capsicum, tomatoes, potatoes
and broccoli [204]. The ascorbic acid daily recommended intake during
pregnancy has been suggested to be 60mg, which is higher than the non-
pregnant women because ascorbic acid can cross the placenta reducing the
total ascorbic acid maternal levels [205]. Ascorbic acid deficiency results in a
disease known as ‘scurvy’ which is mainly characterised by damage to
connective tissue and haemorrhage of capillaries leading to bleeding in the
gums and deeper tissues, delayed wound healing, skin rashes, fatigue and

megaloblastic anaemia or iron deficiency anaemia [206]. Ascorbic acid protects
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the biological system from the harmful effect of free radicals, which eventually
result in several oxidative stress related diseases, by quenching the free
radicals from the body [204]. Dietary supplementation with a therapeutic dose
of ascorbic acid (1 g/day) has not been shown to cause adverse effects in
humans, neither to the mother nor the fetus [207]. This fact was confirmed by
Chappell et al. (1999) who used 1g ascorbic acid per day, but the results
showed no adverse effect on fetus [208]. Therefore, it has been suggested
that appropriate doses of ascorbic acid are safe in pregnancy; however, chronic

intake of high doses might cause renal stones in the mother [209].

2.1.3.3 Superoxide dismutase (SOD)

SODs are antioxidant metalloproteins that dismutate the superoxide radical

(Oz_') into hydrogen peroxide (H20.) and molecular oxygen (0Oz) [210].
Thereafter, two enzymes, namely, catalase and glutathione peroxidases,

convert H,O;into H,O [211]. However, it must be remembered that the risk of
(02 ") starts when it reacts with nitric oxide (NO) to produce a non-free radical

strong oxidant peroxynitrite (ONOO ) [212]. Generally speaking, there are
three types of SOD: copper/zinc (CuZnSOD) which is found mainly in the
cytosol of eukaryotes; manganese (MnSOD) which locates in the mitochondria
of eukaryotes and prokaryotes and iron (FeSOD) in prokaryotes [213].
Lequarré et al. (2001) investigated the expression of SOD in the bovine
embryo at transcriptional and protein levels. The results confirmed that MnSOD
is transcribed and that CuZn and MnSOD proteins are expressed in bovine
preimplantation embryos [214]. Similarly, it has been evidenced that

extracellular SOD is expressed spatiotemporally in developing embryos and
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extraembryonic tissues during mouse organogenesis, suggesting its role in
antioxidant defence mechanisms against oxidative stresses at early stages of
embryonic development [215]. Nevertheless, Zaken et al. (2000) measured
the SOD activity in rat embryos and yolk-sac and found a gradual increase with
progress in embryonic age, thus indicating a weak embryonic antioxidant
defense, particularly in the early stages of organogenesis [216].
2.1.4Well-known teratogenic molecules

2.1.4.1 Alcohol (Ethanol)

Alcohol or ethanol has been recognised as a common teratogen. Fetal alcohol
spectrum disorders (FASDs) are a common cause of cognitive dysfunction and
maldevelopment in vital organs including the embryonic heart, and it is an
outcome of prenatal alcohol exposure (PAE) [217]. The latter condition has
been associated with higher incidence of spontaneous abortion [218], a sixfold
increase in the rate of stillbirth [219], prematurity and fetal growth impairment
[220]. The inefficient ethanol metabolic elimination by the fetus adds insult to
injury. Further, ethanol excreted by the fetus to the amniotic fluid is re-
ingested by the fetus, prolonging the exposure of the fetus to ethanol via
ethanol recycling [217]. It is agreed that more efforts should be undertaken
to detect early and treat PAE. Neonatologists and paediatricians have
encountered clinical difficulties to determine the maximum safe levels of
alcohol in pregnancy. However, the current UK Department of Health
guidelines recommends that ‘women who are planning a pregnancy or during
her gestation should not exceed drinking 1 or 2 units of alcohol (1 UK unit
contains 10ml or 8 g of alcohol) once or twice a week and should avoid episodes

of intoxication’ [221]. In Western communities, it has been documented, by
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The National Institute of Drug Abuse Survey, that moderate drinking during
gestation is common. Perhaps most of the cases occurred unknowingly
particularly in unplanned pregnancy where mothers were unaware of being
pregnant [222]. The UK Chief Medical Officer in a published guidance (2016)
has recommended a ‘precautionary’ approach to alcohol during pregnancy.
Nonetheless, avoidance of drinking in pregnancy was regarded the safest

approach for the fetus and expectant mother [223].

2.1.4.2 Retinoic acid (RA)

RA - an analogue of vitamin A - is available in all human cells. Two RA receptors
(retinoid X receptor (RXR) and retinoic acid receptors (RAR)) are located on
DNA and play essential roles in cell differentiation and proliferation via
expression of several transcriptional factors binding to RA [224]. As a classic
morphogen, RA coordinates embryogenesis signalling pathways by forming a
precise concentration gradient to guide the development of fetal organs
including the heart [225]. RA-induced congenital heart malformations have
been recently highlighted by Sakabe et al. (2012) who found that high
maternal RA levels lead to defects in the formation of the outflow tract in
mouse hearts [226]. Since the 1980s, RA embryopathy has been identified
after treatment given to pregnant women, which has led to heart defects and
craniofacial malformations that seemed similar to those recorded in
experimental animals [227]. However, it is well documented now that either
lack or excess of RA results in embryonic malformations which indicate the
importance and precision of RA signalling pathways in embryonic development

[228].
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2.1.4.3 Valproic acid (VPA)

Valproic acid (VPA), has been marketed since 1974 and is well documented to
be used in the treatment of several CNS disorders, for example, epilepsy,
bipolar disorder and in the prophylaxis of a migraine [229]. Clinical studies
have shown VPA exhibits a potential to cause teratogenicity in the form of
‘valproate syndrome’, i.e. birth defects, developmental delay [230], and
reduced intellectual functions [231,232]. Unfortunately, the epileptic
expectant mother is unable to abandon their antiepileptic drugs (AEDs), as this
will endanger both the mother and her fetus due to harmful consequences of
seizures during pregnancy [233]. Whilst it has been discovered that the
teratogenic potential of AEDs varies, VPA has been classified as a certain
teratogenic drug [230]. The American Academy of Neurology has
recommended avoiding VPA during pregnancy if possible [234]. Alternatively,
when VPA treatment is mandatory, the lowest therapeutic dose three times a
day should be administered to reach the steady state serum level, thus
reducing the risk to the fetus by being exposed to VPA serum level fluctuations

arising from a single high dose [230].

2.1.5 Chapter objective
This Chapter will describe the effect of cell density on cultured cells and also
will examine the effects of well-known chemicals on embryonic cardiomyocytes

in both systems to test the reliability and reproducibility of the utilised models.
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2.2 Materials and methods

2.2.1 Chick primary embryonic cardiomyocytes MM cultures:

The method for MM culture has been described by Pratten et al. (2012) [235].
Fertilised White Leghorn chickens eggs (Henry Stewart & Co., Louth, UK) were
stored at 11°C for no more than two weeks before use. When required the
eggs (30 per session) were transferred to an automatic egg turner and placed
at 37°C, 90% humidity in an incubator (Sanyo, Japan). Under aseptic
conditions and after 5 days incubation, 6 eggs at a time were placed into a
cleaned laminar flow hood. The embryo was revealed using forceps and
transferred to a 90mm petri-dish containing enough Hanks Balanced Salt
Solution (HBSS) (Sigma-Aldrich, UK) to cover the bottom of the dish, at RT
(Figure 2-4A). Under a dissecting microscope (Nikon, Japan), the heart was
extracted and transferred to a 7ml bijou tube containing horse serum (HS)
(Life Technologies, UK) and HBSS, in 50:50 (v/v) ratio (Figure 2-4B). Once all
the hearts had been collected, the HS:HBSS solution was removed, and the
hearts were rinsed three times in 5ml HBSS to remove remaining HS. Following
rinsing, the collected hearts were dissociated using 2ml 2.5x trypsin/EDTA -
the hearts were incubated at 37°C, 95% air: 5% CO. for 20min with brief
agitation every 5min (Figure 2-4B). The cell suspension produced was
neutralized with MM medium (500 ml DMEM supplemented with 10% (v/v)
heat-inactivated FBS, 50units/ml penicillin, 50ug/ml streptomycin, 2mM L-
glutamine). The suspension was centrifuged at 1500rpm for 5min at RT. Cells
were disassociated, counted using a TC10™ Automated Cell Counter (Bio-Rad,
USA) and the trypan blue assay, see Appendix II. The cells, then, were plated

as 20pul drops at different densities (Figure 2-4C, D). For cell optimisation
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purpose, five different cell densities (4, 3, 2, 1 and 0.5 x10% /ml) were tested.
The cells were incubated for at least 2h at 37°C, 95% air: 5% CO: before being
flooded with 500ul MM medium (Figure 2-4E). The seeding of the cells was
said to occur on Day 0 (Oh). On day 1 (24h), the cells were observed and rated
morphologically (Section 2.2.3.1). An additional 500ul of MM medium was
added to the control and blank wells, and 500ul of medium containing test
chemicals was added to the test wells as per each individual experimental
method. The cells were further assessed morphologically on day 2 (48h) and
on the final day 6 (144h) after culturing. A resazurin assay (Section 2.2.3.2)
to detect cellular activity and kenacid blue assay (Section 2.2.3.4) to detect
cellular protein content were also performed as end tests on the same plates.
Each experiment had at least three individual runs (n=3) performed on
separate days, with a minimum of 4 wells designated to each environment per

experiment. For chemical MM tests, a cell density of 3x10%/ml was utilised.
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2.2.2 Mouse embryonic D3 stem cells (ESD3) culture

The technique has been described previously [236], ESD3 were obtained from
American Type Culture Collection (ATCC) organisation, Rockville, USA. The
undifferentiated cells were grown in a T-25 culture flask (Thermo-Scientific,
UK) using ESD3 medium, 500mI DMEM supplemented with (0.1mM -
mercaptoethanol, 20% (v/v) heat-inactivated fetal bovine serum (FBS),
50units/ml penicillin, 50pg/ml streptomycin, 2mM L-glutamine, 1000U/ml
leukemia inhibitory factor (LIF) and 1% (v/v) non-essential amino acids
(NEAA) (all reagents Sigma-Aldrich, UK) (Figure 2-5A) . After the ESD3 were
80-90 % confluent in the T-25 flask, the cells were either passaged or
harvested prior the cells become 16 passage number for all experiments. For
experimental purpose, the cells were trypsinised by 2ml 1x trypsin/EDTA
(Sigma-Aldrich, UK) and centrifuged at 900rpm for 5min at room temperature
(RT); then the cell pellet was resuspended in 5ml ESD3 medium without LIF
to allow differentiation. A cell suspension of 4x10* cell/ml was prepared (with
or without test chemicals), and 20ul drops were seeded on the internal side of
the lid of a 90mm Petri dish (Sterilin, UK) (Figure 2-5B). The drops were
cultured as hanging drops after reverting the lids back to the petri dishes
containing 5ml phosphate buffered saline (PBS) (Sigma-Aldrich, UK) to
prevent the drops being dried in the 37°C/ 95% air: 5% CO; incubator
(Figure 2-5C). However, in cell optimisation experiment, four cell density
concentrations (16, 8, 4 and 2 x10* cell/ml) were used. The first day of drop
plating was recorded as day 0. After 72h (day 3), the EBs formed within the
hanging drops were moved to other petri dishes with 10ml ESD3

medium without LIF, maintaining the same environment (Figure 2-5D). The
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EBs were then transferred after two days into 24 well plates as 1 EB/ml ESD3
differentiation medium in each well (Figure 2-5E), maintaining the same
environment up to day 12 when the EBs attach the plastic and spread out
(Figure 2-5F). The starting time for differentiation in the well was recorded as
day 5 and the differentiation scoring started on day 10 and continued for two

more days, 11 and 12.

Figure 2-5: Mouse
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2.2.3 Endpoint measurments

2.2.3.1 Morphological scoring system

Cellular contractility was rated against a numerical morphological score with a
maximum available score of 3. This was designed to evaluate the cellular
differentiation in the cultures of both systems. Scoring in MM system was

performed at days 1, 2 and 6 while in ESD3 system it was performed at days
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Whole well beating

Numerous foci beating 2 3-4 2
Few foci beating 1 1-2 1
Mo beating ] Mo beating ]

Table 2-1: Morphological scoring system for beating cardiomyocytes
10, 11 and 12. The system relied on a subjective scale of observation under

an ordinary microscope as detailed in Table 2-1.

2.2.3.2 Resazurin Reduction Assay

The resazurin assay aims to quantify cell culture viability/activity [3]. The
principle of the assay is based on the reduction of non-fluorescent resazurin
into a pink fluorescent molecule, resorufin, by the action of living cells which
indicates their activity (Figure 2-6) [237]. The reduction occurs due to cell
metabolism where the colour intensity is directly proportional to the cell
activity. Resazurin acts as an intermediate electron acceptor in the electron
transport chain where the electron is transported from the cytochrome c
oxidase to reduce resazurin to fluorescent resorufin, instead of molecular
oxygen; therefore, it acts as oxidation-reduction indicator for cellular
metabolism [238]. This test is sensitive, rapid, reproducible, cheap and does

not harm the cells. Therefore, the cells are still available for further tests [239].
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However, with longer incubation time or at a high cell density, further resorufin
reduction occurs resulting in a colourless product (hydroxyresorufin)

(Figure 2-6) and achieves a plateau [240].

Resazurin stock solution was prepared by dissolving 5mg resazurin (Sigma-
Aldrich, UK) in 5ml HBSS to achieve 1000 pg/ml. The solution was filtered into
a 50ml universal container using Minisart® filter (Sigma-Aldrich, UK) with pore
size 0.45um before it was diluted to 50ml with HBSS to create 100ug/ml. This
stock resazurin solution was aliquoted, wrapped with aluminium foil and kept
at (-20°C) to avoid light reduction. The working solution was prepared by
adding 45 ml of HBSS to 5ml of stock solution (1:10 dilution) to create a
working solution of 10ug/ml. Resazurin solution was pre-warmed to 37°C prior
to introducing to the cells. To carry out the resazurin assay, on day 6 of MM
and day12 of ESD3 cultures, the cells were incubated with 500ul of resazurin
(10pg/ml) in HBSS at 37°C, 95% air: 5% CO, for 1h before being read on the
Star plate reader. The optical density was determined using an emission filter
wavelength of 590 £+ 12.5nm and excitation filter wavelength of 530 %
12.5nm, with the sensitivity gain set at 60. The raw fluorescence data was
converted to resorufin concentration, by plotting against the resorufin standard
curve (Section 2.2.3.3), which in turn determined the cell activity. The
resazurin working solution was aspirated and replaced with a 300ul kenacid
blue fixative solution (500ml ethanol: 490ml distilled water (DW): 10ml acetic

acid) and the plates refrigerated at 4°C overnight.
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Figure 2-6: Schematic depiction of resazurin reduction pathway. Taken
from [237]

2.2.3.3 Resazurin standard curve

The optical densities of resazurin values that were obtained from the plate
reader were converted to actual resorufin amounts, which presumably had
been produced by the cells, by plotting the resorufin standard curve. Five
different concentrations of resorufin solutions were prepared (125, 250, 500,
1000, 2000 ng/ml in HBSS). 500pl aliquot per concentration was added into
four wells of the 24-well plate, while HBSS alone represents blank. The optical
density was determined with an emission filter wavelength of 590+ 12.5nm
and excitation filter wavelength of 530+12.5nm, and a gain of 60. The results

were plotted, and the best-fit straight line was calculated (Figure 2-7).
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Figure 2-7: Representative resorufin standard curve
The equation is x=(y+9.0643)/0.8367 where y= emission filter wavelength of 590+
12.5nm and x= resorufin concentration (ng/mil).

2.2.3.4 Kenacid Blue Assay

The total protein present in the cell culture was quantified using the kenacid
blue (KB) assay by measuring the quantity of kenacid blue dye taken up by
the cells. Cellular protein is an important factor as it indicates the rate of
growth, proliferation or death of the cells cultured in a system [4]. The principle
of this test is based on dye binding with the amino (-NH3) terminal end of an
amino acid of a protein forming a dye-protein complex regardless whether the
protein is active or not. The total dye-protein binding expresses the content of
cellular proteins [241]. For measurement purposes, the 300ul kenacid blue
fixative solution was removed and replaced with 500pl kenacid working
solution (6ml glacial acetic acid + 44ml kenacid stock solution [0.4g kenacid
blue powder dissolved in 630mI DW + 250ml ethanol]). The plate was placed
for 2h on a plate shaker at a low speed. Each well was individually washed with

400pul kenacid washing solution (100ml ethanol:50ml acetic acid:850mI| DW)
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twice - the first 400ul was quickly removed, the second 400pul was left in the
wells for 20min on the shaker. The washing solution was then aspirated away
and replaced with 400ul kenacid desorb solution (700ml ethanol: 98.15g
potassium acetate : 300mI DW) and the plate shaken for 1hr at a higher speed.
The resulting solution was transferred in triplicate to a 96 well plate (Nunc,
UK), and the optical density was read on a Multiskan Ascent plate reader,
reference filter 405nm and reading filter 570nm. Using bovine serum protein
standard curve (Section 2.2.3.5), the raw colorimetric data was converted to
actual protein content. (All reagents Sigma-Aldrich, UK except potassium

acetate, Fisher Scientific, UK).

2.2.3.5 Kenacid blue standard curve

A kenacid blue standard curve was plotted in order to measure the protein
content intracellularly. The procedure starts by dissolving 2.4mg bovine serum
albumin (BSA) in 70% (v/v) ethanol solution. 3ml of albumin solution was
dissolved in 6ml of 70% (v/v) ethanol to create 80pg/ml albumin
concentration. From this concentration, 70, 50, 40, 20 and 10pg/ml albumin
concentrations were prepared. The plate was kept at 4°C overnight to permit
ethanol to evaporate and albumin to attach to the surface. Then, the wells
were fixed with 300pl kenacid blue fixative overnight at 4°C. The kenacid blue
protocol was carried out as described in Section 2.2.3.4. The results were
plotted on a scatter graph, and the best fit line was drawn to recognize the

actual protein values (Figure 2-8).
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Figure 2-8: Representative Kenacid blue standard curve

2.2.4Immunocytochemistry

2.2.4.1 Immunocytochemistry staining of MM and ESD3 cell
culture

In order to verify the presence of cardiomyocytes in MM and ESD3 cultures,
immunocytochemical examination was performed using a cardiomyocyte-
specific marker, mouse anti-a-actinin (Sigma-Aldrich, UK). Untreated
contractile chick MM cardiomyocytes or ESD3 (cultured on autoclaved
coverslips, Fisher Scientific, UK) were washed with PBS then 1% (w/v) BSA
(Sigma-Aldrich, UK) in PBS for 2min. The cells were fixed in 4% (w/v)
paraformaldehyde for 15min at RT, then the cells were permeabilised by 0.3%
(v/v) Triton X-100 for 20min. For blocking nonspecific binding, 5%
(v/v) normal goat serum (Vector Laboratories Ltd, USA) was added to the cells
for 30min at RT. 1% (w/v) BSA in PBS was used for all washing steps. The

primary antibody dilution (a-actinin mouse antisarcomeric) was diluted in the
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blocking solution (1:100) and it was incubated with the cells at 4°C overnight.
On the next day, after 15min x 3 washing, FITC Goat anti-mouse secondary
antibody (Sigma-Aldrich, UK) 1:100 was incubated with the cells at RT for 1h
15min x 3 washing was followed, and then cell nuclei were labelled with 1:2000
(v/v) DAPI. Finally, the cells were examined with an OLYMPUS fluorescence

microscopy (Nikon, Japan).

2.2.4.2 Immunohistochemistry staining of 9-day chick
embryonic heart

9 day chick embryonic heart was used as a positive control to optimise the
cardiomyocyte marker (a-actinin). The embryonic heart was removed and

post-fixed in 4% w/v paraformaldehyde (PFA) overnight. The heart then was

cryoprotected in 30% (v/v) sucrose solution for 3h at 4°C then submerged in
OCT-compound (VWR International Ltd, UK). The OCT mould was stored at
-80 °C until being sectioned in coronal plane using a Leica CM 100 cryostat
(Leica Microsystem, UK) with a thickness of 20um at -20 °C. The sections were
thaw mounted onto slides and stored at -80 °C until being used for
immunohistochemistry. On the day of the experiment, a selected section was
washed with PBS three times and then immediately permeabilised with 0.3%
(v/v) Triton X-100 for 1h at room temperature. The section was given three
washes with PBS before it was blocked for 1h with 5% (w/v) milk in 1% (w/v)
BSA in PBS at RT. For the rest of the experiment, the same steps were followed
as in Section 2.2.4.1 except that the sections were incubated with (TRITC)-
labelled goat anti-mouse IgG (Life Technologies, UK) in a dilution 1:1000 being

diluted in the blocking solution.
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2.2.4.3 Immunocytochemistry staining of undifferentiated stem
cells

In the presence of LIF (a cytokine that inhibits stem cell differentiation),
untreated stem cells were cultured on autoclaved coverslips with the same
supplemented ESD3 medium (Section 2.2.2). To confirm the stem cells were
kept in an undifferentiated state, SOX2 (Abcam, UK), a marker of the
undifferentiated state, was stained within the culture. The cells were washed
quickly with PBS twice at RT. Then the cells were fixed with ice-cold methanol
(Sigma-Aldrich, UK) and kept at -20°C for 5min followed by 30min wash with
PBS at RT. 500ul Triton X-100 (0.3% (v/v) in PBS) was added for 30 min to
permeabilise the cells. This was followed by 30min rinse with PBS at RT. The
cells were blocked for 1h with 5% (w/v) milk in 1% (w/v) BSA in PBS (MBP)
at RT. Cells were incubated with SOX2 antibody diluted (1:250) in MBP
overnight at 4°C. The cultures were rinsed three times with 1% (w/v) BSA in
PBS solution for 5min per wash before they were incubated with (TRITC)-
labelled goat anti-mouse IgG (Life Technologies, UK) in a dilution 1:1000 with
MBP for 1h at RT in the dark. This was followed by 45 minutes washing with
1% (w/v) BSA in PBS solution, and then DAPI staining was performed by
incubating 1:2000 in PBS for 5 min at RT. Then, 2 times 5 min rinses were
given to the cells before they were mounted on pre-labelled slides in mounting

medium.

2.2.5 Preparation of drug solutions

Depending on their solubility, five chemicals stock solutions were prepared by
dissolving directly in the culture medium (folic acid (13.47mM), ascorbic acid
(5.67mM), SOD (338.4 uM), ethanol (100%) and valproic acid (6mM)). Only

retinoic acid was firstly dissolved in ethanol (20mM) then diluted with culture
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medium. The appropriate concentrations of drugs required for the experiment
were prepared by diluting the stock solutions. The final concentration of solvent
in controls, when applicable, and blanks were kept constant. All these

chemicals were purchased from (Sigma-Aldrich, UK).

2.2.6 Statistical analysis

Raw data was collated in Microsoft Excel (2008, Version 12.2.0). Three
independent repeats were performed for each experiment with at least four
technical repeats per experiment. The data was imported into GraphPad Prism
software (Version 6.0, August 5, 2014) for statistical analysis. For non-
parametric data - cellular scoring morphology - a Kruskall-Wallis and post-hoc
Dunn’s test were used and mean £ SEM were computed. For parametric data
- resazurin and kenacid blue assays - the data was analysed using one-way
ANOVA test, with a post-hoc Dunnett’s test and mean £ SEM were computed.

P<0.05 was considered statistically significant.

2.3 Results

2.3.1 Determination of optimal cellular seeding condition in MM
and ESD3 systems

2.3.1.1 Evaluation of cell density in MM

For synchronised contractile units to form in the MM system, there needs an
appropriate cardiomyocyte density seeded. Cardiomyocytes are affected by
the distance from surrounding cells, which governs the likelihood of signals
being transported among them, which are essential for establishing the foci.
An initial chemical free experiment was performed to ensure that 3x10°8cell/ml

was indeed a suitable density to establish most favourable cell culture
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conditions, but also to make certain that the experimental protocols of heart
extraction, cell culture and end points were being performed successfully. The
biochemical results with microscopic observations confirmed that the best cell
density for this system is 3x10°%cell/ml. This was consistent with previous
studies where the most widely accepted cell density (3x108cell/ml) was already
employed [242,45]. The results showed that resorufin production in the
resazurin test and protein content in the kenacid blue test increased in direct
proportion to cell densities (Figure 2-9A, B). When low cell density was utilised,
the cell to cell communications made become less, resulting in lower cell
contractile scores (Figure 2-9C). The cell to cell distances was noticed clearly
after seeding. While there were no spaces or gaps at both 3 and 4x10°cell/ml,
these became evident with lesser concentrations and increased as the
cardiomyocyte density decreased (Figure 2-10A-E). After 24h of seeding, the
cell density of 2x10° cell/ml and above managed to form contractile clump-like
units (Figure 2-11C-E). However, at 0.5 and 1x10°%cell/ml, only a few cells
communicated and gathered together to form small weakly contractile bead-
like units within the cultures (Figure 2-11A, B). On the next day (48h after
seeding) a complete cellular sheet was observed only at 3 and 4x10°cell/ml
(Figure 2-12D, E), with a very condensed cellular sheet at 4x10°cell/ml. No
completed cellular sheets were seen at lower seeded concentrations of
cardiomyocytes (0.5, 1 and 2x10°cell/ml) (Figure 2-12A-C). The images at
144h showed that 0.5x10°%cell/ml failed to initiate beating foci but only few
scattered clusters of beating cardiomyocytes (Figure 2-13A). Some contractile
clumps were evident at 1x10°8cell/ml which also failed to form foci within a

cellular sheet (Figure 2-13B). The cardiomyocytes cultured at 2x10°%cell/ml
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density were partially successful in forming foci within cellular sheets but also
some spaces and gaps were available which makes the cardiomyocytes beat
asynchronously (Figure 2-13C). Ideal foci and sheets were seen at
3x108cell/ml cardiomyocyte density, the cells formed full sheets with
distinguishable synchronously beating foci (Figure 2-13D). Similarly, the
cellular sheets and foci were beating in harmony at 4x108cell/ml cardiomyocyte
density, but it was difficult for the foci to be recognised perhaps because of
crowded of cultured cardiomyocytes due to high cell density seeding

(Figure 2-13E). Therefore, 3 x10° cell/ml was selected for chemical MM tests.
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Figure 2-9: Effects of reducing cardiomyocyte seeding density in MM system

(A) Resazurin reduction assay for measuring cell viability 144h post seeding for the
same MM cells grown in DMEM supplemented medium, (B) Kenacid blue assay for
total protein content 144h post seeding for the same MM cells grown in DMEM
supplemented medium, (C) Morphological scoring system for assessing cell
redifferentiation on three time points -24h, 48h and 144h after seeding, for MM cells
grown in DMEM supplemented medium. Three independent repeats were performed,
(n=3).

58



Chapter 2

Figure 2-10: Representative light

microscopic images for MM cultures
immediately after seeding

(A) Cell density 0.5x106 /ml, (B) Cell
density 1X10%/ml, (C) Cell density 2x10°
/ml, (D) Cell density 3x10% /ml and (E)
Cell density 4x108/ml. Scale
bar=100pm and original magnification
x100.
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5 Figure 2-11: Representative light
microscopic images for MM cultures
24h after seeding

(A) Cell density 0.5x10°% /ml, (B) Cell
. density 1x10° /ml, (C) Cell density
= 2x10% /ml, (D) Cell density 3x10° /ml
and (E) Cell density 4x10° /ml. Scale
bar=100pm and original magnification
x100.
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Figure 2-12: Representative light
microscopic images for MM cultures
48h after seeding

(A) Cell density 0.5x10° /ml, (B) Cell
density 1x10® /ml, (C) Cell density
2x10% /ml, (D) Cell density 3x10° /ml
and (E) Cell density 4x10% /ml. Scale
bar=100um and original magnification
x100.
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Figure 2-13: Representative light
microscopic images for MM
cultures 144h after seeding

(A) Cell density 0.5x10% /ml, (B) Cell
density 1x10% /ml, (C) Cell density
2x10% /ml, (D) Cell density 3x106 /ml
and (E) Cell density 4x10° /ml. Scale
bar=100um and original magnification
x100.
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2.3.1.2 Evaluation of cell density in ESD3

At all selected densities (2, 4, 8 and 16 x 10* cells/ml), resorufin production
increased in direct proportion to stem cell densities but also cellular protein
measurement increased proportionally with increasing density (Figure 2-14A,
B). At both the highest (16x10* cells/ml) and lowest (2x10* cells/ml) seeding
densities less ESD3 differentiated into cardiomyocytes were detected. This was
shown by low morphological scoring in Figure 2-14C. However, at seeding
densities (8x10* cells/ml and 4x10* cells/ml) most of the cultures showed 5
beating areas, giving a high score (Figure 2-14C). Further, EB formation was
also visually assessed. It was noticed that EBs enlarge their size by increasing
densities in a period between day 3 and day 5. Some erratic EBs started to be
observed more commonly with the increase in stem cell concentrations.
However, the seeded EBs have shown different behaviour with the different
stem cell concentrations in terms of the extent of cellular proliferation,
migration and differentiation for each culture. The least cell concentration
(2x10% cells/ml) showed less differentiating cells being spread out per well. All
other densities showed comparable covered areas per well (Figure 2-15).

Therefore, 4 x10% cell/ml was selected for chemical ESD3 tests.
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Figure 2-14: Effects of reducing cardiomyocyte seeding density in the
ESD3 system

(A) Resazurin reduction assay for measuring cell viability at day 12 of ESD3
procedure, (B) Kenacid blue assay for total protein content at day 12 of ESD3
procedure, (C) Morphological scoring system for assessing stem cell differentiation
on three time points at day 10, 11 and 12 of ESD3 procedure. Four different cell
densities were used (16, 8, 4 and 2x10* cell per ml). Three independent repeats
were performed, (n=3).
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EBs on day 3 of ESD3 EBs on day 5 of ESD3 Cultures on day 12 of
system ESD3 system

Figure 2-15: Visual comparison of the effect for cell density of EBs
produced by the hanging drop method

Four different cell concentrations (2, 4, 8 and 16x10%) were selected to be
monitored at day 3 and 5 for EBs size and at day 12 for culture behaving and
contractile areas available at each concentration. Scale bar=100pm and
origional magnification x100.

2x10* cell per ml
cell density

4x10* cell per ml
cell density

8x10* cell per ml
cell density

16x10* cell per ml
cell density

2.3.2 Cardiomyocyte verification in both MM and ESD3 cultures:
Although cardiomyocytes, whether primary or stem cell-derived, show
relaxation and contraction phases as an intrinsic property and whilst these
phases can be easily observed under a microscope, there always remains a

need to confirm the cell type present by labelling cardiomyocyte-specific
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proteins. This is more appropriate when it comes to the MM method as there
would be some uncertainty that surrounding tissues might be removed
alongside the heart such as fibroblast and endothelial cells. 9-day chick
embryonic heart sections were utilised as a positive control to optimise the a-
actinin marker (Figure 2-16). The cells of untreated control MM cultures were
then stained with the cardiomyocyte-specific marker, a-actinin. This is
localized in z-discs, providing the anchor position for actin microfilaments, and
the staining pattern showed that cardiomyocytes predominated in the culture.
Two different areas of the culture were imaged, at the periphery
(Figure 2-17A2) and in the middle of the culture (Figure 2-17B2). This was
also supported by video recording of whole culture contractility of the same
culture which provided evidence that cardiomyocytes are predominant in the
culture. Also to make certain that ESD3 cultures had been differentiated to
cardiomyocytes, the a-actinin protein was stained within the cultures
(Figure 2-18A2). Short video clips of stem cell-derived cardiomyocyte culture
and beating embryoid bodies were recorded to provide further proof of ESD3
being differentiated into contracting cardiomyocytes. The images in both
systems show z-lines localised in cardiac cell sarcomeres, where a-actinin in
positive structures appeared as short lines or random striations, indicating that
cardiomyocytes were present in that particular area of the cultures. The
pluripotent characteristic of undifferentiated ESD3 was also verified by staining
with the undifferentiated mouse embryonic stem cell marker SOX2

(Figure 2-19D).
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Figure 2-16: Immunohistochemistry staining of a-actinin marker of 9 day

chick embryonic cardiomyocytes
(A) Section of only secondary antibody staining cardiomyocyte, (B) 9-day chick

embryonic cardiomyocytes nuclei stained with DAPI, (C) 9-day chick embryonic
cardiomyocytes stained with a-actinin and (D) overlay of (B and C). Scale

bar=50um.
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Figure 2-17: Immunostaining of a-actinin marker of untreated MM culture
at 144h

(A) Image shows nuclei stained with DAPI from the peripheral side of culture, (A1)
represents cardiomyocyte specific marker which shows z-lines of a-actinin
sarcomeric structures appearing as small lines, image (A2) is the overlay of both
images (A) and (Al); (B) image shows nuclei stained with DAPI from middle of the
culture, (B1) represents cardiomyocyte specific marker a-actinin, and image (B2) is
the overlay of both images (B) and (B1). Scale bar 12pm.
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Figure 2-18: Immunofluorescent images of untreated ESD3 culture twelve days after
plating (post EB culturing)

Image (A) and (B) are nuclei stained with DAPI, image (Al) is stained with
a-actinin which is characteristic of cardiomyocytes, which shows z-lines of
a-actinin sarcomeric structures appearing as small lines, all nuclei which are
unstained with a-actinin represent non-cardiomyocytes cells in the culture, (B1)
is stained with secondary antibody alone, image (A2) and (B2) are overlays for
images (A and Al) and (B and B1), respectively. Scale bar 12um.
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Figure 2-19: Immunofluorescent characterization of untreated ESD3 culture in the presence

of LIF
Image (A) image is negative control stained with secondary antibody alone (B) is

stained with DAPI and appears as a cluster of cells, image (C) is stained with SOX2
which is characteristic of undifferentiated ESD3, and image (D) is overlay for images
(B) and (C). Scale bar 50 pm.
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2.3.3 The effects of some protective molecules (FA, AA and SOD)
on cardiomyocytes in MM and ESD3

2.3.3.1 The effects of folic acid

Exposure of embryonic cardiomyocytes to different concentrations (50, 175,
375 and 750uM) of folic acid (FA) in both systems did not show any significant
alteration (p>0.05) in contractile activity (Figure 2-20A, D), cell activity

(Figure 2-20B, E), or total protein content (Figure 2-20C, F).

2.3.3.2 The effects of ascorbic acid

Four ascorbic acid (AA) concentrations (5, 20, 50 and 100uM) were used to
treat the chich MM and mouse ESD3 cultures. These concentrations did not
show any specific sign of embryotoxicity or teratogenicity in both systems. The
statistical analysis showed no siginificant changes (p>0.05) in contractile
activity (Figure 2-21A, D), cell activity (Figure 2-21B, E) or total protein

content (Figure 2-21C, F).

2.3.3.3 The effects of superoxide dismutase

MM and ESD3 cultures exposed to superoxide dismutase (SOD) concentrations
(0.25, 0.5, 1 and 2pM) did not show any significant (p>0.05) alterations in the
contractile activity (Figure 2-22A, D), cell activity (Figure 2-22B, E) or total

cell protein content (Figure 2-22C, F).
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Figure 2-20: The effects of folic acid on MM and ESD3 systems
(A) Effects on contractile activity in MM system, (B) effects on cell activity in MM
system, (C) effects on total protein content in MM system, (D) effects on contractile
activity in ESD3, (E) effects on cell activity in ESD3 and (F) effects on total protein
content in ESD3. Three independent repeats were performed, (n=3).
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Figure 2-21: The effects of ascorbic acid on MM and ESD3 systems

(A) Effects on contractile activity in MM system, (B) effects on cell activity in MM
system, (C) effects on total protein content in MM system, (D) effects on contractile
activity in ESD3, (E) effects on cell activity in ESD3 and (F) effects on total protein
content in ESD3. Three independent repeats were performed, (n=3).

73



Cell scoring (contractile
Resarufin production (ng/ml) activity for cardiomyocytes)

Protein production (ug/ml)

MM

Morphological scoring system

a
3
2
1
o

~
o &> > > >
) > S A h
o 2o of » a4
< o

Bl 24n
BN a8h
Bl 144n

Superoxide dismutase concentrations

Cell Activity Assay

600
400
200
0 - T
o & & & &
o .0 o ~ 2
< o

Superoxide dismutase concentrations

Kenacid blue Assay

2001
150
100 1
50 ]
o- T
oooéo\ o.w”\& o"’\?‘h = R

Superoxide dismutase concentrations

Cell scoring (contractile

Resarufin production (ng/ml)

Protein production (pg/ml)

Chapter 2

ESD3

E Morphological scoring system

o~ . Bl payio
j‘i Bl pay11
g Bl payi12
> 3

€

2

)

bt 2

©

S

s

A 1

z

=

< o

©

N S S
< ° °° A >
< a °
® o

Superoxide dismutase concentrations

Cell Activity Assay

[:]

400

300

200

100 9

Superoxide dismutase concentrations

Kenacid blue Assay

150
100
50
o- T
AY
o > > > >
& = o o oY
o e o
o °

Superoxide dismutase concentrations

Figure 2-22: The effects of superoxide dismutase on MM and ESD3 systems

(A) Effects on contractile activity in MM system, (B) effects on cell activity in MM
system, (C) effects on total protein content in MM system, (D) effects on contractile
activity in ESD3, (E) effects on cell activity in ESD3 and (F) effects on total protein
content in ESD3. Three independent repeats were performed, (n=3).
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2.3.4 The effects of some teratogens (ETH, RA and VPA) on
cardiomyocytes in MM and ESD3

2.3.4.1 The effects of ethanol

Exposure of the embryonic chick cardiomyocyte MM cultures to ethanol (ETH)
at different concentrations (12.5, 25, 75 and 100pul/ml) caused a disruption in
cell cultures at all end points measured. For the cell morphological scoring, the
embryonic chick cardiomyocyte MM cultures were observed for contractile
activity immediately before ETH addition (at 24h post-seeding) and further
observations were noted at 48h post-seeding/24h post-exposure and 144h
post-seeding/ 120h post-exposure. Statistical analysis showed no significant
difference in contractile activity before the addition of ETH. MM cultures
exposed to 25ul/ml ETH and above were found to have significantly reduced
contractile activity at 48 and 144h (Figure 2-23A). At 48h there was a complete
cessation of beating at 75 and 100pl/ml in ETH treated cultures. At 144h there
was no contractile activity for 100ul/ml ETH-exposed cultures with no sign of
recovery. However, some recovery has been viewed with the 75ul/ml treated
group (Figure 2-23A). The cell activity was found to be significantly decreased
for the 25ul/ml group and above when compared to controls (Figure 2-23B).
The total protein content was also significantly altered at all ETH concentrations

used (Figure 2-23C).

With regarding the effects of ETH on ESD3, the same concentrations used in
MM were applied in this system. Severe consequences have been detected
after ETH exposure at all endpoints utilised. ETH significantly inhibited
contractile activity at 12.5upl/ml and above (Figure 2-23D). ETH totally

prevented stem cells from being differentiated to cardiomyocytes at 25ul/ml

75



Chapter 2

and above on all days observed (Figure 2-23D). Statistical analyses showed
that ETH significantly inhibited cell activity at all doses used (Figure 2-23E).
Graphs also revealed that total protein content of ETH treated cultures was
significantly reduced compared to controls (Figure 2-23F). A reduction in EBs
size was observed in ETH exposed cultures in a dose-dependent manner which
might explain the recorded decrease in cellular protein. However, ETH did not
cause ESD3 cells to be completely eradicated as some cells are still active and
express some proteins but it caused the differentiation process to be

completely terminated.
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Figure 2-23: The effects of ethanol on MM and ESD3 systems

(A) Effects on contractile activity in MM system, (B) effects on cell activity in MM
system, (C) effects on total protein content in MM system, (D) effects on contractile
activity in ESD3, (E) effects on cell activity in ESD3 and (F) effects on total protein
content in ESD3. * or (a) p<0.05, ** or (b) p<0.01, *** or (c) p<0.001 and ****
or (d) p<0.0001 vs. control. Three independent repeats were performed, (n=3).
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2.3.4.2 The effects of retinoic acid
The addition of retinoic acid (RA) at different concentrations (5, 10, 20 and

40uM) to chick embryonic heart cell in MM system results in dramatic impacts
on all endpoints employed. The cultures were monitored for the morphological
scoring system at three-time points, 24h, 48h and 144h post-seeding by
recording the contractile activity. No changes of contractile activity at 24h
post-seeding were recorded, but this was expected because cultures were
scored before treatment (Figure 2-24A). At 48h post-seeding, the whole range
of RA concentrations tested had a non-significant reduction in contractile
activity (Figure 2-24A). The scores decreased significantly at the 144h post-
seeding period in a dose-dependent trend compared to controls
(Figure 2-24A). The graphs of cell activity and protein content showed a
dramatic decline in all tested RA concentrations. Significant effects on cell
activity were found after resazurin reduction assay data were analysed at 144h
post-seeding period for all RA concentrations tested (Figure 2-24B). In the
same way, at 144h post-seeding kenacid blue data analyses showed that RA
at tested concentrations significantly decreased protein content either by

killing cells or prevent proliferation (Figure 2-24C).

The ESD3 derived cardiomyocytes were observed for contractile activity on day
10, 11 and 12 following retinoic acid exposure. There was a significant
difference observed for contractile activity after the addition of retinoic acid
(Figure 2-24D). This is caused by a complete cessation of stem cell
differentiation to cardiomyocytes at all RA concentrations tested. The graph of
resazurin reduction assay showed that the available cells exposed to RA 5uM

or above produced significantly less resorufin than control (Figure 2-24E). Total

78



Chapter 2

protein content analysed data of the RA exposed cultures showed a significant
reduction at all tested concentrations compared to controls (Figure 2-24E). It
was observed that treated EBs size was subtle in comparison to control and
only slightly expanded after culturing which was the reason behind the

significant reduction in cell activity and protein content.
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Figure 2-24: The effects of retinoic acid on MM and ESD3 systems

(A) Effects on contractile activity in MM system, (B) effects on cell activity in MM
system, (C) effects on total protein content in MM system, (D) effects on contractile
activity in ESD3, (E) effects on cell activity in ESD3 and (F) effects on total protein
content in ESD3. * or (a) p<0.05, ** or (b) p<0.01, *** or (c) p<0.001 and ****
or (d) p<0.0001 vs. control. Three independent repeats were performed, (n=3).
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2.3.4.3 The effects of sodium valproate
Four sodium valproate (VPA) concentrations (100, 300, 750 and 1500 pM)

were tested in MM system. The cultured beating chick cardiomyocytes were
treated after 24h of seeding. The cultures were recorded for their contractile
activity at 24h, 48h and 144h post-seeding. It was noticed that scoring was
decreasing in a dose dependent manner until it becomes significant at 750 and
1500uM VPA on both 48h and 144h (Figure 2-25A). The addition of VPA to MM
cultures caused chick embryonic cardiomyocytes to convert a significantly less
amount of resazurin into resorufin at all tested concentrations due to cells
being less active compared to controls (Figure 2-25B). In contrast, chick
embryonic cardiomyocytes exposed to VPA did not have a significant decrease
in total protein content after 120h VPA exposure (Figure 2-25C). However, the
graph of the kenacid blue test shows that there was an apparent non-
significant increase in protein content in VPA dose-dependent trend

(Figure 2-25C).

The same VPA doses (100, 300, 750 and 1500uM) were tested in differentiating
cardiomyocytes in the ESD3 system. The toxic effect on contractile activity,
i.e. differentiation process, was evident and significant at all doses tested
except at 100pM where the contractile activity was reduced insignificantly in
comparison to controls (Figure 2-25D). The declining trend was evident for
resazurin cell activity with increased dose until it becomes significant at the
highest VPA dose (1500uM) (Figure 2-25E). The highest two tested
concentrations (750 and 1500uM) showed a significant decline in total protein
content of exposed ESD3 cultures compared to controls (Figure 2-25F). This

was backed up by observation of the cultures where little EBs were obtained
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and cultured after (750 and 1500uM) VPA treatment, and very slightly

expansion on the plate was evident.
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Figure 2-25: The effects of VPA on MM and ESD3 systems

(A) Effects on contractile activity in MM system, (B) effects on cell activity in MM
system, (C) effects on total protein content in MM system, (D) effects on contractile
activity in ESD3, (E) effects on cell activity in ESD3 and (F) effects on total protein
content in ESD3. * or (a) p<0.05, ** or (b) p<0.01, *** or (c) p<0.001 and ****
or (d) p<0.0001 vs. control. Three independent repeats were performed, (n=3).
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2.4 Discussion

The evaluation of MM and ESD3 systems was essential to make certain they
are reliable and consistent or reproducible. In this Chapter, the MM and ESD3
protocols of cardiomyocyte differentiation were evaluated with chemical free
cell density experiments and exposure experiments for some known protective
agents and teratogens. This was necessary before commencing the herbal
components study (Chapter 3). The cultures in each system were verified to
contain cardiac myocytes by staining them with cardiomyocyte marker (a-

actinin).

The recently developed chick embryonic cardiomyocytes MM system has some
advantages in the field of developmental toxicology. The cardiotoxic effects of
test chemical are investigated without maternal drug metabolic interference or
placental chemical bioactivation or inactivation while pre-determined chemical
concentrations can be directly delivered to the culture at any stage [243]. The
cardiomyocyte density optimisation experiment was performed in the MM
system to observe cell communication and redifferentiation, in terms of the re-
establishment of contractile units at different cell densities. Decreasing the cell
density from 4x10° cell/mlto 0.5x10°8 cell/ml was accompanied by a decrease
in contractile activity scoring but also there was a declining trend in cell activity
and total protein content. However, the optimum cell density was found to be
3x10° cell/ml, where the cells appeared to be in harmony and beating foci are
distinguishable with the absence of crowded sheets which appeared at 4x10°

cell/ml or clumps which appeared 2x10° cell/ml or less cell.
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Mouse ESD3 derived cardiomyocytes have been confirmed to express the same
signal molecules, transcription factors and differentiation regulated genes as
those discovered in in vivo early cardiogenesis [244]. Therefore, the system
has been considered very reliable to study heart embryotoxicity.
Cardiomyocytes derived from ESD3 are efficient resources used to study
cardiac development and teratogens. However, this had to be optimised in the
laboratory to assure the reliability and consistency of the experiments. The
hanging drop technique was employed in order to produce 3D aggregates
which are termed EBs. This EBs-producing technique has been widely utilised
to differentiate ESD3 to cardiomyocytes [245]. The starting number of
embryonic stem cells in the EBs has been ranked as a first factor which has
effects on the cardiomyocytes differentiation [244]. Additionally, other factors
have been mentioned such as media, FBS, growth factors, additives, ES cell
lines, and the time of EB plating. The results of cell density optimisation
exhibited an expected declining pattern in cell activity and protein content with
the cell humber reduction. This may be because the size of EBs reduced with
the reduction of cell density. Interestingly, this did not match with the
contractile activity (differentiation potential) pattern observed where the both
extreme densities (16 and 2x10* cell/ml) showed fewer differentiation events
than the mid densities. The results were comparable to Chen et al. findings in
2011 where three cell densities of mouse embryonic stem cell have been
studied, 400, 1000 and 4000 cell per 30ul (which are approximately 1.35x10%,
3.3x10% and 13.5 cell/ml). The Chen study investigated EBs beating at several
time points and found the number of beating EBs on day 14 (two days more

compared to this study-day12) showed no significant difference between the
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400 group (lowest) and the 4000 group (highest). The 1000 group (the nearest
to 4x10* cell/ml in this study) had a higher percentage of contractile foci
compared with the other groups [245]. The cell density of 8x10* cell/mlshowed
some ‘erratic’ EBs formation with high differentiation ability. In conclusion, the
optimal cell densities that have been chosen for MM and ESD3 systems for
testing the chemicals in this thesis were 3x10° cell/ml and 4x10* cell/ml,

respectively.

Treatment with folic acid, ascorbic acid or superoxide dismutase in chick
embryonic and mouse embryonic D3 stem cell-derived cardiomyocytes did not
show any alterations in contractile activity, cell activity and total protein

content at all concentrations used.
< Folic acid

The association between maternal folate supplementation and CHDs has been
studied clinically, in vivo and in vitro. Feng et al. in 2015 showed by a meta-
analysis that maternal folate supplementation is associated with a significantly
decreased risk of CHDs [246]. The effect of periconceptional folic acid-
containing multivitamin supplementation on CHDs was studied in a Hungarian
population-based case control which included 22,843 cases of different
congenital abnormalities. The study concluded that pregnant women who were
supplemented with folic acid have shown significant reduction in the risk of
development of CHD [247]. Mao et al. (2012) studied the in utero effect of
5mg FA per day on fetal cardiac, hepatic, and renal functions, during the third
trimester of gestation in ewes. They concluded that FA did not trigger
biochemical changes related to cardiac, hepatic, and renal functions in both

maternal and fetal sheep [248]. A murine study showed that maternal FA
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deficiency increased the incidence of heart birth defects in embryos [249].
However, one study has investigated the effect of high FA dose in mice,
40mg/kg that is 20 fold more than normal dose. The study suggested that FA
deficiency may lead to growth retardation and birth defects particularly thinner

ventricular walls in embryonic hearts [250].
% Ascorbic acid

Ascorbic acid as an important antioxidant molecule in extracellular fluids was
also tested in the MM and ESD3 systems. Due to the fact that chick embryonic
hearts were explanted on day 5 of incubation, it is unlikely for AA to be
synthesised at this stage as its synthesis starts on day 8 onwards of
development in the yolk sac membrane [251]. Therefore, the addition of AA to
embryonic cardiomyocyte is not expected to be harmful, if not advantageous,
due to its role in the embryonic tissue development. The results were in
accordance with several studies in that AA shows no deleterious effects on fetal
development. Hossein et al. (2007) demonstrated that adding AA to in vitro
fertilised gilt follicles has improved blastocyst formation and elevated the
number of cells in the blastocyst depending on exposure time and
concentration [252]. AA was also found to act as a potent supplement that
enhances embryonic cardiomyoblast survival or induces induced pluripotent
stem cells to improve cardiomyocyte differentiation in vitro [253,254]. Further,
AA has rescued fibroblast growth factor receptor 1 gene knockout murine
embryonic stem cells, a condition that leads to impair cardiomyocyte
differentiation, and enables contractile cell differentiation [255]. Rumbold et
al. in 2015 have published a paper which was entitled ‘Vitamin C

supplementation in pregnancy’ endeavouring to evaluate AA efficacy and
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safety in pregnancy [256]. Cochrane Pregnancy and Childbirth Group's Trials
Register in Australia was employed to collect and analyse the data. Whilst the
data revealed that AA supplementation showed no substantial evidence of any
damaging or beneficial effects, further studies to evaluate its role in pregnancy

have been suggested [256].
% Superoxide dismutase

Besides AA, several other antioxidant enzymes, such as superoxide dismutase,
catalase and glutathione peroxidase, also act as antioxidants throughout
embryonic development [257]. SOD is slightly expressed at various levels in
different embryonic tissues including the heart which has comparable SOD
activity to other tissues [257,258]. Despite the fact that there is no study which
has investigated SOD expression for the whole chick embryonic development
period, it is improbable that SOD addition to 5-day old chick heart cells would
affect differentiation and development because it has been confirmed to be
expressed at least after this stage. In accordance with our study, Shaikh
Qureshi and co-authors (2014) have shown that addition of 2uM of SOD to
chick embryonic heart MM and ESD3 cells alter no end points measured [259].
On the contrary, another study has demonstrated that MnSOD but not
CuzZnSOD plays a role in stabilizing the turnover of pluripotent proteins (Oct4
and Nanog) at the post-translational level by modulating (inhibiting)
proteasomal activity via an STAT3 mediated pathway; this inhibition resulted
in the self-renewal of mouse ESD3 and fewer stem cells being differentiated
[260]. However, the study did not specify the effect of addition SOD to
differentiating stem cells or to which extent extrinsic SOD can prevent the

ESD3 from being differentiating to cardiomyocytes.
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With regards to the teratogens (ETH, RA and VPA), their teratogenic effects
were revealed on exposed cultures in the MM and ESD3 systems. The results
showed a dose-dependent declining trend for the end points utilised

(contractile activity, cell activity and protein content) in both systems.
< Ethanol

For ETH, the association of intrauterine alcohol exposure and CHDs has been
reported in several studies. Pan et al. (2014) investigated the effect of alcohol
consumption during gestation in mice. They found that a single dose of 56%
(v/v) alcohol (10 ul/g/d) by gavage every morning from embryonic day 7.5 to
15.5 had led to alteration of the expression of some heart development-related
genes, such as Gata4, during cardiogenesis which could be linked to CHD
[261]. In agreement with the findings reported here in ESD3, Worley et al.
during 2015 showed that as low as 0.3% (v/v) ETH (equivalent to 3ul/ml) for
11 days significantly reduced cardiac differentiation. They proposed that this
happened by decreasing the fraction of mouse ESD3 cultures containing
beating foci (contractile activity), and this was accompanied by a significant
decline in cell numbers [262]. ETH exposure was also found to delay the
normal decline of Oct4 expression (undifferentiation gene) for mouse ESD3
throughout differentiating stages at applied concentration of 0.25% (v/v)
(2.5ul/ml) for 7 days which in turn had led to an interruption in the
cardiomyocyte differentiation process [263]. Whether relatively low doses of
ETH can affect cardiac development, Nguyen et al. during 2014 reported that
low doses of intrauterine exposure of ETH did not alter cardiomyocyte growth-
related genes in rat offspring in their first few weeks after delivery. However,

this has been harmful and caused several cardiac defects such as left
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ventricular hypertrophy, cardiac fibrosis and reduced in aortic flow velocity
with eight-month-old offspring [264]. As such, ETH has detrimental effects on
both differentiating and growing cardiomyocytes and its toxic mechanisms

would be further discussed in the next Chapters.
< Retinoic acid

Likewise, RA at the tested concentrations (5-40uM) has been damaging to the
growing or differentiating cardiomyocytes in MM and ESD3, respectively. It has
been confirmed that RA is essential for the patterning and development of the
heart. Further, embryos with RA signalling attenuated showed several cardiac
phenotypes suggesting multiple roles for RA in cardiogenesis [265]. However,
Drysdale et al. (1997) studied the effect of addition 1uM RA to Xenopus laevis
embryos and their explanted cardiomyocytes. The study has shown that RA
effects on heart looping and gene expression and led to blocking of cardiac
differentiation and developing a contractile tissue [266]. Interestingly, it has
been confirmed that 0.01 and 0.001uM RA resulted in an increase the level of
cardiac myosin heavy and light chain mRNA in embryoid bodies in early
developmental stages. This had led to conclude that RA at very low doses
accelerates cardiac differentiation particularly towards ventricular-like

cardiomyocytes [267].
% Valproic acid

VPA has been employed as a positive control in several previous studies where
the same in vitro systems have been utilised [268,44]. VPA effects at the
concentration range 100-1500uM in chick embryonic heart cells and stem cell-

derived cardiomyocytes were slightly different compared with ETH and RA. In
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the MM system, VPA mainly reduced the contractile and cell activities of the
culture but did not alter the protein content which renders VPA to be classified
as mild to moderately embryotoxic instead of a cytotoxic drug with relation to
its effect on growing cardiomyocytes. The decrease in cell activity observed in
MM could be because VPA disturbed mitochondrial redox status which
decreased the enzymes required to reduce resazurin to resorufin (cell activity
indicator). However, dose-dependent declining pattern for all endpoints
employed particularly the inhibition of cardiomyocyte differentiation even at
therapeutic levels (350-1162uM) [269] was observed in the ESD3 system
which means VPA should be prescribed with caution for women planning for
pregnancy. Also, reduced protein content in the ESD3 system at the highest
tested concentration (1500pM) was observed due to reducing the size of
exposed EBs compared to untreated group. These findings are to some extent
consistent with Ahir et al. results published in 2014. In their study, VPA was
used at a range of 100 to 2000uM using the same in vitro systems and
observed reduced cell beating in MM and declined cell differentiation in ESD3
with no effect on total protein content or cell activity [269]. Additionally, Na
and co-workers (2003) also reported that VPA (100-1000uM) retarded the
cardiac cell formation and differentiation of stem cell EBs dose-dependently
without cytotoxicity being detected [270]. With regards to in vivo studies, it
has been shown that 600 and 800mg/kg (15x and 20x human dose) caused
cardiac anomalies which consisted of great vessel malformations which might

be accompanied by ventricular septal defects in treated rat embryos [271].

Finally, it is important to remember that the cultures in both systems inevitably

contain some other cell types in addition to the majority of cardiomyocytes;
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the possibility cannot be fully ignored that teratogens used are damaging
myocardial development by altering another tissue. Herein it was shown that
the systems are highly reliable in terms of their sensitivity to developmental
toxicants. Consequently, these two in vitro systems are now applicable to
investigate the embryonic cardiotoxic potential of some new phytochemicals

using the same biochemical end points in addition to some molecular assays.
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3 Chapter three - Evaluation of
embryotoxicity for commonly used
herbal components using the chick

embryonic heart micromass and mouse

D3 embryonic stem cell systems

3.1 Introduction

Congenital heart defects are considered a leading cause of postnatal
loss; almost one out of 100 newborns are estimated to be affected directly,
but at present the exact causes of these defects are yet to be specified [11,12].
The difficulty and complexity of collecting human paternal or maternal
exposure data have made animal models for cardiac developmental defects
become an important tool for understanding, detecting and isolating different
cardiac teratogens [13]. The embryotoxicity of thousands of chemicals
marketed each year must be tested for their developmental toxicity according
to European legislation [43,272]. The use of herbs as medicines effectively
began at the start of history itself [91] but has now been extended to become
an ‘optimal choice’ to treat various kinds of illnesses in different parts of the
world [92,93]. It has been shown, by several studies, that frequently pregnant
women have chosen to consume various herbal preparations for different
purposes during their pregnancy [94]. Despite their increasing popularity, few
herbs have been tested for their effects on the development of the embryo

[273]. Moreover, a literature review into the safety of 4 herbs commonly
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consumed in pregnancy (ginger, chamomile, peppermint and lemongrass)
found that 34% of sources analysed deemed these herbs to be unsafe. More
confusingly the information on the safety of each herb varied from paper to
paper [274]. Further research, by Da Silva Costa et al. in 2012, has also
performed a database search and shown the wide range of adverse effects
from a greater spread of medicinal herbs [275]. For this reason, the
investigation of herbal supplements is imperative, not only for evidence of
beneficial effects but primarily to ensure their safety for the developing

embryo.

3.2 Herbal extracts

3.2.1Ginger and [6]-gingerol

Ginger (Zingiber officinale Roscoe) has acquired an excellent reputation as an
herbal remedy for treating many conditions including morning sickness, which
affects about 80-90% of pregnant women [276-278], and it is widely used in
the Asian kitchen as a cooking additive as well [276,277]. Unfortunately, the
safety of using this herb during pregnancy has not been proved, compared
with much evidence about its clinical effectiveness [277]. At the
commencement of the 21st century, it was declared that there were not
enough studies that investigated the risk of ginger to fetal development [279].
The safety of ginger regarding the development of the fetus still needs more
work, as there is a lack of agreement about this issue among different
countries. For example, in the USA, ginger has been considered as “Generally
Regarded as Safe”, whereas in other countries like Germany and Denmark, it

was recommended to avoid ginger during pregnancy [277,280].
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Ginger contains many phenolic compounds collectively known as gingerols
[281] (Figure 3-1A). The pungent bioactive constituent of ginger has been
shown to be 6-gingerol (6G) [282], which plays a role in counteracting
vomiting conditions [283-286]. 6G has been shown pharmacokinetically to
distribute to nearly all human tissues, particularly the gastrointestinal tract,
and to have a terminal half-life up to 1.7 hours in rats after an oral dose of
120mg/kg [287,288]. In contrast, Ding et al. (1991) have found that terminal
half-life of 6G after an intravenous dose of 3mg/kg in rats was 7.23 minutes
with 92.4% protein binding [289]. 6G exerts several pharmacological actions,
including anti-inflammatory, antioxidant and anticancer effects, by interfering
with a variety of cellular pathways, such as the cell cycle and programmed cell
death, and it also has cytotoxic properties [281]. Nevertheless, a few recent
studies mentioned gingerol as having fetus-protective effects against well-
known teratogenic compounds and/or conditions. Using the whole embryo
culture technique, the results indicated that gingerol might protect the fetus
from anomalies by its antioxidant effect via increasing superoxide dismutase
(SOD) activity [290,291]. The concern about the teratogenic potential of 6G
was raised as a result of its effect on some essential embryonic developmental
processes, such as angiogenesis. This was confirmed by its ability to inhibit the
proliferation and tube formation of primary cultured human endothelial cells
by downregulation of cyclin D and also to inhibit tumour growth in mice through
its anti-angiogenic activity [292]. Furthermore, it can induce apoptosis and/or
DNA mutation in different tumour cell lines [293-295] and decrease cell
migration and motility in a dose-dependent manner in a human breast cancer

cell line [296]. It can also arrest the cell cycle and halt the proliferation of
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cancer cells [297]. Hence, congenital malformation becomes a concern during
the organogenesis period of the first trimester, where ginger might be taken
to relieve morning sickness. However, the safety profile for ginger is still
indistinct, and evidence-based data on the safety of use during pregnancy is
limited [298]. Indeed, until recently, only one study was performed to assess

specifically the safety of ginger use during human pregnancy [299].

3.2.2Ginkgo biloba and ginkgolides

Ginkgo biloba is considered as one of the oldest herbal species in the world
[127]. Ginkgolides are diterpene trilactones of the maiden hair tree, Ginkgo
biloba. The two main active components of ginkgo biloba extract are ginkgolide
A (GA) and ginkgolide B (GB) [300] (Figure 3-1B). Ginkgo leaves have been
used for a long time in traditional Chinese medicine. It has been reported that
its extract exhibits antibacterial, antitumor, antiviral, antiparasitic and
antifungal activities [301]. Nowadays usage utilises extracts of the leaves for
the treatment of cerebrovascular and peripheral vascular disorders, symptoms
associated with cognitive decline and neurosensory impairments that may be
linked to dementia, aging, and senility [302]. Ginkgolides can augment cellular
energy and enhance tissue perfusion by the capillaries [303]. Moreover,
Ginkgo biloba extracts have been shown to inhibit B-amyloid accumulation-
induced apoptosis by inhibition of caspase 3 activation [304]. On the contrary,
other reports concerning oral cavity tumor cells have shown pro-apoptotic
characteristics of Ginkgo biloba extracts through activation of the caspase 3
enzyme system [305]. In spite of their extensive clinical uses, there is a lack
in their safety profile, including their effects on the developing conceptus

[306]. Different medical organisations recommend the avoidance of Ginkgo
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biloba during gestation, as more studies are required to investigate its

reproductive and developmental toxicity [307,308].

3.2.3 Ginseng and ginsenoside Rgl

Ginseng is said to be one of the most valuable herbs that improve general well-
being, and it is extensively used in traditional Chinese medicine as discussed
by Leung (2013) [309]. There are different ways in which Ginseng can be
ingested, such as in the diet or as medicines, as well as nutritional and/or
health supplements [310] and, thus, different forms could be registered for
safety investigations. Ginseng is widely used among preghant women, whether
the Asian (Panax japonicus), American (Panax quinquefolius), Siberian or
Ashwagandha (Indian Ginseng) type of ginseng, but the possible embryonic
cardiotoxicity effects are of concern because Ginseng has cardiotonic and Ca*?
elevation characteristics [311]. Ginsenosides are dammarane triterpene
saponins and are categorized by structure into two groups, the
protopanaxatriol-type (ppt G-Rgl) (Figure 3-1C), and the protopanaxadiol-
type (ppd G-Rb1l) [312]. Ginsenoside Rgl (G-Rg1l) is believed to be one of the
most active ingredients in ginseng, and it has multiple beneficial bioactivities.
These particularly are neuroprotective, hypolipidaemic, anti-oxidant and anti-
inflammatory activity, with little toxicity reported in both human and animal
species both in vivo and in vitro [313-315], although there are limited data
available about its impact on fetal growth and its embryotoxic effects as

discussed by Liu et al. (2006) [316].
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3.2.4 Chamomile and a-bisabolol

Chamomile (Matricaria recutica) has been commonly used in the Western world
for many centuries. The multiple ways to administer chamomile have led it to
be used as an anti-inflammatory, antiseptic, antispasmodic, anxiolytic
and sedative but also to soothe external rashes such as diaper rash or chicken
pox [114]. It is chamomile’s effect as an anxiolytic [317] and anti-emetic that
promotes its use in pregnancy [318]. a-Bisabolol (bisabolol) is the most
abundant molecule in the essential oil (Figure 3-1D). Chamomile as a whole
herb is attributed with anti-inflammatory properties, the potential ability to
inhibit tumour growth and to reduce the risk of death from coronary heart
conditions in certain subjects, as well as the capacity to relieve colic/diarrhea
especially in infants [318]. Taken as a single ingredient tea, it has been used
as an anxiolytic and sedative [114], with a randomized placebo-controlled pilot
trial concluding it to have mixed and modest effects on both mild to moderate
insomnia and mild to moderate generalized anxiety disorder (GAD). However,
toxicity of bisabolol has been reported at high levels. The dose that kills 50%
of treated animals (LD50) was determined to exceed 5g/kg in rats dependent
on sex [319]. The pro-apoptotic effects of bisabolol also suggest them to be
protective molecules against tumour cells. However, cascade pathways
induced by apoptogenic stimuli may result in either the survival or death of the

targeted cell with the potential to cause embryonic maldevelopment [320].
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3.2.5 Holy basil and eugenol

Holy basil (Ocimum sanctum, OS), whilst lesser known in the Northern
hemisphere, is an herb used in traditional medicine in the eastern world. It is
credited with a whole range of pharmacological characteristics such as
antimicrobial activity, hypoglycemic and hypolipidaemic activity, anti-stress
activity, immunomodulation, psycho-pharmacological activity, antioxidant,
anti-inflammatory, anticancer activity and radio protective activity [321].
Eugenol is one of the main active ingredients in OS (see the chemical structure
Figure 3-1E). It has been pharmacologically shown in animals that eugenol is
quickly distributed throughout the body and has a lethal dose (LD50) of
1930mg/kg if orally consumed in rats [322]. It plays a major role in the anti-
stress and antioxidant activity of holy basil [113] but is found in multiple plants
including those readily added as flavourings to be ingested - cloves, cinnamon,
nutmeg, basil (sweet, African and Holy), star anise, dill, vanilla, bay laurel and
celery. One study, investigating the anti-stress activity of eugenol, has
concluded that the mechanism of reducing restrained stress in rats is by its
modulatory effect on the hypothalamus (H), pituitary gland (P), and adrenal
gland (A) association communication, or the HPA axis, which is involved in
regulating hormones such as cortisol, and the brain monoaminergic system
(BMS). The modulatory effect results in a decrease in corticosterone and 5-HT
levels in the brain [323]. It has been reported that stress hormones provoke
symptoms such as a headache, fatigue, muscle pains, nausea and vomiting in
pregnancy [324]. Therefore, if eugenol can suppress these hormones,
theoretically eugenol can be effective in reducing some common pregnancy

symptoms.
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This set of experiments was conducted to investigate the possible embryotoxic
potential of six active phytochemicals (6G, GA, and GB and G-Rg1, bisabolol
and eugenol), which might be taken by women in the early stages of pregnancy
for various conditions. This was performed by monitoring cardiomyocyte
differentiation, cell viability, and total protein content (total cell number) for
chick embryonic cardiomyocytes and ESD3 cultured in vitro. The former
system was used to investigate the test phytochemicals with respect to
growing differentiated chick embryonic cardiomyocytes, and the latter was
utilised to test their role in preventing or changing stem cell differentiation to
cardiomyocytes. Accordingly, it is possible to see effects on one system, but
not the other. According to their effects on the end points, the tested herbal
components may be classified as safe, teratogenic or cytotoxic. An ingredient
was considered cytotoxic when the total protein content in the treated cultures
was significantly lower than the control since this would be indicative of a non-
specific toxic effect. Moreover, the ability of chemicals to decrease the cellular
activity and especially contractile activity could indicate more specific potential
harmful teratogenic effects. However, contractile activity is indicative of
cardiomyocyte differentiation, which could be altered even when a teratogen

will not modify other endpoints.
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Figure 3-1: Chemical structures for tested herbal components
(A) [6]-gingerol, (B) ginkgolide A -R1 and R2=H, ginkgolide B-R1=0H and R2=H,
(C) ginsenoside Rgl, (D) a-bisabolol and (E) eugenol.
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3.3 Materials and methods

3.3.1Herbal ingredients

The herbal ingredients were dissolved in dimethyl sulfoxide (DMSO) (6G, GA,
GB, G-Rgl- Sigma-Aldrich, UK) or ethanol (a-bisabolol and eugenol-Sigma-
Aldrich, UK). These were then serially diluted from their stock concentrations
to the working concentrations in MM Dulbecco’s Modified Eagles culture
medium (DMEM) or ESD3 differentiation DMEM: 6G (0.75-100uM); GA (25-
2000nM); GB (12.5-1000nM) and G-Rgl (0.0625-10uM); a-bisabolol (0.01-
80uM) and eugenol (0.01-80uM). The herbal ingredient concentrations
corresponded to plasma levels in pharmacokinetic studies, see Table 3-1 [325-
328] and Sections 3.3.1.1 and 3.3.1.2 for bisabolol and eugenol concentrations

calculations.

Commonhy
Mode of

awvailable forms

| administration |
| | on the market

Ginger extract Tablet, capsule,
e-Gingerol 37 Human 0.85ug/ml
capsules contain Single oral dose bread, spices, tea
MW 294 39 Pls (= 2.88 pM)
100ma-2ag and lozenges.
Ginkgo biloba extract Tablet, cap=sule,
Ginkgolide A 37 Human 3.62 ngiml
tablets contain Single oral dose tea, injection, and
MW 40840 Pks {= 88.6 nM)
298-1571 pg GA SYTLUR.
Ginkgo biloba extract 1.38 ng/ml Tablet, capsule,
Ginkgolide B 1322 Human
tablets contain Single oral dose = 32.51 tea, injection and
MW 424 .4 PKs
147-83% pg GB nk) SYTUD.
Pure Ginsenoside Rgl 1134.4ng/ml
administered at {= 14.00
Ginsenoside Capsules, tea,
150ma/kg pMy
Rg133s328) Single oral dose | Rat PKs gel, shampoo and
Pure Ginsenoside Rgl 0.9 pgSml
MW 801.01 injection.
administered at {=1.1236
150mag/kg py

Table 3-1: Pharmacokinetic studies as references for 6G, GA, GB and G-
Rg1 concentrations

The data base does not include any pharmacokinetic study for bisabolol and
eugenol. These were calculated with some assumptions based upon the available
data.
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3.3.1.1 Bisabolol — concentration calculations

Whilst there is little research into the pharmacokinetics and dosage of
bisabolol, its state as a volatile compound leads to the conclusion that it is
readily absorbed when consumed orally. A randomized placebo-controlled pilot
study into the use of chamomile as a treatment for insomnia used a daily
regimen of 6x90mg of chamomile extract taken in capsular form. The
University of Michigan Investigational Drug Service concluded that per 90mg
of chamomile extract there is 1.8mg of bisabolol [7], although how this relates
to chamomile brewed as a tea, or capsules containing higher purity doses is
unknown. With regards to chamomile brewed as a tea, the advised method for
creating the hot drink is to steep 2 teaspoons of dried flowers in hot water for
5 minutes, after which 10-15% of the essential oil would have entered the
consumable liquid [8]. In order to relate this to a plasma level, some
assumptions need to be made so this can be estimated. The range of
concentrations was calculated assuming 1000mg chamomile (20mg bisabolol)
was completely dissolved in 5 liters blood of a 70 kg pregnant woman.
Therefore, the theoretically predicted blood level of bisabolol that has 222.37
Dalton molecular weight might reach up to 18uM. Due to the lack of precise
data as to the possible peak blood level after ingestion, a wide range of
concentrations of bisabolol was tested. The initial investigations used a wide
range of concentrations of bisabolol (0.01-80uM), after being dissolved in
ethanol. The maximum safe concentration, 1uM, was selected alongside the
highest concentration, 80uM, to monitor the EBs size and culture morphology.

The ethanol concentration was kept around (0.08 % - 15 times less than the
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minimum tested concentration of ETH 12.5ul/ml in Chapter 2) for treated and

untreated cultures in bisabolol experiments.

3.3.1.2 Eugenol - concentration calculations

As there are no clinical pharmacokinetic studies to relate the plasma levels of
eugenol directly, concentrations derived from in vivo studies were utilized. The
suggested dose for holy basil is 800-1000mg daily. From studies, holy basil
contains 18% essential oils of which 70% is eugenol [329]. Thus, from a dose
of 1000mg holy basil daily, a consumer will be taking 126mg of eugenol daily.
A pharmacokinetic study on rats with an oral dose of 40mg/kg eugenol has
shown a maximum concentration in the blood of 0.27ug/ml or 1.64uM eugenol
[330]. By using human equivalent dosage (HED) conversion [331], dividing
the rat dose factor (6.2) [331] to a rat dose (40mg/kg), hence, a rat oral dose
of 40mg/kg is equivalent to a human oral dose of 6.4mg/kg eugenol — 448mg
eugenol in an average 70kg woman, which is much higher than 126mg eugenol
daily. This suggests that the maximum blood concentration of an average
consumer taking 1000mg holy basil daily will not exceed 1.64uM, and the
predicted blood concentration of 126mg eugenol is almost 500nM, overlooking
the differences between rat and human physiology. Therefore this study
investigated a broad range of concentrations of eugenol surrounding 1.64uM,
from 0.01uM up to 80uM, assuming free crossing of the placental barrier, as
well as taking into consideration the pharmacokinetic differences between
species. Eugenol was dissolved in ethanol then diluted into either MM or ESD3
medium in the concentrations of 0.01-80uM to be delivered to chick embryonic
cardiomyocytes and mouse stem cell-derived cardiomyocytes, respectively.

For EBs/culture microscopic imaging, only two concentrations were tested,
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0.01pM (which was the eugenol concentration where no effect appears at all
endpoints in both systems) and 80uM the highest test concentration. The final
ethanol concentration was kept as low as (0.03% - 40 times less than the
minimum tested concentration of ETH 12.5ul/ml in Chapter 2) for treated and

untreated cultures in eugenol experiments.

3.3.2Primary embryonic micromass preparation

3.3.2.1 Preparation of MM growth media

For the MM embryonic cardiomyocyte culture medium, 10% (v/v) heat
inactivated FBS, 50 U/ml penicillin, 50pg/ml streptomycin were added to 500ml
DMEM. After preparation, the medium was kept in a refrigerator (4°C) and

utilised for no more than two weeks. Fresh 2mM L-glutamine was added to

each 50ml of medium prior to use.

3.3.2.2 Micromass chick heart embryo protocol

MM culture was described in more details in Chapter 2, Section 2.2.1. The
material being tested was prepared in double the required concentration in
500ul culture medium and added after 24h (making the total volume of culture
medium 1000pul). The plate was scored again after 24h of treatment (48h of
culture), and after 120h of treatment (144h of culture). The same solvent

proportion was maintained in all wells, including the control, for all repeats.
3.3.3 Mouse D3 embryonic stem cells hanging drop preparation

3.3.3.1 Preparation of ESD3 growth media
For mouse embryonic D3 stem cell medium, 0.1mM B-mercaptoethanol, 20%
(v/v) FBS, 50units/ml penicillin, 50pug/ml streptomycin, 2mM L-glutamine, and

1% (v/v) NEAA were added to 500m| DMEM. After preparation, the medium
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was kept in a refrigerator (4°C) and utilised for no more than two weeks. 2mM
L-glutamine was added freshly on an experimental day for each 50m| medium.
1000U/ml LIF was added to passaged cells to maintain the pluripotency, but it

was removed since day 0 of ESD3 procedure to allow cell differentiation.

3.3.3.2 Mouse D3 embryonic stem cell differentiation protocol

The procedure was described earlier, and more details are available in Chapter
2, Section 2.2.2. The same chemical concentration and environment were

maintained from day O to day 12.

3.3.4 Endpoint measurements

The same endpoints in Chapter 2, Section 2.2.3 were performed in this study
to determine the effect of phytochemicals on the embryonic cardiomyocytes.
Additionally, the effect on MM cultures and EBs formation before and after

cultivation was imaged in this Chapter.

3.3.4.1 Cardiomyocyte differentiation assessment

The beating foci were recorded manually in both systems with the aid of an
inverted light microscope. The score was progressively decreased when the
number of beating foci dropped in a range between 3 and 0 for no contractility,
Table 2-1. For each experiment, both untreated and treated cells were seeded
on the same plate. For more details see (Chapter 2, Section 2.2.3.1). The
morphology of EBs (formation and size) at day 5 of the ESD3 system was
monitored but also at day 12 after their cultivation to examine their speed of

proliferation.

107



Chapter 3

3.3.4.2 Resazurin-Cell activity assay

Resazurin (Alamar Blue dye) is a non-toxic non-fluorescent substrate, which is
used to measure the activity of living cells by yielding a strongly fluorescent
pink reagent (resorufin) after its reduction by viable cells [332]. The procedure
was described in details in Chapter 2, Section 2.2.3.2. The obtained values
were plotted on the standard curve to obtain the actual resorufin values,

Section 2.2.3.3.

3.3.4.3 Kenacid Blue (protein content) Assay
This assays total cellular protein by quantifying the uptake of the dye kenacid

blue [333]. The protein content could be considered as a useful endpoint to
establish whether toxicity results from modifying differentiation, proliferation
or causing a decrease in cellular protein expression [242]. The detailed
procedure and solutions components are mentioned in Chapter 2,
Section 2.2.3.4. The raw values were converted to actual protein content by

employing the kenacid protein standard curve, Section 2.2.3.5.

3.3.5 Statistical analysis

Raw data was collated in Microsoft Excel (2008, Version 12.2.0). Three
independent repeats (n=3) were performed for each experiment with at least
four technical repeats per each. The data was imported into GraphPad Prism
software (Version 6.0, August 5, 2014) for statistical analysis. For non-
parametric data - cellular scoring morphology - a Kruskall-Wallis and post-hoc
Dunn’s test were used and mean £ SEM were computed. For parametric data
- resazurin and kenacid blue assays - the data was analysed using one-way

ANOVA test, with a post-hoc Dunnett’s test. For resazurin and kenacid blue
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assays, the percentage of means was presented with considering the control

as 100%. P<0.05 was considered statistically significant.

3.4 Results

3.4.1Effect of [6]-gingerol

At low to moderate concentrations (0.75uM-6uM), 6G-treated primary
embryonic chick cardiomyocytes showed no significant changes in contractile
activity, cellular activity or changes in total protein content in comparison to
the control (P>0.05) (Figure 3-2A, B and C). At 6G concentrations of 12.5-
100uM, inhibition of contractile activity was significant (P<0.05) at 48h -except
at 100pM- and 144h in comparison to control (Figure 3-2A). All high 6G
concentrations, 12.5-100uM, tested in MM, significantly altered (p<0.05) both
the cellular activity and protein content in a dose-dependent manner
(Figure 3-2B, C). At 144h, the cultures of control, 3uM and 100uM have been
imaged to observe the changes within the cultures. Although 3uM did not show
microscopic changes to the culture, 100uM 6G prevented cardiomyocytes from
maintaining a confluent status by causing a cell-absent zone to appear in the

middle of the culture (Figure 3-3A, B and C).

The same concentrations (0.75uM-100uM) of 6G were used in the ESD3
system, which showed a significant (p<0.05) decrease in cardiomyocyte
differentiation for all tested concentrations except 0.75uM (Figure 3-2D).
Furthermore, the cellular activity and protein content of stem cell-derived
cardiomyocytes followed the same pattern of significant decrease with
increased 6G concentration exposure (Figure 3-2E and F). There was a slight

anomaly with 6uM concentration, where the morphological score showed
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almost no differentiation on day 10 and 11, although there was a small amount
of differentiation evident on day 12 (Figure 3-2D). This was paralleled by
somewhat greater effects on the other endpoints. The 5-day-old EBs size was
monitored at both 0.75uM and 100pM 6G treatments to compare them with
the control. The EBs were followed up even after they were being plated up
until day 12 of the protocol where images have been taken at that point. At
0.75uM 6G, there was very mild decrease of EB size but its culture at day 12
showed normal cell proliferation (Figure 3-3E and H) in comparison to the

control (Figure 3-3D and G). However, EBs treated with 100uM 6G exhibited

a very clear reduction in EBs size pre- and post-plating (Figure 3-3F and I).
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Figure 3-2: Effects of 6-gingerol on embryonic cardiomyocyte in MM
and ESD3 systems

In MM, (A) effect of 6-gingerol on contractile activity, (B) effect of 6-gingerol on
cell activity (resazurin assay) at 144h, and (C) effect of 6-gingerol on total protein
content (kenacid blue assay) at 144h. In stem cell-derived cardiomyocytes,
(D) effect of 6-gingerol on stem cell differentiation to cardiomyocytes, (E) effect of
6-gingerol on cell activity (resazurin assay) on day 12, and (F) effect of 6-gingerol
on total protein content (kenacid blue assay) on day 12. Three independent repeats
(n=3) of each experiment were performed. The data are presented as mean for
morphological scoring and % of the mean control for resazurin and protein content.
* or (a) p<0.05, ** or (b) p<0.01, *** or (c) p<0.001 and **** or (d) p<0.0001
vs. control.
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MM culture on day 6

Five-day age EBs

ESD3 culture day 12

Figure 3-3: Representative light microscopy photographs of 6-gingerol
effects on MM and ESD3 cultures

(A) untreated (vehicle control) cardiomyocytes at 144h after MM culturing, (B) 3puM 6-
gingerol-treated cardiomyocytes at 144h after MM culturing, (C) 100uM 6-gingerol-
treated cardiomyocytes at 144h after MM culturing, (D) untreated (vehicle control) 5-
day-age EB in ESD3 system, (E) 0.75uM 6-gingerol-treated 5-day-age EB in ESD3
system, (F) 100uM 6-gingerol-treated 5-day-age EB in ESD3 system, (G) untreated
(vehicle control) EB post-culturing on day 12 in ESD3, (H) 0.75uM 6-gingerol-treated
EB post-culturing on day 12 in ESD3, (I) 100uM 6-gingerol-treated EB post-culturing
on day 12 in ESD3. (Scale bar 100um) with original magnification x100 for all images.
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3.4.2 Effect of ginkgolides

The effects of GA at concentrations (25-2000nM) were similar in MM and ESD3
systems. GA (25-100nM) did not alter the cardiomyocyte differentiation
(morphological scoring system), either in the MM system (Figure 3-4A) or in
the embryonic stem cell system (Figure 3-4D). The higher concentrations of
GA (250-2000nM) showed disruption in the redifferentiation process of the MM
cultures (Figure 3-4A) and also disrupted the cardiomyocyte differentiation
process of ESD3 (Figure 3-4D). This was represented by a dramatic decrease
in the morphological score in both systems (p<0.05). The conversion of
resazurin to resorufin, an indicator of cellular activity, does not vary
significantly (P>0.05) in GA-treated groups compared to control at the
evaluated concentrations (25-2000nM) in either system (Figure 3-4B and E).
An exception was for 500nM which did show a significant (p<0.05) cellular
activity reduction in MM culture (Figure 3-4B). Thus, these GA concentrations
did not show any specific trend of cytotoxicity. The protein content, which
indicates total cell number and cellular proliferation, also does not significantly
alter after treatment compared to control in either method (Figure 3-4C and
F), except for the 50nM concentration with the embryonic stem cells
(Figure 3-4F). The microscopic images of 6-day age MM cultures (Figure 3-5A,
B and C), 5-day-old EBs (Figure 3-5D, E and F) and post-cultured EBs in ESD3
system (Figure 3-5G, H and I), at 100nM and 2000nM GA exhibited no culture

alterations and they appeared very comparable to the corresponding controls.
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Figure 3-4: Effects of ginkgolide A on embryonic cardiomyocyte in MM and
ESD3 systems

In MM, (A) effect of ginkgolide A on contractile activity, (B) effect of ginkgolide A
on cell activity (resazurin assay) at 144h, and (C) effect of ginkgolide A on total
protein content (kenacid blue assay) at 144h. In stem cell-derived cardiomyocytes,
(D) effect of ginkgolide A on stem cell differentiation to cardiomyocytes, (E) effect
of ginkgolide A on cell activity (resazurin assay) on day 12, and (F) effect of
ginkgolide A on total protein content (kenacid blue assay) on day 12. Three
independent repeats (n=3) of each experiment were performed. The data are
presented as mean for morphological scoring and % of the mean control for
resazurin and protein content. * or (a) p<0.05, ** or (b) p<0.01, *** or (c)
p<0.001 and **** or (d) p<0.0001 vs. control.
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MM culture on day 6

Five-day age EBs

ESD3 culture day 12

Figure 3-5: Representative light microscopy photographs of ginkgolide A
effects on MM and ESD3 cultures

(A) untreated (vehicle control) cardiomyocytes at 144h after MM culturing, (B) 100nM
ginkgolide A-treated cardiomyocytes at 144h after MM culturing, (C) 2000nM
ginkgolide A-treated cardiomyocytes at 144h after MM culturing, (D) untreated
(vehicle control) 5-day-age EB in ESD3 system, (E) 100nM ginkgolide A-treated 5-day-
age EB in ESD3 system, (F) 2000nM ginkgolide A-treated 5-day-age EB in ESD3
system, (G) untreated (vehicle control) EB post-culturing on day 12 in ESD3, (H)
100nM ginkgolide A-treated EB post-culturing on day 12 in ESD3, (I) 2000nM
ginkgolide A-treated EB post-culturing on day 12 in ESD3. (Scale bar 100um) with
original magnification x100 for all images.
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The data obtained from concentrations (12.5-50nM) of GB in the MM method,
showed that these concentrations showed no dramatic alteration for the
morphological score (p>0.05) (Figure 3-6A). In contrast, the results of
moderate to high concentrations (125-1000nM) showed a significant reduction
of the morphological score in MM (Figure 3-6A). However, when GB was
applied to ESD3 (12.5-1000nM), the cardiomyocyte differentiation showed no
specific declining trend with an increase in GB concentration (Figure 3-6D).
However, the cellular activity in MM culture was significantly affected after GB
(250-1000nM) treatment (Figure 3-6B). In contrast, only 12.5nM showed a
significant (P < 0.05) reduction of cell activity in the ESD3 system
(Figure 3-6E). However, GB 12.5nM gave a normal score in the morphological
scoring system (Figure 3-6D). GB does not seem to have the ability to reduce
the cell number and hence reduce protein content (Figure 3-6C and F) in a
significant manner in either system at any tested concentration. Only GB
12.5nM in ESD3 system induced a slight significant (P<0.05) decline in total
protein content (Figure 3-6F).

The phase contrast images which were taken at day 6 in MM, day 5 EBs and
day 12 cultures in ESD3 clearly showed that there was no disturbance caused
at any selected tested GB concentrations (50nM and 1000nM) in comparison

to their corresponding controls (Figure 3-7A-I).
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Figure 3-6: Effects of ginkgolide B on embryonic cardiomyocyte in MM
and ESD3 systems

In MM, (A) effect of ginkgolide B on contractile activity, (B) effect of ginkgolide B
on cell activity (resazurin assay) at 144h, and (C) effect of ginkgolide B on total
protein content (kenacid blue assay) at 144h. In stem cell-derived cardiomyocytes,
(D) effect of ginkgolide B on stem cell differentiation to cardiomyocytes, (E) effect
of ginkgolide B on cell activity (resazurin assay) on day 12, and (F) effect of
ginkgolide B on total protein content (kenacid blue assay) on day 12. Three
independent repeats (n=3) of each experiment were performed. The data are
presented as mean for morphological scoring and % of the mean control for
resazurin and protein content. * or (a) p<0.05, ** or (b) p<0.01, *** or (c)
p<0.001 and **** or (d) p<0.0001 vs. control.
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Five-day age EBs MM culture on day 6

ESD3 culture day 12

100pm
‘ —

Figure 3-7: Representative light microscopy photographs of ginkgolide B
effects on MM and ESD3 cultures

(A) untreated (vehicle control) cardiomyocytes at 144h after MM culturing, (B) 50nM
ginkgolide B-treated cardiomyocytes at 144h after MM culturing, (C) 1000nM
ginkgolide B-treated cardiomyocytes at 144h after MM culturing, (D) untreated
(vehicle control) 5-day-age EB in ESD3 system, (E) 50nM ginkgolide B-treated 5-day-
age EB in ESD3 system, (F) 1000nM ginkgolide B-treated 5-day-age EB in ESD3
system, (G) untreated (vehicle control) EB post-culturing on day 12 in ESD3, (H) 50nM
ginkgolide B-treated EB post-culturing on day 12 in ESD3, (I) 1000nM ginkgolide B
treated-EB post-culturing on day 12 in ESD3. (Scale bar 100pm) with original
magnification x100 for all images.

118



Chapter 3

3.4.3 Effect of ginsenoside Rg1l

The effects of G-Rgl were less pronounced in both in vitro systems for all
endpoints compared to the other ingredients. With the selected concentrations
(0.0625-10uM), only the highest two concentrations of G-Rgl showed effects
on some evaluated endpoints. In the MM system, all the G-Rg1l concentrations
at 48h (24h post drug addition) do not affect the morphological score
significantly (P>0.05) except at 10uM. After 144h of cell culture, G-Rgl at 5
and 10uM reduced the cardiomyocyte contractile activity dramatically
(P<0.05) (Figure 3-8A). In the ESD3 system, while 5uM G-Rgl inhibited the
morphological score significantly at day 12, 10uM reduced the morphological
score significantly at day 10, 11 and 12 (Figure 3-8D). Apart from the highest
tested concentration (10uM), neither the cell activity nor total protein content
were affected by G-Rgl with both primary chick embryonic cardiomyocytes
Figure 3-8B and C) and ESD3 differentiated cardiomyocytes (Figure 3-8E and
F). No differences were noted on cultures or EBs size (Figure 3-9E) at 0.5uM
G-Rgl whether in MM (Figure 3-9B) or ESD3 system (Figure 3-9H) when
compared to their controls (Figure 3-9A, D and G). However, at 10uM G-Rgl,
some MM cultures started to form folded edges in the middle of the culture
with some detached cells floating around (Figure 3-9C). At 10uM G-Rgl in
ESD3 system, this caused an unusual and/or poor EBs formation on day 5 of
the hang drop procedure (Figure 3-9F), when the EB was seeded for further 7
days, less spreading cells and smaller diameter culture were observed (Fig 3-

9I), when compared to controls.
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Figure 3-8: Effects of ginsenoside Rgl on embryonic cardiomyocyte in MM
and ESD3 systems

In MM, (A) effect of ginsenoside Rgl on contractile activity, (B) effect of ginsenoside
Rgl on cell activity (resazurin assay) at 144h, and (C) effect of ginsenoside Rgl on
total protein content (kenacid blue assay) at 144h. In stem cell-derived
cardiomyocytes, (D) effect of ginsenoside Rgl on stem cell differentiation to
cardiomyocytes, (E) effect of ginsenoside Rgl on cell activity (resazurin assay) on
day 12, and (F) effect of ginsenoside Rgl on total protein content (kenacid blue
assay) on day 12. Three independent repeats (n=3) of each experiment were
performed. The data are presented as mean for morphological scoring and % of the
mean control for resazurin and protein content. * or (a) p<0.05, ** or (b) p<0.01,
*** or (c) p<0.001 and **** or (d) p<0.0001 vs. control.
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MM culture on day 6

! Five-day age EBs
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ESD3 culture day 12

Figure 3-9: Representative light microscopy photographs of ginsenoside Rg1l
effects on MM and ESD3 cultures

(A) untreated (vehicle control) cardiomyocytes at 144h after MM culturing, (B) 0.5uM
ginsenoside Rgl-treated cardiomyocytes at 144h after MM culturing, (C) 10uM
ginsenoside Rg-treated cardiomyocytes at 144h after MM culturing, (D) untreated
(vehicle control) 5-day-age EB in ESD3 system, (E) 0.5uM ginsenoside Rgl-treated
5-day-age EB in ESD3 system, (F) 10uM ginsenoside Rgl-treated 5-day-age EB in
ESD3 system, (G) untreated (vehicle control) EB post-culturing on day 12 in ESD3,
(H) 0.5puM ginsenoside Rgl-treated EB post-culturing on day 12 in ESD3, (I) 10pM
ginsenoside Rg-treated EB post-culturing on day 12 in ESD3. (Scale bar 100um) with
original magnification x100 for all images.

121



Chapter 3

3.4.4 Effect of bisabolol

As far as the MM system is concerned, whilst there were significant (p<0.05)
dips of contractile activity at 48h and 144h at 40 and 80uM bisabolol, there
was no significant difference at 0.01-20uM bisabolol (Figure 3-10A). Bisabolol,
at 0.01-20uM, exhibited no effect on the cellular activity in MM system, but it
significantly affected the cell activity at 40 and 80uM (Figure 3-10B).
Figure 3-10C shows that there was no significant difference in the protein
content amongst primary embryonic cardiomyocytes despite the rising
concentrations of bisabolol. Light microscopic images of the MM cultures
showed no apparent alteration in the cell adherence, proliferation and cellular
sheet forming at 1uM (Figure 3-11B) and 80pM bisabolol (Figure 3-11C)
comparing to control (Figure 3-11A).

With bisabolol, when used at concentration range (0.01-80uM) in the ESD3
system, only 40 and 80uM concentrations exhibited a significant decline in
contractile activity (morphological scoring) in comparison to the control
(Figure 3-10D). The results of stem cell-derived cardiomyocyte activity
(resazurin assay) showed a dose-dependent decline, but this was not
statistically significant except at 80uM (Figure 3-10E). The analysis of total
protein content data showed no significant effect in whole tested range except
at 40 and 80uM bisabolol (Figure 3-10F). With regard to the effects on EBs
formation, bisabolol at 80uM reduced the 5-day-old EBs size in a noticeable
manner when compared to control (Figure 3-11D and F), but such effect was
not observed with 1uM bisabolol-treated EBs (Figure 3-11D and E). When the
same EBs were seeded in 24 well plate and checked after 7 days, 80uM

bisabolol (Figure 3-111) prevented cells being expanded to cover the same
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plate area as it appeared in both 1uM bisabolol (Figure 3-11H) and control

(Figure 3-11G).
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Figure 3-10: Effects of a-bisabolol on embryonic cardiomyocyte in MM and
ESD3 systems

In MM, (A) effect of a-bisabolol on contractile activity, (B) effect of a-bisabolol on
cell activity (resazurin assay) at 144h, and (C) effect of a-bisabolol on total protein
content (kenacid blue assay) at 144h. In stem cell-derived cardiomyocytes,
(D) effect of a-bisabolol on stem cell differentiation to cardiomyocytes, (E) effect
of a-bisabolol on cell activity (resazurin assay) on day 12, and (F) effect of a-
bisabolol on total protein content (kenacid blue assay) on day 12. Three
independent repeats (n=3) of each experiment were performed. The data are
presented as mean for morphological scoring and % of the mean control for
resazurin and protein content. * or (a) p<0.05, ** or (b) p<0.01, *** or (c)
p<0.001 and **** or (d) p<0.0001 vs. control.
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Five-day age EBs MM culture on day 6

ESD3 culture day 12

Figure 3-11: Representative light microscopy photographs of a-bisabolol
effects on MM and ESD3 cultures

(A) untreated (vehicle control) cardiomyocytes at 144h after MM culturing, (B) 1uM a-
bisabolol-treated cardiomyocytes at 144h after MM culturing, (C) 80uM a-bisabolol-
treated cardiomyocytes at 144h after MM culturing, (D) untreated (vehicle control) 5-
day-age EB in ESD3 system, (E) 1uM a-bisabolol-treated 5-day-age EB in ESD3
system, (F) 80uM a-bisabolol-treated 5-day-age EB in ESD3 system, (G) untreated
(vehicle control) EB post-culturing on day 12 in ESD3, (H) 1uM a-bisabolol-treated EB
post-culturing on day 12 in ESD3, (I) 80uM a-bisabolol-treated EB post-culturing on
day 12 in ESD3. (Scale bar 100um) with original magnification x100 for all images.
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3.4.5 Effect of eugenol

When MM cultures were treated with eugenol, the morphological scoring
showed a significant (p<0.05) difference at most of the high concentrations in
a dose-dependent declining trend (0.5uM and 20-80upM) at 144h
(Figure 3-12A). Eugenol at 40 and 80uM also showed a significant decrease at
48h as shown in Figure 3-12A. On the other hand Figure 3-12B depicts the
cellular activity measurements where the cellular activity dramatically
deteriorated with 15uM to 80uM eugenol. Eugenol exhibited a dose-dependent
declining trend on the protein content which became significant (p<0.05) at
40 and 80uM (Figure 3-12C). Light microscopy images of the untreated MM
culture and treated with 0.01uM eugenol at 144h were similar to normal
healthy cellular sheet features (Figure 3-13A and B). The cellular sheets were
severely disturbed with 80uM eugenol, forming a folded sheet and leaving a
big groove in the middle of the culture (Figure 3-13C).

Eugenol at concentrations 0.01uM-20uM, when evaluated in ESD3 culture,
showed no effect on the differentiation (the contractile activity) of the stem
cell-derived cardiomyocytes as shown in Figure 3-12D. However, there was a
significant (p<0.05) change at concentrations of 40 and 80uM eugenol on days
10, 11 and 12. The effects on cellular activity in the ESD3 system was more
obvious in a dose-dependent manner where the concentrations (1-80uM)
result in a significant (p<0.05) reduction in the cellular activity of the cultures
as shown in Figure 3-12E. The results of protein content assay showed
statistically significant (p<0.05) decrease only with the highest concentration
(80uM) but no effect with the lower concentrations (Figure 3-12F). The size of

0.01uM eugenol treated 5-day-old EBs was slightly smaller than control;
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however, with 80uM eugenol, the EBs formation was clearly affected and
reduced in size (Figure 3-13D, E and F). Maintaining the same exposure
environment, the same EBs were seeded for further 7 days and observed under
a light microscope to monitor the adherence and proliferation. The cultured
EBs of control and 0.01uM eugenol concentration have attached and spread
out to form normal sheets (Figure 3-13G and H). Comparing to control, 80uM
eugenol-treated EBs showed less proliferating rate after culturing and covered

less area on the plate as in Figure 3-13I.
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Figure 3-12: Effects of eugenol on embryonic cardiomyocyte in MM and
ESD3 systems

In MM, (A) effect of eugenol on contractile activity, (B) effect of eugenol on cell
activity (resazurin assay) at 144h, and (C) effect of eugenol on total protein content
(kenacid blue assay) at 144h. In stem cell-derived cardiomyocytes, (D) effect of
eugenol on stem cell differentiation to cardiomyocytes, (E) effect of eugenol on cell
activity (resazurin assay) on day 12, and (F) effect of eugenol on total protein
content (kenacid blue assay) on day 12. Three independent repeats (n=3) of each
experiment were performed. The data are presented as mean for morphological
scoring and % of the mean control for resazurin and protein content. * or (a)
p<0.05, ** or (b) p<0.01, *** or (c) p<0.001 and **** or (d) p<0.0001 vs.
control.
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MM culture on day 6

Five-day age EBs

ESDS3 culture day 12

Figure 3-13: Representative light microscopy photographs of eugenol
effects on MM and ESD3 cultures

(A) untreated (vehicle control) cardiomyocytes at 144h after MM culturing, (B) 0.01uM
eugenol-treated cardiomyocytes at 144h after MM culturing, (C) 80uM eugenol-treated
cardiomyocytes at 144h after MM culturing, (D) untreated (vehicle control) 5-day-age
EB in ESD3 system, (E) 0.01uM eugenol-treated 5-day-age EB in ESD3 system, (F)
80uM eugenol-treated 5-day-age EB in ESD3 system, (G) untreated (vehicle control)
EB post-culturing on day 12 in ESD3, (H) 100nM eugenol-treated EB post-culturing on
day 12 in ESD3, (I) 80uM eugenol-treated EB post-culturing on day 12 in ESD3. (Scale
bar 100pum) with original magnification x100 for all images.
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3.5 Discussion

Herbal remedies have been credited with medicinal properties and their use
advocated in pregnancy because of their apparent safety, although there is in
fact little evidence to support this. However, herbal products from a legal
standpoint are categorized as dietary supplements; therefore, they are exempt
from legislation regarding safety testing. As a result, data regarding the safety
profiles of many herbal products are very limited [334]. These two in vitro
systems, MM and ESD3, represent different growing phases of
cardiac development. The cardiomyocytes in MM culture were already
differentiated at the time of heart explantation, whereas in ESD3, the stem
cells undergo spontaneous differentiation into contracting cardiomyocytes. The
results from the two systems are complementary as each system represents a
particular lineage of cardiomyocytes. Based on that, one test chemical might
show an effect on one system but not on the other, or may show effects on

both.

Most of the discovered human teratogens were identified retrospectively
through human epidemiologic studies after tragedies have already happened
[335]. However, it is essential to predict the teratogenicity potential of new
manufactured or extracted chemicals before they are introduced to the market.
The two in vitro models that have been used herein, allowed the measurement
of the effect of tested herbal components on contractile activity (representing
the cardiac cell differentiation), cell activity and total protein content
(representing cell number and cell proliferation). In addition, EBs
size/formation was also monitored in order to enhance the versatility of ESD3

system to identify various aspects of developmental effect for the tested
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phytochemicals. The importance of studying the EBs morphogenesis has been
published by Warkus et al. in 2016 [336]. 16 contraindicated drugs (FDA
category X) and 4 safe drugs (FDA category A) have been employed in that
exploratory study using P19C5 mouse embryonal carcinoma stem cells. After
4 days of exposed hanging drops, the size and shape of formed EBs were
measured morphometrically. It was concluded that such models could be
potentially effective as an alternative method in the field of embryotoxicology

[336].

3.5.1[6]-Gingerol in MM and ESD3

Through various studies that have been performed to investigate the action of
gingerol, it has been shown that 6G has various pharmacological properties,
such as analgesic, anti-inflammatory, antitumor, antiemetic, antipyretic, and
anti-diabetic effects [337,338]. The antiemetic action of 6G has promoted
ginger as a medication for morning sickness. The results here with primary
chick embryonic cardiomyocytes and stem cell-derived cardiomyocytes
showed that 6G at a concentration range (12.5-100uM) exhibits teratogenicity
and cytotoxicity potential. In recent studies, it was found that 6G has an ability
to invoke apoptotic mediators such as caspase 3, within the mitochondria, and
can disturb the membrane potential and the electron transport chain, creating
a high amount of ROS that eventually has effects on DNA in different tumour
cell lines [294,295,339]. These could be the possible embryotoxicity
mechanisms for gingerol in this study. In contrast, a recent report has shown
protective features of 6G through inhibiting reactive oxygen species [340].
However, the concentrations of 6G might be the factor that governs its safety

status. The results of 6G at lower concentrations on the growing
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cardiomyocytes in the MM culture showed no abnormal effects. On the other
hand, 6G prevented the differentiation of embryoid bodies into
cardiomyocytes. It has also been reported that 6G can prevent myofibroblast
differentiation [341], which might explain the results in the ESD3 system since
it is also a differentiating cell population. The study reported herein also shows
that 6G could be considered a cytotoxic teratogen for growing fetal
cardiomyocytes particularly at high levels and for stem cell differentiation at

any level.

Weidner and Sigwart (2000) have investigated the embryotoxicity of patented
ginger extract (EV.EXT 33) on rats. The extract was administered at
concentrations of 100, 333 and 1000 mg/kg orally. It was concluded that the
ginger preparation was well tolerated [342]. In contrast to the previous study,
ginger tea (15 g/I, 20 g/l or 50 g/I) was given in the drinking bottles of
pregnant Sprague-Dawley rats. Although no gross morphologic malformations
in the treated fetuses and no maternal toxicity were observed, embryonic loss
in the treatment groups was twofold as that of the controls. The researchers
of this study suggested that in utero exposure to ginger tea results in increased

early embryo loss [343].

This would indicate that 6G might not be safe for the embryo during the early
stages of pregnhancy, mainly in the first trimester during the period of
organogenesis. Further studies are required to determine the teratogenic
potential of ginger (or one or more of its constituents) and to establish what,

if any, adverse effects are observed, see Section 3.6.
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3.5.2Ginkgolides in MM and ESD3

Ginkgo biloba is one of the most commonly used herbal supplements. The
standardized extract of the leaves (commonly known as EGb 761) is known to
play a role in a free radical scavenging and antioxidant processes [344]. The
protective effect of GA and GB was demonstrated by their ability to block
apoptosis pathways in different studies which show their antioxidant activity
[345,346]. However, the effect of GB on mouse oocyte maturation and
subsequent pre and post implantation development, both in vitro and in vivo,
has been investigated. At the concentration range 1, 3 and 6uM, the results
showed that consumption of 3-6uyM GB with drinking water has negative
impacts upon mouse oocyte maturation and fertilization, as well as in vitro
embryonic development, showing inhibition of the development of fertilised
oocytes to blastocysts [303]. Interestingly, two concentrations, 5 and 10uM,
of both GA and GB were tested on the blastocyst stage of mouse embryos and
on subsequent early post-implantation embryonic development in vitro. Both
GA and GB brought about increased apoptosis and a reduction in the average
number of total cells in the blastocyst in treatment groups versus control.
Further, exposed blastocysts died before reaching the final stages of
development in culture dishes [300]. The apoptosis mechanism of GB was
studied, and it is thought to induce caspase 3 by activation of protein kinase
JNK in mouse embryonic stem cells [347,348]. In addition, the effect of Ginkgo
biloba extract was examined by Pinto and colleagues (2007) in pregnant Wistar
rats. It was concluded that ginkgo biloba extract resulted in fetal intrauterine
growth retardation as it reduced the total fetal body weight, although it was

nontoxic for the mothers [349]. The results reported herein show that GA
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mainly interfered with the contractile activity of cardiomyocytes whether
growing embryonic cells or stem cell-derived cardiomyocytes, particularly at
high concentrations. In contrast, GB tended to disrupt the growing
cardiomyocytes rather than inhibiting the stem cells differentiation pathways.
High levels of these two ingredients could have interfered with some
mitochondrial processes, disturbing embryonic cardiomyocyte communication.
There were some differential effects of both GA and GB between the two
experimental systems, but the fact that the stem cell system contains different
cell types gives a possible explanation for this phenomenon. It is possible that
GB at very low concentration hinders stem cells from being differentiated to
other cell types and as a result, the culture will contain fewer cell numbers with
a majority of cardiomyocytes, this being reflected as low cellular activity and
low protein content compared to the control. To conclude, GA primarily
suppresses stem cell differentiation and growing embryonic heart cells at high
concentrations. GB has no detrimental effect on the stem cell differentiation
process at any concentration, but at high concentrations, GB interrupts the
developing chick cardiomyocytes. Study the effects of GA and GB combination
can enrich the safety profile of these phytochemicals. However, our study only
concentrated on the effects of each phytochemical separately where some
pharmaceutical companies marketed them as isolated products such as Ginkgo

B® 60mg capsules.

3.5.3 Ginsenoside Rgl in MM and ESD3
According to Chinese traditional medicine, the Panax ginseng C.A. Meyer
(Araliaceae) is a general ‘tonic’ herb and a cumulative effect is believed to

occur if the herb is taken regularly. It is also prescribed for depression for its
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neuroprotective actions [350-352,110]. Ginseng is widely used among
pregnant women, but there is little awareness of possible embryotoxicity
[311]. Despite its varied usage, there have been very few investigations
carried out to study its effects on embryonic development [316,353]. The
results reported here for G-Rg1, the main active constituent of Ginseng, show
a high safety profile in both methods. G-Rgl was only teratogenic at the
highest tested concentrations for embryonic cardiomyocytes and stem cell-
derived cardiomyocytes. G-Rg1l has been investigated using the whole embryo
culture technique for both mice and rats and the study exhibited embryotoxic
effects for different organs in mice and rats (including rat heart) [316].
However, the concentrations in that study (50pug/ml = 62.4 mM to mice and
30ug/ml = 37.4mM to rats) are much higher than the levels used in this study
(0.0625-10uM). On the other hand, another study revealed that when Korean
red ginseng extract was given to mice before and during their gestation,
normal offspring were obtained even when they were exposed to the extract
during the organogenesis period [353]. It might be assumed that G-Rg1 has a
high potential safety with respect to induction of embryonic teratogenicity as

long as low to moderate levels are maintained.

3.5.4 a-Bisabolol in MM and ESD3

Chamomile possesses anti-stress characteristics that potentially may be of
value for pregnant women, especially in unplanned pregnancy. Little is known
regarding its embryotoxicity profile. However, emerging studies have shown
some toxicity features for its active components, such as bisabolol-induced
proapoptotic characteristics [354,355]. Therefore, it is important to study

possible harmful effects of these herbs on embryonic development.
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Experiments on bisabolol, especially during pregnhancy, are very limited.
Nevertheless, several reports mentioned bisabolol - which forms up to 50% of
the essential oil, which in turn forms up to 2% of the whole herb [356] - has
displayed pro-apoptotic effects in glioma cells [357], human acute leukaemia
cells [355,358] and breast cancers [359].

In the MM system with increasing concentration, bisabolol affected the
cardiomyocyte ability to reestablish the beating system. The cells proliferate
and their ability to form normal flat sheeted-cultures like the control was
maintained, and this was evident by normal cellular protein content over the
entire tested range (0.01-80uM). However, beating foci (morphological scoring
system) was suppressed at high bisabolol concentrations (40 and 80uM) in the
MM culture system. This might be associated with activity cell disturbances
showed at high bisabolol concentrations (20-80uM). Regarding our bisabolol
observations in the ESD3 system, (0.01-20uM) concentrations did not reveal
any effects on all endpoints. Bisabolol high concentration (80uM) dramatically
decreased cell activity which probably results in cell death being reflected by
the small EBs size, and by decreased total cellular protein. Consequently, 80uM
bisabolol completely stopped the stem cells being differentiated to
cardiomyocytes with limited ability for spreading out over the plate. In this
study, both the ESD3 and MM systems have shown bisabolol as non-
teratogenic at low to moderate concentrations (0.01-20uM), but teratogenicity
and cytotoxicity with extreme suppression of cellular differentiation occur at
high concentrations (40 and 80uM).

Two similarly designhed studies were performed on pregnant rats and New

Zealand rabbits. Animals received bisabolol (98% pure) daily by stomach tube
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at doses of 0.25, 0.50, 1.0, and 3.0 ml/kg body weight, on days 6-15 of
gestation. In order to link up these doses (0.25-3.0 ml/kg) with our study
concentrations (0.01-80uM) and human plasma levels, we extrapolate them
as follows: the 98% of highest dose (3.0 ml/kg) is equivalent to 2.94mg/kg,
so the human dose corresponding to this is 0.47mg/kg (using 6.2 rat factor)
and 0.94mg/kg (using 3.1 rabbit factor). This was done using the dose
conversion table [331]. Performing the same calculations on Sections 3.3.1.1
and 3.3.1.2, therefore, the rat doses in the study might correspond to 29.5 uM
in human plasma and the rabbit doses could reach up to 59.18 pM when we
extrapolate these doses to 70kg pregnant woman. In the studies, fetuses were
removed and examined on day 20 and 30 for rats and rabbits respectively.
Similar findings were revealed from both studies, where no effect on embryonic
development was observed at doses up to 1.0 ml/kg. A significant reduction in
fetal number was observed in both studies at the 3.0 ml/kg group. No
deformities were found for any dose in both studies [360]. With these
observations, the researchers concluded the lowest toxic oral dose is between
1.0 and 3.0 ml/kg body weight. However, studies on bisabolol have been
controversial. Some reports have shown bisabolol is toxic at 53-73uM by
inducing apoptosis through targeting several factors within tumor cells (glioma
cells) such as plasma membrane integrity and the mitochondrial permeability
transition pore, and via disruption of mitochondrial potential, inhibition of
oxygen consumption and an increase of intracellular reactive oxygen species
[358,357]. Others have shown 100-200mg/kg bisabolol to be a protective
molecule against ethanol-induced gastric lesions in male Swiss mice [361]. The

results indicated that protection characteristics of bisabolol were via decreasing
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oxidative stress and inflammatory events associated with the lesions induced
by ethanol but also by showing the ability to raise superoxide dismutase (SOD)
levels [361]. The study reported here is probably the first to evaluate the direct
effect of bisabolol on embryonic cardiomyocyte differentiation and
development.

To sum up, the overall result encourages a careful approach to the use of
chamomile, with low doses advisable for pregnant women who feel treatment
with chamomile may be beneficial for their pregnancy related symptoms.
Further research on chamomile and its bioactive components are essential as
without such evidence, see Section 3.6; it remains uncertain whether these
untested and undocumented herbal components are truly safe for
fetus/embryo despite the fact that currently chamomile is listed on the FDA's
GRAS (generally recognized as safe) list [318].

3.5.5Eugenol in MM and ESD3

Eugenol is a chemical that has not been widely studied, especially the direct
effect of oral intake of eugenol during pregnancy on embryonic
development. However, there is growing evidence that eugenol has
demonstrated anti-cancer activity via triggering apoptosis and/or by showing
an anti-angiogenic effect, specifically in breast and colon cancers [362-364].

When tested in the MM system, eugenol exhibited less teratogenic features on
the differentiated/developed growing cardiomyocytes. At the Ilow
concentrations (0.01-10uM), eugenol showed no effects on contractile activity,
cell activity and protein content. However, at the higher concentrations (20-
80uM), eugenol interfered with re-differentiation process of cardiomyocytes by

preventing the cultured cardiomyocytes from producing flat sheets as in
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controls; instead, folded and compromised sheets were observed. This
significantly lowered the morphological score (contractile activity) via reducing
the total foci number in the culture. The same cells showed significant changes
when they were tested, for cell activity at 15-80uM and total protein content
at 40-80uM. Nevertheless, the overall data from ESD3 and MM chick embryonic
cardiomyocytes hints at eugenol being potentially teratogenic at moderate to
high concentrations by affecting various end points. In contrast to these
findings, Amini et al. (2003) tested 10mg/kg bodyweight (equivalent to 56.9
mg for 70 kg pregnant woman —-mouse converting factor is 12.3 [331]- which
is equivalent to 225nM blood level) oral intake of eugenol in pregnant mice to
observe effects on the embryo. The results showed eugenol as non-teratogenic
and have shown significant protective effects towards retinoic acid
teratogenicity in pregnant mice [365]. On the other hand, a study has tested
the effect of essential oils from the herb, containing high levels of eugenol, on
the growth and development of preimplantation mouse embryos in vivo. The
results here showed that essential oils containing eugenol relate to the higher
incidence of cell death [366]. Another study on Syrian hamster embryo cells
indicated eugenol has cytotoxicity potential by inducing chromosome
aberration at a concentration of 195uM [354]. Al-Sharif et al. (2013) have
shown eugenol can also trigger a proapoptotic pathway, in human breast tumor
cells. This has been demonstrated to be mediated mainly by induction of the
internal apoptotic pathway and down-regulation of E2F1 and its antiapoptosis
target survivin, both in vivo and in vitro using 2uM eugenol [367]. To the best
of our knowledge, our study is the first report to investigate the effect of

eugenol directly on embryonic cardiomyocytes; therefore, there is no available
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comparable data. Furthermore, in this study, eugenol showed several effects
upon ESD3 in all endpoints, with increasing concentrations of eugenol, the
stem cells’ ability to differentiate into cardiomyocytes was compromised, and
this was significant at 40 and 80uM. Eugenol also showed cell activity
decreases, which represents cell oxidoreductase disturbances; these were
accompanied by cytotoxic consequences (total protein content) only at the
highest concentration (80uM). At a low concentration (0.01uM), eugenol
showed EBs slightly reduced in size, but this was not reflected in the
differentiation process. When EBs were cultured at 0.01pM, a normal
expansion (proliferation) was observed with an intact differentiation process,
probably because the damage intensity produced by this eugenol concentration
has been counteracted by cell defense mechanisms. Conversely, reductions in
cell activity and protein content, at the highest eugenol test concentrations
(80puM), were sufficient to be suggested explanations behind the severe
reduction in EBs size/formation. This decrease was further noticed by a limited
expansion on the plate after culture and a serious deterioration in foci

formation (contractile activity).

3.6 Conclusion

These data could give a new insight concerning the safety of the major
components of certain herbal extracts. Whilst they may be ‘beneficial’ for
expectant mothers, they should also be ‘safe’ for fetuses. Contrary to the
mother's perceptions and beliefs regarding herbal medicines, consuming
certain herbal remedies, particularly at high doses, to treat or ease some
pregnancy-induced conditions through the first trimester of pregnancy might
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not be safe for fetal differentiation, development and growth. This study is
possibly a step forward to negate the general view of most pregnant women
and health advisors that ‘herbs should be “safe” because they are “natural™.
With more experimentation and knowledge about how the action of active
components of herbs is mediated, it is possible to educate and inform potential
mothers on the usefulness of herbal remedies taken alongside modern medical
interventions. Should modern doctors understand more about herbal remedies
and usage, it could improve the doctor-patient relationship, since the patient
can feel at ease to discuss what they are taking at home, which can only
improve and enhance health services overall. Therefore, in the next Chapters,
the role of some important molecular targets (ROS production, DNA damage,
transmembrane proteins and cell migration) in teratogenicity-induced or

embryotoxicity-induced phytochemical concentrations, would be evaluated.

However, the results obtained from this Chapter could be more interesting if
the actual concentrations of the tested phytochemicals in the culture media
have been measured. This would also imply whether or not the tested
chemicals are actually stable for certain interval. Unfortunately, this was not
feasible in our project for limited resources and time. More experiments could
be performed in the future by adding the tested phytochemicals later on to the
cultures to study the effects at advanced stages of growing. It would also have
been interesting to know whether these effects, showed in this Chapter, are
permanent or temporary by treating the cultures briefly for short period of time
followed by chemical-free cell growing. All these ideas could have been

enhanced the current data obtained from this Chapter.
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4 Chapter four - Evaluation of
cytoprotective features of herbal

extracts

4.1 Introduction

For eras, different parts of herbs such as seeds, roots, stems and leaves have
been used in different parts of the world for the treatment of certain ailments,
to maintain healthy body balance and to improve lifestyle [368]. Traditional
Chinese medicines, 2500 years ago, relied on the ‘Yin-Yang theory’ which
expresses two contradictory qualities of matter. Rationally, anti-oxidation
processes pertain to yin and pro-oxidation processes belong to yang [369].
The main protective property of many phytochemicals was attributed to
antioxidant activity to protect cells against free radicals-induced oxidative
damage. Quercetin is a well-known example of a phytochemical with strong
antioxidant activity which belongs to a group of polyphenolic substances
termed as flavonoids [370]. In a recent study, 13 herbal extracts alleged to
have anti-ageing properties were investigated against hydrogen peroxide for
their antioxidant characteristic as a main modulator of ageing using human
astrocytes. The phenol content of each extract was strongly correlated with its
antioxidant property. However, the free radical scavenger capacity and phenol
group content were only moderately correlated with the cytoprotection,
indicating the contribution of multiple protection mechanisms of the tested
herbs [371]. In addition, five more herbs (Mangifera indica, Camellia sinensis,
Phyllanthus emblica, Punica granatum and Acacia catechu), shown to have

prevalent pharmacological applications against a variety of diseases such as

143




Chapter 4

diabetes, cancer, hepatic disorders, and oxidative stress, were tested against
tert-butyl hydroperoxide (t-BH) induced hepatotoxicity. The results
demonstrated radical scavenging potential for these herbal extracts and
protection of hepatocytes from t-BH harmful effects [372].

4.1.1 Cytoprotective properties of tested herbal components
4.1.1.1 Cytoprotective properties of ginger

Several scientific reports have convincingly demonstrated that ginger provides
various therapeutic benefits such as anticancer, antiemetic, anti-infectious
diseases, hepatoprotective, hypoglycemic, antihypertensive, gastroprotective,
cardioprotective, chemopreventive and immune- modulatory activities [373-
375,282]. Two studies on rats [376] and mice [377] have shown that
administration ginger extract for a few weeks improved antioxidant capacity
(SOD, Glutathione peroxidase and Glutathione) and reduced ethanol-induced
hepatotoxicity. Abdel-Azeem et al. (2013) also showed that ginger (100mg/ml)
was beneficial in reducing acetaminophen-induced hepatotoxicity in rats
particularly the necrosis and vacuolisation of exposed cells [378]. It has been
established that gingerols and shogaols are responsible for suppression of free
radical-induced oxidative stress and various protective characteristics and

pharmacological actions of ginger have been attributed to them [282].

4.1.1.2 Cytoprotective properties of ginkgo biloba

Extract of ginkgo biloba leaves has been utilised remedially for centuries in
traditional Chinese medicine to treat bronchitis and asthma, but also in
Western societies to improve blood circulation and as a cardiovascular
protective agent [379]. Several reports in vivo or in vitro have established the

free radical scavenging potential for ginkgo biloba extract [380,381]. As an
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example of the cytoprotective capacity of this extract, a study showed that
acetic acid-induced duodenal ulcer in rats was dramatically counteracted by
administration of ginkgo biloba extract [382]. It was concluded that the
antioxidant (by increasing the activity of SOD) and cytoprotective capacity of
the extract prevented ulcer formation [382]. The protective activity of ginkgo
biloba extract was mainly attributed to its active constituents, namely,
terpenoids (ginkgolides and bilobalides) and flavonoids (ginkgoflavone

glycosides) [383].

4.1.1.3 Cytoprotective properties of ginseng

As an herbal medicinal product, ginseng has gained great popularity around
the world for thousands of years as a remedy to treat some common health
problems. In the last two decades, extensive literature regarding its functional
ingredients, ginsenosides, and their pharmacological actions have been
generated but more studies are required to understand their complex
activities. With respect to protective effects of ginseng, a study showed that
rats pre-treated with American ginseng demonstrated less changes in the
histological and biochemical gastric mucosa induced by ethanol in comparison
to the controls [384]. This protection was associated with elevation in the
expression of anti-apoptotic proteins Bcl-xL, Bcl-2 and p-Bad and reduction in
the levels of pro-apoptotic proteins cytochrome C, tBid and both caspases-9
and-3, in addition to pro-inflammatory mediators, interleukin 1B and
cyclooxygenase 2 [384]. Yeo et al. (2008) found that the protective effect of
ginseng against ethanol-induced ulceration was attributed to the induction of

cytoprotective heat-shock proteins HSP27 and HSP70 [385].
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4.1.1.4 Cytoprotective properties of Chamomile

Chamomile is one of the oldest and best-documented folk herbs which has
been recommended for a variety of healing applications because of its multiple
biological and pharmacological activities [318]. It has been established that
terpenoids and flavonoids are behind the diversity of activities of chamomile.
One of the main active constituents is the terpenoid a-bisabolol [318]. In in
vitro studies, chamomile has been shown to modify the levels of many pro-
inflammatory mediators such as TNF, interleukins, superoxide anion and
prostaglandins as a consequence of targeting cyclooxygenase-2 [386-388]. In
a recent study, Bhaskaran et al. (2012) reported that chamomile can protect
murine macrophages from the cytotoxic effect of H,O, in a dose-dependent
manner by increasing the expression of antioxidant enzymes heme
peroxiredoxin-1, oxygenase-1 and thioredoxin-1 [389]. The authors found that
nuclear translocation of phosphorylated Nrf2 protein might occur, stimulating

the antioxidant pathway elements in the nucleus [389].

4.1.1.5 Cytoprotective properties of holy basil

Holy basil, Ocimum sanctum, has versatile medicinal properties and has been
used by several ancient societies [321]. The medicinal actions of the herb,
such as anti-stress, hypoglycaemic and anti-lipidemic, were mainly credited to
eugenol as an active constituent, alongside flavonoids and polysaccharides
[390-392]. In a recent report, holy basil demonstrated protective capacity
against paracetamol-induced liver damage in rats. It also showed synergism
with silymarin for hepatoprotective activity [393]. Another study on rabbits
found that holy basil significantly increased levels of some antioxidant enzymes

such as catalase and SOD in an herb-exposed group compared to control
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[394]. The gastroprotective properties of this herb were also established
against cold stress, ethanol and pyloric ligation- induced gastric ulcers with
optimal effective dose was 100mg/kg [113]. The inhibition of lipid peroxidation
and increased life span of mucosal cells were among the protective

mechanisms against the gastric ulcers [113].

4.1.2 Chapter objective

Herein, two models were used MM and ESD3 to investigate the possible
cytoprotective capacity of each phytochemical against some well-documented
teratogens (ETH, RA, VPA). The potential effects were investigated by
monitoring the contractile activity, cell activity and protein content in both

systems.

4.2 Materials and methods

All materials used in this Chapter are already described in the previous
Chapters. The chemicals were dissolved freshly in culture media from their
stocks to prepare the selected concentrations. Only one non-teratogenic
concentration per phytochemical was selected depending on the results in
Chapter 3 in both systems. The selection of teratogen concentration was based
on the results in Chapter 2, see Table 4-1 for more details. Each experiment
contained blank, untreated control, tested phytochemical, tested teratogen

and tested phytochemical plus tested teratogen.
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4.2.1Primary chick heart micromass (MM) preparation
Primary chick embryonic cardiomyocytes were extracted, cultured and treated
with the selected chemicals. The details of the procedure are available in

Section 2.2.1.

4.2.2 Mouse embryonic D3 stem cells - derived cardiomyocytes
Mouse embryonic stem cells were differentiated to cardiomyocytes using
hanging drop technique and treated with the selected chemicals. The details

of the procedure are available in Section 2.2.2.

4.2.3 Cardiomyocyte contractile activity scoring system

The contractile activity was monitored using manual scoring system in MM and
ESD3. See Section 2.2.3.1 and Table 2-1. The morphological scores recorded
from the experiments in each group were pooled and the mean of each group
was converted into (%) in relation to the mean of the control while the mean

of the control considered as 100%.

4.2.4 Resazurin reduction assay (cell activity assay)
The cell activity in both systems were examined by measuring the ability of
mitochondrial oxidoreductase enzymes to convert resazurin to resorufin. See

Section 2.2.3.2.

4.2.5 Kenacid blue assay (total protein assay)
The total protein expression was measured using kenacid staining test.

See Section 2.2.3.4.
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Micromass

Mouse embryonic D3 stem cells

Herbal component

Teratogens

Herbal component

Teratogens

ETH (75pl/ml)

ETH (12.5ul/ml)

VPA (1500uM)

[6]-Gingerol [6]-Gingerol
RA (20uM) RA (5uM)
(3uM) (0.75uM)
VPA (1500uM) VPA (750uM)
ETH (75ul/ml) ETH (12.5pl/ml)
Ginkgolide A Ginkgolide A
RA (20uM) RA (5uM)
(100nM) (100nM)
VPA (1500uM) VPA (750uM)
ETH (75ul/ml) ETH (12.5pl/ml)
Ginkgolide B Ginkgolide B
RA (20uM) RA (5uM)
(50nM) (50nM)

VPA (750uM)

Ginsenoside Rgl

ETH (75pl/ml)

Ginsenoside Rg1l

ETH (12.5pl/ml)

VPA (1500uM)

RA (20uM) RA (5uM)
(0.5uM) (0.5uM)
VPA (1500uM) VPA (750uM)
ETH (75ul/ml) ETH (12.5pl/ml)
a-Bisabolol a-Bisabolol
RA (20uM) RA (5uM)
(1pM) (1uM)
VPA (1500uM) VPA (750uM)
ETH (75ul/ml) ETH (12.5pl/ml)
Eugenol Eugenol
RA (20uM) RA (5uM)
(0.01pM) (0.01pM)
VPA (1500uM) VPA (750uM)
ETH (75ul/ml) ETH (12.5pl/ml)
Folic acid Folic acid
RA (20uM) RA (5uM)
(375uM) (375uM)

VPA (750uM)

Ascorbic acid

ETH (75ul/ml)

Ascorbic acid

ETH (12.5pl/ml)

RA (20uM) RA (5uM)
(100uM) (100uM)
VPA (1500uM) VPA (750uM)
ETH (75ul/ml) Superoxide ETH (12.5ul/ml)
Superoxide dismutase di P
RA (20uM) Ismutase RA (5uM)
(1pM)
VPA (1500pM) (1pM) VPA (750uM)
Table 4-1: Concentrations of herbal components, standard protective

substances and standard teratogens to study potential cytoprotective capacity
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4.3 Results

4.3.1Protective effect of herbal components and standard
protective molecules against ethanol

< In MM system

Ethanol at concentration 75ul/ml caused cessation in beating of cultured chick
embryonic cardiomyocytes after 24h of treatment. However, some beating
recovery has been detected in the ETH alone-treated group after 144h of
treatment (Figure 4-1A). The cell activity and protein content was significantly
reduced compared to untreated control. Although there were some
improvements in the contractile activity for the standard protective molecules
(SPM) -FA, AA and SOD- and all tested phytochemicals, except for GB and
bisabolol, when they were mixed with ETH, the difference was not significant
in comparison with the ETH alone-treated group (Figure 4-1A). All SPM and
phytochemicals, except GB and bisabolol, significantly increased the cell
activity of the ETH-treated group (Figure 4-1B). However, the protein content
of the ETH-treated group was significantly increased after co-treatment with
all SPM, 6G, GA and eugenol (Figure 4-1C). There was no significant difference
for protective molecules alone in comparison to the control for all endpoints,

(results not shown).
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Morphological scoring system (MM)
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Figure 4-1: Protective effect of phytochemicals and standard molecules
against ethanol in MM

(A) Morphological scoring system (contractile activity), (B) resazurin assay (cell
activity), (C) kenacid blue assay (protein content). The data in each graph represent
three independent experiments (n=3) with 4 intra-repeats per experiment per each
environment. The 24 well plate in each experiment contained blank, control, tested
phytochemical, 75ul/ml ETH and (tested phytochemical plus 75pl/ml ETH). All groups
that contain (ETH + chemicals) were statistically compared with (ETH alone) group.
The untreated group was statistically compared with (ETH alone) group. The data
are presented in (%) but the statistical analysis was performed on raw data.
*p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.
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< In ESD3 system

Introduction of 12.5ul/ml ETH into ESD3 cultures prevented the stem cells from
being differentiated into cardiomyocytes but it did not affect the cell activity
and protein content. Co-treatment of ETH with SPM improved the
differentiation and contractility, except of AA, but difference was not significant
when compared with ETH alone-treated group (Figure 4-2A). Among the tested
phytochemicals, only 0.75uM 6G and 0.5uM G-Rgl have partially recovered
the stem cells to be differentiated and contracted but also this was not
significant compared to the ETH alone-treated group (Figure 4-2A). The ETH
and all other molecules co-treatment groups displayed no significant difference
in cell activity and protein content when compared with ETH-treated control

(Figure 4-2B and C).
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Figure 4-2: Protective effect of phytochemicals and standard molecules against
ethanol in ESD3

(A) Morphological scoring system (contractile activity), (B) resazurin assay (cell activity),
(C) kenacid blue assay (protein content). The data in each graph represent three
independent experiments (n=3) with 4 intra-repeats per experiment per environment. The
24 well plate in each experiment contained blank, control, tested phytochemical, 12.5ul/ml
ETH and (tested phytochemical plus 12.5ul/ml ETH). All groups that contain (ETH +
chemicals) were statistically compared with (ETH alone) group. The untreated group was
statistically compared with (ETH alone) group. The data are presented in (%) but the
statistical analysis was performed on raw data. NS; non-significant, *p<0.05, **p<0.01,
*** p<0.001 and **** p<0.0001.
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4.3.2 Protective effect of herbal components and standard
protective molecules against Retinoic acid

< In MM system

RA at 20pM treatment resulted in a statistically significant decline in
morphological score at 48h and 144h in chick embryonic cardiomyocytes
(Figure 4-3A), as well as a significant decrease in both cell activity and protein
content by almost 75% and 70% respectively, in comparison to the untreated
control (Figure 4-3B and C). After 120h of exposure to the tested
phytochemicals or SPM, the contractile activity showed no significant recovery
when compared to that of the RA-alone group, although some improvements
were noted with GA, eugenol and SOD (Figure 4-3A). None of the tested
molecules significantly rectified the cell activity or rescued the protein content
after 120h of treatment. Only SOD treatment displayed some elevation in cell
activity but it significantly increased the protein content when co-treated with

RA (Figure 4-3B and C).

< In ESD3 system

ESD3 cells were treated with 5uM RA for 12 days and the same endpoints were
monitored. At this concentration, RA prevented the stem cells from
differentiating into cardiomyocytes but also reduced the EBs size substantially,
where it was reflected by both a significant reduction of cell activity and protein
content (Figure 4-4A, B and C). None of phytochemicals or SPM alone had a
significant effect on the scoring, cell activity or protein content when compared
with the control, (data not shown). The RA co-exposure with the selected
concentrations of phytochemicals or SPM showed no amendments at any of

the measured endpoints at all co-exposure groups (Figure 4-4A, B and C).
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Figure 4-3: Protective effect of phytochemicals and standard molecules
against Retinoic acid in MM

(A) Morphological scoring system (contractile activity), (B) resazurin assay (cell
activity), (C) kenacid blue assay (protein content). The data in each graph represent
three independent experiments (n=3) with 4 intra-repeats per experiment per
environment. The 24 well plate in each experiment contained blank, control, tested
phytochemical, 20uM RA and (tested phytochemical plus 20uM RA). All groups that
contain (RA + chemicals) were statistically compared with (RA alone) group. The
untreated group was statistically compared with (RA alone) group. The data are
presented in (%) but the statistical analysis was performed on raw data. *p<0.05, **
p<0.01, *** p<0.001 and **** p<0.0001.
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Figure 4-4: Protective effect of phytochemicals and standard molecules
against Retinoic acid in ESD3

(A) Morphological scoring system (contractile activity), (B) resazurin assay (cell
activity), (C) kenacid blue assay (protein content). The data in each graph represent
three independent experiments (n=3) with 4 intra-repeats per experiment per
environment. The 24 well plate in each experiment contained blank, control, tested
phytochemical, 5uM RA and (tested phytochemical plus 5uM RA). All groups that
contain (RA + chemicals) were statistically compared with (RA alone) group. The
untreated group was statistically compared with (RA alone) group. The data are
presented in (%) but the statistical analysis was performed on raw data. *p<0.05,
**p<0.01, *** p<0.001 and **** p<0.0001.

156



Chapter 4

4.3.3 Protective effect of herbal components and standard
protective molecules against Valproic acid

«+ In MM system

The chick embryonic cardiomyocytes were treated with 1500uM VPA to induce
a mild to moderate adverse effect on the contractile activity without disturbing
the cell activity or reducing the protein content. VPA, at this concentration,
decreased the contractile activity significantly at 48h and 144h (Figure 4-5A).
The contractile activity (morphological scoring) did not display any significant
enhancement when co-treated with the tested phytochemicals or SPM in
comparison to VPA alone group. However, some enhance were noticed with
3uM 6G and 0.5pM G-Rgl at 144h when compared to untreated control
(Figure 4-5A). The statistical analysis of co-exposure groups show no
significant alterations of cell activity and protein content when compared to
VPA alone group (Figure 4-5B and C). The only exception was 6G+VPA group,
where the cell activity becomes significantly different from VPA-alone group

after 120h of co-exposure (Figure 4-5B).
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Figure 4-5: Protective effect of phytochemicals and standard
molecules against Valproic acid in MM

(A) Morphological scoring system (contractile activity), (B) resazurin assay (cell
activity), (C) kenacid blue assay (protein content). The data in each graph represent
three independent experiments (n=3) with 4 intra-repeats per experiment per
environment. The 24 well plate in each experiment contained blank, control, tested
phytochemical, 1500pM VPA and (tested phytochemical plus 1500uM VPA). All groups
that contain (VPA + chemicals) were statistically compared with (VPA alone) group. The
untreated group was statistically compared with (VPA alone) group. The data are
presented in (%) but the statistical analysis was performed on raw data. NS; non-
significant, *p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.
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< In ESD3 system

VPA at 750uM had completely prevented the stem cell differentiation into
cardiomyocytes as the cultures did not show any contractile activity
(Figure 4-6A). In addition, the cell activity and the protein content at 750uM
VPA became significantly altered when compared with the untreated group
(Figure 4-6B and C). When the phytochemicals and SPM were co-treated with
VPA, none of the measured endpoints significantly changed when compared with
VPA-alone group (Figure 4-6A, B and C). However, 0.75uM 6G and 0.5uM G-
Rgl had triggered a few beating foci within the cultures which means they
facilitated the stem cells to differentiate to cardiomyocytes even in presence of

VPA (Figure 4-6A).
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Figure 4-6: Protective effect of phytochemicals and
standard molecules against Valproic acid in ESD3

(A) Morphological scoring system (contractile activity), (B) resazurin assay (cell
activity), (C) kenacid blue assay (protein content). The data in each graph represent
three independent experiments (n=3) with 4 intra-repeats per experiment per
environment. The 24 well plate in each experiment contained blank, control, tested
phytochemical, 750uM VPA and (tested phytochemical plus 750uM VPA). All groups
that contain (VPA + chemicals) were statistically compared with (VPA alone) group.
The untreated group was statistically compared with (VPA alone) group. The data are
presented in (%) but the statistical analysis was performed on raw data. NS; non-
significant, *p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.
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4.4 Discussion

It was shown in the previous Chapter that the herbal components could
induced teratogenicity or embryotoxicity above certain concentrations. The
experiments that have been reported in this Chapter were constructed to
investigate whether the selected ‘non-embryotoxic non-teratogenic’ herbal
components concentrations have intrinsic protective characteristics or they are
inert. The experiments involved three well-known protective molecules (FA, AA
and SOD) alongside to make certain that both utilized systems, MM and ESD3,
are reliable for such a study. The cellular insults were performed by treating
the chick and mouse cell cultures in both systems with established teratogenic
molecules (ETH, RA and VPA). These teratogens demonstrate different
mechanisms of embryotoxicty in various severities to give opportunities to
explore any possible protective mechanism of the tested herbal components.
Our results may represent the protective capacity of these herbal components
in embryonic cells, but not in any adult cells. Therefore, any lack of

cytoprotective eveidence here should not be generalized to all other cells.

It was observed in these experiments that the teratogenic effects of the
standard teratogens on the differentiating mouse stem cells cultured in ESD3
system were more dramatic on the measured endpoints, contractile activity,
cell activity and protein content than their teratogenic effects on growing chick
cardiomyocytes in MM system. Saretzki et al. (2008) found that the telomerase
activity of hESD3 was maintained at high levels resulting in protection from
telomere shortening and erosion. However, during differentiation, the

telomerase activity has significantly downregulated [395]. In similar reports,
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ROS and DNA damage levels increased in hESD3-derived differentiated cells,
indicating that they are more vulnerable to insult and less competent in
protecting their genome compared to the hESD3 themselves [395]. Although
the defence mechanisms during chick embryonic development, including those
of the heart, are immature, the antioxidant enzymes SOD, glutathione
peroxidase and catalase are still marginally expressed during different periods
of development [257]. These facts might partially explain the differences in

the results for each endpoint in both systems.

ETH is a reactive and easily diffusible molecule, therefore it can react with
several targets either within the cell membrane, such as receptors and ion
channels, or within the intracellular compartments [396]. Several molecular
toxicity mechanisms for ETH-induced cellular damage have been suggested.
ETH induces ROS and oxidative stress in mouse cardiomyocytes which might
lead to DNA damage [397]. ETH-induced damage could also be triggered by
inflammatory cytokines such as TNF-a and IL-6 which exert their action by
impaired protein synthesis and increased protein catabolism through the NFkB
pathway [398]. In heart sections of rats put on high alcohol doses for 4
months, ETH was also found to be able to induce apoptosis in the
cardiomyocytes via caspase 3, which is a mitochondrial apoptotic mediator,
[399]. Our results showed the ETH in MM cultures caused cessation of the
contractility after 24h of exposure followed by a partial recovery after a few
days. The reason for this observation could be ETH-induced
electrophysiological disturbances [400], or it could result from impaired
proteins which are important in the contractile process such as actin, myosin

or actinin [398]. There were some improvements in the contractile activity for
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6G, GA, G-Rgl and eugenol in addition to SPMs but no molecules brought the
contractility back to being comparable to the untreated control. The partial
contractile recovery with these molecules was accompanied by a significant
elevation in both cell activity and protein content which might hint that 6G,
GA, G-Rg1 and eugenol could protect the embryonic cardiomyocytes from the
teratogenic effects of ETH by increasing protein synthesis or cell proliferation
but the antioxidant effects could not be excluded. This is because of the
improvements that have also been recorded with FA, AA and SOD.
Furthermore, ETH prevented the stem cells being differentiated into
cardiomyocytes. ETH has been shown to delay differentiation of cells in culture,
such as skeletal muscle [401]. Several studies suggested different membrane
associated-signalling pathways for ETH to influence transcriptional pathways
that play a part in the differentiation process, such as adenylate cyclase,
protein kinase C activation, receptor-kinase phosphorylation and prostaglandin
production [263]. However, only two herbal components 6G and G-Rgl have
partially stimulated cardiomyocytes differentiation in the ESD3 system. ROS
could play a role in hindering differentiation, as our results also showed some
marginal stimulation for differentiation with FA and SOD. Hence the antioxidant
activity of 6G and G-Rg1l might play a role in enhancing stem cell differentiation
to cardiomyocytes. It is possible to argue that these two phytochemicals may
have a capacity to downregulate the expression of stemness-maintaining
genes such as Oct-4; therefore, they facilitate the differentiation. However,
further experiments are necessary to better understand the protection
mechanisms of 6G and G-Rg1l in both systems. It was noticed that GB and

bisabolol did not show any protection against ETH teratogenic effects for all
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endpoints measured in both systems. This could be because they lack
protective ability against ETH, perhaps the concentrations used were not
sufficient or the duration of exposure was too brief to show any protective
effects. Further work is required to elucidate their protection mechanisms

against ETH.

RA at 20uM has dramatically decreased the contractile activity of growing chick
embryonic cardiomyocytes which was reflected by a decrease in the
morphological score (Figure 4-3A). The cell activity and protein content were
also significantly decreased (Figure 4-3B and C). Unfortunately, none of
phytochemicals tested has shown any protection against RA. However, there
was a noticeable enhancement in all measured endpoints at 1uM SOD. This
might hint that ROS play an essential role in RA-induced embryonic

cardiotoxicity.

It is very well established that RA induces teratogenicity in mammalian
embryonic hearts [402]. Wang et al. (2014) established that long-term 1uM
RA treatment initiates ROS-induced apoptosis in granulocyte-differentiated
cells [403]. Additionally, Miyoshi et al. (2010) found that RA treatment of
leukemia NB4 cells led to production of toxic ROS after being stimulated by
phorbol 12-myristate 13-acetate [404]. On the other hand, a study
demonstrated that 0-5uM RA can dose dependently prevent the angiotensin
II- and mechanical stretch-induced ROS production in primary cultures of
neonatal cardiomyocytes of rat pups [405]. Although RA is essential in the
developmental process, at inappropriate levels it acts conversely at the genetic
level where it disturbs the transcriptional regulation of specific homeobox
genes, which have essential roles in patterning [406]. It could be assumed
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that none of the herbal components tested has a capacity to rectify or prevent
the RA-induced defects at the genetic level. However, the RA effect on the
endpoints was much more apparent in the ESD3 cultures. 5uM RA was enough
to reduce the EBs size and prevent the differentiation and the proliferation on
the plate which was depicted by the morphological scoring system, cell activity
and protein content results in comparison to untreated control (Figure 4-4).
This result is consistent with another study which demonstrated that RA alters
cardiac differentiation of mESD3 in a concentration and time-dependent
manner. RA at 0.001 and 0.1pM induced EB differentiation toward the atrial
phenotype. In contrast, 1 and 10uM RA showed a damaging effect on EB
development by causing intense apoptosis. Protection against RA-induced
detrimental effects in our study was completely absent for all phytochemicals

and SPM.

VPA in these experiments was added to growing chick embryonic
cardiomyocytes at 1500uM in the MM system for 5 days and to differentiating
mouse embryonic stem cells at 750uM in ESD3 system for 12 days. VPA
exerted mild teratogenic effects in the MM system and only the contractile
activity significantly declined at 48h and 144h, but the cell activity and protein
content were not influenced (Figure 4-5A, B and C). However, its effect on
stem cell cultures was harsher as it hindered cardiac cell differentiation and
decreased the EBs size and hence the protein content and cell activity. VPA is
a small fat-soluble molecule, which permits it to diffuse easily into the
cytoplasm [407]. Additionally, several reports have associated human
embryonic heart malformations to VPA exposure in uterus during the

gestational period [408-410]. The possible mechanisms of VPA embryotoxicity
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have been arguable. ROS-induced oxidative stress, through disturbing the
mitochondrial electron transport chain, may play a role in VPA embryonic
cardiotoxicity but to an uncertain extent [411,412]. The ability of VPA to inhibit
the histone deacetylase enzyme could also modify gene expression for several
transcription factors leading to defects in differentiation or proliferation [413].
In fact, all the herbal components tested have failed to fully recover the
contractile activity. Interestingly, the cell activity of MM cultures co-treated
with 6G and VPA was reduced significantly. It could be suggested that the
combination of 6G with VPA might form a new chemical product or initiate a
chemical reaction that affected the cell activity. With regard the ESD3 system,
only 6G and G-Rg1 managed to trigger cardiac differentiation in VPA co-treated
cultures by 5% and 10% respectively compared to the untreated control (non-
significant). The addition of any of the tested herbs did not make any
significant difference to cell activity and protein content in comparison to the
VPA-alone group. In consistent with our findings, Na et al. (2003)
demonstrated that VPA treatment of ESD3-derived EBs at 100-1000uM did not
exert cytotoxicity but suppressed the outgrowth of EBs by inhibition the cell
cycle dose dependently. Na’s study also showed that ROS could play an
essential role in preventing cardiac differentiation [270]. However, the possible
reason behind the failure of any of the tested herbal components to
significantly restore the endpoints values is that VPA could also inhibit histone
deacetylase and modify the expression of many proteins that are critical in the

differentiation and proliferation process.
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To sum up, these experiments were performed to study the potential protective
characteristics of the herbal components. They have displayed a very weak
intrinsic protective ability of these phytochemicals against RA and VPA. On the
other hand, 6G, GA, G-Rgl and eugenol exerted considerable protective
capacity against embryotoxicity of ETH but not ETH teratogenicity effect. The
only two phytochemicals that lack any protection capacity against all standard
teratogens used were GB and bisabolol. Nevertheless, these phytochemicals
could only protect against teratogens where ROS played the main role in the
toxicity. They probably lack any capacity to protect against teratogens which

act by modification at the genetic level such as VPA and RA.
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5 Chapter five - Evaluation the role of ROS
production and DNA damage induction
in the embryotoxicity mechanism of

selected herbal components

5.1 Introduction

Reactive oxygen species (ROS) consist of oxygen-derived radical species such
as superoxide (02 ), hydroxyl radical (HO"), peroxyl (RO2") and alkoxyl (RO"),

and non-radical oxygen species such as the superoxide anion (02 ) and
hydrogen peroxide (H:0.), formed by the partial reduction of oxygen. Two
methods have been described for ROS generation. Cellular ROS may be
generated endogenously as a byproduct due to intrinsic metabolic pathways
that are localised in different cellular compartments, such as the chloroplast,
mitochondria and peroxisomes, or by an exogenous pathway in which ROS
may arise by cell receptor binding with xenobiotic compounds [414]. O, has
two unpaired electrons that have the same spin momentum. This spin enables
O to accept more electrons one at a time, leading to the generation of ROS,
which can show harmful effects on cells. ROS have a role in cell signalling
pathways, as a regulator to several cellular events such as proliferation,
differentiation and physiological apoptosis. In addition oxidative stress may

induce apoptosis and DNA damage [415].
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5.1.1 Mitochondrial respiratory chain reaction

The mitochondrial process that leads to the production of adenosine
triphosphate (ATP) is termed the respiratory chain reaction (RCR), which
happens by oxidative phosphorylation [416]. The main operators for RCR are
the enzyme complex 1 (NADH-coenzyme Q reductase or NADH
dehydrogenase), complex II (succinate-coenzyme Q reductase or succinate
dehydrogenase), complex III (coenzyme Q reductase), complex IV
(cytochrome c reductase) and complex V (ATP synthase). These are all
embedded in the inner mitochondrial membrane in an organised pattern [417].
Krebs’ cycle in the matrix is the main source of electrons which are moved
through the complex chain until they reach oxygen, the final destination, to
form water molecules. While electrons move in a donor-acceptor fashion
between complexes, an electrochemical gradient builds up outside the inner
membrane through the coupled transfer of electrons to oxygen and the
transport of protons from the matrix across the inner membrane into the
intermembrane space. The terminal complex in the chain, ATP synthase,
utilises this gradient to rotate itself in the membrane, rather like a turbine

machine, catalysing the synthesis of most cellular ATP [418].

5.1.2 The physiological role of ROS

More and more evidence suggests that ROS play a vital role in the regulation
of several cellular physiological processes which are involved in autophagy,
hormone level control and enzyme activation or inhibition, as regulatory
mediators in signalling processes [419,420]. It has been evidenced that ROS
concentration is the main factor that determines their role, the higher the

concentration, the more hazardous for cells and their major constituents [420].
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At normal levels, ROS can act as a modulator for protein post-translational
modifications to adjust signalling pathways. Particularly, H,O, can oxidise thiol
groups (—SH) on cysteine residues to produce sulphenic acid (—SOH), which
in turn reacts with GSH to convert to glutathionylated (—SSG), which together
with thiols can form a disulfide bond (—SS—), or with amides to form a sulfenyl
amide (—SN—) [421]. Such modification can alter the function of target
proteins within the molecular signal pathways. Phosphatases were found to be
the most susceptible enzymes to ROS-induced protein modification, which
inhibits their dephosphorylation activity [422]. ROS are also responsible for
cellular responses to stimuli such as stress, free radicals or pathogens through
inducing the activation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), a transcriptional factor responsible for regulation of
DNA gene expression of several proteins [423]. Furthermore, an important
biological role of ROS has been shown to be their ability to change the
intracellular redox milieu, which has a direct impact on several physiological
activities such as gating properties of voltage-sensitive ion channels and
associated downstream molecular transport pathways [424]. It has been
suggested that ROS involvement in signal transduction could also come from
activation of endogenous Ca*? and subsequent Ca*? dependent
processes/enzymes [424]. The two critical signalling pathways which play a
fundamental role in cell proliferation and survival in response to growth factor,
cytokine and hormone stimulation are the phosphoinositide 3-kinase (PI3K)
and the mitogen-activated protein kinase (MAPK) cascades. However, it has
been well documented that ROS can regulate both PI3K and MAPK cascades

by activation or inhibition of some proteins along their pathways toward DNA
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transcriptional factors. Therefore, ROS at normal levels are important
signalling molecules for cell proliferation [425]. Whilst ROS exert their
regulatory effects in several ways intracellularly, it is essential they remain

within the normal concentrations.

5.1.3 ROS involvement in apoptosis

Apoptosis is a unique and important form of programmed cell death (i.e.
genetically determined elimination of cells), which performs a vital role in the
development and homeostasis of multicellular organisms. Whilst some studies
confirmed a clear contribution of ROS in apoptosis induction, there is growing
evidence that pro-oxidative conditions are not the only triggers for apoptotic
cell death [420]. However, two ATP-dependent pathway types of apoptosis
have been described. Namely, the extrinsic pathway, also known as the death
receptor pathway, and the intrinsic pathway, also known as the mitochondrial
pathway. Some scientists have described Perforin or the granzyme pathway as

another type of apoptosis pathway.

5.1.3.1 ROS and mitochondrial permeability transition pore

It has been confirmed that the mitochondrial permeability transition pore (PTP)
complex is the known target of ROS to trigger the intrinsic apoptotic cascade
via interactions with its integral proteins such as VDAC, ANT and cypD,
whereby oxidising PTP proteins will dramatically alter mitochondrial anion
fluxes [426]. Further, HO, causes a transient elevation in mitochondrial
membrane hyperpolarization and initiates breakdown of the mitochondrial
membrane potential (*Wm), mitochondrial translocation of pro-apoptotic

proteins Bax and Bad, and cytochrome c release to the cytosol [427,428]. The
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more cytochrome c to be released the more disturbances to the electron

transport chain, which means more ROS to be generated.

5.1.3.2 ROS and Jun N-terminal kinases

Mitochondrial intrinsic apoptotic, as well as death receptor-initiated extrinsic
pathways, can be mediated by Jun N-terminal kinases or (JNKs). JNKs induce
apoptotic signalling by the upregulation of pro-apoptotic genes via the
transactivation of specific transcription factors or by directly modulating the
activities of mitochondrial pro- and anti-apoptotic proteins through distinct
phosphorylation events [429]. However, ROS appear to activate JNKs through
a chain of proteins. During TNF-a induced apoptotic signalling, it seems that
ROS generate and activate what is called TNF-receptor-associated factor 2
(TRAF-2) which results in subsequent activation of signal-regulating kinase 1
(ASK1). Then this enzyme phosphorylates MAPK leading to the eventual
stimulation of the JNK-module and apoptosis [430,431]. So the mechanism
can be abbrieviated as TNF-a-ROS-TRAF-2-ASK1-MAPK-IJNK mediated
apoptotic signalling. Additionally, the phosphorylated JNKs translocate to the
nucleus where they phosphorylate and activate c-Jun which in turn leads to
the formation of a transcription factor termed Activator Protein 1 (AP-1). Ap-1
is involved in the regulation of many protein transcriptions, including an
increase in the expression of pro-apoptotic proteins and/or decrease in the

expression of pro-survival proteins [432,433].
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5.1.4 DNA damage mechanisms

Deoxyribonucleic acid (DNA) damage is a relatively common event in the life
of all cells, prokaryotic and eukaryotic, and may lead to mutation, cancer and
apoptosis [434]. The damage can occur either in mitochondrial or nuclear DNA.
Several factors can induce DNA damage, but as far as ROS is concerned, the

following are considered the main mechanisms.

5.1.4.1 Indirect ROS-mediated DNA damage

This pathway mainly occurs in the cytoplasm and nucleus. Ataxia telangiectasia
mutated (ATM) is a phosphatidylinositol kinase 3 (PI3K-like) serine/threonine
protein kinase and acts as a double-strand break sensor to detect and repair
any DNA double-strand damage. Thus, it cooperates with other kinase
enzymes to activate various proteins which are involved in DNA repair,
apoptosis or cell cycle checkpoints/proliferation [425]. Accumulating evidence
has shown that ATM can also function as an '‘ROS sensor’ where an ROS
harmful signal is mediated to DNA via ATM. A study found that cells in which
ATM s inactivated or removed were more susceptible to oxidative stress-
induced DNA damaging agents [435]. This is because ATM is assumed to
initiate a controlled apoptosis process instead of causing collateral damage
which happened in its absence. Gue et al. (2010) confirmed ROS-activated
ATM downstream steps in the absence of DNA double-strand damage.
However, ATM being activated by ROS was found to activate AMP Kinase (the
enzyme that plays a role in the energy homeostasis) and caused DNA
transcriptional disturbances which led to a decrease in protein synthesis but

also an increase in autophagy [436].
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5.1.4.2 Direct ROS-mediated DNA damage
This type mainly happens in mitochondrial DNA (mDNA) damage. There are

several reasons make mDNA vulnerable to the direct effect of ROS oxidative
damage, these are namely; its location is very close to the electron transport
chain which is the main source of ROS and being intron-deficient makes it very
prone to any damage [437]. The jeopardy of mMDNA damage comes from the
fact that mDNA encodes 13 polypeptides of the respiratory chain; therefore,
the damage would not only compromise mitochondrial ATP production but also
elevate ROS generation as a result of disturbing the respiratory chain.
However, any mDNA damage would initiate a cycle of decreased ATP
production-enhanced ROS generation-mDNA damage that ultimately triggers
apoptosis [438,439]. Among several chemical reactions that are encountered
by DNA nucleotides, such as methylation, phosphorylation or reduction, it has
been confirmed that oxidative damage of nucleobases is an important source
of mutations in DNA. A particular form of this damage is the oxidation of
guanine to 7,8-dihydro-8-oxoguanine (oxoG). Whilst the DNA backbone might
not be affected, the oxidised form of guanine is dangerous due to its ability to
mis-pair with adenine instead of cytosine in the process of replication, leading

to what are called transversion mutations [440].

5.1.5 Chapter objective
This Chapter was conducted to study the effects of the herbal componets
on ROS production in MM and ESD3 systems but also to investigate the

DNA damage in ESD3 system.
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5.2 Materials and methods

5.2.1 ROS measurement assay

To quantify the ROS in the treated and untreated cultures of both systems, the
2’, 7" dichlorofluorescein diacetate (DCFH-DA) assay was employed. The assay
used several characteristics of DCFH-DA which include in cell permeability, as
it is non-ionic and non-polar, but also its fluorogenic ability intracellularly. After
being introduced in the cytoplasm, DCFH-DA is cleaved by cellular esterase to
remove a diacetate group and convert the substance into fluorogenic DCFH.
The DCFH is trapped in cells and is oxidised by ROS available in the cell to
produce highly fluorescent dichlorofluorescein (DCF) [441]. Therefore, the ROS
levels within the cell are related to the fluorescence measured (DCF).
Schematic steps for DCFH-DA for this assay are depicted in Figure 5-1. The
effects of any free radical generation compounds on DCFH-DA can be
measured and quantified against the fluorescence of the DCF using the

standard curve as in Figure 5-2.
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5.2.1.1 Detection protocol for cellular reactive oxygen species

In this assay, the cell suspension obtained for the MM system (Section 2.2.1)
was cultured in black walled, clear bottomed, 96 well plates (Corning, UK)
for 24h. However, for ESD3, five day old EBs were employed (Section 2.2.2).
Three EBs were plated per well of black-walled, clear bottomed, 96 well plate
at the time of the experiment. The measurements were read at six time
points (0, 1, 2, 3, 4, and 24h) after culture exposure. A short period point
scale was used in this assay because of the short half-life of ROS [442].
Moreover, the H,0,, which was used as a positive control in the assay [443],
could have severely damaged the cells if a longer period had been applied.
Different concentrations of tested herbal components were assessed using
the DCFH-DA assay. The procedure of this assay has been described by Garle
et al. (2000) [442]. In this study, the required amounts of test chemicals
were dissolved in HBSS containing 20uM (DCFH-DA). The fluorescence was
detected at time periods of 0, 1, 2, 3, 4, and 24h using an emission filter of
520 nm and excitation filter of 485 nm (FLUORstar Galaxy, UK). During
interval periods, the plate was wrapped with aluminium foil and kept at 37°C

in the 95% air: 5% CO; incubator to avoid light interfering.

5.2.1.1.1 Negative controls of ROS assay (AA and SOD)

Ascorbic acid and superoxide dismutase were employed as well known
negative controls in regard to their ability to evoke ROS in the cells. The
concentrations were selected based on the results of AA shown in Figure 2-21
and SOD as in Figure 2-22 which indicated that these two chemicals did not

cause any form of embryotoxicity, teratogenicity or cytotoxicity. For AA, 50
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and 100uM concentrations were selected to be assayed for their ROS
induction capacity; for SOD, 0.5 and 1uM concentrations were selected to
test their ROS induction ability in both MM and ESD3 systems. The analysed
data showed the expected results for AA and SOD in both systems. None of
the concentrations tested increased ROS in either system. This was
performed to ensure the reliability of the assay and to avoid any false positive
results might arisen due to a possible redox chemical reaction triggered by
adding a test substance to DCFH-DA solution. However, the results confirmed
such reactions are not predicted and ROS elevation should come from the
effect of chemicals on the cell metabolism. The positive control of 10uM H;0>

elevated the ROS as expected in both systems.
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Figure 5-3: Effects of ascorbic acid (AA) on ROS production in MM and
ESD3 systems
The curves, in sections (A) which represent effect of AA on MM and (B) which represents the

effect of AA on ESD3, show that both tested concentrations in both systems have failed to
increase the ROS production to significant levels. The effect of 10uM H,0, increased ROS
significantly in both systems after 24h. H,0, was used as a positive control in each repeat.
Three independent repeats of each experiment were performed. The data are presented as
mean + SEM and analysed statistically using two-way ANOVA with Bonferroni post-hoc test.
* p<0.05 significant difference from control.
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Figure 5-4: Effects of superoxide dismutase (SOD) on ROS production in MM
and ESD3 systems

The curves, in sections (A) which represent effect of SOD on MM and (B) which represents the
effect of SOD on ESD3, show that both tested concentrations in both systems have failed to
increase the ROS production to significant levels. The effect of 10uM H,0; increased ROS
significantly in both systems after 24h. H,0, was used as a positive control in each repeat. Three
independent repeats of each experiment were performed. The data are presented as mean *
SEM and analysed statistically using two-way ANOVA with Bonferroni post-hoc test. * p<0.05
significant difference from control.

5.2.2DNA double-strand breaks assay (pY-H2AX) (ESD3)
DNA double-strand breaks (DSBs) can occur directly or indirectly during
normal cell programmed activities such as meiosis or by exposure of cells to

some Xxenobiotics, such as ionizing radiation or some classes of
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chemotherapeutic drugs like 5-FU. DSBs are one of the most serious forms of
DNA damage, and their repair is vital for cell survival and the preservation of
proper genomic codes [444]. When DNA damage occurs in “germ cells” and it
exceeds the cellular competence to repair it, several genetic errors would be
accumulated, and even transmitted to future cell generations, which may
result in cell death or incorporation of genome mutations which then might be
translated into embryopathy [445]. The further possible consequences of these
breaks which can have serious embryonic cellular consequences include
chromosomal aberrations, increased genetic instability, carcinogenesis and
cytotoxicity [446]. DSBs generation results in the rapid phosphorylation of H2A
variant H2AX. The phosphorylation occurs on Ser139 of H2AX (Y-H2AX), and
it is described as abundant, fast and very well correlated with each DSB.
Therefore, the test was considered as a most sensitive assay for DNA damage
detection [447]. The phospho (p) Y-H2AX assay was implemented to
investigate the possible DNA damage that might be induced by some selected
herbal component concentrations. ESD3 were cultured in 1% (w/v) gelatine

coated six well plates (Corning, USA) at a density of 2.5x10%/ml. The cells were

incubated at 37°C in the 95% air: 5% CO> incubator to allow the cells adhere
to the plates. When the cells were 60% confluent, various test herbal
component concentrations were freshly prepared (in the same ESD3 medium)
and were used to replace the culture medium in each well, and these were
incubated for a further 24h. At the end of 24h, floating and adherent cells were
collected by trypsinization, neutralised with ESD3 medium (for each 2ml
trypsin, 8ml ESD3 medium was added) and transferred to the corresponding

15ml centrifuge tubes (Sterlin, Stone, UK). The tubes were centrifuged at
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900rpm for 5 minutes (but all further centrifugations were set on 2000 rpm
speed for 5 minutes), the cell pellet was resuspended in 1ml PBS for cell
washing. The cells were spun again, and the pellet was resuspended and fixed
with 500ul 2% (w/v) formalin in PBS for 5 min at RT, with gentle agitation
every 1 minute. Fixed cells were permeabilised with 500ul 0.4% (v/v) Triton
X-100 in PBS for 1 minute at RT, Triton X-100 was mixed with formalin in the
same tube, before the subsequent centrifugation was performed. The
supernatant was aspirated, then nonspecific binding was blocked with 1ml 1%
(v/v) heat inactivated FBS for each tube. The resuspended cells were left 30
minutes at RT for blocking. The blocked cells were spun again, and the cell
pellet was resuspended with 200ul (1:3000 in 1% (v/v) FBS in PBS) mouse
anti pY-H2AX antibody (Merck Millipore, Germany) and incubated at RT for 90
minutes. After this incubation, 1ml 1% (v/v) FBS was added to each tube to
wash the cells, before another centrifugation was performed. Then the cells
were stained with 200ul (1:1500 in 1% FBS in PBS) goat anti-mouse Alexa-
fluor 488 secondary antibody (Life Technologies, UK). After 1h incubation in
the dark at RT, 1ml 1% (v/v) FBS was added to each tube and final
centrifugation was performed. Once the supernatant was removed, the cell
pellet was resuspended with 400ul of RNase-containing propodium iodide (PI)
solution (Sigma-Aldrich, UK) and kept for 10 minutes at RT. The samples were
transferred into 5ml fluorescence-activated cell sorting (FACS) rounded-
bottom tubes (Falcon, Mexico) to be ready for measurement. Three
concentrations of chemotherapeutic drug 5-fluorouracil (5-FU) (5, 10 and
15um) for a 24h exposure period were utilised as a 'DNA damage positive

control’ to identify the test reliability [448]. The 5-FU results clearly indicated
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the reliability of this assay by showing highly significant DNA damage,
Figure 5-5. The samples were measured using a FC500 flow cytometer
(Beckman Coulter), FL-1 channel was used for colour intensity detection and
in each sample, 10% events were recorded. At least three independent repeats
of each experiment were performed using six well plates (2 wells of each group
in every repeat for DNA damage flow cytometry assay). The data was analysed
using Weasel software, and raw data were statistically calculated in using

GraphPad Prism6

Statistics software by one-way ANOVA, but they were presented as a
percentage of the pY-H2AX increment. The graph of positive control drug
5-FU shows a significant increase in % pY-H2AX increment in comparison to

control, Figure 5-5 and Figure 5-6.
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Figure 5-5: Effects of 5-FU concentrations on DNA double strand break
induction in ESD3 cultures

5-FU was selected as a positive control in DNA damage assay. The figure shows (A)
dot plots of the control and with the three tested 5-FU concentrations (B) 5uM, (C)
10uM and (D) 15uM. The y-axis represents DNA damage and the x-axis side scatter,
which represents the cell size. There was concentration-dependent trend of increase
in the H2AX signal at the three concentrations tested. Three independent repeats
(n=3) were performed.
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Figure 5-6: Effect of 5-FU on DNA damage in ESD3 cultures

5-FU (5, 10 and 15uM) shows significant DNA damage in comparison to control. At
least three independent experiments (n=3) were performed. Data is presented in
percentages but the analysis was performed on raw data using one-way ANOVA.
* P<0.05 vs. control.
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5.2.3Immunocytochemistry of Phospho Y-H2AX for DNA
double-strand breaks (ESD3)

To confirm the data of DNA damage obtained from flow cytometry,
immunocytochemistry to stain pY-H2AX was employed. ESD3 were seeded
onto 1% (w/v) gelatin-coated coverslips in a density of 10°/ml in Nunc 24
well plates. The cultures were treated next day with different selected
concentrations of the tested herbal components but untreated controls and
secondary antibody only stained cultures were also set up. The coverslips
(while they were still on the plate) were washed with PBS briefly, fixed in 4%
(w/v) paraformaldehyde for 5 minutes and washed thrice with PBS again. The
cells were permeabilised with 0.3% (v/v) Triton X-100 in PBS for 1h at RT.
After three washes 5 minutes each, Non-specific binding sites were blocked
with 1% (w/v) BSA in PBS plus 1% (w/v) low-fat milk in PBS for 1h at RT. The
coverslips were removed and placed onto corresponding pre-labelled slides and
were circled with a Peroxidase-Antiperoxidase (PAP) pen (Vector Laboratories).
1:500 dilution of mouse anti-pY-H2AX primary antibody in the blocking

solution was added onto coverslips (except for those with the secondary

antibody only control) and incubated overnight in a humidified chamber at 4°C.
The following day, cells were washed. Anti-mouse Alexa Fluor 488 secondary
antibody was diluted in blocking solution (1:1000) and applied for 1h in the
dark at RT. Coverslips were again washed thrice in PBS, and they were
counterstained with DAPI (1:2000), which was added and left for 5 minutes
then washed with distilled water. The cells were imaged with an OLYMPUS

fluorescence microscope (Nikon, Japan).
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5.3 Results

5.3.1The effects of herbal components on ROS and DNA damage
induction

5.3.1.1 The effects of herbal components on ROS production in
MM and ESD3 cultures

In light of the results of the herbal components effects on MM and ESD3
cultures in Section 3.4, two concentrations of each component were selected
in each system for further investigations concerning their ability to induce ROS
and DNA damage. For the MM system, only 6G at 100uM (Figure 5-7A)
significantly induced ROS production, but all other tested concentrations for
the remaining components showed non significant changes in ROS
productions. For ESD3 system, the selected 6G concentrations (0.75 and
100pM) (Figure 5-7) induced the ROD production significantly. GA failed to
increase the ROS level at 100nM but it elevated ROS production significantly
at 2000nM (Figure 5-10B). GB at both concentrations (50nM and 1000nM) did
not alter the ROS production significantly. G-Rgl at 10pM (Figure 5-16B) but
not at 0.5uM showed significant increase in ROS production. Bisabolol (80puM)
(Figure 5-19B) caused significant ROS elevation. However, both eugenol
concentrations (0.01pM and 80uM) (Figure 5-22) significantly elevated the
ROS levels when ESD3-derived 5-day-old differentiating EBs were treated for
24h. In both systems and in all experiments, a significant ROS increase at
10puM H0: (a positive control), has been shown. A summary is presented in

Table 5-1.
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5.3.1.2 The effects of herbal components on DNA damage in
ESD3 cultures

The cultured differentiating mouse embryonic stem cells were treated with the
same herbal component concentrations that were tested in the ROS assay to
investigate the possible DNA damage occurred after 24h treatment. The results
revealed that significant amounts of double strand breaks of DNA were only
detected at 100uM 6G (Figure 5-8) and 80uM eugenol (Figure 5-23), when
compared to untreated controls. All remaining tested concentrations failed to
approach significant levels. The results of flow cytometry were confirmed by
immunocytochemistry (Figure 5-9 and Figure 5-24), using the same tested
concentrations and the same exposure time that have been used in flow
cytometry. To exclude the autofluorescent signal, an untreated group was
incubated with only secondary (without primary) antibody, and there was no
signal detected. All the results of DNA damage in ESD3 for tested herbal

component concentrations are summarised in Table 5-1.
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5.3.2The effects of 6G on ROS and DNA damage induction
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Figure 5-7 Effects of selected 6G concentrations on ROS production in MM
and ESD3 systems

(A) Effects of 6G on ROS production in the MM system and (B) effects of 6G on
ROS production in the ESD3 system. The curves show that 100pM 6G increased
the ROS production to significant levels in both systems after 24h. At 3uM, 6G
failed to elevate ROS to significant levels in MM but at 0.75uM, 6G increased ROS
in ESD3 system after 24h. 10pM H202 was used as a positive control in each
repeat. Three independent repeats (n=3) of each experiment were performed.
The data are presented as mean £ SEM and analysed statistically using two-way
ANOVA with Bonferroni post-hoc test. * p<0.05 significant difference from control.
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Figure 5-8: Effects of 6G on DNA double strand breaks induction

(A) DNA damage dot plots of the untreated cultures, (B) DNA damage dot plots of
0.75uM 6G and (C) DNA damage dot plots of 100uM 6G. The y-axis in the dot plot
represents DNA damage and the x-axis side scatter, which represent the cell size.
There was dose dependent trend of increase in the py-H2AX, DNA damage signal,
until it becomes significant at 100uM concentration. The data from flow cytometry
dot plot was converted into the % of increments as shown in bar graph. At least
three independent experiments (n=3) were performed. Data is presented in
percentages but the analysis was performed on raw data using one-way ANOVA. *
P<0.05 vs. control.
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--

Figure 5-9: Immunocytochemistry of the effects of 6G on induction of DNA
damage in differentiating mouse embryonic stem cells

(A-A2) untreated control, (A) represents DAPI nuclear staining (blue), (Al)
represents pY-H2AX (green), and (A2) represents overlay image, (B-B2) untreated
control secondary antibody only, (B) represents DAPI nuclear staining (blue), (B1)
represents secondary antibody only, and (B2) represents overlay image, (C-C2)
0.75uM 6G treated stem cells, (C) represents DAPI nuclear staining (blue), (C1)
represents pY-H2AX (green), and (C2) represents overlay image, and (D-D2)
100puM 6G treated stem cells, (D) represents DAPI nuclear staining (blue), (D1)
represents pY-H2AX (green) and (D2) represents overlay image. The green
staining indicates double-strand breaks signal within the nucleus in stem cells
cultures. The green signal increased in a concentration-dependent manner. (Scale
bar 50pum).
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5.3.3The effects of GA on ROS and DNA damage induction
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Figure 5-10: Effects of selected GA concentrations on ROS production in
MM and ESD3 systems

(A) Effects of GA on ROS production in the MM system and (B) effects of GA on
ROS production in the ESD3 system. The curves show that 100nM and 2000nM
GA failed to increase the ROS production to significant levels in MM system after
24h. At 100nM, GA failed to elevate ROS to significant levels in ESD3 but at
2000nM, GA increased ROS in ESD3 system after 24h. 10uM H202 was used as a
positive control in each repeat. Three independent repeats (n=3) of each
experiment were performed. The data are presented as mean = SEM and
analysed statistically using two-way ANOVA with Bonferroni post-hoc test. *
p<0.05 significant difference from control.
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Figure 5-11: Effects of GA on DNA double strand breaks induction

(A) DNA damage dot plots of the untreated cultures, (B) DNA damage dot plots of
100nM GA and (C) DNA damage dot plots of 2000nM GA. The y-axis in the dot plot
represents DNA damage, and the x-axis side scatter, which represent the cell size.
There was a dose-dependent trend of increase in the py-H2AX, DNA damage signal,
but it failed to be significant at any concentration tested. The data from flow
cytometry dot plot was converted into the % of increments as shown in a bar
graph. At least three independent experiments (n=3) were performed. Data is
presented in percentages, but the analysis was performed on raw data using one-
way ANOVA. * P<0.05 vs. control.
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Figure 5-12: Immunocytochemistry of the effects of GA on induction of DNA
damage in differentiating mouse embryonic stem cells

(A-A2) untreated control, (A) represents DAPI nuclear staining (blue), (Al)
represents pY-H2AX (green), and (A2) represents overlay image, (B-B2) untreated
control secondary antibody only, (B) represents DAPI nuclear staining (blue), (B1)
represents secondary antibody only, and (B2) represents overlay image, (C-C2)
100nM GA treated stem cells, (C) represents DAPI nuclear staining (blue), (C1)
represents pY-H2AX (green), and (C2) represents overlay image, and (D-D2)
2000nM GA treated stem cells, (D) represents DAPI nuclear staining (blue), (D1)
represents pY-H2AX (green) and (D2) represents overlay image. The green staining
indicates double-strand breaks signal within the nucleus in stem cells cultures. The
green signal did not increase at both concentrations tested. (Scale bar 50um).
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5.3.4The effects of GB on ROS and DNA damage induction
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Figure 5-13: Effects of selected GB concentrations on ROS production in
MM and ESD3 systems

(A) Effects of GB on ROS production in the MM system and (B) effects of GB on
ROS production in the ESD3 system. The curves show that 50nM and 1000nM GB
failed to increase the ROS production to significant levels in MM and ESD3 systems
after 24h exposure. 10pM H202 was used as a positive control in each repeat and
it shows significant ROS level elevation after 24h exposure. Three independent
repeats (n=3) of each experiment were performed. The data are presented as
mean £ SEM and analysed statistically using two-way ANOVA with Bonferroni post-
hoc test. * p<0.05 significant difference from control.
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Figure 5-14: Effects of GB on DNA double strand breaks induction

(A) DNA damage dot plots of the untreated cultures, (B) DNA damage dot plots of
50nM GB and (C) DNA damage dot plots of 1000nM GB. The y-axis in the dot plot
represents DNA damage and the x-axis side scatter, which represent the cell size.
There was dose dependent trend of increase in the py-H2AX, DNA damage signal,
but it failed to be significant at any concentration tested. The data from flow
cytometry dot plot was converted into the % of increments as shown in bar graph.
At least three independent experiments (n=3) were performed. Data is presented
in percentages but the analysis was performed on raw data using one-way ANOVA.
* P<0.05 vs. control.
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Figure 5-15: Immunocytochemistry of the effects of GB on induction of DNA
damage in differentiating mouse embryonic stem cells

(A-A2) untreated control, (A) represents DAPI nuclear staining (blue), (A1)
represents pY-H2AX (green), and (A2) represents overlay image, (B-B2)
untreated control secondary antibody only, (B) represents DAPI nuclear staining
(blue), (B1) represents secondary antibody only, and (B2) represents overlay
image, (C-C2) 50nM GB treated stem cells, (C) represents DAPI nuclear staining
(blue), (C1) represents pY-H2AX (green), and (C2) represents overlay image, and
(D-D2) 1000nM GB treated stem cells, (D) represents DAPI nuclear staining (blue),
(D1) represents pY-H2AX (green) and (D2) represents overlay image. The green
staining indicates double-strand breaks signal within the nucleus in stem cells
cultures. The green signal did not enhance at both concentrations tested. (Scale bar
50um).
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5.3.5The effects of G-Rg1l on ROS and DNA damage induction
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Figure 5-16: Effects of selected G-Rg1 concentrations on ROS production
in MM and ESD3 systems

(A) Effects of G-Rgl on ROS production in the MM system and (B) effects of G-
Rgl on ROS production in the ESD3 system. The curves show that 0.5uM and
10pM G-Rgl failed to increase the ROS production to significant levels in MM
system after 24h. At 0.5uM, G-Rg1 failed to elevate ROS to significant levels in
ESD3 but at 10uM, G-Rg1l increased ROS in ESD3 system after 24h. 10uM H20:2
was used as a positive control in each repeat. Three independent repeats (n=3)
of each experiment were performed. The data are presented as mean £ SEM and
analysed statistically using two-way ANOVA with Bonferroni post-hoc test.
* p<0.05 significant difference from control.
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Figure 5-17: Effects of G-Rg1l on DNA double strand breaks induction

(A) DNA damage dot plots of the untreated cultures, (B) DNA damage dot plots of
0.5uM G-Rgl and (C) DNA damage dot plots of 10uM G-Rgl. The y-axis in the dot
plot represents DNA damage and the x-axis side scatter, which represent the cell
size. There was dose dependent trend of increase in the py-H2AX, DNA damage
signal, but it failed to be significant at any concentration tested. The data from flow
cytometry dot plot was converted into the % of increments as shown in bar graph.
At least three independent experiments (n=3) were performed. Data is presented in
percentages but the analysis was performed on raw data using one-way ANOVA.
* P<0.05 vs. control.
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Figure 5-18: Immunocytochemistry of the effects of G-Rgl on induction of
DNA damage in differentiating mouse embryonic stem cells

(A-A2) untreated control, (A) represents DAPI nuclear staining (blue), (Al) represents
pY-H2AX (green), and (A2) represents overlay image, (B-B2) untreated control
secondary antibody only, (B) represents DAPI nuclear staining (blue), (B1) represents
secondary antibody only, and (B2) represents overlay image, (C-C2) 0.5uM G-Rgl
treated stem cells, (C) represents DAPI nuclear staining (blue), (C1) represents pY-
H2AX (green), and (C2) represents overlay image, and (D-D2) 10pM G-Rg1 treated
stem cells, (D) represents DAPI nuclear staining (blue), (D1) represents pY-H2AX
(green) and (D2) represents overlay image. The green staining indicates double-
strand breaks signal within the nucleus in stem cells cultures. The green signal
increased marginally at 10uM concentration tested. (Scale bar 50um).
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5.3.6 The effects of a-bisabolol on ROS and DNA damage

induction
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Figure 5-19: Effects of selected a-bisabolol concentrations on ROS
production in MM and ESD3 systems

(A) Effects of a-bisabolol on ROS production in the MM system and (B) effects of
a-bisabolol on ROS production in the ESD3 system. The curves show that 1uM
and 80uM a-bisabolol failed to increase the ROS production to significant levels
in MM system after 24h. At 1uM, a-bisabolol failed to elevate ROS to significant
levels in ESD3 but at 80uM, a-bisabolol increased ROS in ESD3 system after 24h.
10pM H202 was used as a positive control in each repeat. Three independent
repeats (n=3) of each experiment were performed. The data are presented as
mean = SEM and analysed statistically using two-way ANOVA with Bonferroni
post-hoc test. * p<0.05 significant difference from control.
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Figure 5-20: Effects of a-bisabolol on DNA double strand breaks induction
(A) DNA damage dot plots of the untreated cultures, (B) DNA damage dot plots of
1uM a-bisabolol and (C) DNA damage dot plots of 80uM a-bisabolol. The y-axis in
the dot plot represents DNA damage and the x-axis side scatter, which represents
the cell size. There was noticeable but non-significant increase in the pY-H2AX,
DNA damage signal, at 80uM a-bisabolol concentration. The data from flow
cytometry dot plot was converted into the % of increments as shown in bar graph.
At least three independent experiments (n=3) were performed. Data is presented
in percentages but the analysis was performed on raw data using one-way ANOVA.
* P<0.05 vs. control.
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Figure 5-21: Immunocytochemistry of the effects of a-bisabolol on
induction of DNA damage in differentiating mouse embryonic stem cells

(A-A2) untreated control, (A) represents DAPI nuclear staining (blue), (A1)
represents pY-H2AX (green), and (A2) represents overlay image, (B-B2) untreated
control secondary antibody only, (B) represents DAPI nuclear staining (blue), (B1)
represents secondary antibody only, and (B2) represents overlay image, (C-C2) 1uM
a-bisabolol treated stem cells, (C) represents DAPI nuclear staining (blue), (C1)
represents pY-H2AX (green), and (C2) represents overlay image, and (D-D2) 80uM
a-bisabolol treated stem cells, (D) represents DAPI nuclear staining (blue), (D1)
represents pY-H2AX (green) and (D2) represents overlay image. The green staining
indicates double-strand breaks signal within the nucleus in stem cells cultures. The
green signal increased marginally at 80uM concentration tested. (Scale bar 50um).
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5.3.7 The effects of eugenol on ROS and DNA damage induction
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Figure 5-22: Effects of selected eugenol concentrations on ROS
production in MM and ESD3 systems

(A) Effects of eugenol on ROS production in the MM system and (B) effects of
eugenol on ROS production in the ESD3 system. The curves show that 0.01uM
and 80uM eugenol failed to increase the ROS production to significant levels in
MM system after 24h. However, both tested concentrations of eugenol
significantly increased ROS in ESD3 system after 24h. 10uM H202 was used as a
positive control in each repeat. Three independent repeats (n=3) of each
experiment were performed. The data are presented as mean = SEM and analysed
statistically using two-way ANOVA with Bonferroni post-hoc test. * p<0.05
significant difference from control.
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Figure 5-23: Effects of eugenol on DNA double strand breaks induction
(A) DNA damage dot plots of the untreated cultures, (B) DNA damage dot plots of
0.01uM eugenol and (C) DNA damage dot plots of 80uM eugenol. The y-axis in the
dot plot represents DNA damage and the x-axis side scatter, which represents the
cell size. There was noticeable but non-significant increase in the pY-H2AX, DNA
damage signal, at 0.01uM eugenol concentration. However, 80uM eugenol showed
significant increase in DNA damage. The data from flow cytometry dot plot was
converted into the % of increments as shown in bar graph. At least three
independent experiments (n=3) were performed. Data is presented in percentages
but the analysis was performed on raw data using one-way ANOVA. * P<0.05 vs.
control.
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Figure 5-24: Immunocytochemistry of the effects of eugenol on induction
of DNA damage in differentiating mouse embryonic stem cells

(A-A2) untreated control, (A) represents DAPI nuclear staining (blue), (A1) represents
pY-H2AX (green), and (A2) represents overlay image, (B-B2) untreated control
secondary antibody only, (B) represents DAPI nuclear staining (blue), (B1) represents
secondary antibody only, and (B2) represents overlay image, (C-C2) 0.01puM eugenol
treated stem cells, (C) represents DAPI nuclear staining (blue), (C1) represents pY-
H2AX (green), and (C2) represents overlay image, and (D-D2) 80uM eugenol treated
stem cells, (D) represents DAPI nuclear staining (blue), (D1) represents pY-H2AX
(green) and (D2) represents overlay image. The green staining indicates double-
strand breaks signal within the nucleus in stem cells cultures. The green signal
increased marginally at 0.01pM but massively at 80uM eugenol concentration tested.
(Scale bar 50um).
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Herbal components ROS ROS da?::ge
(MM) (ESD3) (ESD3)

Low 6G concentration (3 uM) X N/A N/A
Low 6G concentration (0.75 pM) N/A e X
High 6G concentration (100uM) Y v v
Low GA concentration (100nM) x X X
High GA concentration (2000nM) X v X
Low GB concentration (50nM) X X X
High GB concentration (1000nM) X X X
Low G-Rg1 concentration (0.5uM) X X X
High G-Rg1 concentration (10uM) x v X
Low bisabolol concentration X X X
(1pM)
High bisabolol concentration X v X
(80pM)
Low eugenol concentration X v X
(0.01uM)
High eugenol concentration X v v
(80uM)

Table 5-1: The summary of the results of ROS production and DNA damage for
tested herbal components in both MM and ESD3 systems

(N/A): not applicable concentration, (x): the concentration does not show significant
alteration and (v'): the concentration shows significant alteration.
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5.4 Discussion

The molecular mechanisms that might be involved in the phytochemical-
induced defects are still obscure. In the present Chapter, ROS and DNA
damage tests were performed for the tested herbal components (6G, GA, GB,
G-Rg1, a-bisabolol and eugenol) in addition to AA and SOD, to investigate their

influence on the development of embryonic cardiomyocytes.

In general, it was noted that ESD3-derived differentiating EBs were more likely
to produce ROS than chick embryonic differentiated cardiomyocytes. This could
be because the stem cells have less defensive mechanisms during
differentiation than already differentiated embryonic cells. In their study
(2008), Saretzki et al. (2008) found that two human stem cell lines developed
more mitochondrial superoxide and cellular levels of ROS production during
differentiation. Also, the expression of main antioxidant genes such as DNA

repair genes was downregulated despite this increased oxidative stress [395].

5.4.1 6 Gingerol-induced ROS and DNA damage

Regarding 6G, the results showed that ROS levels were elevated at 100uM in
MM but at both tested concentrations (0.75 and 100uM) in ESD3 system.
Several studies have reported the ability of 6G to induce ROS and apoptosis in
various tumor cell lines. In accordance with our findings, Nidhi et al. (2009)
used human epidermoid carcinoma A431 cells to investigate anti-apoptotic
features of 6G. Treatment the cells with 250uM-350uM 6G exhibited significant
cytotoxicity as indicated by inhibited proliferation of A431 cells which was
mediated via generation of ROS. Increase in ROS led to decrease in

mitochondrial membrane potential followed by induction of apoptosis [339].
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Further, another study used Hela cells with 6G concentrations range from
85uM to 600uM. It has been concluded that 6G has the capability to combine
with DNA and induce cell death by autophagy and caspase 3 mediated
apoptosis [294]. In contrast, another study has shown a protective potential
of 6G through inhibiting ROS in lipopolysaccharide-stimulated macrophages at
concentrations 20uM up to 80uM in a time and dose-dependent manner [340].
The results herein showed that 6G induced DNA damage in ESD3 in a
concentration-dependent manner, but it became significant at high
concentration, 100uM. Conclusively, ROS generation and DNA damage could
play a role in embryonic cardiac developmental disturbances, particularly at
high doses. This study is unable to distinguish whether DNA damage or ROS is
a cause or a result of each other. Therefore, further studies for better

understanding of 6G toxicity pathways are recommended.

5.4.2 Ginkgolides induced ROS and DNA damage

The two tested herbal components, GA and GB showed less ROS production
and DNA damage potential in both systems. At all tested concentrations,
100nM and 2000nM for GA and 50nM and 1000nM for GB, only high GA
concentration induced ROS in ESD3 system but all other tested concentrations
for both components failed to modify ROS levels or DNA damage in both
systems. Accumulating evidence reveal that the increase in free radicals and
associated lipid peroxidation reactions are inhibited in heart and CNS upon
treatment with extracts of Ginkgo biloba leaves [449,450]. However, a new
study was published in 2015 revealing that Ginkgo biloba leaves extract at
concentration 0.2 - 1.2 mg/ml induced genotoxicity and DNA damage in

human hepatic HepG2 cells [451]. Further, as has been previously mentioned
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in Chapter 3, GA and GB showed apoptosis induction potential and reduction
in viability in blastocysts [300]. Collectively speaking, the role of ROS and DNA
damage cannot be ruled out as possible mechanisms for GA and GB-induced

embryonic cardiotoxicity, particularly at high concentrations.

5.4.3 G-Rg1l induced ROS and DNA damage

The results of G-Rg1 showed at two tested concentrations, 0.5 and 10uM, only
10uM induced ROS in ESD3 system but all other endpoints failed to modify
ROS levels or DNA damage in both systems. In a recent study, in vitro porcine
embryos were exposed to G-Rgl and has been found that 20ug/ml did not
induce ROS, DNA damage or apoptosis and may still be safe for the
development of preimplantation porcine embryo [452]. Yu et al. (2015) have
found that G-Rgl has a protective potential against diabetes-induced
myocardial apoptosis in a rat model perhaps through inhibition of ROS and
enhanced antioxidant enzymes [453]. Our report herein may be the first that
shows G-Rg1l at 10uM can induce ROS production in the differentiation of EBs

to cardiomyocytes.

5.4.4 a-Bisabolol induced ROS and DNA damage

Exposure of the chick and mouse embryonic cells in both systems to 1uM
bisabolol did not cause ROS elevation or DNA damage but at 80uM, only ROS
significantly differed but this was not accompanied by DNA damage. Bisabolol
has been confirmed by several studies to promote apoptosis and reduce
viability in various tumor cell lines. In one study, glioma (tumor cell) and
normal glial cells were treated with 3.5uM bisabolol, and it was found that
bisabolol reduced viability in glioma but not glial cells by induction of apoptosis

[357]. Darra et al. (2008) rationalised the selective potential of bisabolol
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toward carcinomas rather than normal cells by suggesting the ability of the
molecule to bind and release mitochondrial proapoptotic proteins such as Bid
[454]. However, the ROS elevation in the ESD3 system could happen through
disturbing mitochondrial activities. This has been reported by Cavalieri et al.
(2009), where they found that ROS production observed in the 5uM bisabolol
treated T67 cell line (astrocytoma) was not the direct cause of apoptosis, but

could be as a consequence of the loss of mitochondrial integrity [455].

5.4.5 Eugenol induced ROS and DNA damage

Treatment of growing chick embryonic cardiomyocytes with 0.01 or 80uM did
not increase ROS production. In contrast, when mouse embryonic stem cells
derived EBs were exposed to eugenol at 0.01 or 80uM, ROS production
increased at both tested concentrations. This elevation was accompanied by
DNA damage with only 80uM. Similar to our findings, Yoo et al. (2009) have
found that ROS plays a vital role in eugenol-induced apoptosis in HL-60 (cancer
cells) which also evoked DNA fragmentations and apoptotic cell death at 40uM
for 1h [456]. However, Atsumi et al. (2005) have reported that eugenol-
treated human submandibular cells showed biphasic ROS production,
enhanced at 5-10pM and decreased at higher concentrations 500uM. In his
report, Atsumi and his colleagues argued that eugenol may have pro-oxidant
and antioxidant properties depending on the dose levels, but it was concluded
that eugenol has an ROS-independent pathway [457]. The difference from this
study could be that ESD3 are more vulnerable than the human submandibular

cell line.
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5.4.6 Summary

For tested herbal components, only 6G in MM at high concentration led to
increasing in ROS production. In the ESD3 system, only 6G and eugenol
showed an increase in ROS production at both low and high levels tested where
this was associated with DNA damage of differentiating ESD3 only at high
concertation tested. Only GB showed no sign of ROS level elevation or DNA
damage in both systems at any concentration tested. GA, G-Rg1l and bisabolol
showed ROS levels increasing only at high tested concentrations but without

causing DNA damage.
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6 Chapter six - The effect of herbal
components on the expression of
Connexin43 and Integrin 1 in the MM

system and a-actinin in ESD3 system

6.1 Introduction

Cell-to-cell cross talk is deemed a required process during many complex
events underlying embryonic development, to direct the cells in specific multi-
oriented patterns for each tissue subsystem [458]. Intercellular
communications are controlled by various factors such as cell - extracellular
environment interactions, chemical signals (cytokines, growth factors and
hormones), mechanical signals (contractions, stretch and pressure) and
electrical signals which are mainly controlled by ion channels [459]. However,
the key location that governs cell communications is the cell surface which
provides receptor-mediated signal exchange via messenger molecules or via
direct cell-cell exchange of small molecules through gap junctional plaques

[459].

6.2 Gap junctions

Gap junctions (GJs) are integral transmembrane proteins that provide
intercellular connections to allow direct cytoplasmic diffusion of ions molecules
and low molecular weight metabolites between adjacent cells. These

connections are essential in many physiological processes such as proliferation,
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differentiation, migration, electrical activation of the heart and of smooth
muscles or neuronal signalling where the transmission of the electrical signal
and transfer of second messenger signals are required [460,461]. The term
“gap” stems from the 2-3 nm space between the plasma membrane of the two
adjacent cells linked by such channels [462]. Previously, G] channels were
regarded as fixed passive conduits, but it has been discovered that these
channels are continuously regulated by several factors. The level of
intercellular communications varies, but it is believed to be regulated by factors
such as changes in junctional protein expression, regulation of their trafficking,
turnover and modulation of channel properties, variations in the level of
intracellular Ca?*, pH, phosphorylation status and in response to the

stimulation of membrane receptors [463].

6.2.1 Molecular structure of GJs

At each GJ], a hemichannel is formed by assembling hexameric oligomers,
called connexons, from one cell which couple noncovalently across a tight
extracellular gap with the adjacent cell [464]. The connexon hexagonal unit is
composed of six assembled subunits of connexins (Cxs) (Figure 6-1A), or
innexins, in vertebrates or invertebrates, respectively [465]. The multiplicity
of Cxs is clear as there are more than 20 Cx isoforms which have been
identified to date in several species including humans [465]. Homomeric
connexons consist of the same isoforms of Cx proteins, whereas heteromeric
connexons contain different isoforms of Cx proteins. Hence, oligomerisation of
two identical connexons can construct a homotypic hemichannel whereas
docking two different connexons can generate a heterotypic hemichannel

[466]. It has been shown that each Cx protein consists of nine domains,
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namely, four transmembrane domains, two extracellular loops, one
cytoplasmic loop, the C-terminus and the N-terminus [467] (Figure 6-1B).
While the transmembrane domains are quite conserved, the C-terminus amino
acid sequence was found to be related to the molecular mass for each Cx
isoform [468]. Head to head docking of two connexons to form a gap junction

is enhanced by three conserved cysteine residues in extracellular loops

[468,469].
A B
Hexagonal = Ioop 2

connexon on
membrane of

Extracellular {(EC)

cell A Transmembrane
Extracellular — Cytoplasm
r_efmmuﬁ :
- C
D]T_G'P.I‘at’ml
Hexagonal 100P MAP kinase
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membrane of
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Protein
kinase C
Single connexin
subunit

Figure 6-1: Gap junction structure

(A) Connexon hexagonal (six connexin subunits) channel formed by two cells. (B)
Singly connexin unit. The figure was adapted from this website:
http://www.unmc.edu/biochemistry/faculty/sorgen.html
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6.2.2 Connexin phosphorylation and regulation

It has been shown that the connexin protein is subjected to several post-
translational changes such as phosphorylation, hydroxylation, acetylation,
disulfide bonding, and it interacts with other cellular proteins as regulatory
modulators of its function [470]. However, the most investigated type of
modification is connexin phosphorylation at various residues. It was confirmed
that connexin export to the plasma membrane, assembly into gap junctions,
gating and biotransformation all appear to be regulated via phosphorylation
[470]. Among the several types of Cx, it was found that Cx43 is the most
predominantly expressed connexin in tissues, cell types or in vitro cell lines so
more is known about phosphorylation of Cx43 than any other connexin [471].
While the cytoplasmic loop does not contain serine residues, the C-terminal
domain seems to be the main region that becomes phosphorylated in Cx43.
The Cx43 phosphorylation can be achieved by activation of several kinases
including protein kinase A (PKA), protein kinase C (PKC), casein kinase 1
(CK1), MAPK [471]. The effect of Cx43 phosphorylation on GJ channel gating
is very specific and selective in that the action of the kinase may result in
inhibition or enhancement of GJs depending on which residues are
phosphorylated [472]. For instance, PKC activation was found to increase the
phosphorylation of Cx but decrease the activity of GJ intercellular
communications through down-regulation of intercellular coupling [473]. In
contrast, the activation of the PKA pathway was found to increase serine 364
(S364) phosphorylation of Cx43 which in turn led to an increase in GJ

intercellular communications [474].
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6.2.3Role of Cx43 in embryogenesis and embryonic
cardiogenesis

Many studies have been published in the past century confirming the role of
GJs in most embryonic developmental stages. Granot and Dekel in 1998 have
shown that GJs enhance transport of nutrients and cAMP from follicle cells to
oocytes during gametogenesis to support their growth and development [475].
It has also been confirmed that GJs are expressed during the early blastula
stage, but also continue existence onward during the embryogenesis stages
[476,477]. Furthermore, Hardy et al. (1996) have found that Cx43 is widely
expressed in a preimplantation stage of the human embryo [478]. As far as
the embryonic heart is concerned, there have been several Cx isoforms (Cx40,
Cx45, Cx37 and Cx50) discovered which are believed to control cardiovascular
development, but Cx43 was the first Cx isoform identified in the heart
[479,480]. Ahir in his review (2014) has stated that Cx43 is expressed in atrial
and ventricular myocytes at all stages of embryonic development, myocardial
conduction tissues and coronary and aortic smooth muscle cells and is
principally responsible for electrical synchrony in the heart [481]. As a
consequence, Cx43 disruption or knock down has been associated with
congenital heart defects in different species. Wei et al. (2004) have stated that
Cx43 plays a vital role in the development of the coronary arteries and outflow
tract morphogenesis [462]. Furthermore, Vinken et al. (2006) have reported
that disruption of Cx43 in mice leads to right ventricular outflow tract
obstruction, causing cyanosis and death at birth [467]. However, it was noticed
that even in the presence of this abnormality, the hearts of these Cx43 null
animals still contract rather rhythmically, though not synchronously

throughout the tissue, indicating that gap junction proteins other than Cx43
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may partially compensate for the loss of intercellular connections [482].
Moreover, Giepmans in 2004 has shown that Cx43 knockout in mice led to
dysregulation of cardiac neural crest cell migration during embryonic
development which eventually resulted in heart malformation [483]. Also,
Kirchhoff et al. (2000) developed Cx43 and Cx40 knockout mouse models, and
it has been concluded that these two Cx genes are crucial for the development
of the endocardial cushion, outflow tract morphogenesis and development of
coronary arteries respectively [484]. Interestingly, it has been previously
demonstrated in a mouse model that not only Cx43 deficiency, but also
overexpression, exhibited cardiac developmental defects including pulmonary
outflow tract obstruction and conotruncal heart defects [485,486]. Despite that
fact some considerable differences in GJs distribution have been identified
between human and mouse heart [487], these transgenic and Cx knockout
mouse models have established that GJ] proteins, including Cx43, play a
significant role in embryonic heart morphogenesis including cardiac conduction

systems.

6.3 Transmembrane proteins (receptors)

Cells in every higher organism are surrounded by membranes, which in turn
provide hydrophobic and highly dynamic barriers for maintaining equilibrium.
Communications on the outside and inside of the membrane govern cellular
localization and integrity. However, nutrients, signals and products have to be
able to traverse the membrane in a specific fashion, often against a gradient
in order to sustain cellular requirements and enable the cells to grow, migrate

or differentiate [488]. Membrane proteins are incorporated and span the
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entirety of ‘lipid bilayer’ cell membrane. Integral membrane proteins can be
classified into two basic architectures, the a-helix bundle and the B-barrel. As
their names infer, helix bundle proteins are built from long transmembrane
helices that pack together into twisted bundles, whereas B-barrel proteins are
antiparallel sheets revolved into a barrel closed by the first and last strands in
the sheet [489]. However, other proteins such as cyclooxygenase 1 and 2 are
only attached to one leaflet of the lipid bilayer of the membrane without
penetrating it; these are termed monotopic membrane proteins [490]. It has
been reported that approximately half of all proteins encoded by eukaryotic
genomes are membrane proteins and almost 50% of biological processes take
place on membranes. As a consequence, membrane proteins were viewed as
key players in cellular physiology [491]. Integrin B1, as a transmembrane
protein, is discussed in more detail in the next Sections.

6.3.11Integrins

Extracellular milieu (ECM) materials provide cells with a structural and
biological substrate that is vital for normal development and responses to
pathophysiological signals. The main links between extracellular matrix ligands
and intracellular structures are glycoprotein transmembrane receptors which
are termed integrins. These proteins act as “integrators” of the ECM and
cytoplasm, the feature from which integrin name is derived. They serve
through the cell membrane bidirectionally; inside-out signaling where the
extracellular interaction activity of integrins is controlled from the inside of the
cell, and the outside-in signaling in which the interaction of the ECM stimulates
signals that are conveyed into the cell [492,493]. Integrins organise multiple

processes in the organism including organogenesis, regulation of gene
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expression, cell proliferation, differentiation, migration, apoptosis and death.
Most cell types can express integrins. A variety of integrin receptors can be
expressed in a single cell to allow interaction with many ECM ligands [494]. It
has been previously shown that integrins are expressed in cells of the
vasculature, blood, neurons, cardiac myocytes and non-myocytes. Reports
have stated that integrins are required for heart development and function, in
addition to their role in the development of cardiac diseases [494].
6.3.2Integrin structure

Integrins are heterodimeric transmembrane proteins compose of a and f
subunits being held together by non-covalent interactions. Integrin subunits
range from 90 to 180 kDa and both subunits comprise of a large extracellular
domain with 700-1100 residues, a single transmembrane span and short
cytoplasmic tails, ranging from 20 to 60 residues [495]. Vertebrates contain a
multiple integrin family made up of 18 a and 8 B integrin subunits which
heterodimerise to form 24 different receptors [492]. What is termed a globular
head presents in about half of a subunits at the N-terminus, which includes
seven repeating homologous sequences each folded in a B propeller. The
remaining a subunits contain what is called the I-domain, which is inserted
into the B propeller fold. The ligand-binding site in the a subunit consists of the
I-domain and the metal ion-dependent adhesion site or "MIDAS" motif [494].
A similar structure to the I-domain of the a chain has also been located in
subunits and is considered as the ligand binding site within B chains [496]. The
short cytoplasmic domain of integrins is thought to be the signal transducer
and the part interacting with the cytoskeleton [494]. A structure model is

presented in Figure 6-2.
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6.3.3 Integrin-activated signal pathways

It has been established that integrins lack any intrinsic enzymatic activity, but
they associate with cytoskeletal proteins of the actin contractile system. The
main sequence after integrin activation starts with integrin receptor clustering
on the cell membrane, which is followed by the triggering of a cytoskeleton
signal through the cytoplasmic domain of the integrin receptor, which permits
actin polymerisation [493]. The ensuing actin assembly results in the formation
of small patches/aggregates of EC ligand-integrin-cytoskeleton proteins where
this contact point known as “focal adhesion” which is also termed a
“costamere” in the cardiomyocytes where it provides a firm connection
between ECM and sarcomere. Other cytoskeletal proteins such as talin, a-
actinin, vinculin, tensin and paxillin also accumulated at these contact points
in order to bridge integrins to the actin filaments [497], but also to transmit
signals to regulate cell movement, survival, proliferation, migration,
differentiation and cytoskeleton reorganization [498]. Finally, an actin-myosin
stress fibre is formed to provide firmness to the cell and a mechanosensitive
link between the extra- and intracellular environments [499]. It has been
shown that several protein tyrosine kinases are activated by integrins such as
focal adhesion kinase (FAK), Src family kinases, a serine-threonine kinase and
integrin-linked kinase (ILK) [500-502]. However, FAK is one of the few
integrin-dependent pathways that have been studied extensively. Although the
activation of FAK is not well understood, it is found to be combined with the
assembly of focal adhesions. The FAK recruited to focal adhesions interacts
with the cytoplasmic tail of integrin B subunits, either directly or through talin

[503], a-actinin [504] and paxillin [505] proteins to be activated. Once FAK is
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activated, it autophosphorylates at Tyr3°” and creates a binding site for several
adapter and cytoskeleton proteins which connect FAK to signalling pathways
that eventually activate MAPK cascades to modify transcription factors
accordingly [493]. Thus, it is likely that FAK, alone or by liaising with other
pathways, contributes to the activation of the Ras-extracellular signal-
regulated kinase (ERK) as well [493]. Figure 6-2 summarises the main

intracellular events for integrin receptor activation.

Matrix

cascades
activation

Transcripﬁonm S
factor cytoskeletal 4o il
m odification? rearrangement

Figure 6-2: Schematic model of integrin receptor structure and signalling
Ligand binding enhances integrin clustering and linking with the cytoskeleton. This
in turn provides positive feedback mechanism in terms of promoting further
integrin clustering and matrix organization in a system. Tal, talin; Pax, paxillin;
Vin, vinculin; CAS, p!3°CAS. The figure was adapted from [463].
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6.3.4The role of integrin Bl in embryogenesis and heart
development

It has been reported that integrin B1 is expressed ubiquitously [506]. Stephens
et al. (1995) studied the role of integrin B1 in embryonic development, using
integrin B1 null mouse embryos, and have shown that that integrin B1 is
essential for normal morphogenesis of the inner cell mass and hence for
implantation [507]. Integrins were also found to be required for the
differentiation of visceral endoderm in mESD3 derived EBs where Liu et al. has
reported in 2009 that B1 subunit ablation resulted in endoderm detachment
[508]. Furthermore, integrin B1 function is confirmed to be vital during early
development and is day 5 embryonic lethal in null mice. Further studies are
required to establish which a-integrins partner with B1 to have a principal role
in development, particularly in neural stem cells [509,506]. Other studies have
focused on the role of the B1 subunit in cardiogenesis and have shown that g1
isoforms are the dominant myocyte B1 integrin subunit. Two major isoform
splice variants of integrin B1 were found to be predominant in embryonic
myocytes, B1A and B1D [510]. The Keller group (2001) has demonstrated that
negative disruption of integrin B1 in transgenic mice resulted in a disturbance
in heart contraction and normal functions [511]. Additionally, Fassler et al.
(1996) have used integrin B1l-deficient embryonic stem cells to study the
importance of B1 in stem cell differentiation to cardiomyocytes. They found
that the differentiation was retarded; the sarcomeric architecture was
incomplete and disorganised, and atrial and ventricular-like cell expression was
impaired, meaning that integrin 1 is necessary for cardiac cell differentiation

[512].
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6.3.5 Chapter objective

The aim of this Chapter was to evaluate the possible role of phytochemicals in
alteration the overall expression of connexin43 and integrin 1 on growing
chick embryonic cardiomyocytes but also the effect of phytochemicals on a-
actinin expression in mouse embryonic stem cell-derived cardiomyocytes.
Western blot was employed using the same phytochemical concentrations that

have been utilised to detect ROS production in Chapter 5.

6.4 Materials and methods

6.4.1Cell treatment

The effect of herbal components on Cx43 and integrin B1 expression in chick
embryonic cardiomyocytes (MM) and on a-actinin expression in ESD3 derived
cardiomyocytes was evaluated using Western blot (WB) analysis. The cells
grown in 24 well plates were exposed to non-teratogenic (low) and teratogenic
(high) concentrations of each phytochemical tested for 6 days in MM and 12
days in ESD3. The phytochemical concentrations tested in WB are the same as
those used in the ROS assay, Chapter 5. The procedure of MM culture and cell
treatment were described in more details in Chapter 2, Section 2.2.1 and

Chapter 3, Section 3.3.2.2. However, for ESD3, see Sections 2.2.2 and 3.3.3.2.

6.4.2Cell lysate preparation

After 6 days of exposure in the MM system and 12 days in the ESD3 system,
the cells were placed on ice for cell lysis and protein collection. The cells were
washed with ice-cold PBS (Sigma-Aldrich, UK) twice. Cells with 100ul PBS per
well were scraped off and transferred into a separate labelled 1.5ml Eppendorf

tube. For each tested concentration, the cultures of 5 wells (in the MM system)
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and 10 wells (in the ESD3 system) were pooled together in one Eppendorf

tube. The cells then were cold centrifuged (4°C) at 1000rpm for 1 minute. The
supernatant was aspirated off, and the pellet was resuspended with 100ul lysis
buffer plus a protease inhibitor, see Appendix I for composition. The tubes
were kept on a rotating wheel in the cold room for 30 min to facilitate lysis of

cells, then they were homogenised using a pestle and then were centrifuged

for 5 minutes at 6000rpm at 4°C. The supernatant was collected into fresh

500ul Eppendorf tubes. Labelled Eppendorf tubes containing 20ul of the cells

lysate were kept frozen at -80°C for protein quantification (Lowry test). To the

remainder of the supernatant 6X solubilisation buffer (see Appendix I for

composition) was added in 1:5 ratio and stored at -20°C.

6.4.3 Protein quantification using Lowry test

This method was developed by Lowry et al. (1951) [513]. BSA (Sigma-Aldrich,
UK) standards were prepared in 1mg/ml concentrations in distilled water to
generate a standard curve with a range of (0 - 0.5mg/ml) concentrations.
200pul of standard solutions were made up per Eppendorf tube. The tested
samples were diluted in 1:20 ratio with distilled water to make up 200pul per
Eppendorf tube. Lowry B solution was prepared by mixing 100ul of 2% (w/v)
sodium-potassium tartrate -NaKCsH406- with 100ul 1% (w/v) copper sulphate
- CuSOs-. Lowry B solution was added to 20mls of Lowry A solution (see
Appendix I for composition) to make up Lowry AB solution. Then 1ml of Lowry
AB was added to the 200ul of both samples and standards before they were
incubated for 10 min at RT. After that, 100ul of Folin reagent in water 1:1 was
added and incubated at RT for 45 min. 200pul of each sample and BSA standards

were pipetted in triplicate in 96 well plates, and the plate was read at 750nm
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using Spectra MAX 340pc plate reader. The protein content of each sample

was determined by plotting it against BSA standard curve.

6.4.4 Western blotting

» Protein denaturing: the proteins were denatured by heating the samples

to 95°C for 5 minutes in a heating block. The samples were then vortexed
and centrifuged at 13000rmp for 1 minute (Figure 6-3).

> Gel running: 15-20ul of each sample (containing an equivalent amount of
protein) was loaded onto a Bio-Rad mini-PROTEAN TGX precast gel, UK,
along with 1pul of molecular weight marker (Bio-Rad, UK). The gel was run
in 1X electrode buffer (see Appendix I for composition) for approximately
60 min at 120V for Cx43 and 40 min at 175V for integrin 1 and a-actinin.
When the gel had finished running, it was removed from the
electrophoresis unit (Figure 6-3).

» Proteins transferring: the resolved proteins on the gel were then
transferred to a nitrocellulose membrane by placing the gel onto a
nitrocellulose membrane and holding it in a sandwich-like set up consisting
of two sponge pads, two filter papers and then the gel and nitrocellulose
membrane in the middle, (see the cassette model in Figure 6-3). The
cassette was placed into a tank (Bio-Rad, UK) containing an ice-pack and
transfer buffer. The whole tank then was put on ice. The transfer was
performed in the cold transfer buffer (see Appendix I for composition) for
120 min at 70V for Cx43 and 60 min at 100V for integrin and a-actinin.
The transfer was confirmed by adding a few ml of Ponceau Red solution
(Sigma, UK) on the blot. Once proper transfer of protein was confirmed,

the blot was washed with distilled water and Tris-buffered Saline Tween 20
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(TBST) and was cut with a stainless steel scalpel into appropriate sections
according to molecular weights of proteins of interest.

Blocking: non-specific proteins on the blots were blocked with 1% (w/v)
BSA dissolved in 5% (w/v) low-fat milk in TBST (see Appendix I for
composition). The blots were placed on the shaker for 1h at RT with
shaking speed of 30revs/min.

Primary antibody incubation: the desired dilution of primary antibody

(Table 6-1) was prepared using the same blocking solution. Then, the blots

were incubated overnight at 4°C on the shaker at a speed of 50revs/min.
The specificity of the primary antibodies used was checked using positive
control tissues as mentioned below in Sections 6.4.4.2, 6.4.4.3
and 6.4.4.4.

Washing: after overnight incubation, unbound antibody was washed off
using 3x1min quick wash with TBST. This was followed by 3x5min washing
by TBST with agitation on the shaker. The last washing pattern of 3x15min
was performed with agitation on the shaker.

Secondary antibody incubation: the same blocking solution was used to
dilute required concentrations of the secondary antibodies, see (Table 6-2).

The blots then were incubated with the suitable antibodies in the dark at

37°C for 1h.

Washing, scanning and analysis: the same washing pattern of the primary
antibodies was repeated to wash the secondary antibodies with final wash
performed in distilled water prior to scanning. The blot scanning was
performed using an Odyssey® infrared fluorescent imaging scanner (LI-

COR), and the image analysis was performed using Odyssey® image studio
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version 3.1. The raw data were transferred into Microsoft Excel but were
analysed in Prism 6 software using one-way ANOVA with the post-hoc
Dunnett’s test to test the significance. For MM (Cx43 and integrin 1) and
ESD3 (a-actinin), three independent repeats were performed for each

experiment. In all cases p-value < 0.05 was considered significant

(Figure 6-3).
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Figure 6-3: Schematic diagram represents the main steps of the Western
blot technique.
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6.4.4.1 Loading control for Western blot

Variations in the total amount of loaded proteins in each lane of the
immunoblot have been routinely encountered in Western blot. Therefore, a
“loading control” is usually used as an internal standard to normalise the
loaded samples. For instance, the use of antibodies targeted to “housekeeping”
genes, such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which is
critical for the glycolytic pathway, activation of transcription and regulation of
apoptosis, and actin, which is essential for cell structure and motility, has been
widely considered for this purpose [514]. GAPDH has been reported to be a
reliable housekeeping gene and can be used universally in prokaryotic and
eukaryotic organisms because it is widely endogenously expressed [515].
Similarly, actin was found to be stable at various confluence levels in cell
culture and present in almost all cells which made it useful for the ESD3 system
in this study [516]. Whilst it has been reported that housekeeping gene
expression remains unaltered under most experimental conditions, the
saturation levels of these proteins, particularly at high load, and the effect of
pathological conditions on their expression are factors which might lead to

variability [517].
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6.4.4.2 Positive control of Cx43

To assess the Cx43 primary antibody, see Table 6-1, against a positive
control tissue and to evaluate the WB procedure utilised, day 9 chick heart
was employed for detection Cx43 protein expression in Western blot
analysis. Cx43 expression in chick heart on day 9 was previously confirmed
by Wiens et al. (1995) [518]. Multiple non-specific bands between the
molecular weight 50-37 were observed on the blot above and below the
actual Cx43 band at 43KDa whether in heart tissue or the MM cell sample
(Figure 6-4). These may represent some fluorescent proteins that are
labelled by the primary or secondary antibodies used but could also be Cx
isoforms that were stained with the same Cx43 antibody. The latter
possibility makes more sense as the secondary antibody only stained blot

showed no bands (Figure 6-4).

Figure 6-4: Western immunoblot of Cx43 positive control

The blot exhibits Cx43 in the expected position with possibly some non-specific
Cx43 isoforms (A) Molecular weight marker, (B) chick embryonic cardiomyocytes
from untreated 6 day MM culture with Cx43 band, (C) 9 day chick heart sample
(positive control) with Cx43 band and (D) the same sample of (B) but incubated
with secondary antibody only and shows no bands. No housekeeping protein was
used in this experiment as it is only performed to determine the Cx43 band without
protein quantification.
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6.4.4.3 Positive control of integrin 1

To assess the integrin B1 primary antibody, see Table 6-1, against a positive
control tissue and to evaluate the WB procedure utilised, day 9 chick liver (a
tissue known to contain high quantities of integrin f1) was employed for
detection integrin B1 protein expression by WB analysis. Integrin 1 was
reported to be widely expressed in several organs including the liver. Integrin
B1 expression in the liver has been reported to be one of the most dominant
subunit among several integrin receptors [519]. The band size was observed
in the expected position between molecular weight 100-130KDa (110KDa)

(Figure 6-5). No non-specific bands were observed.

Figure 6-5: Western immunoblot of integrin B1 positive control

The blot exhibits integrin B1 band in the expected position (A) Molecular weight
marker, (B) chick embryonic cardiomyocytes from untreated 6 day MM culture with
integrin B1 band, (C) 9 day chick liver sample (positive control) with integrin p1
band and (D) the same sample of (B) but incubated with secondary antibody only
and shows no bands. No housekeeping protein was used in this experiment as it
was only performed to determine the integrin B1 band without protein
quantification.

233



Chapter 6

6.4.4.4 Positive control of a-actinin

To assess the a-actinin primary antibody, see (Table 6-1), against a positive
control tissue and to evaluate the WB procedure utilised, day 9 chick heart was
employed for detection a-actinin protein expression by Western blot analysis.
a-actinin has been considered as a cardiomyocyte marker [520]. The protein
was observed in its expected position on the molecular weight ladder (100KDa)
(Figure 6-6). In Chapter 2, the same antibody was utilised in the
immunocytochemistry to verify the a-actinin expression in day 9 chick hearts,

and it positively stained the proteins (Figure 2-16).

Figure 6-6: Western immunoblot of a-actinin positive control

The blot exhibits a-actinin in the expected position (A) Molecular weight marker, (B)
chick embryonic cardiomyocytes from untreated 6 day MM culture with a-actinin band,
(C) 9 day chick heart sample (positive control) with a-actinin band and (D) the same
sample of (B) but incubated with secondary antibody only and shows no bands. No
housekeeping protein was used in this experiment as it is only performed to determine
the a-actinin band without protein quantification.
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Antibody type
(product code)

Host
species

Reactivity

Dilution

Supplier

Monoclonal connexin43
(MAB3068)

Mouse

Canine,Chicken
Human,Mouse,Rat

1:125

Merck
Millipore,

USA

Polyclonal integrin-p1
(251162)

Rabbit

Human,Mouse,
Rat,Chicken,
Horse, Porcine,
Rabbit, Sheep,
zebrafish

1:500

Abbiotec™,
USA

Monoclonal a-actinin
(A7732)

Mouse

Rabbit, Human,
Mouse, Pig,
Bovine, Rat,
Snake, Cat,
Canine, Frog,
Fish, Goat,

Sheep, Chicken,

Hamster, Lizard

1:500

Sigma-
Aldrich, UK

Housekeeping gene
Polyclonal GAPDH
(ab9485)

Rabbit

Mouse, Rat,
Chicken, Dog,
Human,
Saccharomyces
Cerevisiae,
Xenopus Laevis,
African Green
Monkey

1:1000

Abcam,
UK

Housekeeping gene
Monoclonal actin

(A4700)

Mouse

Goat, Viper,
Xenopus, Bovine,
Guinea Pig, Snail,
Canine, Hamster,

Rat, Chicken,
Mouse, Human,

Sheep, Pig,

Rabbit, Carp

1:1000

Sigma-
Aldrich,

UK

Table 6-1: Primary antibodies used in Western blot
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_Ifn_tlgen Hos_t Reactivity Protein Dilution
specificity/Source species
Rabbit
IRDye®800CW/LICOR,UK Goat IgG GAPDH 1:10000
IRDye®800CW/LICOR,UK Goat Mouse IgG Actin 1:10000
IRDye®680RD/LICOR,UK Goat Mouse IgG a-actinin, 1:10000
Cx43
Rabbit
IRDye®680RD/LICOR,UK Goat IgG Integrin-p1 1:10000

Table 6-2: Secondary antibodies used in Western blot
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6.5 Results

6.5.1 Effect of herbal components on total Cx43 expression in
MM cultures

The effect of exposure to different concentrations of tested herbal components
on total Cx43 expression was evaluated in chick embryonic cardiomyocytes
(MM). Data obtained from Cx43 scanned blots were normalised against total
protein expression in GAPDH scanned blots for the corresponding samples and
the data were presented in the graphs as “ratio of Cx43 to GAPDH". Following
treatment with 3uM 6G, 1puM bisabolol or 0.01uM eugenol, no significant
alteration in the protein expression were observed in comparison with
untreated control (Figure 6-7A, Al). However, when the chick embryonic
cardiomyocytes were exposed to the higher concentrations of the same
phytochemicals, 100uM 6G, 80uM bisabolol or 80uM eugenol, significant
(p<0.05) downregulation of Cx43 expression was recorded (Figure 6-7B, B1).
Protein expression was not affected by GA, GB or G-Rgl under the conditions

of the study (Figure 6-7).
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Figure 6-7: Effect of herbal components on Cx43 expression in chick
embryonic cardiomyocytes (MM)

(A) Densitometric quantification of Cx43 expression for Western blots obtained
from three independent experiments (n=3) of 6 day MM cultures treated with low
phytochemical concentrations (Gin) 6-gingerol (3uM), (GA) ginkgolide A (100nM),
(GB) ginkgolide B (50nM), (Rgl) ginsenoside Rgl (0.5uM), (Bisa) a-bisabolol (1pM)
and (Eug) eugenol (0.01pM). (A1) representative Western immunoblot of MM cells
treated with the low phytochemical concentrations. Blot represents scan from one
experiment where Cx43 (43KDa) expression shows in red and housekeeping gene
GAPDH (36KDa) shows in green. (B) Densitometric quantification of Cx43
expression for Western blots obtained from three independent experiments of MM
cultures treated with high phytochemical concentrations (Gin) 6-gingerol (100uM),
(GA) ginkgolide A (2000nM), (GB) ginkgolide B (1000nM), (Rgl) ginsenoside Rgl
(10uM), (Bisa) a-bisabolol (80uM) and (Eug) eugenol (80uM). (B1) representative
Western immunoblot of MM cells treated with the high phytochemical
concentrations. Blot represents scan from one experiment where Cx43 (43KDa)
expression shows in red and housekeeping gene GAPDH (36KDa) shows in green.
Values are mean+SEM for from cells obtained from 5 wells of three independent
experiments. The values were analysed by one way ANOVA with post-hoc test
Dunnett's and (*) p value < 0.05 was considered significant in comparison to
control.
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6.5.2Effect of herbal components on integrin Bl expression
(MM)

The effect of exposure to different concentrations of tested herbal components
on total integrin Bl expression was investigated in chick embryonic
cardiomyocytes (MM). The values obtained from integrin 1 scanned blots
were normalised against total protein expression in GAPDH scanned blots for
the corresponding samples, and the data were presented in the graphs as
“ratio of integrinfl to GAPDH”. Observations obtained from the cultures
exposed to 3uM 6G, 1pM bisabolol or 0.01uM eugenol did not exhibit a
significant change in the total expression of integrin 1 when compared with
untreated control (Figure 6-8A,Al). However, when the chick embryonic
cardiomyocytes were exposed to the high concentrations of the same
phytochemicals, 100pM 6G, 80uM bisabolol or 80uM eugenol, a significant
(p<0.05) decline of total integrin B1 expression was noted (Figure 6-8B,B1).
No effects of GA, GB or G-Rgl were observed on integrin Bl expression

whether at high or low concentrations (Figure 6-8).
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Figure 6-8: Effect of herbal components on integrin B1 expression in chick
embryonic cardiomyocytes (MM).

(A) Densitometric quantification of integrin Bl expression for Western blots
obtained from three independent experiments (n=3) of 6 day MM cultures treated
with low phytochemical concentrations (Gin) 6-gingerol (3uM), (GA) ginkgolide A
(100nM), (GB) ginkgolide B (50nM), (Rgl) ginsenoside Rgl (0.5uM), (Bisa) a-
bisabolol (1pM) and (Eug) eugenol (0.01pM). (A1) representative Western
immunoblot of MM cells treated with the low phytochemical concentrations. Blot
represents scan from one experiment where integrin 1 (110KDa) expression
shows in red and housekeeping gene GAPDH (36KDa) shows in green. (B)
Densitometric quantification of integrin B1 expression for Western blots obtained
from three independent experiments of MM cultures treated with high
phytochemical concentrations (Gin) 6-gingerol (100uM), (GA) ginkgolide A
(2000nM), (GB) ginkgolide B (1000nM), (Rgl) ginsenoside Rgl (10uM), (Bisa) a-
bisabolol (80uM) and (Eug) eugenol (80pM). (B1) representative Western
immunoblot of MM cells treated with the high phytochemical concentrations. Blot
represents scan from one experiment where integrin 1 (110KDa) expression
shows in red and housekeeping gene GAPDH (36KDa) shows in green. Values are
mean=+SEM for from cells obtained from 5 wells of three independent experiments.
The values were analysed by one way ANOVA with post-hoc test Dunnett's and (*)
p value < 0.05 was considered significant in comparison to control.
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6.5.3 Effect of low and high herbal components concentrations
on a-actinin expression (ESD3)

The Western blot analysis of a-actinin showed the positive presence of protein
at its specific molecular weight of 100KDa. In the ESD3 system, herbal
components treated cells results were compared with the untreated control.
The results showed no significant changes in the overall a-actinin protein

expression in ESD3 under the conditions of the study (Figure 6-9).
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Figure 6-9: Effect of herbal components on a-actinin expression in mouse
embryonic D3cardiomyocytes (ESD3)

(A) Densitometric quantification of a-actinin expression for Western blots obtained
from three independent experiments (n=3) of 12 day ESD3 cultures treated with
low phytochemical concentrations (Gin) 6-gingerol (0.75uM), (GA) ginkgolide A
(100nM), (GB) ginkgolide B (50nM), (Rgl) ginsenoside Rgl (0.5uM), (Bisa) a-
bisabolol (1pM) and (Eug) eugenol (0.01uM). (A1) representative Western
immunoblot of MM cells treated with the low phytochemical concentrations. Blot
represents scan from one experiment where a-actinin (100KDa) expression shows
in red and housekeeping gene actin (43KDa) shows in green. (B) Densitometric
quantification of integrin Bl expression for Western blots obtained from three
independent experiments of MM cultures treated with high phytochemical
concentrations (Gin) 6-gingerol (100uM), (GA) ginkgolide A (2000nM), (GB)
ginkgolide B (1000nM), (Rgl) ginsenoside Rgl (10uM), (Bisa) a-bisabolol (80uM)
and (Eug) eugenol (80uM). (B1) representative Western immunoblot of MM cells
treated with the low phytochemical concentrations. Blot represents scan from one
experiment where a-actinin (100KDa) expression shows in red and housekeeping
gene actin (43KDa) shows in green. Values are mean+SEM for from cells obtained
from 10 wells of three independent experiments. The values were analysed by one
way ANOVA with post-hoc test Dunnett's and (*) p value < 0.05 was considered
significant in comparison to control.
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6.6 Discussion

Connexins being a part of GJs have been viewed as mediators of flow of
information between adjacent cells including cardiomyocytes in a way that
makes any developmental alteration in their function or expression contribute
to cardiac dysfunctions, see Section 6.2.3. The results in this Chapter showed
that the overall Cx43 expression of the cultured growing embryonic
cardiomyocytes had downregulated significantly only when treated with 100,
80 and 80uM of 6G, bisabolol and eugenol, respectively. The effects of other
chemicals on connexin expression have been reported recently. It has been
shown that caffeine [521] and carbamazepine [259] disturbed contractile
activity via alteration of the expression of Cx isoforms in the growing chick
embryonic cardiomyocytes. However, other factors have also been found to
modulate connexin expression such as tumor necrosis factor (TNF) [522] in
addition to dysregulation of cardiac specific transcription factors such as Nkx2-
5 and the GATA family [523]. To our knowledge, there is no report to compare
our results with directly. We hypothesised that phytochemical-induced Cx43
downregulation could arise from a direct inhibition of some Cx43 transcription
factors, induction of some cytokines such TNF, an increase in the Cx43
degradation process or as a result of toxic effects on cardiomyocytes but this
study cannot elucidate the exact mechanism. For the rest of phytochemical
concentrations tested no decrease in Cx43 expression was noted, whether non-
teratogenic (low) or teratogenic (high). More studies are recommended to
investigate their effects on Cx43 function which is regulated by complex
mechanisms involving several players such as calcium, pH, voltage,

phosphorylation and dephosphorylation [524].
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As explained in Section 6.3.4, integrin 1 plays an essential role in heart
development via linking matrix materials to the cytoskeleton and also initiating
sophisticated bidirectional signal pathways. Its knockout leads to severe
cardiac development consequences. Herein we showed that the amount of
integrin B1 in chick embryonic cardiomyocytes treated with 100uM 6G, 80uM
bisabolol or 80uM eugenol was significantly less than the untreated control.
Integrin B subunits were recorded to be downregulated in some pathological
conditions such as cytomegalovirus infection [525] and only transiently in
kidney carcinoma cells [526]. In terms of chemicals, 4 mM butyrate has been
associated with downregulation of expression and function of a2/B1 integrin in
colorectal cancer cell line [527]. Our study might be the first that investigates
the effect of herbal components on integrin expression in chick embryonic
cardiomyocytes. The integrin downregulation that is presented here could
result from disturbance of EC matrix composition by the tested
phytochemicals. Altering some integrin B1 transcriptional factors might be
another possibility for downregulation. However, the exact mechanism remains
to be understood. Interestingly, we noticed that the same phytochemicals
(100uM 6G, 80uM bisabolol and 80uM eugenol) showed a simultaneous
dramatic decrease in the quantity of integrin B1 and Cx43. Cross-talk between
these two cell surface proteins might not be excluded. Xu et al. (2006), in their
study on cardiac neural crest cell (CNCs) migratory behaviour, have observed
altered integrin B1 signalling, expression and distribution in Cx43 knockout
cells [528]. In contrast, integrin B1 deficient ESD3 derived cardiomyocytes
have demonstrated an upregulation of the expression of gap junctional

proteins Cx40 and Cx43 [529]. Taken together, this implies that integrin
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function affects connexin expression in cardiomyocytes and vice versa.
However, it might be possible to suggest that Cx43 expression has been
affected first by tested phytochemicals which then led to decrease in integrin
B1 expression. However, growing chick embryonic cardiomyocytes might have
a different behaviour in terms of expression these proteins from those of CNCs
and ESD3. More information could have been obtained by studying the effects
of the selected phytochemicals on the expression of some other connexin
isoforms such as (Cx44, Cx45, Cx46 and Cx47) or integrin dimers such as
(integrin Bl1a2 or integrin Bla4). Also our study exhibits no evidence about the
intracellular and appositional localization of the tested proteins. Further work

utilising in situ experiments could provide such data.

The expression of a-actinin in ESD3 derived cardiomyocytes has been
examined in this Chapter. This was to determine whether phytochemicals that
suppress cardiomyocytes differentiation have downregulated a-actinin
expression or induced its dysfunction. Surprisingly, the expression of a-actinin
did not alter at any tested phytochemical concentration. It may be, however,
that phytochemicals prevent a-actinin from connecting actin filaments to
adjacent sarcomeres resulting in impaired transmission of the force generated
by the actin and myosin complex and therefore the formation of contractile
foci in the exposed cells is inhibited. One possibility remains to be investigated,
which is whether the a-actinin expression has upregulated back to normal
levels after an early downregulation response. A recent report has
demonstrated upregulation of a-actinin protein in the heart failure of

genetically modified mouse models with impaired diastolic function [530].
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To sum up, it has been shown that some phytochemicals have downregulated
Cx43 and integrin B1 in growing chick embryonic cardiomyocytes which might
suggest a possible cross-talk among these cell surface proteins. Furthermore,
it was shown that phytochemicals do not alter a-actinin expression at least in
later stages of the ESD3 model, but some of them might have impaired the
protein functionality. Further molecular studies are required to be undertaken
for a better understanding of the embryotoxicity mechanisms of these herbal

components.
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7 Chapter seven - Evaluation the effect of
herbal components on the migration of

mouse embryonic D3 stem cells

7.1 Introduction

Stem cells play important roles during development through establishing fetal
tissues but also their functions extend to adulthood where they maintain
homeostasis through the continued replacement of defective cells and
regeneration of injured or diseased tissues. However, morphogenesis during
development, or the homeostasis process, require accurately organised
migration of stem cells [531]. The significance of individual cell migration and
collective cell migration (CCM) in organizing complex morphogenetic events
during fetal development has been verified. CCM is characterised by the
capacity of gathered cells to travel as clusters through coordinated permanent
or transient cell-cell contacts which convey signals and affect the activities of
one another [532,533]. After conception and during gastrulation, cells are first
identified in a certain area of the embryo and then migrate extensively to
relocate themselves and reach their target location [534]. Within the
blastocyst, clusters of cells migrate collectively as sheets to establish the three
germ layers from which an embryo would be developed. During embryonic
development, cells within these layers eventually travel to differentiate in
target locations and form various tissues and organs [535]. However,
understanding the essential processes underlying cell migration is important
to prevent any disturbance to migrating cells, including any caused by

chemicals.
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7.1.1 The migration cycle

Usually, cell migration can be conveniently conceptualised as a cyclical
process, whether cell sheets or single-cell migration, Figure 7-1. For any cell
to start moving, asymmetric morphology is required with distinct front and
back edges [536]. The initial reaction of a cell to a migration stimulator is to
polarise then develop protrusions (projections) toward the migration area.
Depending on cell type, various forms of these protrusions can be produced;
large and wide or spike-like protrusions, but they all adhere to ECM or
neighbouring cells by integrin-mediated attachment and are directed by
cytoskeletal actin. To permit a cell to move forward, there must be detachment
at distinct regions of the cell to release adhesions and repeat the sequence

which allows cell motility [537,536].
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Figure 7-1: Cell migration, a simplified model
The figure was adapted from this website
http://www.biochemsoctrans.org/content/43/1/79

7.1.1.1 Cell polarisation

The cornerstone in cell migration is a polarised cell. Several external molecules
(chemotactic agents) can trigger polarisation intracellularly. Whilst the
chemotactic receptors do not seem to be polarised in response to a gradient,
they convey the extracellular signal to the cell cytoplasm. The signal then
would be converted intracellularly into polarising response [538].
Phosphatidylinositol (3,4,5) trisphosphate (PIP3), which acts as a molecule
(e.g. Akt/PKB) recruiter to the cell membrane, has been found to be one of the
first molecules which is polarised by chemotactic agents. As a consequence of

the localised activation of PI 3-kinase and lipid phosphatases at the cell
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anterior, a fast gathering of PIP3 at the leading edge is produced [535].
Therefore, an asymmetric accumulation of PIP3 would develop and lead to
activation of Rho family GTPases, including Rac and/or Cdc42 [539], in addition

to polymerisation of actin at the cell leading edge.

7.1.1.2 Protrusive machinery

Once actin filaments are intrinsically polarised, they rearrange by creating fast
moving barbed ends (front leader) and slow moving pointed ends (rear
follower), where this inherent polarity is employed to guide membrane
protrusions [540]. These polarised actin filaments form a branching “dendritic”
web in lamellipodia, which is mediated by the Arp2/3 complex (Actin-Related
Proteins) that serves as an actin nucleation to help form projections, whereas
the organisation of filaments in filopodia tends to be organised in long parallel
“bundles” [540,541]. However, Arp2/3 complex is activated by WASP (Wiskott-
Aldrich syndrome family proteins), which are already activated at the cell
membrane [540]. Moving the cell forward in lamellipodia is believed to occur
by what is called the “elastic Brownian ratchet” mechanism, in which thermal
energy is utilised to bend the emerging short filaments and store elastic
energy. The driving force for protrusion is derived from unbending of an
elongated filament against the leading edge [541]. On the other hand, a
filament treadmilling mechanism is thought to drive filopodial protrusion,
where actin filaments form a firm bundle with the aid of fascin protein and
elongate by building up more actin monomers at their barbed ends (where
Ena/VASP proteins prevent branching), whilst simultaneously releasing more
actin monomers from their pointed ends [540]. However, several proteins were

found to regulate the migration process throughout various mechanisms. For
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instance, profilin associates with actin monomers and prevents self-nucleation
with selectively target monomers of barbed ends. Also by capping proteins
which bind to the filament and prevent its elongation i.e. hampering actin
polymerisation to new filaments approaching the plasma membrane.
ADF/cofilin family proteins act to disassemble the existent filaments in order
to generate more monomers which are required for actin polymerisation at the
front end and cortactin to stabilise short actin projections, whereas filamin A
and a-actinin serve as filaments cross-linkers to support the whole dendritic

network [540].

7.1.1.3 Migration directionality

One of the important regulations of the directionality of cell migration is the
topography of the ECM. This provides a mobility environment with physical
cues from which cells can obtain mechanical information or signals, which
eventually translate into constraint adhesion sites that guide the direction of
migration [542]. Furthermore, the polarity signalling machinery can also effect
directional cell migration. This polarisation influences the leading and trailing
cell edge formation. The Rho GTPase family member Cdc42 is a principal
regulator of cell polarisation that impacts directional migration. ECM
components can stimulate integrin receptors, resulting in local activation of
Cdc42 at sub-locations of the plasma membrane [543,544]. Additionally, any
factor which interferes with actin polarisation or depolarisation can also
influence the cell motility orientation including calcium, kinases and all the

migration regulatory proteins mentioned previously [542].
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7.1.1.4 Adhesion disassembly

For the cells to move forward, adhesion detachments at the front and rear
should occur. Adhesion disassembly is observed at the leading edge, alongside
the formation of new protrusions with their adhesion sites, and at the cell rear,
where it endorses tail retraction [537]. However, one of the factors that has
been implicated as a promoter for adhesion disassembly is the targeting of
microtubules [545]. In some cases, the disassembly might fail to be
accomplished allowing adhesions to persist and mature into larger, more
constant assemblies. Some studies showed the importance role of kinases and
phosphatases in the regulation of adhesion turnover whether at the cell front
or rear. For instance, it has been reported that cells lacking tyrosine kinase
FAK and Src migrate less and create more adhesion points [546,547]. Two
more protein families were also discovered to have a role in regulation of
disassembly turnover and migration; Rac-associated proteins [548] and
mitogen-activated protein kinase ERK [549]. Several lines of evidence have
indicated that myosin II and Ca*? have a specific role at the rear cell to cleave
the adhesions. However, Ca*? targets both Ca*?-regulated phosphatase
calcineurin but also Ca*?-activated protease calpain, which has the potential
to detach and dysregulate several focal adhesion proteins such as integrins,

talin, vinculin and FAK [550-552].
7.1.2 Chapter objective
In this Chapter, the selected herbal components would be investigated

for their impact on the migration process of differentiating ESD3. Cell

exclusion zone assay would be utilised to measure the cell migration.
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7.2 Material and Methods

7.2.1Cell exclusion zone migration assay (ESD3)

As has been explained, cell motility is a key step in many physiological and
pathological processes such as embryonic organogenesis, angiogenesis, cancer
metastasis and wound healing [553]. Two concentrations of each herbal
component were selected; non-embryotoxic and embryotoxic, based on their
biological data obtained in Chapter 3, Section 3.4. Vehicle controls were
included for the untreated group to maintain the same amount of solvent
among the groups. The procedure was as follows: a 96-well plate was used to
evaluate cell migration into an exclusion region of fixed diameter in the centre
of the well. The 96 well plates were pre-coated with 1% (w/v) gelatine and an
area of cell exclusion formed using a device which is currently being
investigated for patent protection (Figure 7-2A). ESD3 cells were seeded using
ESD3 culture medium containing 20% (v/v) FBS with LIF, into the wells of the
96 well plate, at a cell density of 5x10° cell per ml in order to approach 100%
confluency on the next day. 200ul cell suspension at the required cell density
was injected into each well using 1ml syringe (Figure 7-2B). After 24h and
before the 96 well plate was removed from the cell exclusion zone (CEZ)
device, the ESD3 culture medium was aspirated and replaced with serum-free
medium without LIF (to reduce proliferation rates and emphasise the role of
differentiating cell migration) with or without test phytochemicals. The plate
was incubated at 37°C in the 95% air: 5% CO; incubator 2h before the device
was eventually removed to allow cell migration into the exclusion region
(Figure 7-2C). The same two concentrations that were investigated for ROS

production (low non-teratogenic and high teratogenic) were tested in this
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assay unless the concentration caused <100% confluent cultures and so
created gaps within the culture, as this would allow the cells to move in
multiple directions, rather than only toward the central exclusion region. The
cultures were monitored by imaging at zero time (time of removal cell
exclusion mechanism) and after 24h (Figure 7-2D). Cytochalasin D was utilised
as a positive control in this assay, see the details below. The size of the gap
areas were determined using the ImageFocusAlpha software freehand
selections and the area travelled by migrated cells was measured. The
difference between areas at the two time intervals provided a quantitative

index of cell migration capacity.
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A B C D

Figure 7-2: Schematic illusion of the cell exclusive zone mechanism for
migration assay

(A) Represents a pre-coated well with required cell density ready for cell culture just
before set up of the device, pink circle refers to empty well/area, (B) set up the device
to allow pins to create cell exclusive zone before the cells being injected, red area in
the circle represents the culture and orange area represent the pin, (C) after 24h,
replace the medium with serum free one with or without phytochemicals and removal
of the device to let cells start migrate toward the exclusive zone which appears as pink
circle, this was regarded as zero time, (D) after another 24h, cells assume to reduce
the gap as appears in smaller pink circle in comparison with C.
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7.2.2 Procedure optimisation and positive control

To optimise the migration assay procedure, the effect of serum-free medium
on stem cell pluripotency has been investigated. ESD3 were cultured in the
presence of LIF but without serum for 24h. Immunostaining confirmed that the
cells maintained an undifferentiated status when they were grown in serum-
free medium, for protocol, see Section 2.2.4.3, (Figure 7-3 A-C). In accordance
with our findings, Chin et al. (2010) had found that hESD3 maintained the
expression of the undifferentiated marker when they were cultured in serum-
free media and these cells successfully formed three germ layers and

spontaneously differentiated into EBs [554].

--

Figure 7-3: SOX2 immunofluorescent of untreated ESD3 culture with
serum free medium in the presence of LIF

(A) Culture stained with DAPI, image (B) is stained for SOX2 which is characteristic
of undifferentiated ESD3, and image (C) is overlay for images (A) and (B). The
culture was serum starved for 12h in presence of LIF. SOX2 was positively stained
in the culture which means the absence of serum has no impact on the pluripotent
characterisation of stem cells. Compare this image with Figure 2-19. Scale bar is
50 pm.

Furthermore, to ensure that the system can detect any disturbance in cell
migration, cytochalasin D (Fluka, Germany) has been tested as a positive
control. Cytochalasin D is mycotoxin which is produced by moulds, and it has
been confirmed that it inhibits cell locomotion by suppression of actin

polymerisation, a process that is essential in cell migration [555,556]. Three
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concentrations were tested (3.25, 7.5 and 15uM). The result shows that the
migration of treated cultures was significantly inhibited at all concentrations
tested (Figure 7-4). F-actin filaments were labelled by phalloidin staining
(Vector Laboratories Ltd, USA) to confirm the effect of cytochalasin D.
A similar immunocytochemistry procedure as for the SOX2 antibody, see
Section 2.2.4.3, was followed in this staining, with use of mounting medium
with TRITC phalloidin dye instead of antibodies. Under the fluorescent
microscope, the exposed cells were found to express disassembled F-actin
filaments (Figure 7-5) while untreated cells showed intact filaments with no

gaps within them (Figure 7-5B).
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Figure 7-4: Effect of
cytochalasin D on
differentiating ESD3
migration

The images (A-D1) are
representatives for one
experiment. A, B, C and
D are cultures at zero
time with exclusive zone
areas (3.43, 3.67, 3.33
and 3.45 mm?) and Al,
Bl, C1 and D1 are
corresponding images
after 24h with areas
(2.61, 3.43, 3.26 and
3.44 mm?) for untreated,
3.25, 7.5 and 15uM
cytochalasin D,
respectively. The areas
imply that cells migrated
considerably in untreated
culture but cell
locomotion was hindered
in exposed cultures and
at all concentrations
tested. The cells were
photographed under a
phase contrast
microscope. Scale bar is
0.25mm. (E) Three
independent repeats
(n=3) with quadruplicate
per each concentration
were performed and one
way ANOVA was utilised
to analyse the data. The
difference of areas at
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Figure 7-5: Immunostaining images labelled F-actin with phalloidin dye in
cytochalasin D treated ESD3

(Red arrows in images indicate intact actin filaments but yellow arrows indicate
disassembled ones), (A) DAPI staining to show image without phalloidin, (B) vehicle
untreated control ESD3 showed intact filaments, (C) 3.25uM cytochalasin D treated
ESD3 showed some intact filaments (red arrows) alongside the damaged ones (yellow
arrows), (D) 7.5uM cytochalasin D treated ESD3 with a majority of detached filaments
and (E) 15pM cytochalasin D treated ESD3 showing almost all monomer-appearance
filaments. The effect on actin was believed to be the main reason preventing
cytochalasin D treated ESD3 from moving toward the central gap. Scale bar is 50um
for A, B, C and D but 80pm for E.
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7.3 Results

7.3.1Effect of 6-gingerol on cell migration (ESD3)

In comparison to untreated control, the 24h 6G-exposed cells demonstrated a
slight effect on the migratory behavior. Two 6G concentrations were tested,
(0.75uM as a non-embryotoxic concentration and 100puM as embryotoxic
concentration). At low concentration (Figure 7-6B and B1), the cells migrated
to approximately the same area as the control cells (Figure 7-6A and Al) with
no significant difference between the two groups over 24h exposure
(Figure 7-6D). However, not significant decreasing trend in comparison with
the control group was observed when the cells were treated with 100pM 6G

for 24h (Figure 7-6C, C1 and D).

7.3.2 Effect of ginkgolide A on cell migration (ESD3)

As presented in Figure 7-7, the areas covered by untreated and GA-treated
cells over 24h were comparable. The overall migration area of 100nM GA-
treated cells (Figure 7-7B and B1) was not significantly (p>0.05) less than the
control (Figure 7-7A, Al and D). Likewise, treating the cells with 2000nM GA
for 24h (Figure 7-7C, C1 and D) did not significantly (p>0.05) alter the net

migration area in comparison to control.
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Figure 7-6: Effect of [6]-gingerol on differentiating ESD3 migration

The images (A-C1) are representatives for only one experiment, (A, B, and C) are
cultures at zero time with exclusion zone areas (3.36, 3.28, and 2.98 mm?) and (A1,
B1, and C1) are corresponding images after 24h with areas (2.88, 2.78, and 2.64
mm?) for untreated, 0.75 and 100uM 6G, respectively. The areas imply that cells
migrated considerably in untreated culture but cell locomotion was decreased
insignificantly in a dose dependent manner in exposed cultures particularly at 100uM.
(D) Three independent repeats (n=3) with quadruplicate per each concentration were
performed and one way ANOVA was utilised to analyse the data. The difference of
areas at zero time and after 24h has been calculated and the results were presented
as mean+SEM. * significance indicates p < 0.05 vs. control. The cells were
photographed under a phase contrast microscope. Scale bar is 0.25mm.
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Figure 7-7: Effect of ginkgolide A on differentiating ESD3 migration

The images (A-C1) are representatives for only one experiment, (A, B, and C) are
cultures at zero time with exclusive zone areas (3.52, 3.36, and 3.08 mm?) and (A1,
B1, and C1) are corresponding images after 24h with areas (2.79, 2.51, and 2.07
mm?2) for untreated, 100 and 2000nM GA, respectively. The areas imply that cells
migrated considerably in untreated and exposed cultures with no difference among
the groups. (D) Three independent repeats (n=3) with quadruplicate per each
concentration were performed and one way ANOVA was utilised to analyse the data.
The difference of areas at zero time and after 24h has been calculated and the results
were presented as mean£SEM. * significance indicates p < 0.05 vs. control. The cells
were photographed under a phase contrast microscope. Scale bar is 0.25mm.

263



Chapter 7

7.3.3 Effect of ginkgolide B on cell migration (ESD3)

The effect of GB on the ESD3 migration process, following 24h exposure is
presented in Figure 7-8. Without GB intervention, the cells moved toward
the cell exclusion zone to cover approximately 1 mm? over a period of 24h
(Figure 7-8A, Al and D). However, cell migration was gradually inhibited in
a dose-dependent pattern when cultures treated with 50 and 1000nM GB.
The graph shows that there was significant (p<0.05) decrease of cell
migration when treated with 50nM for 24h (Figure 7-8B, B1 and D) when
compared with the untreated cells. In the same way, the migratory area was
significantly (p<0.05) less at 1000nM GB (Figure 7-8C, C1 and D) than the

untreated control.

7.3.4 Effect of ginsenoside Rgl on cell migration (ESD3)

Interestingly, cells treated with G-Rg1l showed a slight increase in migration
capacity. Although the statistical analyses did not reveal any significant
differences between the tested groups, a distinct trend toward enhancing cell
migration was noticeable (Figure 7-9D). Two G-Rg1 concentrations were tested
(0.5uM to represent safe concentrations, Figure 7-9B, B1 and D and 10uM for
cytotoxic concentrations, Figure 7-9C, Cl1 and D). However, over 24h
exposure, none of these concentrations has shown a significant (p>0.05)
increase in the overall migration area covered by moving cells when compared

with untreated cells (Figure 7-9A, Al and D).
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Figure 7-8: Effect of ginkgolide B on differentiating ESD3 migration

The images (A-C1) are representatives for only one experiment, (A, B, and C) are
cultures at zero time with exclusive zone areas (3.70, 3.20, and 3.52 mm?) and (A1,
B1, and C1) are corresponding images after 24h with areas (2.89, 2.44, and 2.87
mm?2) for untreated, 50 and 1000nM GB, respectively. The areas imply that cells
migrated considerably in untreated culture but cells migration was significantly
decreased in a dose dependent manner in exposed cultures. (D) Three independent
repeats (n=3) with quadruplicate per each concentration were performed and one way
ANOVA was utilised to analyse the data. The difference of areas at zero time and after
24h has been calculated and the results were presented as mean+SEM. * significance
indicates p < 0.05, **** is p < 0.0001 vs. control. The cells were photographed under
a phase contrast microscope. Scale bar is 0.25mm.
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Figure 7-9: Effect of Ginsenoside Rg1l on differentiating ESD3 migration

The images (A-C1) are representatives for only one experiment, (A, B, and C) are
cultures at zero time with exclusive zone areas (3.36, 3.41, and 3.30 mm?2) and (A1,
B1, and C1) are corresponding images after 24h with areas (2.88, 2.89, and 2.47
mm?) for untreated, 0.5 and 10uM G-Rg1l, respectively. The areas imply that cells
migrated considerably in untreated but even marginally more in exposed cultures
with no significant difference among the groups. (D) Three independent repeats
(n=3) with quadruplicate per each concentration were performed and one way
ANOVA was utilised to analyse the data. The difference of areas at zero time and after
24h has been calculated and the results were presented as mean+SEM. * significance
indicates p < 0.05 vs. control. The cells were photographed under a phase contrast
microscope. Scale bar is 0.25mm.
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7.3.5 Effect of a-bisabolol on cell migration (ESD3)

For this herbal component, also two concentrations, 1 and 80uM, were
investigated representing non-embryotoxic and embryotoxic concentration,
respectively. The results have shown that there was a non-significant slight
enhancement in the locomotion ability of the cells exposed to 1uM bisabolol
over 24h in comparison with untreated cells (Figure 7-10A-B1 and D).
However, the net area of migration for the cells exposed to 80uM bisabolol
for 24h was almost as comparable to the area in the unexposed cells with no

significant changes between the groups (Figure 7-10C, C1 and D).

7.3.6 Effect of eugenol on cell migration (ESD3)

The impact of eugenol on the migration capacity of differentiating ESD3 was
investigated employing two concentrations, non- embryotoxic 0.01pM and
embryotoxic 80uM. A possible dose-dependent decreasing trend in the cell
migration competence was observed after analysis. The cells when exposed to
0.01pM eugenol for 24h, they migrate slightly and non-significantly less than
the untreated cells for the same period (Figure 7-11A-B1 and D). When higher
eugenol concentration, 80uM, was added to the cells, the migration capacity
has reduced even more when numerically compared to both the control and
0.01uM groups but this difference failed to approach a significant level

(Figure 7-11C-C1).
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Figure 7-10: Effect of a-bisabolol on differentiating ESD3 migration

The images (A-C1) are representatives for only one experiment, (A, B, and C)
are cultures at zero time with exclusive zone areas (3.66, 3.39, and 3.26 mm?)
and (A1, B1, and C1) are corresponding images after 24h with areas (2.81, 2.51,
and 2.41 mm?) for untreated, 1 and 80uM bisabolol, respectively. The areas imply
that cells migrated considerably in untreated and exposed cultures with no
difference among the groups. (D) Three independent repeats (n=3) with
quadruplicate per each concentration were performed and one way ANOVA was
utilised to analyse the data. The difference of areas at zero time and after 24h
has been calculated and the results were presented as mean+SEM. * significance
indicates p < 0.05 vs. control. The cells were photographed under a phase
contrast microscope. Scale bar is 0.25mm.
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Figure 7-11: Effect of eugenol on differentiating ESD3 migration

The images (A-C1) are representatives for only one experiment, (A, B, and C) are
cultures at zero time with exclusive zone areas (3.43, 3.38, and 3.52 mm?) and (A1,
B1, and C1) are corresponding images after 24h with areas (2.51, 2.55, and 2.75
mm?) for untreated, 0.01 and 80uM eugenol, respectively. The areas imply that cells
migrated considerably in untreated but slightly decrease in exposed cultures with no
significant difference among the groups. (D)Three independent repeats with quadrate
per each concentration were performed and one way ANOVA was utilised to analyse
the data. The difference of areas at zero time and after 24h has been calculated and
the results were presented as mean+SEM. * significance indicates p < 0.05. The cells
were photographed under a phase contrast microscope. Scale bar is 0.25mm.
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7.4 Discussion

In this investigation, it was attempted to address the role of some well- known
herbal components in a possible disturbance of embryonic stem cell migration,
which is an essential process in embryonic development and several birth
defects, including the heart, could be developed as a result of its disruption.
Although only GB has shown significant inhibition of cell migration, herein we
showed that some herbal components might have intrinsic ability to interfere
with stem cell migration by increasing their motility such as I the case with

G-Rg1l or by decreasing it such as 6G and GB.

6G in this study has demonstrated a nonsignificant concentration-dependent
decreasing trend in cell motility. To date, there is no relevant evidence to show
that 6G exhibits embryonic stem cells motility interruption whether in vivo or
in vitro. Nevertheless, some reports have suggested a role of 6G in inhibition
of migration of some tumor cell lines [296],[557]. It is true that gene and
protein expression differs in cancer cells from stem cells, but it could be that
6G targets some common proteins, in both cell types, that are primarily
required for the migration process such as Rac, Cdc42, Arp2/3 or WASP and

several more see Sections 7.1.1.1,7.1.1.2 and 7.1.1.3.

With regards to GA, the results show that there was no effect on the ESD3
migration. However, Weakley et al. (2011) found that GA at 50uM (alone or in
conjugation with gold nanoparticles) can reduce the migration of mouse
vascular smooth muscle cells [558]. However, different cells have various

responses to the same chemical, but also GA being conjugated with gold

270



Chapter 7

nanoparticles might modify its physicochemical properties to be able to have

an effect on the migration process in the relevant study.

In contrast, GB was the only phytochemical that showed a significant inhibition
of ESD3 migration. The present data agree with Liu et al. in 2015 where it was
demonstrated that GB at 0.6 mg/ml (equivalent to 1.4mM), suppressed
monocyte migration by inhibition of the expression of Cx43, cadherin and Akt
phosphorylation in oxidised low density lipoprotein-treated human endothelial
cells [559]. Therefore, GB might inhibit ESD3 Akt phosphorylation which is
important in the asymmetry and polarisation processes of migrated cells.
Interestingly, in another study GB was found to enhance the migration of
human endothelial progenitor cells [560]. It might be that the 50 ng/ml
vascular endothelial growth factor, which was placed in the media to direct the
progenitor cells in the migration assay used, has modified the effect of GB on
the cells tested. To sum up, evidence from our study and other studies have

suggested that GB can modify stem cells migration.

The results of this study also showed that a nonsignificant concentration-
dependent increase was observed in ESD3 migration over 24h exposure to 0.5
and 10pM G-Rgl. In accordance with our results, a study has found G-Rgl
accelerates endothelial progenitor cells at 0.5, 1 and 5uM after 24h exposure,
which was considered a beneficial effect to enhance revascularisation of blood
vessels [561]. Yu et al., however, had contradicted this finding when they
treated transforming growth factor-B1 (TGF-B1)-induced HepG2 liver cancer
cells with 50-200puM G-Rg1 for 48h and found that cell migration was inhibited
dose-dependently. It is obvious that the G-Rg1 concentrations used were much

higher than ours; hence, G-Rgl might behave differently toward cell motility
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according to the exposure time and concentration used. Therefore, that G-Rg1l
has the potential to interfere with ESD3 migratory capacity cannot be excluded

but needs further verification and elucidation particularly in vivo.

Our results revealed no disturbances detected to ESD3 migratory capacity after
treating the cells with 1 and 80uM a-bisabolol for 24h. On examining the effect
of a-bisabolol on the motility of pancreatic cancer cells, Uno et al. in 2016
demonstrated that a-bisabolol can inhibit cell motility via induction of the
Kisspeptin 1 receptor (KISS1R) [562]. However, it was concluded that other
molecular mechanisms of inhibition of migration were still possible [562].
Similarly, another study using a mouse model showed that the migration of
neutrophils to the gastric mucosa in ethanol-induced gastric lesions decreased
after administration of a-bisabolol at doses of 100 and 200 mg/kg orally
compared to animals not receiving this treatment [361]. Although the ESD3
migration was not affected at the time point tested, further migration tests

should be performed with longer time intervals.

Exposure to eugenol at 0.01 and 80uM for 24h demonstrated a concentration-
dependent decline in ESD3 migration, but it failed to reach significant levels.
Eugenol has displayed a capacity to suppress the migration of human breast
cancer cells at 1.5pug/ml (~10uM) for 24h, assayed using scratch-healing test.
In the same study, eugenol failed to suppress the migration at 0.25ug/ml
(~1.5uM) for 24h exposure. The authors suggested that the migration
inhibition at high dose might primarily be mediated through inhibition the gene
expression of matrix metalloproteinase-2, the enzyme that is also important
in embryonic development, and paxillin, which is important to adhere the cells

with ECM [563]. Therefore, this emphasises the need for further investigations
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regarding the role of eugenol in inhibition the ESD3 migration as a mechanism

for embryonic maldevelopment.

However, the data in this Chapter could have been more precise if the
monitoring of cell exclusion zone migration was quantified by using the time-
lapse microscopy system rather than taking snapshot pictures with a regular
inverted microscope at two time intervals. Furthermore, following the assay,
cells could have been fixed and various proteins involved with cytoskeletal
structure and dynamics may be observed and evaluated using
immunocytochemistry. This analysis may lead to further detailed biochemical
variations previously unknown. The migration technique used in this Chapter
needs to be more mimic to the process of extracellular matrix invasion and
extravasation probably by including a layer of extracellular matrix or a layer of

endothelial cells to the plates.

Collectively speaking, here we demonstrated the effect of some herbal
components on ESD3 migration where the presented data, with other reports,
suggest a capacity to interfere with ESD3 migration cannot be excluded,

particularly at high doses.
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8 Chapter eight — Diabetes-induced
cardiomyocyte defects in chick
embryonic heart micromass and mouse

embryonic D3 differentiated stem cells

8.1 Introduction

Diabetes mellitus (DM) is an endocrinological and metabolic disorder. It is
characterised by hyperglycemia as a consequence of either inadequate
pancreatic insulin secretion or poorly responding target cells or both. In
addition, poorly controlled DM can result not only in hyperglycemia but also
elevated levels of ketone bodies [564]. During the gestational period, three
types of diabetes are of concern: Type I diabetes and Type II diabetes both
present prior to pregnancy and in addition there is a type of diabetes which
becomes evident for the first time during pregnancy. The former two types are
called pregestational (clinical) DM, the last one is known as gestational DM
(GDM) [565]. Type 1 (DM) is a result of autoimmune pancreatic B-cells
destruction; type 2 exhibits insulin resistant cells and/or impaired insulin
release; and gestational DM (GDM) which is defined as any glucose intolerance

diagnosed during pregnancy [565].

DM in gestation is an important medical challenge since it is related to
morbidity and mortality concerns for both the fetus and the pregnant woman
[566]. Records show that the etiology of diabetic embryopathy is complicated

as many teratological factors might be involved in the mechanism of DM-
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induced congenital malformation. The absence of specific malformation
patterns also supports the multifactorial theory [567,568]. Insufficient control
of glycemic levels at the very first stages of conception and embryogenesis
(organogenesis) is associated with an increased incidence of embryopathy
[569,570]. However, it has been found that congenital heart defects and neural
tube defects are the most common forms of birth malformations elicited by
either of the forms of DM [571], probably because these organs develop during
the early stages of embryogenesis. Alongside this, cardiomyocytes were found
to be even more vulnerable to hyperglycemic-induced defects than neurons in
mouse models [572]. The most frequently observed cardiac abnormalities in
GDM include persistent truncus arteriosus (PTA), endocardial cushion (EC)
defects and ventricular septal defects (VSD) [573]. The possible metabolic and
signalling pathways that influence these heart defects included arachidonic
acid metabolism, folic acid diminution, inositol depletion, sorbitol
accumulation, alterations in protein kinase C (PKC) activity and elevated
reactive oxygen species (ROS) levels [574]. The protective effects of several
antioxidant substances such as AA, FA, SOD and vitamin E against
maldevelopment induced in vitro [575] and in vivo [576,577] by diabetes-like
conditions is well documented. This suggests a partial role for ROS in
hyperglycemia-induced congenital defects. Also, the hyperketonemia state
(beta-hydroxybutyrate elevation) was found to play a role in the regulation of
cardiac glucose uptake in adult rats, but it also induced ROS production under
metabolic stress conditions [578]. Diabetes-induced oxidative stress could
have resulted from extreme glucose metabolism in the exposed embryo-fetal

cells [575]. As a consequence, other free radical species could be generated,
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modifying cellular proteins, lipids and DNA. DNA damage could be triggered as
a result of alterations in expression of key genes and possibly lead to the
induction of apoptosis. [579]. Thus, the hyperglycemic state results in DNA
damage, oxidised lipids and proteins as a result of increased levels of ROS,

possibly contributing to congenital heart defects.

The other important aspects of diabetes-induced CHD is the role of embryonic
cardiac progenitors — cardiac mesoderm, epicardial and cardiac neural crest
cells (CNCCs) - and biological processes which include proliferation,
differentiation and migration, in heart development [580]. Although changes
in these fundamental processes have not been assigned to have a direct
causative role for CHD, the presence of impaired transcriptional programs of
cardiac progenitors in CHD patients strongly suggest compromised cardiac
progenitor biology at the origin of at least some human CHD [580]. CNCCs
have shown a hyperglycemic vulnerability in an in ovo study [581]. 30mM
glucose was sufficient to produce heart defects in 82% of exposed chick
embryos. However, the fact that addition of 2mM N-acetylcysteine reduced the
teratogenicity of glucose by 27% implies that the teratogenicity might be
mediated by oxidative stress on CNCCs [581]. The inhibitory impact of glucose
elevation on cell migration has been shown in an in vitro study on rat cranial
neural crest cells. The cells from embryos of diabetic rats showed diminished
migratory area expansion after growing in culture medium indicating that

maternal hyperglycemia influences cranial neural crest cells migration [582].

In this Chapter, the effects of different diabetes-like formulas (B-
hydroxybuterate: glucose) were investigated on primary chick embryonic

cardiomyocytes and the mouse embryonic D3 stem cells (ESD3) differentiated
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to cardiomyocytes. Functional parameters that were examined include
contractile activity, cell activity, cytotoxicity, and any possible role of ROS,

DNA damage and cell migration.

8.2 Materials and methods

All materials used in this Chapter are already described in the previous
Chapters. Glucose and B-hydroxybutyrate were purchased from Sigma-
Aldrich, UK. Diabetes-like formulas were constucted (B-hydroxybutyrate:
glucose) with concentrations 10:20, 20:40 and 40:80mM. The chemicals were
dissolved directly in culture media. These glucose concentrations were
comparable to the one used in ovo by Memon and Pratten [575] and are at the
random glucose levels for diabetes (11mM or more). The ketone levels were
similar to those used by Sadler’'s group to study teratogenesis in mouse
embryos [583,584]. The high concentrations that have been used in this study
could be found in the most serious acute complications of diabetes, namely,

diabetic ketoacidosis and hyperosmolar hyperglycemic.

8.2.1 Primary chick heart micromass (MM) preparation
Primary chick embryonic cardiomyocytes were extracted, cultured and treated
with the selected chemicals. The details of the procedure are available in

Section 2.2.1.

8.2.2 Mouse embryonic D3 stem cells - derived cardiomyocytes
Mouse embryonic stem cells were differentiated to cardiomyocytes using
hanging drop technique and treated with the selected chemicals. The details

of the procedure are available in Section 2.2.2.
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8.2.3 Cardiomyocyte contractile activity scoring system - (MM
and ESD3)

The contractile activity was monitored using manual scoring system in MM and

ESD3. See Section 2.2.3.1.

8.2.4 Resazurin reduction assay (cell activity assay) - (MM and
ESD3)

The cell activity in both systems were examined by measuring the ability of

mitochondrial oxidoreductase enzymes to convert resazurin to resorufin. See

Section 2.2.3.2.

8.2.5 Kenacid blue assay (total protein assay) - (MM and ESD3)
The total protein expression was measured using kenacid staining test. See

Section 2.2.3.4.

8.2.6 Cellular reactive oxygen species detection assay - (MM and
ESD3)

In this assay, the cell suspension obtained for the MM system was cultured in
black walled, clear bottomed 96 well plates (Corning, UK) for 24h. However,
for ESD3, three 5-day-old EBs were plated per well of black walled clear
bottomed 96 well plate at the time of the experiment. The required amounts
of glucose and B-hydroxybutyrate were dissolved in HBSS containing 20pm
(DCFH-DA). The fluorescence was detected at a time periods of 0, 1, 2, 3, 4,

and 24h after culture exposure. For more details see Section 5.2.1.1.

8.2.7 DNA double-strand breaks assay (pY-H2AX) (ESD3)
To detect pY-H2AX in ESD3-treated cultures, the cells were washed, fixed,
permeabilised, blocked and incubated with the suitable primary and secondary

antibodies. For FC see Section 5.2.2 and for ICC see Section 5.2.3.
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8.2.8 Cell exclusion zone migration assay (ESD3)

The cell migration of differentiating ESD3 was measured by culturing the cells
in 96 well plate with cell-free zone in the centre of each well. The migration
capacity was monitored at two points, 0 and 24h after exposure. For more

details see Section 7.2.1.

Statistical analysis

At least three independent repeats (n=3) of each experiment were performed
using 24 well plates (four wells of each group in every repeat for resazurin and
kenacid blue assays), black wall clear bottom 96 well plates (4 wells of each
group in every repeat for ROS estimation assay), 6 well plates (2 wells of each
group in every repeat for the DNA damage flow cytometry assay), 96 well
plates (8 wells of each group in every repeat for the migration assay). The
data are presented as mean = SEM (except for DNA damage data presented
in % increments) and analysed using Graph PadPrism6 statistics software. For
contractile activity morphological scoring (non-parametric data), a Kruskal-
Wallis test with Dunn’s post-hoc test was used to determine significant
differences. For parametric data (resazurin, kenacid blue, DNA damage and
migration assays), one-way ANOVA followed by Dunnett’s post-hoc test was
employed. With ROS estimation, two-way ANOVA with Bonferroni post-hoc was
used to indicate the significant difference compared to the control. P<0.05 was

considered as significant alteration from control and specified with *.
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8.3 Results

8.3.1 Effects of diabetes-like formulas on the contractile activity,
cell activity and total protein content in the MM system

When the diabetes-like formulas (B-hydroxybutyrate: glucose), were used at
different concentrations (10:20, 20:40 and 40:80mM) in the MM system, the
inhibitory effects on contractile activity were evident (Figure 8-1A). Although
the contractile activity remained unaffected in the lowest concentration
formula tested, at higher concentrations (20:40 and 40:80mM) treated
cardiomyocytes showed a statistically significant decrease in contractile
activity at both 48h and 144h of incubation (Figure 8-1A). The cell activity
measurement and the total protein content estimation followed the same
inhibitory pattern with increased formula concentrations. The lowest diabetes-
like formula tested (10:20mM) did not significantly affectcell activity at 24h
and 144h (Figure 8-1B), nor was the total protein content altered
(Figure 8-1BC). At higher concentration diabetes-like formulas (20:40 and
40:80mM) (Figure 8-1B), cell activity was significantly decreased in a dose-
dependent manner. Nevertheless, significant cytotoxic effects only appeared
at the highest concentration (40:80mM) (Figure 8-1C). Phase-contrast images
were captured at 144h (day 6) of MM incubation, which showed a difference
between normal (control) and affected (40:80mM) cultures (Figure 8-2).
Increased floating cells and fewer foci humber were observed, with cell-free

zones within the culture, at 40:80mM, but not with the other concentrations.
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8.3.2 Effects of diabetes-like formulas on the contractile activity,
cell activity and total protein content in the ESD3 system

The contractile activity (differentiation) of ESD3 derived cardiomyocytes
started to decrease at the lowest formula concentration (10:20mM) at day 10,
11 and 12; however, the alteration became significant compared to control at
a higher concentration (20:40mM) on all scoring days recorded. The highest
concentration (40:80mM) caused cardiomyocyte differentiation to cease
completely (Figure 8-1D). ESD3 exposed to either (10:20mM) or (20:40mM)
did not have significantly altered cell activity or cell number (total protein
content) at any time point (Figure 8-1E,F), but both endpoints demonstrated
a significant reduction compared to the control at the highest concentration
(40:80mM) (Figure 8-1E,F). 5-day-old EBs were observed using the phase
contrast microscope to monitor the size alteration. The observations made
showed EBs reduced in size with increasing diabetes-like formula
concentrations with the difference being very obvious at the highest
concentration (DF 40:80mM) (Figure 8-2). The same EBs were further followed
(at day 12 of the procedure) after seeding them in plates to observe the

cultures size. The smaller the EBs, the less the culture expanded (Figure 8-2).

282



Chapter 8

Morphological scoring system

IS

Cell scoring (contractile
activity for cardiomyocytes)

Diabetic formula

Cell Activity Assay

g
s =]
:

®

o
°
=)

N
o
o

o
1

T
Control 10:20mM 20:40mM 40:80mM

Resarufin Production (ng/ml)
IS
)
=)

Diabetic formula

=1

Kenacid blue Assay

= I
o o o
° =3 °

Protein production (pg/ml)
o

Control 10:20mM 20:40mM 40:80mM

Diabetic formula

B 241
TN
B 1440

Cell scoring (contractile

Resarufin Production (ng/ml)

activity for cardiomyocytes) E

Morphological scoring system

IS

B payi0
B pay11

3 B payi12

2

1

0

Diabetic formula

E Cell Activity Assay

500

400

300 *x

T
Control 10:20mM 20:40mM 40:80mM

Diabetic formula

=

Kenacid blue Assay

H
@
=)

H
o
=)

@
=)
1

o
1

T
Control 10:20mM 20:40mM 40:80mM

Protein production (pg/ml)

Diabetic formula

Figure 8-1: Effects of diabetic-like formulas on cardiomyocytes in the MM
system (A-C) and on cardiomyocytes in the ESD3 system (D-F)

(A,D) effects of diabetic-like formulas on contractile activity, (B,E) effects of diabetic-
like formulas on cell activity (resazurin assay), and (C,F) effects of diabetic-like
formulas on total protein content (kenacid blue assay). Three independent repeats
(n=3) of each experiment were performed. The data are presented as mean + SEM.
For contractile activity statistical comparison with control was made using the
Kruskal-Wallis test with Dunn’s post-hoc test. For the resazurin and kenacid blue
assay, one-way ANOVA with Dunnett’s post-hoc test was used. * or (a) p<0.05, **
or (b) p<0.01, *** or (c) p<0.001 and **** or (d) p<0.0001 vs. control.
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Five-day age EBs size ESD3 culture - day 12 MM culture on day 6

Control

| DF 40:80mM DF 20:40mM DF 10:20mM

Figure 8-2: Light microscopy photographs of the effects of diabetes-like
formulas in MM and ESD3

the effects of diabetes-like formulas on the MM system cardiomyocytes at 144h
of culture (right panel), on 5-day-age EBs size in ESD3 system (left panel), and
EBs post-culturing expansion potential (middle panel). The pictures show that
with an increase in diabetes-like formula concentrations the cultured
cardiomyocytes in the MM system were disturbed compared to control, the EBs
reduced in size and after culturing they tend to expand less with the highest
concentration. The small yellow arrows indicate free cell areas within the cultures.
(Scale bar 100um), for all images

r8
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8.3.3 Effects of diabetes-like formulas on ROS production in both
MM and ESD3 systems

ROS production was assessed by using the DCF-DA method in both systems.
Regarding the mild formula (10:20mM), it failed to exhibit any dramatic
alteration in the amount of ROS in either system in comparison to the control
group (Figure 8-3A and B). The moderate formula (20:40mM) showed a
significant increase of ROS production only in the ESD3 system at 24h
(Figure 8-3A and B). However; a significant increase in ROS production was
detected at the highest concentration diabetes-like formula (40:80mM) in both
systems after 24h exposure (Figure 8-3A and B). Only the highest
concentration showed significant alteration in ROS production after 4h in ESD3
system (Figure 8-3B). The positive control used in this test (10pM H>0y),
showed a dramatic increase in ROS production at 2h and onwards in MM

system and at 4h and onwards in ESD3 system (Figure 8-3A and B).
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Figure 8-3: Effects of diabetes-like formulas on ROS production in MM and ESD3 systems
The curves show that the (10:20mM) formula failed to increase the ROS production to
significant levels in either system. The highest formula (40:80mM) increased ROS significantly
in both systems. (20:40mM) increased ROS production significantly only in ESD3 after 24h.
10uM H,0, was used as a positive control in each repeat. (A) effects of diabetes-like formulas
on ROS production in the MM system and (B) effects of diabetes-like formulas on ROS
production in the ESD3 system. Three independent repeats (n=3) of each experiment were
performed. The data are presented as mean + SEM and analysed statistically using two-way
ANOVA. (*) significant difference from control and absent asterisks means none significant.

8.3.4 Assessment of diabetes-like formula induced histone
YH2AX phosphorylation (DNA damage) in the ESD3 system

The ESD3 cells, when treated with different diabetes-like formulas, showed a
dose-dependent increasing trend in DNA damage, until it became significantly
altered from the control at the highest formula concentration (40:80mM). The
dot plots in Figure 8-4 illustrate the percentage of DNA damage is increasing
within the gated cell population; the control dot plot shows only 0.84% of the
gated cell population demonstrated DNA damage. Further, with low and
intermediate concentration formulas (10:20mM and 20:40mM), the stained
H2AX (0.99 and 1.09%) respectively, showed no significant changes when
compared to the control. However, at the highest formula concentration
(40:80mM), the DNA damage within the gated population was 4.22%, which

was statistically significant in comparison to the control (dot plots Figure 8-4).
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The histogram further confirms DNA damaged ESD3 population shifting from
the control and the mean of the highest formula concentration was significantly
greater than the control (histogram Figure 8-4). To compare the changes in
PYH2AX-labelled ESD3, between untreated (control) and treated cells, the
mean of PYH2AX (integral values of gated cell population) was calculated. The
% of increments among the groups was presented as it appears in the graph
(Figure 8-4). Three independent repeats were performed for all experiments.
These flow cytometry results were further confirmed  with
immunocytochemistry by staining the control and treated ESD3 cultures with
PYH2AX antibody. The untreated cells showed a very faint DNA damage signal
(indicated by the small yellow arrow) (Figure 8-5A1), as the diabetes-like
formula concentrations increased, the number of cells developing DNA damage
(small yellow arrows) became larger, and the signal under fluorescent
microscope became brighter, until it became evident at the highest
concentration (40:80mM) (Figure 8-5 B1, C1 and D1). The image of secondary
antibody only treated culture showed no autofluorescence appeared (the

image not shown).
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Figure 8-4: Effects of diabetes-like formulas on DNA double strand break
induction

The figure shows dot plots of the control and with the three tested formulas. The y-
axis represents DNA damage and the x-axis side scatter, which represent the cell
size. There was dose dependent trend of increase in the H2AX signal until it becomes
significant at the highest formula concentration tested. The histogram represents
the H2AX flow cytometry signal within the gated cell population. The % of
increments was presented in the bar graph. Control (red), 10:20mM (green),
20:40mM (turquoise) and 40:80mM (blue). At least three independent experiments
(n=3) were performed. Data is presented in percentages but the analysis was
performed on raw data using one-way ANOVA. (*) P<0.05 vs. control.
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Control 10:20mM 20:40mM 40:80mM

Figure 8-5: Effects of diabetes-like formulas on induction of DNA damage in
differentiating mouse embryonic stem cells

The yellow arrow indicates double-strand break signals within the nucleus in treated
and untreated stem cells. The green signal increased in a dose-dependent manner.
(A-A2) control stem cells, (B-B2) 10:20mM formula treated stem cells, (C-C2)
20:40mM formula treated stem cells and (D-D2) 40:80mM formula treated stem
cells. The top row is DAPI nuclear staining (blue), the middle row represents H2AX
(green) and the bottom row represents overlay of corresponding images, (scale bar
50um).
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8.3.5 Effect of diabetes-like formulas on ESD3 migration

The effect of different diabetes-like formulas on ESD3 migration, while
undergoing cardiomyocyte differentiation, has been investigated. When the
cells were treated with low diabetes-like formula (10:20mM) for 24h, the
pooled data showed that the cells migrated for (0.4394 mm?) which is less
than the area in the control group (0.5767 mm?), but the difference was not
significant (Figure 8-6A, B, C, D and I). In the selected representative images,
the difference in areas at 0Oh (3.54mm?) and 24h (2.99mm?), which represents
migration area, was (0.55mm?) for control, and the difference in areas at Oh
(3.57mm?) and 24h (3.04mm?) was (0.53mm?) for (10:20mM) treated cells,
which mean the untreated and treated cells had similar migration potential
(Figure 8-6A, B, C and D). However, for 20:40mM formula, the pooled data
showed that cells migrated area was (0.302 mm?) which is significantly less
than the control (Figure 8-6I). In the selected representative images, the
difference was 3.42mm? - 3.19mm?=0.23mm?, therefore, this formula affected
ESD3 migration significantly when it was compared with the migrated area
(0.55mm?) of the control (Figure 8-6E, F). At 15uM cytochalasin D, standard
or reference control, the cell motility almost ceased after 24h. Three
independent experiments were performed with at least five intra-experimental

repeats.
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Figure 8-6: Effects of diabetes-like formulas on migration of differentiating mouse
embryonic stem cells
Two formulas were tested in this assay 10:20 and 20:40mM. The results indicate the inhibitory

effect of hyperglycemia on the stem cell migration process. (A) the area of untreated stem cell at
0Oh (3.54mm?), (B) the area of untreated stem cell at 24h (2.99mm?), (C) the area of cells treated
with 10:20mM formula at Oh (3.57mm?), (D) the area of cells treated with 10:20mM formula at
24h (3.04 mm?), (E) the area of cells treated with 20:40mM formula at Oh (3.42mm?) (F) the area
of cells treated with 20:40mM formula at 24h (3.19mm?), (G) the area of cells treated with
cytochalasin D 15um at Oh (3.45mm?), (H) the area of cells treated with cytochalasin D 15um at
24h (3.44mm?) and () graph representing the data of three independent repeats (n=3) with 8
intra experimental repeats for each tested formula. The data is represented as mean + SEM. (**)
P<0.01, (****) p<0.0001 vs. control. (Scale bar 100um).
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8.4 Discussion

Uncontrolled DM in pregnancy is often associated with a high frequency of
morbidity and mortality in the offspring and mothers [585,566]. Ignorance of
hyperglycemia during gestation, particularly during the organogenesis period,
leads to severe maldevelopment of the main organ systems including the
cardiovascular system [575]. It has been reported that Type 1 DM causes more
medically reported incidences of congenital anomalies compared to GDM or

Type 2 DM [586,587].

This study was carried out to investigate the cardiotoxic effects of a diabetes
like environment on primary embryonic chick heart and mouse embryonic D3
stem cell-derived cardiomyocytes and also to explore some possible
mechanisms (ROS, DNA damage and cell migration), which might have roles
in any of the recorded outcomes. The results from MM and ESD3 show that the
desighed diabetes formulas used exhibit a concentration-dependent pattern of
effect on the differentiation process (determined by contractile activity), cell
activity and cell protein content, whether on growing or differentiating
cardiomyocytes. Memon and Pratten, (2013), have shown the effect of 20mM
glucose+15mM B-hydroxybutyrate on the growing heart in the chick, which
was exposed to these conditions for 6 days (day 3 up to day 9) using an in-
ovo assay; the results showed abnormal heart development (particularly the
ventricular chamber) of treated embryos [575]. It has been known that the
major outcome of gestational diabetes is morbidity rather than mortality. This
study confirms that only at high concentration (40:80mM) was there a sign of

cytotoxicity, by showing a decrease in protein content (also by imaging the
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cultures) in both systems, which might eventually be considered as a mortality
effect and abortion promoter. This was further confirmed by EBs size reduction
with higher concentration diabetes formula, which was mostly accompanied by
a decline in cell activity. In support of these findings, a study in rats of the
embryos of diabetic animals also demonstrated intra-cardiac anomalies in the
offspring [588]. The results from the low concentration of diabetes-like formula
(10:20mM) show no toxic effects. This could be because the glucose itself is

a source of cell energy and the cells rely on it as nourishment.

Despite the confirmation of GDM associated congenital birth defects [585]
which include congenital heart defects [589], the molecular mechanisms that
might be involved in the defects are still obscure. Here were investigated three
possible processes, ROS production, DNA damage and stem cell migration,
which could influence the development of embryonic cardiomyocytes. The
results of this study show that ROS steadily increased with the increase of
diabetes formula concentrations in both systems. This was associated with the
apparent increase in DNA damage in ESD3 for each corresponding formula.
The role of free radicals and oxidative stress in diabetes-related embryopathy
has been suggested in several studies, either directly by measuring free radical
mediators or by observing the protective effects of antioxidant substances
[590]. The ROS-mediated oxidative stress of hyperglycemia was evident in
several experimental and clinical studies and was accompanied by a decrease
in endogenous antioxidants (NADPH and GSH) with disturbed oxidation-

reduction (Redox) homeostasis [591-593].

One of the possible mechanisms by which excess glucose evokes ROS

production is by the increased influx of glucose through the polyol pathway,
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which converts glucose to the polyalcohol sorbitol, which in turn induces
intracellular O2" [594]. It has also been suggested that hyperglycemia could
excessively drive the mitochondrial electron-transport chain in a way that
would make free electrons prematurely. These could react with oxygen
molecules instead of driving the necessary potential to produce ATP, leading
to an increased generation of oxygen superoxide radicals [595]. ROS
production could be the cause of diabetes-induced teratology since ROS could
eventually react with cellular proteins, lipid and DNA resulting in alteration of
gene expression, leading to mutations which might translate into
underdevelopment of organs. However, the Zhao study (2010) on diabetic
mice showed that there was no difference in apoptosis between diabetic and
control groups in embryonic hearts, although histological examination revealed
cardiac abnormalities in diabetic groups [572]. Furthermore, the main finding
in the Zhao study was the role of transforming growth factor-g (TGF-B) in
inducing heart abnormalities in diabetic groups. Moreover, protein kinase C
(PKC) enzymes have been found to play a major role in diabetes-induced
embryopathy probably because of their role in several cellular activities such
as proliferation, migration, apoptosis and differentiation [596]. Prolonged
activation of PKC was already linked to the hyperglycemic state of vascular
smooth muscle cells [597]. The present results showed the level of diabetes
formula used is related to the severity of DNA damage. This was in accordance
with another in vivo study on rats where DNA damage was shown in the
leukocytes and the fetuses of diabetic rats under highly diabetic conditions

[598].
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Cell migration has been found to be essential for normal heart development,
particularly that of CNCCs [599]. Morgan et al. (2008) have discovered a role
for the Pax2 gene to mediate the effect of hyperglycemia-induced oxidative
stress on CNC migration in mice [600]. Cell motility in differentiating
embryonic mouse stem cells was significantly affected by (20:40mM) diabetes
formula in the study reported here. This might also be associated with ROS-
induced oxidative stress, which could eventually affect certain genes that are
essential in the migration process. Consequently, this might be the reason
behind the significant decrease in the differentiation process of cardiomyocytes

as a whole.

One may argue that the effects observed in this study due to variotion in
osmolarity of the solution rather than high concentrations of
B-hydroxybuterate: glucose per se. Some researchers include mannitol of
equal osmolar concentration in their experiments to firmly state that observed
effect is not due to high concentration of p-hydroxybuterate: glucose [601],
but some other researchers do not [575]. However, diabetic ketoacidosis and
hyperosmolar hyperglycemic state are two of the most serious acute
complications of diabetes [602]. Therefore the effect of osmolarity of glucose
and/or ketone bodies might not be omitted or neutralised because even if it

exists, it will mimic possible clinical conditions.

To conclude, this study mainly targeted the possible effects of pre-gestational
DM (type 1 or 2). It indicates that it is essential for diabetic women to be
evaluated thoroughly before pregnancy since uncontrolled DM could have a
major impact on both the pregnant woman and her offspring. With the current

results, it is highly recommended for treatment to be oriented toward
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improving the general metabolic condition by tight glucose control as indicated

by normal glycosylated haemoglobin (HbA1c) levels.
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9 Chapter nine - General discussion

9.1General discussion, conclusion and future
view

After the thalidomide birth defects tragedy in the past century, research into
reproductive and developmental toxicology has focussed on the prevention of
chemical-induced malformations. Since that time, the study of embryonic
development of different species became one of the most essential and
intriguing fields of science, as it involves sophisticated transcription, signalling,
differentiation, regulation and assembly. Therefore, a persistent flow of
information between cells and tissue systems is required to fine tune this
complex web of events [458]. Any disruptions of the fluency of information for
these pathways by external or internal factors could result in devastating

developmental outcomes [458].

The heart was selected in this study because it is the first organ that starts to
function, therefore, any defect in heart development leads to an insufficient
supply of oxygen and nutrients to other differentiating and migrating cells
during the developmental process. The lack of oxygen and nutrients means
more developmental defects occur in the embryo, resulting in either mortality
or morbidity. Since the effect of chemicals on cardiomyocytes could happen at
any embryonic developmental stage, two cardiac lineages have been chosen
for the experiments. The first one is growing chick embryonic cardiomyocytes
cultured in the MM system, which represents early embryonic heart cells which

are anatomically underdeveloped but have obtained the cardiac lineage [268].
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The second one is mouse embryonic stem cells derived cardiomyocytes
cultured in the ESD3 system which represents the stage of cardiac
differentiation from stem cells. In both systems, the chemicals of interest were
applied to the cultures to investigate cellular and molecular effects. Several
endpoints have been studied such as contractile activity, cell activity, total
protein content, culture outgrowth and EBs size, ROS, DNA damage,
transmembrane proteins expression and stem cell migration. The
morphological scoring system was designated to mark the cell differentiation
and as an indicator for cell membrane integrity. The resazurin reduction assay
was utilised to measure cell activity because it allows the same cells to be
submitted for protein content measurement by the kenacid blue assay. EBs
size in ESD3 was monitored as a marker for stem cell proliferation. ROS
production, the DNA damage test, cell migration and Cx43, Integrin B1 and a-
actinin expression were explored for their important role in normal fetal
development. Whilst in vivo embryotoxicity testing for chemicals using
laboratory animals is still ongoing, our study is in support of the 3'R principle
to reduce the number of animals in research by utilising in vitro models in
addition to the fact that there are ethical barriers arising from studies on

human embryos.

Many ancient civilizations have relied on herbs and herb-derived medicines in
health and disease management for centuries, and recorded evidence was
discovered for the prehistoric use of herbs in the treatment of different
ailments [603]. The global demand for plant-derived medicines has grown
significantly in recent years [604]. By 2003 and in the USA alone, more than

1500 herb-derived products marketed were exempted (because they are
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regarded as food supplements) from extensive preclinical efficacy and toxicity
testing by the U.S. FDA [605]. These statistics have led to increased concerns
about potential detrimental effects of these products, which have eventually
helped to foster toxicity testing approaches that can be applied to
phytochemicals to investigate their toxicological characteristics and to explore
the acute high-dose and chronic low-dose exposure effects [605]. Moreover,
the lack of scientific evidence about the mechanism of action of herbal
components is still an issue related to modern health care. It is therefore
crucial for scientific research to investigate the effects of herbal intake. One of
the global challenges with the herbal products is that phytochemical
ingredients are marketed as dietary supplements and are not subject to the
premarket safety assessments which would be required of new food
ingredients, medications or new uses of existing food ingredients [606].
Although the U.S. FDA has the right to prohibit or withdraw harmful dietary
supplements from the market, the burden of proof is on the FDA. However,
the opposite is true when it comes to medications, where the manufacturer
must verify effectiveness and safety. This is also means that there would be
no legal obligatory system for reporting the harmful effects of dietary
supplements [606]. These facts could endanger preghant women who seek
'natural' treatments and view herbs as natural and ideally safe. Many women
prefer to use herbal medicine in the early stages of pregnancy for relieving
morning sickness, boosting energy and brain circulation, and as a tonic or for
depression etc. Supporting our concerns, several independent organisations
and groups reported that many of these herbal products failed to meet several

claims stated in their leaflets which are related to the product constituents,
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standardisation markers, or other elements. These reports precisely indicated
the wide variation in the quality of herbal remedies [607]. It is hoped to raise
awareness of the potential harm of herbal medicines to the growing embryo,
and negate the view that such substances are necessarily harmless because

they are natural.

Our experiments showed that all herbal components tested displayed
concentration-dependent teratogenic effects on the parameters examined.
Further, they all exhibited more harmful effects on the differentiating stem
cells in ESD3 cultures than on growing cardiomyocytes in MM cultures. After
the toxicological assessment of adverse effects of these tested herbal
components was performed, a relative determination to the safe exposure
levels was also identified. Depending on the number of endpoints that have
been significantly modified by one tested herbal component, it could be
assumed that GB, GA and G-Rgl are relatively safer than 6G, eugenol and
bisabolol. Further, our results indicate that high doses of these herbal products
at earlier stages of the pregnancy would be more detrimental on embryonic
heart development. Therefore it is crucial to advise pregnant mothers to abide
by the minimum doses and to avoid taking extra amount of these products, by
taking several forms of the same products or repeat the dose of the same
product, until further studies have confirmed their minimum safe doses. Also,
it is useful to recommend avoiding these products if possible during the first
trimester where organogenesis, including development of the heart, is taking

place.

After safe levels of the herbal components were established, it was furthermore

informative to find out if these herbal components have protective potential
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against standard teratogens, such as ETH, RA and VPA, or indeed if they
potentiate their teratogenic effects. The experiments to study the protective
potential of safe levels were undertaken in both in vitro systems. Based on the
overall results, it can be proposed that the herbal components tested have a
weak protective potential particularly against the chemicals that induce cellular
modifications at the genetic level. Most of them showed antioxidant capacity
which was comparable to standard protective molecules such as FA, AA and
SOD, particularly in ETH-treated cells where ROS play a major role in toxicity
induction. However, it was noted that GB and bisabolol did not show any
capacity to rescue the injured cells in either system. The failure to show a
profile of protective capacity could be because of the low concentrations of
herbal components which prevent them from neutralizing the damaging effects
induced by teratogens. The other possible reason is the lack of necessary
defence mechanisms in embryonic cells, which might boost the protective
capacity of the herbal components. The latter theory is supported by the fact
shown by studies that the same herbal component behaves differently in
normal and cancer cells. For example it may induce oxidative stress in cancer
cells but inhibit it in normal cells. It is important to mention that our results do
not deny or contradict the established reports that show a high protective
capacity for these chemicals against different teratogens in in vivo studies
[608] or in non-embryonic cells such as neurons [609], hepatocytes [610] or
even in tumor cells [294]. Our experiments were only performed on chick
embryonic cardiomyocytes and mouse embryonic stem cell-derived

cardiomyocytes.
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As aforementioned, many reports have examined the effect of diabetes during
gestation that may lead to fetal morbidity and mortality [611]. Herein, different
diabetes-like formulas were tested (B-hydroxybutyrate: glucose, 10:20, 20:40
and 40:80mM). The glucose concentrations were similar to those used in ovo
by Memon and Pratten [575] and the lowest concentration is at the high end
of the normal range for humans. The ketone levels were comparable to those
used by Sadler’s group to study teratogenesis in mouse embryos [583,584].
In agreement to other studies, these formulas have shown a concentration-
dependent teratogenicity via decreased cardiomyocytes contractility, activity,
protein content, ROS, DNA damage and differentiating stem cells migrating
capacity depicting its harmful effect towards the fetus in pregnant mothers.
Further explanations from other studies stated that ketones have been
exhibited to be growth retardant chemicals that inhibit growth in rat embryos.
As for the high glucose concentration, it is prone to cause excess free oxygen
species due to its breakdown, leading to an increase in oxidative stress. During
early development, embryonic cardiomyocytes are prone to oxidative stress
because they lack the ability to produce sufficient antioxidants to defend
themselves from ROS. Thus, it leads to a higher rate of cardiovascular and

other abnormalities in babies born to a diabetic mother [612].

As foreseen in the results Chapters, these herbal components have a capacity
to modify cellular, molecular and perhaps even genetic targets and cause
embryonic heart maldevelopment. Although it is hard to suggest a precise
mechanism of cardiac embryotoxicity from the available data, to some extent,

it is possible to suggest that the measured parameters may interplay among
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each other. However, for a better understanding of the mechanisms, more

experiments should be carried out and more parameters have to be studied.

9.2 Future work

» Public awareness: we would strongly suggest approaching women of
childbearing age to make them aware of potential adverse effects of herbal
supplements on growing embryos. It is important to inform and educate
more mothers on what and how to take herbal remedies along with modern
medical services. This could be done through informational leaflets or,
more directly, seminars, symposiums, workshops, social media or even by
delivering talks in events such as TED. The alert proposal should also
include the modern medical staff to give more understanding about herbal
remedies and usage.

» Improve herb-marketing legislations: it is possible to review the global
guidelines regarding the marketing of herbs. The first aim is to put a
burden on the manufacturers to prove the herbal product’s safety instead
of the current situation where the FDA has to prove they are not safe. The
second purpose should target the current easy access to herbal products
and harden the law from this perspective.

» Effects of herbs during late pregnancy: as we studied the effects of some
herbal components on early stages of embryonic cardiomyocytes, further
studies may be needed to expand on the effect of these chemicals during
late gestation and also apply it to other types of cells such as neurons or

limb buds for generalizability. Also, many other phytochemicals or other

304



Chapter 9

ingredients of the same herbs could also be examined for their
teratogenicity.

Gathering human-related information: this might be achieved by carrying
out longitudinal cohort studies, where GP clinics could offer good support
to initiate such ideas. These studies would include all women of
childbearing age who have attempted herbal remedies for any reason with
the possibility to follow them up may be for years.

Additional herbal products knowledge: to further help their safety
assessment, pharmacokinetic studies of herbal active ingredients are
important to be performed. Also, ex-vivo experiments using human
placenta are possible and could be utilized to provide information about
placental transport.

Connexins and integrins: further experiments to study the expression of
these two protein families during different stages of embryonic
development could usefully be undertaken to find out their roles in cell
migration, which in turn plays an essential role in development of many
parts of the heart. Heart sections from the chick embryo could be
employed.

Experimental improvement: the manual, subjective morphological scoring
system used in this study could be replaced by designing a computerized
electronic model to monitor and record the beating rate and magnitude of
the cultured cardiomyocytes and study the immediate, short and long term
effects of the chemicals.

The effect of phytochemicals on other developmentally important

mediators: the work can be further extended to study the effects of herbal
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components on some ion-channels that play a role in controlling the
beating activity in cardiomyocytes such as K* and Ca*? using patch clamp
techniques. Studying the effects of herbal components on caspases as
apoptosis mediators using IHC and WB could be rewarding. And most
importantly, application of PCR techniques would be useful to study the
impact of the herbal components on the Wnt singling genes, which have a

critical role in the embryonic development including the heart.
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10 Appendices

10.1 Appendix I

Western blotting solutions

Solubilisation buffer: to make up 6X, 2.4g sodium dodecyl sulphate, 3mls of
30% glycerol, 3mls of B-mercaptoethanol, 240ul bromophenol blue and 2.5ul
of 1.5M Tris HCI in a 50mI tube was made up to 10ml with distilled water. The
solution was warmed up at 37°C to facilitate its dissolution and the final

solution was aliquoted and stored at -20°C.

Lysis buffer: this buffer was made up of 12.1g Tris (20mM), 1.9g EGTA
(1mM), 51.7g sucrose (320mM), 0.1% (v/v) triton X-100 (500pul), 0.021g
sodium fluoride (1mM) and 1.08g B-glycerophosphate (10mM) in distilled
water. Final solution was buffered at pH 7.6 by 1.5M HCIl and made up to 500ml

with distilled water. The final solution was stored at 4°C.

10X electrophoresis buffer: this needs 30.3g Tris, 144g glycerine and 10g
sodium dodecyl sulphate (SDS) to be dissolved in 1 liter of distilled water. Final

solution was stored at room temperature.

Transfer buffer: this requires 30.3g Tris and 1449 glycine to be dissolved in
8 liters of distilled water plus 2 liters of methanol and the final solution was

kept at 4°C.

Tris Buffered Saline Tween20 (TBST): this contains 30.3g Tris and 73.12g
NaCl in 10 liter distilled water after being adjusted to pH 7.6. to the final
solution, 10ml Tween 20 was added to obtain final concentration of 0.1%. This

buffer was stored at room temperature.
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10.2 Appendix II

Cell density determination

Trypan blue assay was utilised to calculate the cells number. 10pl of cell
suspension were put in an Eppendorf tube and mixed with 10ul trypan blue.
The mixture was left for a few seconds at room temperature then a cell
counting machine slide was loaded with 10ul of the mixture and carefully
inserted into the TC10™ Automated Cell Counter (Bio-Rad, USA) to obtain the
reading (number of cells per ml). The dead cells would be stained with trypan
blue as they lost their ability to expel it.

309



Appendix III
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using the chick embryonic heart micromass and mouse D3 embryonic
stem cell systems
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ARTICLE INFO ABSTRACT

Article history. Herbal remedies are often used during the early stages of pregnancy, being considered “harmless” and
Received 11 junc 2015 ‘natural’. There are insufficient data regarding their potential embryotoxicity. The main components
R 0 Feviint e of selected herbs, inchuding 6-gingerol from ginger, Ginkgolide A and Ginkgolide B from gingko biloba
27 November 2015 and Ginsenaside Rg1 from ginseng, have been investigated using chick embryonic heart micromass and

Accepled 14 December 2015

Available online 18 December 2015 Mouse D3 embryonic stem cells. The potential effects were evaluated via alteration in contractility, cell

viability, and cell protein content. The myocytes in both systems were also demonstrated by immunocy
tochemistry using a specific cardiomyocyte marker (-actinin). For 6-gingerol, Ginkgolide A, Ginkgolide

?ﬂ”&:'wif cardsomyocytes B and Ginsenoside Rg1 in both methods, at moderate to high concentrations, there were alterations in the

MaCTOMass values for the endpoints, These data indicate that herbal remedies used in the first trimester of pregnancy

Mouse 3 embryonic stem cells might not be safe for fetal development.

Herbal medicines ©2016 Elsevier Inc. All rights reserved.

6-gingerol

Ginkgohde A

Ginkgolde B

Ginsenoside Ry

1. Introduction it may prove to be a valuable method to investigate teratogenic
potential using endpoints such as contractile activity, cell viabil-

1.1, Overview ity, protein expression, apoptos;s etc[6).In addmon. hanging drop
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prolierative eflfecs and nduce rractise oxygenspeaes. The potent al efled was examined by nonitoring
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1. Introduction

1.1. Overview

heaith issves triggered by preznancy. the pregnant woman reeds
close medical attention and treatment. Whilst the millenmia-long
history of medicina useof certain berbs supports theideathat they
dre sale lor J developing letus the research to support this is very

Women experienc? a varietv of pregnancy symptoms due tc  limited, and so physicians tend to not advise their use in pregnancy
normal physical and biomedical changzs but the range of symp.  due to lack of evidence |5] However there is also a preconcep-
toms and their degree of severity are specific te cach individual tion that ‘natusal’ is synonymous with safe’ [7], resulting in many
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Diabetes
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Diabetes mellitus during pregnancy is a considerable medical challenge, since it is related to augmented
morbidity and mortality concerns for both the fetus and the pregnant woman. Records show that the
etiology of diabetic embryopathy is complicated, as many teratological factors might be involved in
the mechanisms of diabetes mellitus-induced congenital malformation. In this study, the potential car-
diotoxic effect of hyperglycemia with hyperketonemia was investigated by using two in vitro models;
primary chick embryonic cardiomyocytes and stem cell derived cardiomyocytes, where adverse effects
were recorded in both systems. The cells were evaluated by changes in beating activity, cell activity,
protein content, ROS production, DNA damage and differentiating stem cell migration, The diabetic for
mulae used produced an increase in DNA damage and a decline in cell migration in mouse embryonic
stem cells, These results provide an additional insight into adverse effects during gestational diabetes
mellitus and a recommendation for expectant mothers and maternity stall to monitor glycaemic levels
months ahead of conception. This study also supports the recommendation of using antioxidants during
pregnancy Lo prevent DNA damage by the production of ROS, which might result in heart defects as well
as other developmental anomalies,

© 2017 Published by Elsevier Inc.

1. Introduction

mechanism of DM-induced congenital malformation. The absence
of specific malformation patterns also supports the multifactorial

Diabetes mellitus (DM) is an endocrine and metabolic disorder.  theory [4,5]. Insufficient control of glycaemic levels during the very
It is characterised by hyperglycaemia as a consequence of either  first stages of conception and embryogenesis (organogenesis) is

312




References

References

313



References

11 References

1. Kavlock; RJ, Rogers; JM (2008) Developmental toxicology. In: Klaassen CD (ed)
Casarett & Doull's Toxicology the basic science of poisons. eighth edn., McGraw-Hill,
New York, pp 415-443. doi:10.1036/0071470514

2. Aase IJM (1992) Dysmorphologic diagnosis for the pediatric practitioner. Pediatric
clinics of North America 39 (1):135-156

3. Mohammed YA, Shawky RM, Soliman AAS, Ahmed MM (2011) Chromosomal study
in newborn infants with congenital anomalies in Assiut University hospital: Cross-
sectional study. Egyptian Journal of Medical Human Genetics 12 (1):79-90.
doi:10.1016/j.ejmhg.2011.02.003

4. Wilson JG (1959) Experimental studies on congenital malformations. Journal of
chronic diseases 10 (2):111-130

5. Friedman JM (2010) The principles of teratology: are they still true? Birth defects
research Part A, Clinical and molecular teratology 88 (10):766-768.
doi:10.1002/bdra.20697

6. Ujhazy E, Mach M, Navarova J, Brucknerova I, Dubovicky M (2012) Teratology -
past, present and future. Interdisciplinary toxicology 5 (4):163-168.
doi:10.2478/v10102-012-0027-0

7. Jelinek R (2005) The contribution of new findings and ideas to the old principles of
teratology. Reproductive toxicology 20 (3):295-300.
doi:10.1016/j.reprotox.2005.03.011

8. Finnell RH, Waes ]G, Eudy JD, Rosenquist TH (2002) Molecular basis of
environmentally induced birth defects. Annual review of pharmacology and toxicology
42:181-208. doi:10.1146/annurev.pharmtox.42.083001.110955

9. Niesink RIMDV, J. Hollinger,M.A. (1996) Toxicology - Principles and Applications,
vol 38. CRC, New york

10. Chung IM, Rajakumar G (2016) Genetics of Congenital Heart Defects: The NKX2-
5 Gene, a Key Player. Genes 7 (2). doi:10.3390/genes7020006

11. Hoffman JI, Kaplan S (2002) The incidence of congenital heart disease. Journal of
the American College of Cardiology 39 (12):1890-1900

12. Jenkins KJ, Correa A, Feinstein JA, Botto L, Britt AE, Daniels SR, Elixson M, Warnes
CA, Webb CL, American Heart Association Council on Cardiovascular Disease in the Y
(2007) Noninherited risk factors and congenital cardiovascular defects: current
knowledge: a scientific statement from the American Heart Association Council on
Cardiovascular Disease in the Young: endorsed by the American Academy of Pediatrics.
Circulation 115 (23):2995-3014. doi:10.1161/CIRCULATIONAHA.106.183216

13. Mahler GJ, Butcher JT (2011) Cardiac developmental toxicity. Birth defects
research Part C, Embryo today : reviews 93 (4):291-297. doi:10.1002/bdrc.20219

314



References

14. Yelon D (2001) Cardiac patterning and morphogenesis in zebrafish. Developmental
dynamics : an official publication of the American Association of Anatomists 222
(4):552-563. doi:10.1002/dvdy.1243

15. Amorim MJ, Scott-Fordsmand 1] (2012) Toxicity of copper nanoparticles and CuCl2
salt to Enchytraeus albidus worms: survival, reproduction and avoidance responses.
Environmental pollution 164:164-168. doi:10.1016/j.envpol.2012.01.015

16. Ouedraogo M, Baudoux T, Stevigny C, Nortier J, Colet JM, Efferth T, Qu F, Zhou J,
Chan K, Shaw D, Pelkonen O, Duez P (2012) Review of current and "omics" methods
for assessing the toxicity (genotoxicity, teratogenicity and nephrotoxicity) of herbal
medicines and mushrooms. Journal of ethnopharmacology 140 (3):492-512.
doi:10.1016/j.jep.2012.01.059

17. Stummann TC, Hareng L, Bremer S (2008) Embryotoxicity hazard assessment of
cadmium and arsenic compounds using embryonic stem cells. Toxicology 252 (1-
3):118-122. doi:10.1016/j.tox.2008.08.001

18. Lather A, Valecha R, Sharma K (2011) World wide potential of plants causing
teratogenicity-an overview. Spatula DD - Peer Reviewed Journal on Complementary
Medicine and Drug Discovery:101. doi:10.5455/spatula.20110515060758

19. Prakash AS, Pereira TN, Reilly PE, Seawright AA (1999) Pyrrolizidine alkaloids in
human diet. Mutation research 443 (1-2):53-67

20. Fu; PP, Xia; Q, Chou; MW, Lin; G (2007) Detection, hepatotoxicity, and
tumorigenecity of pyrrolizidine alkaloids in Chinese herbals plants and herbal dietary
supplements. Food and Drug Analysis 15:400-415

21. Pellizzer; C, Bremer; S, Hartung; T (2005) Developmental Toxicity Testing from
Animal to-wards Embryonie Stem Cells. Alternatives to animal experimentation 22

22. Piersma; AH (2006) Alternative Methods for Developmental Toxicity Testing Basic
& Clinical Pharmacology & Toxicology 98:427-431

23. Seiler A, Oelgeschlager M, Liebsch M, Pirow R, Riebeling C, Tralau T, Luch A (2011)
Developmental toxicity testing in the 21st century: the sword of Damocles shattered
by embryonic stem cell assays? Archives of toxicology 85 (11):1361-1372.
doi:10.1007/s00204-011-0767-1

24. Tannenbaum J, Bennett BT (2015) Russell and Burch's 3Rs then and now: the need
for clarity in definition and purpose. Journal of the American Association for Laboratory
Animal Science : JAALAS 54 (2):120-132

25. Flecknell P (2002) Replacement, reduction and refinement. Altex 19 (2):73-78

26. Zhang C, Ball J, Panzica-Kelly J, Augustine-Rauch K (2016) In Vitro Developmental
Toxicology Screens: A Report on the Progress of the Methodology and Future
Applications. Chemical research in toxicology 29 (4):534-544.
doi:10.1021/acs.chemrestox.5b00458

27. Genschow E, Spielmann H, Scholz G, Pohl I, Seiler A, Clemann N, Bremer S, Becker
K (2004) Validation of the embryonic stem cell test in the international ECVAM

315



References

validation study on three in vitro embryotoxicity tests. Alternatives to laboratory
animals : ATLA 32 (3):209-244

28. Genschow; E, Spielmann; H, Scholz; G, Seiler; A, Brown; N, Piersma; AH, Brady;
M, Clemann; N, Huuskonen; H, Paillard; F, Bremer; S, Becker K (2002) The ECVAM
international validation study on in vitro embryotoxicity tests: results of the definitive
phase and evaluation of prediction models. European centre for the validation of
alternative methods. Alternatives to Laboratory Animals 30:151-176

29. van Dartel DA, Pennings JL, Hendriksen PJ, van Schooten FJ], Piersma AH (2009)
Early gene expression changes during embryonic stem cell differentiation into
cardiomyocytes and their modulation by monobutyl phthalate. Reproductive toxicology
27 (2):93-102. doi:10.1016/j.reprotox.2008.12.009

30. Marx-Stoelting P, Adriaens E, Ahr H], Bremer S, Garthoff B, Gelbke HP, Piersma
A, Pellizzer C, Reuter U, Rogiers V, Schenk B, Schwengberg S, Seiler A, Spielmann H,
Steemans M, Stedman DB, Vanparys P, Vericat JA, Verwei M, van der Water F, Weimer
M, Schwarz M (2009) A review of the implementation of the embryonic stem cell test
(EST). The report and recommendations of an ECVAM/ReProTect Workshop.
Alternatives to laboratory animals : ATLA 37 (3):313-328

31. Augustine-Rauch K, Zhang CX, Panzica-Kelly JM (2010) In vitro developmental
toxicology assays: A review of the state of the science of rodent and zebrafish whole
embryo culture and embryonic stem cell assays. Birth defects research Part C, Embryo
today : reviews 90 (2):87-98. d0i:10.1002/bdrc.20175

32. Schuldiner M, Yanuka O, Itskovitz-Eldor J, Melton DA, Benvenisty N (2000) Effects
of eight growth factors on the differentiation of cells derived from human embryonic
stem cells. Proceedings of the National Academy of Sciences of the United States of
America 97 (21):11307-11312. doi:10.1073/pnas.97.21.11307

33. O'Connor MD (2013) The 3R principle: advancing clinical application of human
pluripotent stem cells. Stem cell research & therapy 4 (2):21. doi:10.1186/scrt169

34. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126 (4):663-676.
doi:10.1016/j.cell.2006.07.024

35. Suter-Dick L, Alves PM, Blaauboer BJ, Bremm KD, Brito C, Coecke S, Flick B, Fowler
P, Hescheler ], Ingelman-Sundberg M, Jennings P, Kelm JM, Manou I, Mistry P, Moretto
A, Roth A, Stedman D, van de Water B, Beilmann M (2015) Stem cell-derived systems
in toxicology assessment. Stem cells and development 24 (11):1284-1296.
do0i:10.1089/scd.2014.0540

36. Gore A, Li Z, Fung HL, Young JE, Agarwal S, Antosiewicz-Bourget ], Canto I,
Giorgetti A, Israel MA, Kiskinis E, Lee JH, Loh YH, Manos PD, Montserrat N, Panopoulos
AD, Ruiz S, Wilbert ML, Yu J, Kirkness EF, Izpisua Belmonte JC, Rossi D], Thomson JA,
Eggan K, Daley GQ, Goldstein LS, Zhang K (2011) Somatic coding mutations in human
induced pluripotent stem cells. Nature 471 (7336):63-67. doi:10.1038/nature09805

37. Marchetto MC, Yeo GW, Kainohana O, Marsala M, Gage FH, Muotri AR (2009)
Transcriptional signature and memory retention of human-induced pluripotent stem
cells. PloS one 4 (9):e7076. doi:10.1371/journal.pone.0007076

316



References

38. Chin MH, Mason MJ], Xie W, Volinia S, Singer M, Peterson C, Ambartsumyan G,
Aimiuwu O, Richter L, Zhang J, Khvorostov I, Ott V, Grunstein M, Lavon N, Benvenisty
N, Croce CM, Clark AT, Baxter T, Pyle AD, Teitell MA, Pelegrini M, Plath K, Lowry WE
(2009) Induced pluripotent stem cells and embryonic stem cells are distinguished by
gene expression signatures. Cell stem cell 5 (1):111-123.
doi:10.1016/j.stem.2009.06.008

39. Guenther MG, Frampton GM, Soldner F, Hockemeyer D, Mitalipova M, Jaenisch R,
Young RA (2010) Chromatin structure and gene expression programs of human
embryonic and induced pluripotent stem cells. Cell stem cell 7 (2):249-257.
doi:10.1016/j.stem.2010.06.015

40. Wilson KD, Venkatasubrahmanyam S, Jia F, Sun N, Butte AJ, Wu JC (2009)
MicroRNA profiling of human-induced pluripotent stem cells. Stem cells and
development 18 (5):749-758. doi:10.1089/scd.2008.0247

41. Flint OP, Orton TC (1984) An in vitro assay for teratogens with cultures of rat
embryo midbrain and limb bud cells. Toxicology and applied pharmacology 76 (2):383-
395

42. Doyle D, Kapron CM (2002) Inhibition of cell differentiation by manganese chloride
in micromass cultures of mouse embryonic limb bud cells. Toxicology in vitro : an
international journal published in association with BIBRA 16 (2):101-106

43. Parsons JF, Rockley ], Richold M (1990) In vitro micromass teratogen test:
Interpretation of results from a blind trial of 25 compounds using three separate
criteria. Toxicology in vitro : an international journal published in association with
BIBRA 4 (4-5):609-611

44, Hurst HS, Clothier RH, Pratten M (2007) An evaluation of a novel chick
cardiomyocyte micromass culture assay with two teratogens/embryotoxins associated
with heart defects. Alternatives to laboratory animals : ATLA 35 (5):505-514

45. Hurst H, Clothier RH, Pratten M (2009) An evaluation of the chick cardiomyocyte
micromass system for identification of teratogens in a blind trial. Reproductive
toxicology 28 (4):503-510. doi:10.1016/j.reprotox.2009.07.003

46. Faustman EM (1988) Short-term tests for teratogens. Mutation research 205 (1-
4):355-384

47. Castoldi AF, Johansson C, Onishchenko N, Coccini T, Roda E, Vahter M, Ceccatelli
S, Manzo L (2008) Human developmental neurotoxicity of methylmercury: impact of
variables and risk modifiers. Regulatory toxicology and pharmacology : RTP 51
(2):201-214. doi:10.1016/j.yrtph.2008.01.016

48. Harris; C, Hansen; JM (eds) (2012) Methods in Molecular Biology. Developmental
Toxicology Methods and Protocols. Springer Science+Business Media, New York
Dordrecht Heidelberg London. doi:10.1007/978-1-61779-867-2

49. New DA, Coppola PT, Cockroft DL (1976) Improved developement of head-fold rat
embryos in culture resulting from low oxygen and modifications of the culture serum.
Journal of reproduction and fertility 48 (1):219-222

317



References

50. Schmid BP, Trippmacher A, Bianchi A (1983) Validation of the whole-embryo
culture method for in vitro teratogenicity testing. Developments in toxicology and
environmental science 11:563-566

51. Klug S, Lewandowski C, Neubert D (1985) Modification and standardization of the
culture of early postimplantation embryos for toxicological studies. Archives of
toxicology 58 (2):84-88

52. Piersma AH, Attenon P, Bechter R, Govers MJ, Krafft N, Schmid BP, Stadler J,
Verhoef A, Verseil C (1995) Interlaboratory evaluation of embryotoxicity in the
postimplantation rat embryo culture. Reproductive toxicology 9 (3):275-280

53. Genschow E, Spielmann H, Scholz G, Seiler A, Brown N, Piersma A, Brady M,
Clemann N, Huuskonen H, Paillard F, Bremer S, Becker K (2002) The ECVAM
international validation study on in vitro embryotoxicity tests: results of the definitive
phase and evaluation of prediction models. European Centre for the Validation of
Alternative Methods. Alternatives to laboratory animals : ATLA 30 (2):151-176

54. Spielmann H (2005) Predicting the risk of developmental toxicity from in vitro
assays. Toxicology and applied pharmacology 207 (2 Suppl):375-380.
doi:10.1016/j.taap.2005.01.049

55. Ellis-Hutchings RG, Carney EW (2010) Whole embryo culture: a "New" technique
that enabled decades of mechanistic discoveries. Birth defects research Part B,
Developmental and reproductive toxicology 89 (4):304-312. doi:10.1002/bdrb.20263

56. Bechter R, Terlouw GD, Lee QP, Juchau MR (1991) Effects of QA 208-199 and its
metabolite 209-668 on embryonic development in vitro after microinjection into the
exocoelomic space or into the amniotic cavity of cultured rat conceptuses.
Teratogenesis, carcinogenesis, and mutagenesis 11 (4):185-194

57. Piersma AH, Janer G, Wolterink G, Bessems ]G, Hakkert BC, Slob W (2008)
Quantitative extrapolation of in vitro whole embryo culture embryotoxicity data to
developmental toxicity in vivo using the benchmark dose approach. Toxicological
sciences : an official journal of the Society of Toxicology 101 (1):91-100.
doi:10.1093/toxsci/kfm253

58. Paniagua-Castro N, Escalona-Cardoso G, Madrigal-Bujaidar E, Martinez-Galero E,
Chamorro-Cevallos G (2008) Protection against cadmium-induced teratogenicity in
vitro by glycine. Toxicology in vitro : an international journal published in association
with BIBRA 22 (1):75-79. do0i:10.1016/j.tiv.2007.08.005

59. Van den Bulck K, Hill A, Mesens N, Diekman H, De Schaepdrijver L, Lammens L
(2011) Zebrafish developmental toxicity assay: A fishy solution to reproductive toxicity
screening, or just a red herring? Reproductive toxicology 32 (2):213-2109.
doi:10.1016/j.reprotox.2011.06.119

60. Di Renzo F, Bacchetta R, Bizzo A, Giavini E, Menegola E (2011) Is the amphibian
X. laevis WEC a good alternative method to rodent WEC teratogenicity assay? The
example of the three triazole derivative fungicides Triadimefon, Tebuconazole,
Cyproconazole. Reproductive toxicology 32 (2):220-226.
doi:10.1016/j.reprotox.2011.05.001

318



References

61. Richards SM, Cole SE (2006) A toxicity and hazard assessment of fourteen
pharmaceuticals to Xenopus laevis larvae. Ecotoxicology 15 (8):647-656.
doi:10.1007/s10646-006-0102-4

62. Avanesian A, Semnani S, Jafari M (2009) Can Drosophila melanogaster represent
a model system for the detection of reproductive adverse drug reactions? Drug
discovery today 14 (15-16):761-766. doi:10.1016/j.drudis.2009.05.010

63. Karntanut W, Pascoe D (2000) A comparison of methods for measuring acute
toxicity to Hydra vulgaris. Chemosphere 41 (10):1543-1548

64. Doke SK, Dhawale SC (2015) Alternatives to animal testing: A review. Saudi
pharmaceutical journal : SPJ] : the official publication of the Saudi Pharmaceutical
Society 23 (3):223-229. doi:10.1016/j.jsps.2013.11.002

65. Wilson-Sanders SE (2011) Invertebrate models for biomedical research, testing,
and education. ILAR journal / National Research Council, Institute of Laboratory Animal
Resources 52 (2):126-152

66. Wangikar PB, Dwivedi P, Sinha N, Sharma AK, Telang AG (2005) Teratogenic
effects in rabbits of simultaneous exposure to ochratoxin A and aflatoxin B1 with
special reference to microscopic effects. Toxicology 215 (1-2):37-47.
doi:10.1016/j.tox.2005.06.022

67. Tian Y, Ishikawa H, Yamaguchi T, Yamauchi T, Yokoyama K (2005) Teratogenicity
and developmental toxicity of chlorpyrifos. Maternal exposure during organogenesis in
mice. Reproductive toxicology 20 (2):267-270. doi:10.1016/j.reprotox.2005.01.012

68. Wilson JG (1975) Reproduction and teratogenesis: current methods and suggested
improvements. Journal - Association of Official Analytical Chemists 58 (4):657-667

69. Wilson JG (1978) Review of in vitro systems with potential for use in teratogenicity
screening. Journal of environmental pathology and toxicology 2 (1):149-167

70. Schardein JL, Keller KA (1989) Potential human developmental toxicants and the
role of animal testing in their identification and characterization. Critical reviews in
toxicology 19 (3):251-339. doi:10.3109/10408448909037473

71. Barlow SM, Greig 1B, Bridges JW, Carere A, Carpy AJ, Galli CL, Kleiner J, Knudsen
I, Koeter HB, Levy LS, Madsen C, Mayer S, Narbonne JF, Pfannkuch F, Prodanchuk MG,
Smith MR, Steinberg P (2002) Hazard identification by methods of animal-based
toxicology. Food and chemical toxicology : an international journal published for the
British Industrial Biological Research Association 40 (2-3):145-191

72. Daston GP (2007) Genomics and developmental risk assessment. Birth defects
research Part A, Clinical and molecular teratology 79 (1):1-7. doi:10.1002/bdra.20344

73. Vermeire T, van de Bovenkamp M, de Bruin YB, Delmaar C, van Engelen ], Escher
S, Marquart H, Meijster T (2010) Exposure-based waiving under REACH. Regulatory
toxicology and pharmacology : RTP 58 (3):408-420. doi:10.1016/j.yrtph.2010.08.007

74. Durham SK, Pearl GM (2001) Computational methods to predict drug safety
liabilities. Current opinion in drug discovery & development 4 (1):110-115

319



References

75. Kavlock RJ, Ankley G, Blancato J, Breen M, Conolly R, Dix D, Houck K, Hubal E,
Judson R, Rabinowitz J, Richard A, Setzer RW, Shah I, Villeneuve D, Weber E (2008)
Computational toxicology--a state of the science mini review. Toxicological sciences :
an official journal of the Society of Toxicology 103 (1):14-27.
doi:10.1093/toxsci/kfm297

76. Kruhlak NL, Contrera JF, Benz RD, Matthews EJ (2007) Progress in QSAR toxicity
screening of pharmaceutical impurities and other FDA regulated products. Advanced
drug delivery reviews 59 (1):43-55. doi:10.1016/j.addr.2006.10.008

77. Valerio LG, Jr. (2009) In silico toxicology for the pharmaceutical sciences.
Toxicology and applied pharmacology 241 (3):356-370.
doi:10.1016/j.taap.2009.08.022

78. Dimitrov S, Dimitrova G, Pavlov T, Dimitrova N, Patlewicz G, Niemela ], Mekenyan
O (2005) A stepwise approach for defining the applicability domain of SAR and QSAR
models. Journal of chemical information and modeling 45 (4):839-849.
doi:10.1021/ci0500381

79. Weaver S, Gleeson MP (2008) The importance of the domain of applicability in
QSAR modeling. Journal of molecular graphics & modelling 26 (8):1315-1326.
doi:10.1016/j.jmgm.2008.01.002

80. Knudsen TB, Kavlock RJ, Daston GP, Stedman D, Hixon M, Kim JH (2011)
Developmental toxicity testing for safety assessment: new approaches and
technologies. Birth defects research Part B, Developmental and reproductive toxicology
92 (5):413-420. doi:10.1002/bdrb.20315

81. Piersma AH, Bosgra S, van Duursen MB, Hermsen SA, Jonker LR, Kroese ED, van
der Linden SC, Man H, Roelofs MJ], Schulpen SH, Schwarz M, Uibel F, van Vugt-
Lussenburg BM, Westerhout J, Wolterbeek AP, van der Burg B (2013) Evaluation of an
alternative in vitro test battery for detecting reproductive toxicants. Reproductive
toxicology 38:53-64. doi:10.1016/j.reprotox.2013.03.002

82. Schenk B, Weimer M, Bremer S, van der Burg B, Cortvrindt R, Freyberger A, Lazzari
G, Pellizzer C, Piersma A, Schafer WR, Seiler A, Witters H, Schwarz M (2010) The
ReProTect Feasibility Study, a novel comprehensive in vitro approach to detect
reproductive toxicants. Reproductive toxicology 30 (1):200-218.
doi:10.1016/j.reprotox.2010.05.012

83. Kroese ED, Bosgra S, Buist HE, Lewin G, van der Linden SC, Man HY, Piersma AH,
Rorije E, Schulpen SH, Schwarz M, Uibel F, van Vugt-Lussenburg BM, Wolterbeek AP,
van der Burg B (2015) Evaluation of an alternative in vitro test battery for detecting
reproductive toxicants in a grouping context. Reproductive toxicology 55:11-19.
doi:10.1016/j.reprotox.2014.10.003

84. Wu S, Fisher J, Naciff J, Laufersweiler M, Lester C, Daston G, Blackburn K (2013)
Framework for identifying chemicals with structural features associated with the
potential to act as developmental or reproductive toxicants. Chemical research in
toxicology 26 (12):1840-1861. do0i:10.1021/tx400226u

85. van der Burg B, Kroese E, Piersma AH (2011) Towards a pragmatic alternative
testing strategy for the detection of reproductive toxicants. Reproductive toxicology
31 (4):558-561

320



References

86. Luijten M, van Beelen VA, Verhoef A, Renkens MF, van Herwijnen MH, Westerman
A, van Schooten FJ, Pennings JL, Piersma AH (2010) Transcriptomics analysis of
retinoic acid embryotoxicity in rat postimplantation whole embryo culture.
Reproductive toxicology 30 (2):333-340. doi:10.1016/j.reprotox.2010.05.013

87. Bhogal N, Grindon C, Combes R, Balls M (2005) Toxicity testing: creating a
revolution based on new technologies. Trends in biotechnology 23 (6):299-307.
doi:10.1016/j.tibtech.2005.04.006

88. Food and Drug Administration (1980). Federal Register 44:37434-37467

89. Committee TSPA (1994) FDA Classification of Drugs for Teratogenic Risk.
Teratology 49:446-447

90. Addis A, Sharabi S, Bonati M (2000) Risk classification systems for drug use during
pregnancy: are they a reliable source of information? Drug safety 23 (3):245-253

91. Tovar RT, Petzel RM (2009) Herbal toxicity. Disease-a-month : DM 55 (10):592-
641. doi:10.1016/j.disamonth.2009.05.001

92. Belew C (1999) Herbs and the childbearing woman guidelines for midwives. Journal
of Nurse-Midwifery 44 (3):231-251

93. Xue CC, zZhang AL, Lin V, Da Costa C, Story DF (2007) Complementary and
alternative medicine use in Australia: a national population-based survey. Journal of
alternative and complementary medicine 13 (6):643-650.
doi:10.1089/acm.2006.6355

94. Hall HG, Griffiths DL, McKenna LG (2011) The use of complementary and
alternative medicine by pregnant women: a literature review. Midwifery 27 (6):817-
824. do0i:10.1016/j.midw.2010.08.007

95. Fischer-Rasmussen W, Kjaer SK, Dahl C, Asping U (1991) Ginger treatment of
hyperemesis gravidarum. European journal of obstetrics, gynecology, and
reproductive biology 38 (1):19-24

96. Curry; WL (2002) Hyperemesis gravidarum and clinical cannabis: to eat or not to
eat? J Cannabis Therapeutics 2:63-83

97. Holst L, Wright D, Haavik S, Nordeng H (2011) Safety and efficacy of herbal
remedies in obstetrics-review and clinical implications. Midwifery 27 (1):80-86.
doi:10.1016/j.midw.2009.05.010

98. Monographs. BMECE (2000) Interactive medicine Publications. Boston

99. Flaxman SM, Sherman PW (2008) Morning sickness: adaptive cause or
nonadaptive consequence of embryo viability? The American naturalist 172 (1):54-62.
doi:10.1086/588081

100. Flaxman SM, Sherman PW (2000) Morning sickness: a mechanism for protecting
mother and embryo. The Quarterly review of biology 75 (2):113-148

101. Reading; G (1995) Zingiber officinale. . Atoms (1):9-15

321



References

102. Holst L, Wright D, Haavik S, Nordeng H (2009) The use and the user of herbal
remedies during pregnancy. Journal of alternative and complementary medicine 15
(7):787-792. doi:10.1089/acm.2008.0467

103. Russo E (2002) Cannabis treatments in obstetrics and gynecology: a historical
review. . J Cannabis Therapeutics 2:5-35

104. Koren G, Pastuszak A, Ito S (1998) Drugs in pregnancy. The New England journal
of medicine 338 (16):1128-1137. doi:10.1056/NEIM199804163381607

105. Lorenzo L, Byers B, Einarson A (2011) Antidepressant use in pregnancy. Expert
opinion on drug safety 10 (6):883-889. d0i:10.1517/14740338.2011.583917

106. Moretti ME, Maxson A, Hanna F, Koren G (2009) Evaluating the safety of St.
John's Wort in human pregnancy. Reproductive toxicology 28 (1):96-99.
doi:10.1016/j.reprotox.2009.02.003

107. Laakmann G, Schule C, Baghai T, Kieser M (1998) St. John's wort in mild to
moderate depression: the relevance of hyperforin for the clinical efficacy.
Pharmacopsychiatry 31 Suppl 1:54-59. doi:10.1055/s-2007-979346

108. Chatterjee SS, Noldner M, Koch E, Erdelmeier C (1998) Antidepressant activity
of hypericum perforatum and hyperforin: the neglected possibility.
Pharmacopsychiatry 31 Suppl 1:7-15. doi:10.1055/s-2007-979340

109. Chatterjee SS, Bhattacharya SK, Wonnemann M, Singer A, Muller WE (1998)
Hyperforin as a possible antidepressant component of hypericum extracts. Life Sci 63
(6):499-510

110. Wang J, Flaisher-Grinberg S, Li S, Liu H, Sun L, Zhou Y, Einat H (2010)
Antidepressant-like effects of the active acidic polysaccharide portion of ginseng in
mice. Journal of ethnopharmacology 132 (1):65-69. doi:10.1016/j.jep.2010.07.042

111. Kumar V (2006) Potential medicinal plants for CNS disorders: an overview.
Phytotherapy research : PTR 20 (12):1023-1035. doi:10.1002/ptr.1970

112. Sarris J (2007) Herbal medicines in the treatment of psychiatric disorders: a
systematic review. Phytotherapy research : PTR 21 (8):703-716.
doi:10.1002/ptr.2187

113. Goel RK, Sairam K, Dorababu M, Prabha T, Rao Ch V (2005) Effect of standardized
extract of Ocimum sanctum Linn. on gastric mucosal offensive and defensive factors.
Indian journal of experimental biology 43 (8):715-721

114. Gardiner P (2007) Complementary, holistic, and integrative medicine:
chamomile. Pediatrics in review / American Academy of Pediatrics 28 (4):e16-18

115. Ernst E (2002) The risk-benefit profile of commonly used herbal therapies:
Ginkgo, St. John's Wort, Ginseng, Echinacea, Saw Palmetto, and Kava. Annals of
internal medicine 136 (1):42-53

116. Starvaggi Cucuzza L, Motta M, Accornero P, Baratta M (2008) Effect of Echinacea
augustifolia extract on cell viability and differentiation in mammary epithelial cells.

322



References

Phytomedicine : international journal of phytotherapy and phytopharmacology 15
(8):555-562. doi:10.1016/j.phymed.2008.02.016

117. Nieri P, Adinolfi B, Morelli I, Breschi MC, Simoni G, Martinotti E (2003) Genetic
characterization of the three medicinal Echinacea species using RAPD analysis. Planta
medica 69 (7):685-686. doi:10.1055/s-2003-41108

118. Barrett B (2003) Medicinal properties of Echinacea: a critical review.
Phytomedicine : international journal of phytotherapy and phytopharmacology 10
(1):66-86. d0i:10.1078/094471103321648692

119. Barcz E, Sommer E, Nartowska ], Balan B, Chorostowska-Wynimko J, Skopinska-
Rozewska E (2007) Influence of Echinacea purpurea intake during pregnancy on fetal
growth and tissue angiogenic activity. Folia histochemica et cytobiologica / Polish
Academy of Sciences, Polish Histochemical and Cytochemical Society 45 Suppl 1:535-
39

120. Ali-Shtayeh MS, Jamous RM, Jamous RM (2015) Plants used during preghancy,
childbirth, postpartum and infant healthcare in Palestine. Complementary therapies in
clinical practice 21 (2):84-93. doi:10.1016/j.ctcp.2015.03.004

121. Adair L, Dahly D (2005) Developmental determinants of blood pressure in adults.
Annual review of nutrition 25:407-434. doi:10.1146/annurev.nutr.25.050304.092538

122. Barker DJ (2005) The developmental origins of insulin resistance. Hormone
research 64 Suppl 3:2-7. doi:10.1159/000089311

123. Langley-Evans SC, McMullen S (2010) Developmental origins of adult disease.
Medical principles and practice : international journal of the Kuwait University, Health
Science Centre 19 (2):87-98. doi:10.1159/000273066

124. McArdle H], Andersen HS, Jones H, Gambling L (2006) Fetal programming:
causes and consequences as revealed by studies of dietary manipulation in rats -- a
review. Placenta 27 Suppl A:S56-60. doi:10.1016/j.placenta.2006.01.014

125. Vehaskari VM, Woods LL (2005) Prenatal programming of hypertension: lessons
from experimental models. Journal of the American Society of Nephrology : JASN 16
(9):2545-2556. doi:10.1681/ASN.2005030300

126. Martin-Gronert MS, Ozanne SE (2007) Experimental IUGR and later diabetes.
Journal of internal medicine 261 (5):437-452. doi:10.1111/j.1365-
2796.2007.01800.x

127. Zhou Z, Zheng S (2003) The missing link in Ginkgo evolution. Nature 423
(6942):821-822. doi:10.1038/423821a

128. Clark NA, Will M, Moravek MB, Fisseha S (2013) A systematic review of the
evidence for complementary and alternative medicine in infertility. International
journal of gynaecology and obstetrics: the official organ of the International Federation
of Gynaecology and Obstetrics 122 (3):202-206. doi:10.1016/j.ijgo.2013.03.032

129. Shahin AY, Ismail AM, Zahran KM, Makhlouf AM (2008) Adding phytoestrogens
to clomiphene induction in unexplained infertility patients--a randomized trial.
Reproductive biomedicine online 16 (4):580-588

323



References

130. Shahin AY, Ismail AM, Shaaban OM (2009) Supplementation of clomiphene citrate
cycles with Cimicifuga racemosa or ethinyl oestradiol--a randomized trial.
Reproductive biomedicine online 19 (4):501-507

131. Metzger BE (1991) Summary and recommendations of the Third International
Workshop-Conference on Gestational Diabetes Mellitus. Diabetes 40 Suppl 2:197-201

132. Confidential enquiry into materal and child health : Pregnancy in women with
Type 1 and Type 2 diabetes in 2002-2003, England, Wales and Northern Ireland
(2005). London: CEMACH

133. Heslehurst N, Lang R, Rankin J, Wilkinson JR, Summerbell CD (2007) Obesity in
pregnancy: a study of the impact of maternal obesity on NHS maternity services. BJOG
: an international journal of obstetrics and gynaecology 114 (3):334-342.
doi:10.1111/j.1471-0528.2006.01230.x

134. McCance DR (2015) Diabetes in pregnancy. Best practice & research Clinical
obstetrics & gynaecology 29 (5):685-699. doi:10.1016/j.bpobgyn.2015.04.009

135. Mnafgui K, Kaanich F, Derbali A, Hamden K, Derbali F, Slama S, Allouche N, Elfeki
A (2013) Inhibition of key enzymes related to diabetes and hypertension by Eugenol
in vitro and in alloxan-induced diabetic rats. Archives of physiology and biochemistry
119 (5):225-233. doi:10.3109/13813455.2013.822521

136. Pang B, Zhou Q, Zhao TY, He LS, Guo J, Chen HD, Zhao LH, Tong XL (2015)
Innovative Thoughts on Treating Diabetes from the Perspective of Traditional Chinese
Medicine. Evidence-based complementary and alternative medicine : eCAM
2015:905432. d0i:10.1155/2015/905432

137. Chinese Pharmacopoeia Commission. 2011. Pharmacopoeia of the Peoples
Republic of China 2010 (English edition) Vol 1. Beijing China: Medical Science Press.

138. Wang CC, Li L, San Lau CB, Leung PC, Fung KP (2013) Pregnancy outcomes,
embryonic and fetal development in maternal exposure to Chinese medicines. Birth
defects research Part C, Embryo today : reviews 99 (4):275-291.
doi:10.1002/bdrc.21050

139. Marcus DM, Snodgrass WR (2005) Do no harm: avoidance of herbal medicines
during pregnancy. Obstetrics and gynecology 105 (5 Pt 1):1119-1122.
doi:10.1097/01.A0G.0000158858.79134.ea

140. Friedman JM (2000) Teratology society: presentation to the FDA public meeting
on safety issues associated with the use of dietary supplements during pregnancy.
Teratology 62 (2):134-137. doi:10.1002/1096-9926(200008)62:2<134::AID-
TERA10>3.0.CO;2-D

141. ICH. 2005. S5(R2). Detection of toxicity to reproduction for medical products &
toxicity to male fertility. ICH Harmonized Tripartite Guildeline. International Committee
on Harmonization of Technical Requirements for Registration of Pharmaceuticals for
Human Use, Geneva, Switzerland. available online (11/05/2016)
http://www.ich.org/fileadmin/Public Web Site/ICH Products/Guidelines/Safety/S5/S
tep4/S5 R2 Guideline.pdf.

324


http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Safety/S5/Step4/S5_R2__Guideline.pdf
http://www.ich.org/fileadmin/Public_Web_Site/ICH_Products/Guidelines/Safety/S5/Step4/S5_R2__Guideline.pdf

References

142. van Galen E (2014) Traditional herbal medicines worldwide, from reappraisal to
assessment in Europe. Journal of ethnopharmacology 158 Pt B:498-502.
doi:10.1016/j.jep.2014.07.013

143. World Health Organization 2013 - WHO Traditional Medicine Strategy 2014-
2023,Geneva 2013 ,ISBN 9789241506090. Available online (11/05/2016)
http://www.who.int/medicines/areas/traditional/definitions/en/.

144. U.S. Food and Drug Administration. 2016. Available onlne (11/09/2016)
http://www.fda.gov/Food/DietarySupplements/UsingDietarySupplements/ucm10976
0.htm

145. Lundstedt; T, Seifert; E, Abramo; L, Thelin; B, Nystrom; A, Pettersen; J,
Bergman; R (1998) Experimental design and optimization. Chemometrics and
Intelligent Laboratory Systems 42 (1-2):3-40. doi:10.1016/5S0169-7439(98)00065-3

146. Pedro W. Araujo, Richard G. Brereton (1996) Experimental design II. Optimization
Trends in analytical chemistry 15 (2):63-69

147. Al Naieb S, Happel CM, Yelbuz TM (2013) A detailed atlas of chick heart
development in vivo. Annals of anatomy = Anatomischer Anzeiger : official organ of
the Anatomische Gesellschaft 195 (4):324-341. doi:10.1016/j.aanat.2012.10.011

148. Warkman AS, Krieg PA (2007) Xenopus as a model system for vertebrate heart
development. Seminars in cell & developmental biology 18 (1):46-53.
doi:10.1016/j.semcdb.2006.11.010

149. Ruijtenbeek K, De Mey ]G, Blanco CE (2002) The chicken embryo in
developmental physiology of the cardiovascular system: a traditional model with new
possibilities. American journal of physiology Regulatory, integrative and comparative
physiology 283 (2):R549-550; author reply R550-541

150. Tutarel O, Norozi K, Hornung O, Orhan G, Wubbolt-Lehmann P, Wessel A, Yelbuz
TM (2005) Images in cardiovascular medicine. Cardiac failure in the chick embryo
resembles heart failure in humans. Circulation 112 (24):e352-353.
doi:10.1161/CIRCULATIONAHA.105.536029

151. Rogers J, Kavlock R (1998) Reproductive and developmental toxicology. 10 edn.
Marcel Dekker, Inc., New York

152. Bellair; R, Osmond; M (2005) The Atlas of chick development, Second ed: Elsevier
acedemic press.

153. Martinsen BJ] (2005) Reference guide to the stages of chick heart embryology.
Developmental dynamics : an official publication of the American Association of
Anatomists 233 (4):1217-1237. doi:10.1002/dvdy.20468

154. Schultheiss TM, Xydas S, Lassar AB (1995) Induction of avian cardiac myogenesis
by anterior endoderm. Development 121 (12):4203-4214

155. Fishman MC, Chien KR (1997) Fashioning the vertebrate heart: earliest
embryonic decisions. Development 124 (11):2099-2117

325


http://www.who.int/medicines/areas/traditional/definitions/en/
http://www.fda.gov/Food/DietarySupplements/UsingDietarySupplements/ucm109760.htm
http://www.fda.gov/Food/DietarySupplements/UsingDietarySupplements/ucm109760.htm

References

156. DeRuiter MC, Poelmann RE, VanderPlas-de Vries I, Mentink MM, Gittenberger-de
Groot AC (1992) The development of the myocardium and endocardium in mouse
embryos. Fusion of two heart tubes? Anatomy and embryology 185 (5):461-473

157. Moreno-Rodriguez RA, de la Cruz MV, Krug EL (1997) Temporal and spatial
asymmetries in the initial distribution of mesenchyme cells in the atrioventricular canal
cushions of the developing chick heart. The Anatomical record 248 (1):84-92

158. Srivastava D (2001) Genetic assembly of the heart: implications for congenital
heart disease. Annual review of physiology 63:451-469.
doi:10.1146/annurev.physiol.63.1.451

159. Manner ] (2000) Cardiac looping in the chick embryo: a morphological review
with special reference to terminological and biomechanical aspects of the looping
process. The Anatomical record 259 (3):248-262

160. Andres-Delgado L, Mercader N (2016) Interplay between cardiac function and
heart development. Biochimica et biophysica acta. doi:10.1016/j.bbamcr.2016.03.004

161. Gittenberger-de Groot AC, Bartelings MM, Deruiter MC, Poelmann RE (2005)
Basics of cardiac development for the understanding of congenital heart
malformations. Pediatric research 57 (2):169-176.
do0i:10.1203/01.PDR.0000148710.69159.61

162. Friel R, van der Sar S, Mee P] (2005) Embryonic stem cells: understanding their
history, cell biology and signalling. Advanced drug delivery reviews 57 (13):1894-
1903. doi:10.1016/j.addr.2005.08.002

163. Smith AG (2001) Embryo-Derived Stem Cells of Mice and Men. Annual Reviews,
Cell Dev Biol 17:435-462

164. Davila JC, Cezar GG, Thiede M, Strom S, Miki T, Trosko ] (2004) Use and
application of stem cells in toxicology. Toxicological sciences : an official journal of the
Society of Toxicology 79 (2):214-223. doi:10.1093/toxsci/kfh100

165. Bongso A, Richards M (2004) History and perspective of stem cell research. Best
practice & research Clinical obstetrics & gynaecology 18 (6):827-842.
doi:10.1016/j.bpobgyn.2004.09.002

166. Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau ], Stahl M, Rogers D
(1988) Inhibition of pluripotential embryonic stem cell differentiation by purified
polypeptides. Nature 336 (6200):688-690. doi:10.1038/336688a0

167. Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, Gearing DP, Wagner EF,
Metcalf D, Nicola NA, Gough NM (1988) Myeloid leukaemia inhibitory factor maintains
the developmental potential of embryonic stem cells. Nature 336 (6200):684-687.
doi:10.1038/336684a0

168. Conley BJ, Young JC, Trounson AO, Mollard R (2004) Derivation, propagation and
differentiation of human embryonic stem cells. The international journal of
biochemistry & cell biology 36 (4):555-567. doi:10.1016/j.biocel.2003.07.003

169. Aghajanova L, Skottman H, Stromberg AM, Inzunza J, Lahesmaa R, Hovatta O
(2006) Expression of leukemia inhibitory factor and its receptors is increased during

326



References

differentiation of human embryonic stem cells. Fertility and sterility 86 (4 Suppl):1193-
1209. doi:10.1016/j.fertnstert.2005.12.081

170. Davis S, Aldrich TH, Stahl N, Pan L, Taga T, Kishimoto T, Ip NY, Yancopoulos GD
(1993) LIFR beta and gp130 as heterodimerizing signal transducers of the tripartite
CNTF receptor. Science 260 (5115):1805-1808

171. Burdon; T, Smith; A, Savatier; P (2002) Signalling, cell cycle and pluripotency in
embryonic stem cells. TRENDS in Cell Biology 12 (9):432-438

172. Nichols ], Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, Chambers I,
Scholer H, Smith A (1998) Formation of pluripotent stem cells in the mammalian
embryo depends on the POU transcription factor Oct4. Cell 95 (3):379-391

173. Niwa H, Miyazaki J, Smith AG (2000) Quantitative expression of Oct-3/4 defines
differentiation, dedifferentiation or self-renewal of ES cells. Nature genetics 24
(4):372-376. doi:10.1038/74199

174. Chambers I, Colby D, Robertson M, Nichols ], Lee S, Tweedie S, Smith A (2003)
Functional expression cloning of Nanog, a pluripotency sustaining factor in embryonic
stem cells. Cell 113 (5):643-655

175. Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, Takahashi K, Maruyama
M, Maeda M, Yamanaka S (2003) The homeoprotein Nanog is required for maintenance
of pluripotency in mouse epiblast and ES cells. Cell 113 (5):631-642

176. Feng R, Wen J (2015) Overview of the roles of Sox2 in stem cell and development.
Biological chemistry 396 (8):883-891. doi:10.1515/hsz-2014-0317

177. Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, Lovell-Badge R (2003)
Multipotent cell lineages in early mouse development depend on SOX2 function. Genes
& development 17 (1):126-140. doi:10.1101/gad.224503

178. Evans MJ], Kaufman MH (1981) Establishment in culture of pluripotential cells
from mouse embryos. Nature 292 (5819):154-156

179. Martin GR (1981) Isolation of a pluripotent cell line from early mouse embryos
cultured in medium conditioned by teratocarcinoma stem cells. Proceedings of the
National Academy of Sciences of the United States of America 78 (12):7634-7638

180. Desbaillets I, Ziegler U, Groscurth P, Gassmann M (2000) Embryoid bodies: an
in vitro model of mouse embryogenesis. Experimental physiology 85 (6):645-651

181. Itskovitz-Eldor J, Schuldiner M, Karsenti D, Eden A, Yanuka O, Amit M, Soreq H,
Benvenisty N (2000) Differentiation of human embryonic stem cells into embryoid
bodies compromising the three embryonic germ layers. Molecular medicine 6 (2):88-
95

182. Keller GM (1995) In vitro differentiation of embryonic stem cells. Current opinion
in cell biology 7 (6):862-869

183. Hopfl G, Gassmann, M., and Desbaillets, I. (2004) Differentiating embryonic stem
cells into embryoid bodies. Methods. Molecular Biology 254:79-98

327



References

184. Kurosawa H (2007) Methods for inducing embryoid body formation: in vitro
differentiation system of embryonic stem cells. Journal of bioscience and
bioengineering 103 (5):389-398. doi:10.1263/jbb.103.389

185. Sachinidis A, Kolossov E, Fleischmann BK, Hescheler J (2002) Generation of
cardiomyocytes from embryonic stem cells experimental studies. Herz 27 (7):589-
597. doi:10.1007/s00059-002-2423-2

186. Akazawa H, Komuro I (2003) Roles of cardiac transcription factors in cardiac
hypertrophy. Circ Res 92 (10):1079-1088.
doi:10.1161/01.RES.0000072977.86706.23

187. Evans SM (1999) Vertebrate tinman homologues and cardiac differentiation.
Seminars in cell & developmental biology 10 (1):73-83. doi:10.1006/scdb.1999.0282

188. Jamali M, Rogerson PJ, Wilton S, Skerjanc IS (2001) Nkx2-5 activity is essential
for cardiomyogenesis. The Journal of biological chemistry 276 (45):42252-42258.
doi:10.1074/jbc.M107814200

189. Charron F, Nemer M (1999) GATA transcription factors and cardiac development.
Seminars in cell & developmental biology 10 (1):85-91. doi:10.1006/scdb.1998.0281

190. Jeffery D Molkentin (2000) The Zinc Finger-containing Transcription Factors
GATA-4, -5, and -6. The Journal of biological chemistry 275 (50):38949-38952.
doi:10.1074/jbc.R000029200

191. Molkentin JD, Antos C, Mercer B, Taigen T, Miano JM, Olson EN (2000) Direct
activation of a GATA6 cardiac enhancer by Nkx2.5: evidence for a reinforcing
regulatory network of Nkx2.5 and GATA transcription factors in the developing heart.
Developmental biology 217 (2):301-309. doi:10.1006/dbio.1999.9544

192. Zheng B, Wen JK, Han M (2003) Regulatory factors involved in cardiogenesis.
Biochemistry Biokhimiia 68 (6):650-657

193. Pennica D, King KL, Shaw KJ, Luis E, Rullamas J, Luoh SM, Darbonne WC, Knutzon
DS, Yen R, Chien KR, et al. (1995) Expression cloning of cardiotrophin 1, a cytokine
that induces cardiac myocyte hypertrophy. Proceedings of the National Academy of
Sciences of the United States of America 92 (4):1142-1146

194. Srivastava D (1999) Developmental and genetic aspects of congenital heart
disease. Current opinion in cardiology 14 (3):263-268

195. Filipczyk AA, Passier R, Rochat A, Mummery CL (2007) Regulation of
cardiomyocyte differentiation of embryonic stem cells by extracellular signalling.
Cellular and molecular life sciences : CMLS 64 (6):704-718. doi:10.1007/s00018-007-
6523-2

196. Dietary supplement fact sheet. Folate. Health Information. Office of Dietary
Supplements, US National Institutes of Health; 2014. Available online (20/05/2016)
from: https://ods.od.nih.gov/factsheets/Folate-HealthProfessional/.

197. Weinstein SJ, Hartman TJ, Stolzenberg-Solomon R, Pietinen P, Barrett MJ, Taylor
PR, Virtamo ], Albanes D (2003) Null association between prostate cancer and serum
folate, vitamin B(6), vitamin B(12), and homocysteine. Cancer epidemiology,

328



References

biomarkers & prevention : a publication of the American Association for Cancer
Research, cosponsored by the American Society of Preventive Oncology 12 (11 Pt
1):1271-1272

198. Liew SC (2016) Folic acid and diseases - supplement it or not? Revista da
Associacao Medica Brasileira 62 (1):90-100. doi:10.1590/1806-9282.62.01.90

199. Carmel R. Folic acid. In: Shils M, Shike M, Ross A, Caballero B, Cousins R. Modern
nutrition in health and disease. Baltimore: Lippincott Williams &

Wilkins, 2005. p.470-81.

200. Imdad A, Yakoob MY, Bhutta ZA (2011) The effect of folic acid, protein energy
and multiple micronutrient supplements in pregnancy on stillbirths. BMC public health
11 Suppl 3:54. do0i:10.1186/1471-2458-11-53-54

201. Torrens C, Brawley L, Anthony FW, Dance CS, Dunn R, Jackson AA, Poston L,
Hanson MA (2006) Folate supplementation during pregnancy improves offspring
cardiovascular dysfunction induced by protein restriction. Hypertension 47 (5):982-
987. do0i:10.1161/01.HYP.0000215580.43711.d1

202. Huang RF, Yaong HC, Chen SC, Lu YF (2004) In vitro folate supplementation
alleviates oxidative stress, mitochondria-associated death signalling and apoptosis
induced by 7-ketocholesterol. The British journal of nutrition 92 (6):887-894

203. Atta CA, Fiest KM, Frolkis AD, Jette N, Pringsheim T, St Germaine-Smith C,
Rajapakse T, Kaplan GG, Metcalfe A (2016) Global Birth Prevalence of Spina Bifida by
Folic Acid Fortification Status: A Systematic Review and Meta-Analysis. American
journal of public health 106 (1):e24-34. doi:10.2105/AJPH.2015.302902

204. Rumbold A, Crowther CA (2005) Vitamin C supplementation in pregnancy. The
Cochrane database of systematic reviews (2):CD004072.
doi:10.1002/14651858.CD004072.pub2

205. National Health and Medical Research Council (NHMRC). Recommended dietary
intakes for use in Australia. Canberra, Australia: NHMRC, 1991.

206. Weber P, Bendich A, Schalch W (1996) Vitamin C and human health--a review of
recent data relevant to human requirements. International journal for vitamin and
nutrition research Internationale Zeitschrift fur Vitamin- und Ernahrungsforschung
Journal international de vitaminologie et de nutrition 66 (1):19-30

207. American Society of Hospital Pharmacists, AHFS drug information.

208. Chappell LC, Seed PT, Briley AL, Kelly FJ, Lee R, Hunt BJ, Parmar K, Bewley SJ,
Shennan AH, Steer PJ, Poston L (1999) Effect of antioxidants on the occurrence of pre-
eclampsia in women at increased risk: a randomised trial. Lancet 354 (9181):810-
816. doi:10.1016/50140-6736(99)80010-5

209. A.G. Gilman, A. Gilman, L.S. Goodman, J.G. Hardman, L.E. Limbird, Goodman
and Gilman’s the Pharmacological Basis of Therapeutics, Health Professions Division,
McGraw-Hill, New York, 1996.

329



References

210. McCord IM, Fridovich I (1988) Superoxide dismutase: the first twenty years
(1968-1988). Free Radic Biol Med 5 (5-6):363-369

211. Mruk DD, Silvestrini B, Mo MY, Cheng CY (2002) Antioxidant superoxide
dismutase - a review: its function, regulation in the testis, and role in male fertility.
Contraception 65 (4):305-311

212. Groves JT (1999) Peroxynitrite: reactive, invasive and enigmatic. Current opinion
in chemical biology 3 (2):226-235. doi:10.1016/S1367-5931(99)80036-2

213. Raha S, Robinson BH (2000) Mitochondria, oxygen free radicals, disease and
ageing. Trends in biochemical sciences 25 (10):502-508

214. Lequarre AS, Feugang JM, Malhomme O, Donnay I, Massip A, Dessy F, Van
Langendonckt A (2001) Expression of Cu/Zn and Mn superoxide dismutases during
bovine embryo development: influence of in vitro culture. Molecular reproduction and
development 58 (1):45-53. doi:10.1002/1098-2795(200101)58:1<45::AID-
MRD7>3.0.CO;2-]

215. Kim MR, Yon JIM, Lee SR, Baek 1], Kim JS, Hong JT, Lee BJ, Yun YW, Nam SY
(2011) Expression profiles of extracellular superoxide dismutase during mouse
organogenesis. Gene expression patterns : GEP 11 (3-4):207-215.
doi:10.1016/j.gep.2010.12.001

216. Zaken V, Kohen R, Ornoy A (2000) The development of antioxidant defense
mechanism in young rat embryos in vivo and in vitro. Early pregnancy 4 (2):110-123

217. Heller M, Burd L (2014) Review of ethanol dispersion, distribution, and elimination
from the fetal compartment. Birth defects research Part A, Clinical and molecular
teratology 100 (4):277-283. doi:10.1002/bdra.23232

218. Hannigan JH, Armant DR (2000) Alcohol in pregnancy and neonatal outcome.
Seminars in neonatology : SN 5 (3):243-254. d0i:10.1053/siny.2000.0027

219. Cornman-Homonoff J, Kuehn D, Aros S, Carter TC, Conley MR, Troendle ],
Cassorla F, Mills JL (2012) Heavy prenatal alcohol exposure and risk of stillbirth and
preterm delivery. The journal of maternal-fetal & neonatal medicine : the official
journal of the European Association of Perinatal Medicine, the Federation of Asia and
Oceania Perinatal Societies, the International Society of Perinatal Obstet 25 (6):860-
863. doi:10.3109/14767058.2011.587559

220. Odendaal HJ, Steyn DW, Elliott A, Burd L (2009) Combined effects of cigarette
smoking and alcohol consumption on perinatal outcome. Gynecologic and obstetric
investigation 67 (1):1-8. doi:10.1159/000150597

221. Henderson J, Gray R, Brocklehurst P (2007) Systematic review of effects of low-
moderate prenatal alcohol exposure on pregnancy outcome. BJOG : an international
journal of obstetrics and gynaecology 114 (3):243-252. doi:10.1111/j.1471-
0528.2006.01163.x

222. Polygenis D, Wharton S, Malmberg C, Sherman N, Kennedy D, Koren G, Einarson
TR (1998) Moderate alcohol consumption during pregnancy and the incidence of fetal
malformations: a meta-analysis. Neurotoxicology and teratology 20 (1):61-67

330



References

223. UK Chief Medical Officers ( 2016) Alcohol Guidelines Review: Summary of the
proposed new guidelines. Available online (22/05/2016)
https://www.gov.uk/government/uploads/system/uploads/attachment data/file/489
795/summary.pdf.

224. Hand JL (2012) Retinoic acid: a familiar teratogen. Pediatric dermatology 29
(6):774-776. doi:10.1111/j.1525-1470.2012.01790.x

225. Laue K, Pogoda HM, Daniel PB, van Haeringen A, Alanay Y, von Ameln S,
Rachwalski M, Morgan T, Gray MJ, Breuning MH, Sawyer GM, Sutherland-Smith AJ,
Nikkels PG, Kubisch C, Bloch W, Wollnik B, Hammerschmidt M, Robertson SP (2011)
Craniosynostosis and multiple skeletal anomalies in humans and zebrafish result from
a defect in the localized degradation of retinoic acid. American journal of human
genetics 89 (5):595-606. doi:10.1016/j.ajhg.2011.09.015

226. Sakabe M, Kokubo H, Nakajima Y, Saga Y (2012) Ectopic retinoic acid signaling
affects outflow tract cushion development through suppression of the myocardial
Tbx2-Tgfbeta2 pathway. Development 139 (2):385-395. doi:10.1242/dev.067058

227. Lammer EJ, Chen DT, Hoar RM, Agnish ND, Benke PJ, Braun JT, Curry CJ, Fernhoff
PM, Grix AW, Jr., Lott IT, et al. (1985) Retinoic acid embryopathy. The New England
journal of medicine 313 (14):837-841. doi:10.1056/NEJM198510033131401

228. Lee LM, Leung CY, Tang WW, Choi HL, Leung YC, McCaffery PJ, Wang CC, Woolf
AS, Shum AS (2012) A paradoxical teratogenic mechanism for retinoic acid.
Proceedings of the National Academy of Sciences of the United States of America 109
(34):13668-13673. doi:10.1073/pnas.1200872109

229. Roullet FI, Lai JK, Foster JA (2013) In utero exposure to valproic acid and autism-
-a current review of clinical and animal studies. Neurotoxicology and teratology 36:47-
56. doi:10.1016/j.ntt.2013.01.004

230. Ornoy A (2009) Valproic acid in pregnancy: how much are we endangering the
embryo and fetus? Reproductive toxicology 28 (1):1-10.
doi:10.1016/j.reprotox.2009.02.014

231. Meador KJ (2008) Effects of in utero antiepileptic drug exposure. Epilepsy
currents / American Epilepsy Society 8 (6):143-147. doi:10.1111/j.1535-
7511.2008.00273.x

232. Nadebaum C, Anderson VA, Vajda F, Reutens DC, Barton S, Wood AG (2011)
Language skills of school-aged children prenatally exposed to antiepileptic drugs.
Neurology 76 (8):719-726. doi:10.1212/WNL.0b013e31820d62c7

233. Ornoy A (2006) Neuroteratogens in man: an overview with special emphasis on
the teratogenicity of antiepileptic drugs in pregnancy. Reproductive toxicology 22
(2):214-226. doi:10.1016/j.reprotox.2006.03.014

234. Jentink J, Loane MA, Dolk H, Barisic I, Garne E, Morris JK, de Jong-van den Berg
LT, Group EASW (2010) Valproic acid monotherapy in pregnancy and major congenital
malformations. The New England journal of medicine 362 (23):2185-2193.
doi:10.1056/NEIJM0a0907328

331


http://www.gov.uk/government/uploads/system/uploads/attachment_data/file/489795/summary.pdf
http://www.gov.uk/government/uploads/system/uploads/attachment_data/file/489795/summary.pdf

References

235. Pratten M, Ahir BK, Smith-Hurst H, Memon S, Mutch P, Cumberland P (2012)
Primary cell and micromass culture in assessing developmental toxicity. Methods in
molecular biology 889:115-146. doi:10.1007/978-1-61779-867-2_9

236. Shaikh Qureshi WM, Latif ML, Parker TL, Pratten MK (2014) Evaluation of
bupropion hydrochloride developmental cardiotoxic effects in chick cardiomyocyte
micromass culture and stem cell derived cardiomyocyte systems. Birth defects
research Part B, Developmental and reproductive toxicology 101 (5):371-378.
doi:10.1002/bdrb.21121

237. O'Brien J, Wilson I, Orton T, Pognan F (2000) Investigation of the Alamar Blue
(resazurin) fluorescent dye for the assessment of mammalian cell cytotoxicity.
European journal of biochemistry / FEBS 267 (17):5421-5426

238. Oriowo MO (2006) A fluorometric study of relative ocular lens cytosensitivity to
multipurpose contact lens solutions using the resazurin assay method. Toxicology in
vitro : an international journal published in association with BIBRA 20 (8):1548-1554.
doi:10.1016/j.tiv.2006.06.013

239. O'Brien ], Wilson I, Orton T, Pognan F (2000) Investigation of the Alamar Blue
(resazurin) fluorescent dye for the assessment of mammalian cell cytotoxicity. Eur ]
Biochem 267:5421-5426

240. Larson DID, Dale S. Gregerson, and Wesley F. Obritsch (1997) A New, Simple,
Nonradioactive, Nontoxic In Vitro Assay to Monitor Corneal Endothelial Cell Viability.
Investigative Ophthalmology & Visual Science 38 (10):1929-1933

241. Fazekas de St Groth S, Webster RG, Datyner A (1963) Two new staining
procedures for quantitative estimation of proteins on electrophoretic strips. Biochimica
et biophysica acta 71:377-391

242. Memon S, Pratten MK (2009) Developmental toxicity of ethanol in chick heart in
ovo and in micromass culture can be prevented by addition of vitamin C and folic acid.
Reproductive toxicology 28 (2):262-269. doi:10.1016/j.reprotox.2009.03.018

243. Mishima N, Hoffman S, Hill EG, Krug EL (2006) Chick embryos exposed to
trichloroethylene in an ex ovo culture model show selective defects in early endocardial
cushion tissue formation. Birth defects research Part A, Clinical and molecular
teratology 76 (7):517-527. doi:10.1002/bdra.20283

244. Boheler KR, Czyz ], Tweedie D, Yang HT, Anisimov SV, Wobus AM (2002)
Differentiation of pluripotent embryonic stem cells into cardiomyocytes. Circ Res 91
(3):189-201

245. Chen M, Lin YQ, Xie SL, Wu HF, Wang JF (2011) Enrichment of cardiac
differentiation of mouse embryonic stem cells by optimizing the hanging drop method.
Biotechnology letters 33 (4):853-858. d0i:10.1007/s10529-010-0494-3

246. Feng Y, Wang S, Chen R, Tong X, Wu Z, Mo X (2015) Maternal folic acid
supplementation and the risk of congenital heart defects in offspring: a meta-analysis
of epidemiological observational studies. Scientific reports 5:8506.
doi:10.1038/srep08506

332



References

247. Czeizel AE, Vereczkey A, Szabo I (2015) Folic acid in pregnant women associated
with reduced prevalence of severe congenital heart defects in their children: a national
population-based case-control study. European journal of obstetrics, gynecology, and
reproductive biology 193:34-39. doi:10.1016/j.ejogrb.2015.06.024

248. Mao C, Liu Y, Jiang S, Zhou A, Zhang P, Shi A, Zhang H, Xu X, Xu Z (2012) The
effect of folic acid on ovine fetuses in utero during late gestation. Drug and chemical
toxicology 35 (2):127-133. doi:10.3109/01480545.2011.589444

249. Li D, Pickell L, Liu Y, Wu Q, Cohn ]S, Rozen R (2005) Maternal
methylenetetrahydrofolate reductase deficiency and low dietary folate lead to adverse
reproductive outcomes and congenital heart defects in mice. The American journal of
clinical nutrition 82 (1):188-195

250. Pickell L, Brown K, Li D, Wang XL, Deng L, Wu Q, Selhub J, Luo L, Jerome-
Majewska L, Rozen R (2011) High intake of folic acid disrupts embryonic development
in mice. Birth defects research Part A, Clinical and molecular teratology 91 (1):8-19.
doi:10.1002/bdra.20754

251. Surai PF, Noble RC, Speake BK (1996) Tissue-specific differences in antioxidant
distribution and susceptibility to lipid peroxidation during development of the chick
embryo. Biochimica et biophysica acta 1304 (1):1-10

252. Hossein MS, Hashem MA, Jeong YW, Lee MS, Kim S, Kim JH, Koo OJ, Park SM,
Lee EG, Park SW, Kang SK, Lee BC, Hwang WS (2007) Temporal effects of alpha-
tocopherol and L-ascorbic acid on in vitro fertilized porcine embryo development.
Animal reproduction science 100 (1-2):107-117.
doi:10.1016/j.anireprosci.2006.06.013

253. Martinez EC, Wang J, Gan SU, Singh R, Lee CN, Kofidis T (2010) Ascorbic acid
improves embryonic cardiomyoblast cell survival and promotes vascularization in
potential myocardial grafts in vivo. Tissue engineering Part A 16 (4):1349-1361.
doi:10.1089/ten.TEA.2009.0399

254. Cao N, Liu Z, Chen Z, Wang J, Chen T, Zhao X, Ma Y, Qin L, Kang J, Wei B, Wang
L, Jin Y, Yang HT (2012) Ascorbic acid enhances the cardiac differentiation of induced
pluripotent stem cells through promoting the proliferation of cardiac progenitor cells.
Cell research 22 (1):219-236. do0i:10.1038/cr.2011.195

255. Crescini E, Gualandi L, Uberti D, Prandelli C, Presta M, Dell'Era P (2013) Ascorbic
acid rescues cardiomyocyte development in Fgfrl(-/-) murine embryonic stem cells.
Biochimica et biophysica acta 1833 (1):140-147. do0i:10.1016/j.bbamcr.2012.06.024

256. Rumbold A, Ota E, Nagata C, Shahrook S, Crowther CA (2015) Vitamin C
supplementation in pregnancy. The Cochrane database of systematic reviews
(9):CD004072. doi:10.1002/14651858.CD004072.pub3

257. Surai PF (1999) Tissue-specific changes in the activities of antioxidant enzymes
during the development of the chicken embryo. British poultry science 40 (3):397-
405. doi:10.1080/00071669987511

258. Surai PF, Fisinin VI, Filiz K (2016) Antioxidant systems in chick embryo
development. Part 1. Vitamin E, carotenoids and selenium. Animal Nutrition 2:1-11

333



References

259. Qureshi WM, Memon S, Latif ML, Garle MJ], Parker TL, Pratten MK (2014)
Carbamazepine toxic effects in chick cardiomyocyte micromass culture and embryonic
stem cell derived cardiomyocyte systems--possible protective role of antioxidants.
Reproductive toxicology 50:49-59. doi:10.1016/j.reprotox.2014.10.007

260. Sheshadri P, Ashwini A, Jahnavi S, Bhonde R, Prasanna J, Kumar A (2015) Novel
role of mitochondrial manganese superoxide dismutase in STAT3 dependent
pluripotency of mouse embryonic stem cells. Scientific reports 5:9516.
doi:10.1038/srep09516

261. Pan B, Zhu J, Lv T, Sun H, Huang X, Tian J (2014) Alcohol consumption during
gestation causes histone3 lysine9 hyperacetylation and an alternation of expression of
heart development-related genes in mice. Alcoholism, clinical and experimental
research 38 (9):2396-2402. doi:10.1111/acer.12518

262. Worley SL, Vaughn BJ, Terry Al, Gardiner CS, DeKrey GK (2015) Time- and dose-
dependent effects of ethanol on mouse embryonic stem cells. Reproductive toxicology
57:157-164. doi:10.1016/j.reprotox.2015.06.044

263. Adler S, Pellizzer C, Paparella M, Hartung T, Bremer S (2006) The effects of
solvents on embryonic stem cell differentiation. Toxicology in vitro : an international
journal published in association with BIBRA 20 (3):265-271.
doi:10.1016/j.tiv.2005.06.043

264. Nguyen VB, Probyn ME, Campbell F, Yin KV, Samuel CS, Zimanyi MA, Bertram
JF, Black MJ, Moritz KM (2014) Low-dose maternal alcohol consumption: effects in the
hearts of offspring in early life and adulthood. Physiological reports 2 (7).
doi:10.14814/phy2.12087

265. Collop AH, Broomfield JA, Chandraratna RA, Yong Z, Deimling SJ], Kolker SJ,
Weeks DL, Drysdale TA (2006) Retinoic acid signaling is essential for formation of the
heart tube in Xenopus. Developmental biology 291 (1):96-1009.
doi:10.1016/j.ydbio.2005.12.018

266. Drysdale TA, Patterson KD, Saha M, Krieg PA (1997) Retinoic acid can block
differentiation of the myocardium after heart specification. Developmental biology 188
(2):205-215. doi:10.1006/dbio.1997.8623

267. Wobus AM, Kaomei G, Shan ], Wellner MC, Rohwedel J, Ji G, Fleischmann B,
Katus HA, Hescheler J, Franz WM (1997) Retinoic acid accelerates embryonic stem
cell-derived cardiac differentiation and enhances development of ventricular
cardiomyocytes. Journal of molecular and cellular cardiology 29 (6):1525-1539

268. Ahir BK, Pratten MK (2011) Association of anxiolytic drugs diazepam and
lorazepam, and the antiepileptic valproate, with heart defects--effects on
cardiomyocytes in micromass (MM) and embryonic stem cell culture. Reproductive
toxicology 31 (1):66-74. doi:10.1016/j.reprotox.2010.09.008

269. Ahir BK, Pratten MK (2014) Developmental cardiotoxicity effects of four
commonly used antiepileptic drugs in embryonic chick heart micromass culture and
embryonic stem cell culture systems. Toxicology in vitro : an international journal
published in association with BIBRA 28 (5):948-960. doi:10.1016/j.tiv.2014.04.001

334



References

270. Na L, Wartenberg M, Nau H, Hescheler J, Sauer H (2003) Anticonvulsant valproic
acid inhibits cardiomyocyte differentiation of embryonic stem cells by increasing
intracellular levels of reactive oxygen species. Birth defects research Part A, Clinical
and molecular teratology 67 (3):174-180. doi:10.1002/bdra.10030

271. Binkerd PE, Rowland JM, Nau H, Hendrickx AG (1988) Evaluation of valproic acid
(VPA) developmental toxicity and pharmacokinetics in Sprague-Dawley rats.
Fundamental and applied toxicology : official journal of the Society of Toxicology 11
(3):485-493

272. Pratten M, Ahir BK, Smith-Hurst H, Memon S, Mutch P, Cumberland P (2012)
Primary cell and micromass culture in assessing developmental toxicity. Methods in
molecular biology 889:115-146

273. Holst L (2009) Use of herbal preparations during pregnancy: Focus
group discussion among expectant mothers attending a hospital antenatal clinic in
Norwich, UK. Complementary therapies in clinical practice 15 (4):225-229

274. Wilkinson JM (2000) What do we know about herbal morning sickness
treatments? A literature survey. Midwifery 16 (3):224-228.
doi:10.1054/midw.1999.0209

275. Cristine dSCK, Barbosa BS, Nogueira NLM, Moreira NC, Moreira DOT (2012)
Medicinal plants with teratogenic potential: current considerations. Brazilian Journal of
Pharmaceutical Sciences 48 (3):427-433

276. Talpur AD, Ikhwanuddin M, Ambok Bolong A-M (2013) Nutritional effects of ginger
(Zingiber officinale Roscoe) on immune response of Asian sea bass, Lates calcarifer
(Bloch) and disease resistance against Vibrio harveyi. Aquaculture 400-401:46-52.
doi:10.1016/j.aquaculture.2013.02.043

277. Tiran D (2012) Ginger to reduce nausea and vomiting during pregnancy: evidence
of effectiveness is not the same as proof of safety. Complementary therapies in clinical
practice 18 (1):22-25. doi:10.1016/j.ctcp.2011.08.007

278. Viljoen E, Visser ], Koen N, Musekiwa A (2014) A systematic review and meta-
analysis of the effect and safety of ginger in the treatment of pregnancy-associated
nausea and vomiting. Nutrition journal 13:20. do0i:10.1186/1475-2891-13-20

279. Wilkinson JM (2000) What do we know about herbal morning sickness
treatments? A literature survey. Midwifery 16:224-228

280. Jacobsgaard; H (2008) The pharmacists request that pregnant women consult
physicians prior to GraviFrisk [article in Danish]. Ugeskrift for laeger 170 (10):876

281. Wang S, Zhang C, Yang G, Yang Y (2014) Biological properties of 6-gingerol: a
brief review. Natural product communications 9 (7):1027-1030

282. Ali BH, Blunden G, Tanira MO, Nemmar A (2008) Some phytochemical,
pharmacological and toxicological properties of ginger (Zingiber officinale Roscoe): a
review of recent research. Food and chemical toxicology : an international journal
published for the British Industrial Biological Research Association 46 (2):409-420.
doi:10.1016/j.fct.2007.09.085

335



References

283. Abdel-Aziz H, Windeck T, Ploch M, Verspohl EJ (2006) Mode of action of gingerols
and shogaols on 5-HT3 receptors: binding studies, cation uptake by the receptor
channel and contraction of isolated guinea-pig ileum. European journal of
pharmacology 530 (1-2):136-143. do0i:10.1016/j.ejphar.2005.10.049

284. Lien HC, Sun WM, Chen YH, Kim H, Hasler W, Owyang C (2003) Effects of ginger
on motion sickness and gastric slow-wave dysrhythmias induced by circular vection.
American journal of physiology Gastrointestinal and liver physiology 284 (3):G481-
489. do0i:10.1152/ajpgi.00164.2002

285. Pertz HH, Lehmann J, Roth-Ehrang R, Elz S (2011) Effects of ginger constituents
on the gastrointestinal tract: role of cholinergic M3 and serotonergic 5-HT3 and 5-HT4
receptors. Planta medica 77 (10):973-978. doi:10.1055/s-0030-1270747

286. Pongrojpaw D, Somprasit C, Chanthasenanont A (2007) A randomized
comparison of ginger and dimenhydrinate in the treatment of nausea and vomiting in
pregnancy. Journal of the Medical Association of Thailand = Chotmaihet thangphaet
90 (9):1703-1709

287. Yu Y, Zick S, Li X, Zou P, Wright B, Sun D (2011) Examination of the
pharmacokinetics of active ingredients of ginger in humans. The AAPS journal 13
(3):417-426. doi:10.1208/s12248-011-9286-5

288. Jiang SZ, Wang NS, Mi SQ (2008) Plasma pharmacokinetics and tissue
distribution of [6]-gingerol in rats. Biopharmaceutics & drug disposition 29 (9):529-
537. doi:10.1002/bdd.638

289. Ding GH, Naora K, Hayashibara M, Katagiri Y, Kano Y, Iwamoto K (1991)
Pharmacokinetics of [6]-gingerol after intravenous administration in rats. Chemical &
pharmaceutical bulletin 39 (6):1612-1614

290. Yon IM, Baek 1J, Lee SR, Kim MR, Hong JT, Yong H, Lee BJ, Yun YW, Nam SY
(2012) Protective effect of [6]-gingerol on the ethanol-induced teratogenesis of
cultured mouse embryos. Archives of pharmacal research 35 (1):171-178.
doi:10.1007/s12272-012-0119-6

291. Yon JM, Baek 1], Lee BJ, Yun YW, Nam SY (2011) Emodin and [6]-gingerol lessen
hypoxia-induced embryotoxicities in cultured mouse whole embryos via upregulation
of hypoxia-inducible factor 1lalpha and intracellular superoxide dismutases.
Reproductive toxicology 31 (4):513-518. doi:10.1016/j.reprotox.2011.02.011

292. Kim EC, Min JK, Kim TY, Lee SJ], Yang HO, Han S, Kim YM, Kwon YG (2005) [6]-
Gingerol, a pungent ingredient of ginger, inhibits angiogenesis in vitro and in vivo.
Biochemical and biophysical research communications 335 (2):300-308.
doi:10.1016/j.bbrc.2005.07.076

293. Susan E (2007) Apoptosis: A Review of Programmed Cell Death. Toxicol Pathol
35 (4):495-516

294. Chakraborty D, Bishayee K, Ghosh S, Biswas R, Mandal SK, Khuda-Bukhsh AR
(2012) [6]-Gingerol induces caspase 3 dependent apoptosis and autophagy in cancer
cells: drug-DNA interaction and expression of certain signal genes in Hela cells.
European journal of pharmacology 694 (1-3):20-29.
doi:10.1016/j.ejphar.2012.08.001

336



References

295. Yang G, Zhong L, Jiang L, Geng C, Cao J, Sun X, Ma Y (2010) Genotoxic effect of
6-gingerol on human hepatoma G2 cells. Chemico-biological interactions 185 (1):12-
17. doi:10.1016/j.cbi.2010.02.017

296. Lee HS, Seo EY, Kang NE, Kim WK (2008) [6]-Gingerol inhibits metastasis of
MDA-MB-231 human breast cancer cells. The Journal of nutritional biochemistry 19
(5):313-319. do0i:10.1016/j.jnutbio.2007.05.008

297. Lin CB, Lin CC, Tsay GJ (2012) 6-Gingerol Inhibits Growth of Colon Cancer Cell
LoVo via Induction of G2/M Arrest. Evidence-based complementary and alternative
medicine : eCAM 2012:326096. do0i:10.1155/2012/326096

298. Heitmann K, Nordeng H, Holst L (2013) Safety of ginger use in pregnancy: results
from a large population-based cohort study. European journal of clinical pharmacology
69 (2):269-277. doi:10.1007/s00228-012-1331-5

299. Portnoi G, Chng LA, Karimi-Tabesh L, Koren G, Tan MP, Einarson A (2003)
Prospective comparative study of the safety and effectiveness of ginger for the
treatment of nausea and vomiting in pregnancy. Am J Obstet Gynecol 189 (5):1374-
1377

300. Chan WH (2005) Ginkgolides induce apoptosis and decrease cell numbers in
mouse blastocysts. Biochemical and biophysical research communications 338
(2):1263-1267. d0i:10.1016/j.bbrc.2005.10.085

301. Boonkaew T, Camper ND (2005) Biological activities of Ginkgo extracts.
Phytomedicine : international journal of phytotherapy and phytopharmacology 12
(4):318-323. doi:10.1016/j.phymed.2003.06.008

302. Huang SH, Duke RK, Chebib M, Sasaki K, Wada K, Johnston GA (2004)
Ginkgolides, diterpene trilactones of Ginkgo biloba, as antagonists at recombinant
alphalbeta2zgamma2l GABAA receptors. European journal of pharmacology 494 (2-
3):131-138. doi:10.1016/j.ejphar.2004.04.051

303. Shiao NH, Chan WH (2009) Injury effects of ginkgolide B on maturation of mouse
oocytes, fertilization, and fetal development in vitro and in vivo. Toxicology letters 188
(1):63-69. doi:10.1016/j.toxlet.2009.03.004

304. Luo Y, Smith JV, Paramasivam V, Burdick A, Curry KJ, Buford JP, Khan I, Netzer
WJ, Xu H, Butko P (2002) Inhibition of amyloid-beta aggregation and caspase-3
activation by the Ginkgo biloba extract EGb761. Proceedings of the National Academy
of Sciences of the United States of America 99 (19):12197-12202.
doi:10.1073/pnas.182425199

305. Kim KS, Rhee KH, Yoon JH, Lee ]G, Lee JH, Yoo JB (2005) Ginkgo biloba extract
(EGb 761) induces apoptosis by the activation of caspase-3 in oral cavity cancer cells.
Oral oncology 41 (4):383-389. doi:10.1016/j.oraloncology.2004.09.013

306. Zehra U, Tahir M, Lone KP (2010) Ginkgo biloba induced malformations in mice.
Journal of the College of Physicians and Surgeons--Pakistan : JCPSP 20 (2):117-121.
doi:02.2010/1CPSP.117121

307. Sierpina VS, Wollschlaeger B, Blumenthal M (2003) Ginkgo biloba. American
family physician 68 (5):923-926

337



References

308. World Health Organization, Folium Ginkgo (1999). Geneva

309. Leung KW, Wong AS (2013) Ginseng and male reproductive function.
Spermatogenesis 3 (3):e26391. doi:10.4161/spmg.26391

310. Baeg I-H, So S-H (2013) The world ginseng market and the ginseng (Korea). ]
Ginseng Res 37 (1):1-7. doi:10.5142/jgr.2013.37.1

10.5142/jgr.2012.37.1

311. Poindexter BJ, Allison AW, Bick R], Dasgupta A (2006) Ginseng: Cardiotonic in
adult rat cardiomyocytes, cardiotoxic in neonatal rat cardiomyocytes. Life Sci 79
(25):2337-2344. doi:10.1016/j.I1fs.2006.07.038

312. Jiang R, Dong J, Li X, Du F, Jia W, Xu F, Wang F, Yang ], Niu W, Li C (2015)
Molecular mechanisms governing different pharmacokinetics of ginsenosides and
potential for ginsenoside-perpetrated herb-drug interactions on OATP1B3. British
journal of pharmacology 172 (4):1059-1073. doi:10.1111/bph.12971

313. Xie CL, Wang WW, Xue XD, Zhang SF, Gan J, Liu ZG (2015) A systematic review
and meta-analysis of Ginsenoside-Rgl (G-Rgl) in experimental ischemic stroke.
Scientific reports 5:7790. do0i:10.1038/srep07790

314. Lu JM, Yao Q, Chen C (2009) Ginseng compounds: an update on their molecular
mechanisms and medical applications. Current vascular pharmacology 7 (3):293-302

315. Karmazyn M, Moey M, Gan XT (2011) Therapeutic potential of ginseng in the
management of cardiovascular disorders. Drugs 71 (15):1989-2008.
do0i:10.2165/11594300-000000000-00000

316. Liu P, Yin H, Xu Y, Zhang Z, Chen K, Li Y (2006) Effects of ginsenoside Rgl on
postimplantation rat and mouse embryos cultured in vitro. Toxicology in vitro : an
international journal published in association with BIBRA 20 (2):234-238.
doi:10.1016/j.tiv.2005.06.029

317. Sarris ], Panossian A, Schweitzer I, Stough C, Scholey A (2011) Herbal medicine
for depression, anxiety and insomnia: a review of psychopharmacology and clinical
evidence. European neuropsychopharmacology : the journal of the European College
of Neuropsychopharmacology 21 (12):841-860.
doi:10.1016/j.euroneuro.2011.04.002

318. Srivastava JK, Shankar E, Gupta S (2010) Chamomile: A herbal medicine of the
past with bright future. Molecular medicine reports 3 (6):895-901.
doi:10.3892/mmr.2010.377

319. Habersang S, Leuschner F, Isaac O, Thiemer K (1979) [Pharmacological studies
with compounds of chamomile. IV. Studies on toxicity of (-)-alpha-bisabolol (author's
transl)]. Planta medica 37 (2):115-123. doi:10.1055/s-0028-1097310

320. Toder V, Carp H, Fein A, Torchinsky A (2002) The role of pro- and anti-apoptotic
molecular interactions in embryonic maldevelopment. American journal of
reproductive immunology 48 (4):235-244

338



References

321. Gupta SK, Prakash ], Srivastava S (2002) Validation of traditional claim of Tulsi,
Ocimum sanctum Linn. as a medicinal plant. Indian journal of experimental biology 40
(7):765-773

322. Yuwono M, et al (2002) Eugenol. Analytical Profiles of Drug Substances
and Excipients 29:149-177

323. Garabadu D, Shah A, Ahmad A, Joshi VB, Saxena B, Palit G, Krishnamurthy S
(2011) Eugenol as an anti-stress agent: modulation of hypothalamic-pituitary-adrenal
axis and brain monoaminergic systems in a rat model of stress. Stress 14 (2):145-
155. doi:10.3109/10253890.2010.521602

324. Rodriguez A, Bohlin G, Lindmark G (2001) Symptoms across pregnancy in relation
to psychosocial and biomedical factors. Acta obstetricia et gynecologica Scandinavica
80 (3):213-223

325. Tsutomu O, Hisayuki T, Yoshio T (1982) Studies on Absorption, Distribution,
Excretion and Metabolism of Ginseng Saponins II. The Absorption Distribution,
Excretion of Ginsenoside Rgl in the Rat. Chem Pharm Bull 31 (1):292-298

326. Woelkart K, Feizlmayr E, Dittrich P, Beubler E, Pinl F, Suter A, Bauer R (2010)
Pharmacokinetics of bilobalide, ginkgolide A and B after administration of three
different Ginkgo biloba L. preparations in humans. Phytotherapy research : PTR 24
(3):445-450. doi:10.1002/ptr.3074

327. Zick SM, Djuric Z, Ruffin MT, Litzinger AJ, Normolle DP, Alrawi S, Feng MR,
Brenner DE (2008) Pharmacokinetics of 6-gingerol, 8-gingerol, 10-gingerol, and 6-
shogaol and conjugate metabolites in healthy human subjects. Cancer epidemiology,
biomarkers & prevention : a publication of the American Association for Cancer
Research, cosponsored by the American Society of Preventive Oncology 17 (8):1930-
1936. doi:10.1158/1055-9965.EPI-07-2934

328. Feng L, Wang L, Hu C, Jiang X (2010) Pharmacokinetics, tissue distribution,
metabolism, and excretion of ginsenoside Rgl in rats. Archives of pharmacal research
33(12):1975-1984. d0i:10.1007/s12272-010-1213-2

329. Padalia R, Verma R (2011) Comparative volatile oil composition of four Ocimum
species from northern India. Natural Product Research 25 (6):569-575.
doi:http://dx.doi.org/10.1080/14786419.2010.482936

330. Guénette S, Ross A, Marier ], Beaudry F, Vachon P (2007) Pharmacokinetics of
eugenol and its effects on thermal hypersensitivity in rats. European Journal of
Pharmacology 562 (Issues 1-2):60-67

331. Guidance for Industry Estimating the Maximum Safe Starting Dose in Initial
Clinical Trials for Therapeutics in Adult Healthy Volunteers. (2005).
http://www.fda.gov/downloads/Drugs/Guidances/UCMQ078932.pdf.

332. Page B, Page M, Noel C (1993) A new fluorometric assay for cytotoxicity
measurements in-vitro. International journal of oncology 3 (3):473-476

333. Putnam KP, Bombick DW, Doolittle DJ (2002) Evaluation of eight in vitro assays
for assessing the cytotoxicity of cigarette smoke condensate. Toxicology in vitro : an
international journal published in association with BIBRA 16 (5):599-607

339


http://dx.doi.org/10.1080/14786419.2010.482936
http://www.fda.gov/downloads/Drugs/Guidances/UCM078932.pdf

References

334. Klepser TB, Doucette WR, Horton MR, Buys LM, Ernst ME, Ford JK, Hoehns 1D,
Kautzman HA, Logemann CD, Swegle J, Ritho M, Klepser ME (2000) Assessment of
Patients’ Perceptions and Beliefs Regarding Herbal Therapies. PHARMACOTHERAPY 20

(1)

335. Chaabane S, Berard A (2013) Epidemiology of major congenital malformations
with specific focus on teratogens. Current drug safety 8 (2):128-140

336. Warkus EL, Yuen AA, Lau CG, Marikawa Y (2016) Use of In Vitro Morphogenesis
of Mouse Embryoid Bodies to Assess Developmental Toxicity of Therapeutic Drugs
Contraindicated in Pregnancy. Toxicological sciences : an official journal of the Society
of Toxicology 149 (1):15-30. do0i:10.1093/toxsci/kfv209

337. Young HY, Luo YL, Cheng HY, Hsieh WC, Liao JC, Peng WH (2005) Analgesic and
anti-inflammatory activities of [6]-gingerol. Journal of ethnopharmacology 96 (1-
2):207-210. d0i:10.1016/j.jep.2004.09.009

338. Sanwal SK, Rai N, Singh J, Buragohain J (2010) Antioxidant phytochemicals and
gingerol content in diploid and tetraploid clones of ginger (Zingiber officinale Roscoe).
Scientia Horticulturae 124 (2):280-285. doi:10.1016/j.scienta.2010.01.003

339. Nigam N, Bhui K, Prasad S, George ], Shukla Y (2009) [6]-Gingerol induces
reactive oxygen species regulated mitochondrial cell death pathway in human
epidermoid carcinoma A431 cells. Chemico-biological interactions 181 (1):77-84.
doi:10.1016/j.cbi.2009.05.012

340. Lee TY, Lee KC, Chen SY, Chang HH (2009) 6-Gingerol inhibits ROS and iNOS
through the suppression of PKC-alpha and NF-kappaB pathways in lipopolysaccharide-
stimulated mouse macrophages. Biochemical and biophysical research
communications 382 (1):134-139. doi:10.1016/j.bbrc.2009.02.160

341. Park SA, Park IH, Cho ]S, Moon YM, Lee SH, Kim TH, Lee SH, Lee HM (2012)
Effect of [6]-gingerol on myofibroblast differentiation in transforming growth factor
beta 1-induced nasal polyp-derived fibroblasts. American journal of rhinology & allergy
26 (2):97-103. do0i:10.2500/ajra.2012.26.3736

342. Weidner MS, Sigwart K (2000) The safety of a ginger extract in the rat. Journal
of ethnopharmacology 73 (3):513-520

343. Wilkinson JM (2000) Effect of ginger tea on the fetal development of Sprague-
Dawley rats. Reproductive toxicology 14 (6):507-512

344. Chen SH, Liang YC, Chao JC, Tsai LH, Chang CC, Wang CC, Pan S (2005)
Protective effects of Ginkgo biloba extract on the ethanol-induced gastric ulcer in rats.
World journal of gastroenterology : WIG 11 (24):3746-3750

345. Wang X, Jiang CM, Wan HY, Wu JL, Quan WQ, Wu KY, Li D (2014) Neuroprotection
against permanent focal cerebral ischemia by ginkgolides A and B is associated with
obstruction of the mitochondrial apoptotic pathway via inhibition of c-Jun N-terminal
kinase in rats. Journal of neuroscience research 92 (2):232-242.
doi:10.1002/jnr.23306

346. Xia S-h, Fang D-c (2007) Pharmacological action and mechanisms of ginkgolide
B. Chin Med J 120 (10):922-928

340



References

347. Hsuuw YD, Kuo TF, Lee KH, Liu YC, Huang YT, Lai CY, Chan WH (2009) Ginkgolide
B induces apoptosis via activation of INK and p21-activated protein kinase 2 in mouse
embryonic stem cells. Annals of the New York Academy of Sciences 1171:501-508.
doi:10.1111/j.1749-6632.2009.04691.x

348. Chan WH (2006) Ginkgolide B induces apoptosis and developmental injury in
mouse embryonic stem cells and blastocysts. Human reproduction 21 (11):2985-2995.
doi:10.1093/humrep/del255

349. Pinto RM, Fernandes ES, Reis JE, Peters VM, Guerra Mde O (2007) Intra-uterine
growth retardation after prenatal administration of Ginkgo biloba to rats. Reproductive
toxicology 23 (4):480-485. doi:10.1016/j.reprotox.2006.12.008

350. Radad K, Gille G, Moldzio R, Saito H, Ishige K, Rausch WD (2004) Ginsenosides
Rb1l and Rgl effects on survival and neurite growth of MPP+-affected mesencephalic
dopaminergic  cells.  Journal of neural transmission 111 (1):37-45.
doi:10.1007/s00702-003-0063-1

351. Park EK, Choo MK, Oh JK, Ryu JH, Kim DH (2004) Ginsenoside Rh2 reduces
ischemic brain injury in rats. Biological & pharmaceutical bulletin 27 (3):433-436

352. Ji YC, Kim YB, Park SW, Hwang SN, Min BK, Hong HJ], Kwon JT, Suk JS (2005)
Neuroprotective effect of ginseng total saponins in experimental traumatic brain injury.
Journal of Korean medical science 20 (2):291-296

353. Shin S, Jang JY, Park D, Yon JM, Baek IJ, Hwang BY, Nam SY, Yun YW, Kim KY,
Joo SS, Kim YB (2010) Korean red ginseng extract does not cause embryo-fetal death
or abnormalities in mice. Birth defects research Part B, Developmental and
reproductive toxicology 89 (1):78-85. doi:10.1002/bdrb.20224

354. Hikiba H, Watanabe E, Barrett JC, Tsutsui T (2005) Ability of fourteen chemical
agents used in dental practice to induce chromosome aberrations in Syrian hamster
embryo cells. Journal of Pharmacological Sciences 97 (1):146-152.
doi:10.1254/jphs.FP104044X

355. Cavalieri E, Rigo A, Bonifacio M, Carcereri de Prati A, Guardalben E, Bergamini C,
Fato R, Pizzolo G, Suzuki H, Vinante F (2011) Pro-apoptotic activity of alpha-bisabolol
in preclinical models of primary human acute leukemia cells. Journal of translational
medicine 9:45. doi:10.1186/1479-5876-9-45

356. Pirzad A, Shakiba MS, Mohammadi A (2006) Essential Oil Content and
Composition of German Chamomile (Matricaria Chamomilla L.) at Different Irrigation
Regimes. Journal of Agronomy 5:451-455

357. Cavalieri E, Mariotto S, Fabrizi C, de Prati AC, Gottardo R, Leone S, Berra LV,
Lauro GM, Ciampa AR, Suzuki H (2004) alpha-Bisabolol, a nontoxic natural compound,
strongly induces apoptosis in glioma cells. Biochemical and biophysical research
communications 315 (3):589-594. doi:10.1016/j.bbrc.2004.01.088

358. Bonifacio M, Rigo A, Guardalben E, Bergamini C, Cavalieri E, Fato R, Pizzolo G,
Suzuki H, Vinante F (2012) alpha-bisabolol is an effective proapoptotic agent against
BCR-ABL(+) cells in synergism with Imatinib and Nilotinib. PloS one 7 (10):e46674.
doi:10.1371/journal.pone.0046674

341



References

359. Costarelli L, Malavolta M, Giacconi R, Cipriano C, Gasparini N, Tesei S, Pierpaoli
S, Orlando F, Suzuki H, Perbellini L, Piacenza F, Emanuelli M, Mocchegiani E (2010) In
vivo effect of alpha-bisabolol, a nontoxic sesquiterpene alcohol, on the induction of
spontaneous mammary tumors in HER-2/neu transgenic mice. Oncology research 18
(9):409-418

360. Bhatia SP, McGinty D, Letizia CS, Api AM (2008) Fragrance material review on
alpha-bisabolol. Food and chemical toxicology : an international journal published for
the British Industrial Biological Research Association 46 Suppl 11:572-76.
doi:10.1016/j.fct.2008.06.025

361. Rocha NF, Oliveira GV, Araujo FY, Rios ER, Carvalho AM, Vasconcelos LF, Macedo
DS, Soares PM, Sousa DP, Sousa FC (2011) (-)-alpha-Bisabolol-induced
gastroprotection is associated with reduction in lipid peroxidation, superoxide
dismutase activity and neutrophil migration. European journal of pharmaceutical
sciences : official journal of the European Federation for Pharmaceutical Sciences 44
(4):455-461. doi:10.1016/j.ejps.2011.08.020

362. Manikandan P, Murugan RS, Priyadarsini RV, Vinothini G, Nagini S (2010) Eugenol
induces apoptosis and inhibits invasion and angiogenesis in a rat model of gastric
carcinogenesis induced by MNNG. Life Sci 86 (25-26):936-941.
doi:10.1016/j.I1fs.2010.04.010

363. Al-Sharif I, Remmal A, Aboussekhra A (2013) Eugenol triggers apoptosis in breast
cancer cells through E2F1/survivin down-regulation. BMC cancer 13:600.
doi:10.1186/1471-2407-13-600

364. Jaganathan SK, Mazumdar A, Mondhe D, Mandal M (2011) Apoptotic effect of
eugenol in human colon cancer cell lines. Cell biology international 35 (6):607-615.
doi:10.1042/CBI120100118

365. Amini A, Cheraghi E, Safaee M, Hill M (2003) The Role of Eugenol in the Reduction
of Teratogenic Effects of Retinoic Acid on Skeletal Morphology of Mice Embryo. Yakhteh
Cell Journal 4 (16):195-200

366. Domaracky M, Rehak P, Juhas S, Koppel J (2007) Effects of selected plant
essential oils on the growth and development of mouse preimplantation embryos in
vivo. Physiological Research 56 (1):97-104

367. Ibtehaj Al-Sharif AR, Abdelilah Aboussekhra, (2013) Eugenol triggers apoptosis
in breast cancer cells through E2F1/survivin down-regulation. BMC cancer 13

368. Suk K (2005) Regulation of neuroinflammation by herbal medicine and its
implications for neurodegenerative diseases. A focus on traditional medicines and
flavonoids. Neuro-Signals 14 (1-2):23-33. do0i:10.1159/000085383

369. Ou B, Huang D, Hampsch-Woodill M, Flanagan JA (2003) When east meets west:
the relationship between yin-yang and antioxidation-oxidation. FASEB journal : official
publication of the Federation of American Societies for Experimental Biology 17
(2):127-129. doi:10.1096/fj.02-0527hyp

370. Capodice JL, Bemis DL, Buttyan R, Kaplan SA, Katz AE (2005) Complementary
and alternative medicine for chronic prostatitis/chronic pelvic pain syndrome.

342



References

Evidence-based complementary and alternative medicine : eCAM 2 (4):495-501.
doi:10.1093/ecam/neh128

371. Steele ML, Truong ], Govindaraghavan S, Ooi L, Sucher NJ, Munch G (2013)
Cytoprotective properties of traditional Chinese medicinal herbal extracts in hydrogen
peroxide challenged human U373 astroglia cells. Neurochemistry international 62
(5):522-529. doi:10.1016/j.neuint.2012.08.018

372. Hiraganahalli BD, Chinampudur VC, Dethe S, Mundkinajeddu D, Pandre MK,
Balachandran J, Agarwal A (2012) Hepatoprotective and antioxidant activity of
standardized herbal extracts. Pharmacognosy magazine 8 (30):116-123.
doi:10.4103/0973-1296.96553

373. Chrubasik S, Pittler MH, Roufogalis BD (2005) Zingiberis rhizoma: a
comprehensive review on the ginger effect and efficacy profiles. Phytomedicine :
international journal of phytotherapy and phytopharmacology 12 (9):684-701.
doi:10.1016/j.phymed.2004.07.009

374. Baliga MS, Haniadka R, Pereira MM, D'Souza 1], Pallaty PL, Bhat HP, Popuri S
(2011) Update on the chemopreventive effects of ginger and its phytochemicals.
Critical reviews in food science  and nutrition 51 (6):499-523.
doi:10.1080/10408391003698669

375. Baliga MS, Haniadka R, Pereira MM, Thilakchand KR, Rao S, Arora R (2012)
Radioprotective effects of Zingiber officinale Roscoe (ginger): past, present and future.
Food & function 3 (7):714-723. doi:10.1039/c2fo10225k

376. Mallikarjuna K, Sahitya Chetan P, Sathyavelu Reddy K, Rajendra W (2008)
Ethanol toxicity: rehabilitation of hepatic antioxidant defense system with dietary
ginger. Fitoterapia 79 (3):174-178. doi:10.1016/j.fitote.2007.11.007

377. Shati AA, Elsaid FG (2009) Effects of water extracts of thyme (Thymus vulgaris)
and ginger (Zingiber officinale Roscoe) on alcohol abuse. Food and chemical toxicology
: an international journal published for the British Industrial Biological Research
Association 47 (8):1945-1949. d0i:10.1016/j.fct.2009.05.007

378. Abdel-Azeem AS, Hegazy AM, Ibrahim KS, Farrag AR, El-Sayed EM (2013)
Hepatoprotective, antioxidant, and ameliorative effects of ginger (Zingiber officinale
Roscoe) and vitamin E in acetaminophen treated rats. Journal of dietary supplements
10 (3):195-209. do0i:10.3109/19390211.2013.822450

379. Kleijnen ], Knipschild P (1992) Ginkgo biloba. Lancet 340 (8828):1136-1139

380. Droy-Lefaix MT, Bonhomme B, Doly M (1991) Protective effect of Ginkgo biloba
extract (EGB 761) on free radical-induced changes in the electroretinogram of isolated
rat retina. Drugs under experimental and clinical research 17 (12):571-574

381. Hibatallah ], Carduner C, Poelman MC (1999) In-vivo and in-vitro assessment of
the free-radical-scavenger activity of Ginkgo flavone glycosides at high concentration.
The Journal of pharmacy and pharmacology 51 (12):1435-1440

382. Chao JC, Hung HC, Chen SH, Fang CL (2004) Effects of Ginkgo biloba extract on
cytoprotective factors in rats with duodenal ulcer. World journal of gastroenterology :
WJIG 10 (4):560-566

343



References

383. Nishida S, Satoh H (2004) Comparative vasodilating actions among terpenoids
and flavonoids contained in Ginkgo biloba extract. Clinica chimica acta; international
journal of clinical chemistry 339 (1-2):129-133

384. Huang CC, Chen YM, Wang DC, Chiu CC, Lin WT, Huang CY, Hsu MC (2013)
Cytoprotective effect of American ginseng in a rat ethanol gastric ulcer model.
Molecules 19 (1):316-326. doi:10.3390/molecules19010316

385. Yeo M, Kim DK, Cho SW, Hong HD (2008) Ginseng, the root of Panax ginseng
C.A. Meyer, protects ethanol-induced gastric damages in rat through the induction of
cytoprotective heat-shock protein 27. Digestive diseases and sciences 53 (3):606-613.
doi:10.1007/s10620-007-9946-6

386. Smolinski AT, Pestka J]J (2003) Modulation of lipopolysaccharide-induced
proinflammatory cytokine production in vitro and in vivo by the herbal constituents
apigenin (chamomile), ginsenoside Rb(1) (ginseng) and parthenolide (feverfew). Food
and chemical toxicology : an international journal published for the British Industrial
Biological Research Association 41 (10):1381-1390

387. Yoo KM, Hwang IK, Moon B (2009) Comparative flavonoids contents of selected
herbs and associations of their radical scavenging activity with antiproliferative actions
in V79-4 cells. Journal of food science 74 (6):C419-425. doi:10.1111/j.1750-
3841.2009.01191.x

388. Lee SH, Heo Y, Kim YC (2010) Effect of German chamomile oil application on
alleviating atopic dermatitis-like immune alterations in mice. Journal of veterinary
science 11 (1):35-41

389. Bhaskaran N, Shukla S, Kanwal R, Srivastava JK, Gupta S (2012) Induction of
heme oxygenase-1 by chamomile protects murine macrophages against oxidative
stress. Life Sci 90 (25-26):1027-1033. d0i:10.1016/j.1fs.2012.05.019

390. Prakash P, Gupta N (2005) Therapeutic uses of Ocimum sanctum Linn (Tulsi) with
a note on eugenol and its pharmacological actions: a short review. Indian journal of
physiology and pharmacology 49 (2):125-131

391. Subramanian M, Chintalwar GJ], Chattopadhyay S (2005) Antioxidant and
radioprotective properties of an Ocimum sanctum polysaccharide. Redox report :
communications in free radical research 10 (5):257-264.
doi:10.1179/135100005X70206

392. Vrinda B, Uma Devi P (2001) Radiation protection of human lymphocyte
chromosomes in vitro by orientin and vicenin. Mutation research 498 (1-2):39-46

393. Lahon K, Das S (2011) Hepatoprotective activity of Ocimum sanctum alcoholic
leaf extract against paracetamol-induced liver damage in Albino rats. Pharmacognosy
research 3 (1):13-18. doi:10.4103/0974-8490.79110

394. Gupta S, Mediratta PK, Singh S, Sharma KK, Shukla R (2006) Antidiabetic,
antihypercholesterolaemic and antioxidant effect of Ocimum sanctum (Linn) seed oil.
Indian journal of experimental biology 44 (4):300-304

395. Saretzki G, Walter T, Atkinson S, Passos JF, Bareth B, Keith WN, Stewart R, Hoare
S, Stojkovic M, Armstrong L, von Zglinicki T, Lako M (2008) Downregulation of multiple

344



References

stress defense mechanisms during differentiation of human embryonic stem cells.
Stem cells 26 (2):455-464. doi:10.1634/stemcells.2007-0628

396. Joaquim Fernandez-Sola, Ana Planavila Porta (2016) New Treatment Strategies
for Alcohol-Induced Heart Damage. International journal of molecular sciences 17
(1651). doi:10.3390/ijms17101651

397. Matyas C, Varga ZV, Mukhopadhyay P, Paloczi J, Lajtos T, Erdelyi K, Nemeth BT,
Nan M, Hasko G, Gao B, Pacher P (2016) Chronic plus binge ethanol feeding induces
myocardial oxidative stress, mitochondrial and cardiovascular dysfunction, and
steatosis. American journal of physiology Heart and circulatory physiology 310
(11):H1658-1670. doi:10.1152/ajpheart.00214.2016

398. Gonzalez-Reimers E, Santolaria-Fernandez F, Martin-Gonzalez MC, Fernandez-
Rodriguez CM, Quintero-Platt G (2014) Alcoholism: a systemic proinflammatory
condition. World journal of gastroenterology : WG 20 (40):14660-14671.
doi:10.3748/wjg.v20.i40.14660

399. Rodriguez A, Chawla K, Umoh NA, Cousins VM, Ketegou A, Reddy MG, AlRubaiee
M, Haddad GE, Burke MW (2015) Alcohol and Apoptosis: Friends or Foes? Biomolecules
5(4):3193-3203. doi:10.3390/biom5043193

400. Delbridge LM, Connell PJ, Harris PJ, Morgan TO (2000) Ethanol effects on
cardiomyocyte contractility. Clinical science 98 (4):401-407

401. Garriga J, Adanero E, Fernandez-Sola J, Urbano-Marquez A, Cusso R (2000)
Ethanol inhibits skeletal muscle cell proliferation and delays its differentiation in cell
culture. Alcohol and alcoholism 35 (3):236-241

402. Osmond MK, Butler AJ, Voon FC, Bellairs R (1991) The effects of retinoic acid on
heart formation in the early chick embryo. Development 113 (4):1405-1417

403. Wang CY, Yang TT, Chen CL, Lin WC, Lin CF (2014) Reactive oxygen species-
regulated glycogen synthase kinase-3beta activation contributes to all-trans retinoic
acid-induced apoptosis in granulocyte-differentiated HL60 cells. Biochemical
pharmacology 88 (1):86-94. doi:10.1016/j.bcp.2013.12.021

404. Miyoshi T, Arai T, Yamashita K, Sasada M, Uchiyama T (2010) NB4 cells treated
with all-trans retinoic acid generate toxic reactive oxygen species that cause
endothelial hyperpermeability. Leukemia research 34 (3):373-378.
doi:10.1016/j.leukres.2009.05.022

405. Choudhary R, Baker KM, Pan J (2008) All-trans retinoic acid prevents angiotensin
II- and mechanical stretch-induced reactive oxygen species generation and
cardiomyocyte apoptosis. Journal of cellular physiology 215 (1):172-181.
doi:10.1002/jcp.21297

406. Soprano DR, Soprano KJ (1995) Retinoids as teratogens. Annual review of
nutrition 15:111-132. doi:10.1146/annurev.nu.15.070195.000551

407. Atkinson DE, Brice-Bennett S, D'Souza SW (2007) Antiepileptic medication during
pregnancy: does fetal genotype affect outcome? Pediatric research 62 (2):120-127.
doi:10.1203/PDR.0b013e3180a02e50

345



References

408. Lindhout D, Meinardi H, Meijer JW, Nau H (1992) Antiepileptic drugs and
teratogenesis in two consecutive cohorts: changes in prescription policy paralleled by
changes in pattern of malformations. Neurology 42 (4 Suppl 5):94-110

409. Sodhi P, Poddar B, Parmar V (2001) Fatal cardiac malformation in fetal valproate
syndrome. Indian journal of pediatrics 68 (10):989-990

410. Thisted E, Ebbesen F (1993) Malformations, withdrawal manifestations, and
hypoglycaemia after exposure to valproate in utero. Archives of disease in childhood
69 (3 Spec No0):288-291

411. Al Deeb S, Al Moutaery K, Arshaduddin M, Tarig M (2000) Vitamin E decreases
valproic acid induced neural tube defects in mice. Neuroscience letters 292 (3):179-
182

412. Tabatabaei AR, Thies RL, Abbott FS (1999) Assessing the mechanism of
metabolism-dependent valproic acid-induced in vitro cytotoxicity. Chemical research
in toxicology 12 (4):323-330. doi:10.1021/tx9801864

413. Lloyd KA (2013) A scientific review: mechanisms of valproate-mediated
teratogenesis. Bioscienc Horizons 6

414. Forman HJ, Ursini F, Maiorino M (2014) An overview of mechanisms of redox
signaling. Journal of molecular and cellular cardiology 73:2-9.
doi:10.1016/j.yjmcc.2014.01.018

415. del Rio LA, Sandalio LM, Corpas FJ, Palma JM, Barroso JB (2006) Reactive oxygen
species and reactive nitrogen species in peroxisomes. Production, scavenging, and role
in cell signaling. Plant physiology 141 (2):330-335. doi:10.1104/pp.106.078204

416. Lenaz G, Genova ML (2010) Structure and organization of mitochondrial
respiratory complexes: a new understanding of an old subject. Antioxidants & redox
signaling 12 (8):961-1008. doi:10.1089/ars.2009.2704

417. Lenaz G, Baracca A, Barbero G, Bergamini C, Dalmonte ME, Del Sole M, Faccioli
M, Falasca A, Fato R, Genova ML, Sgarbi G, Solaini G (2010) Mitochondrial respiratory
chain super-complex I-III in physiology and pathology. Biochimica et biophysica acta
1797 (6-7):633-640. doi:10.1016/j.bbabio.2010.01.025

418. Friedman JR, Nunnari J (2014) Mitochondrial form and function. Nature 505
(7483):335-343. doi:10.1038/nature12985

419. Zuo L, Zhou T, Pannell BK, Ziegler AC, Best TM (2015) Biological and physiological
role of reactive oxygen species--the good, the bad and the ugly. Acta physiologica 214
(3):329-348. doi:10.1111/apha.12515

420. Droge W (2002) Free radicals in the physiological control of cell function.
Physiological reviews 82 (1):47-95. doi:10.1152/physrev.00018.2001

421. Finkel T (2012) From sulfenylation to sulfhydration: what a thiolate needs to
tolerate. Science signaling 5 (215):pel0. doi:10.1126/scisignal.2002943

422. Rhee SG, Bae YS, Lee SR, Kwon ] (2000) Hydrogen peroxide: a key messenger
that modulates protein phosphorylation through cysteine oxidation. Science's STKE :

346



References

signal transduction knowledge environment 2000 (53):pel.
doi:10.1126/stke.2000.53.pel

423. Wang C, Li J, Liu Q, Yang R, Zhang JH, Cao YP, Sun XJ (2011) Hydrogen-rich
saline reduces oxidative stress and inflammation by inhibit of JNK and NF-kappaB
activation in a rat model of amyloid-beta-induced Alzheimer's disease. Neuroscience
letters 491 (2):127-132. doi:10.1016/j.neulet.2011.01.022

424. Angelova PR, Abramov AY (2016) Functional role of mitochondrial reactive oxygen
species in physiology. Free Radic Biol Med. doi:10.1016/j.freeradbiomed.2016.06.005

425. Ray PD, Huang BW, Tsuji Y (2012) Reactive oxygen species (ROS) homeostasis
and redox regulation in cellular signaling. Cellular signalling 24 (5):981-990.
doi:10.1016/j.cellsig.2012.01.008

426. Tsujimoto Y, Shimizu S (2007) Role of the mitochondrial membrane permeability
transition in cell death. Apoptosis : an international journal on programmed cell death
12 (5):835-840. d0i:10.1007/s10495-006-0525-7

427. Skulachev VP (2006) Bioenergetic aspects of apoptosis, necrosis and mitoptosis.
Apoptosis : an international journal on programmed cell death 11 (4):473-485.
doi:10.1007/s10495-006-5881-9

428. Cook SA, Sugden PH, Clerk A (1999) Regulation of bcl-2 family proteins during
development and in response to oxidative stress in cardiac myocytes: association with
changes in mitochondrial membrane potential. Circ Res 85 (10):940-949

429. Dhanasekaran DN, Reddy EP (2008) JNK signaling in apoptosis. Oncogene 27
(48):6245-6251. doi:10.1038/0nc.2008.301

430. Matsuzawa A, Ichijo H (2001) Molecular mechanisms of the decision between life
and death: regulation of apoptosis by apoptosis signal-regulating kinase 1. Journal of
biochemistry 130 (1):1-8

431. Nagai H, Noguchi T, Takeda K, Ichijo H (2007) Pathophysiological roles of ASK1-
MAP kinase signaling pathways. Journal of biochemistry and molecular biology 40
(1):1-6

432. Chang L, Karin M (2001) Mammalian MAP kinase signalling cascades. Nature 410
(6824):37-40. doi:10.1038/35065000

433. Fan M, Chambers TC (2001) Role of mitogen-activated protein kinases in the
response of tumor cells to chemotherapy. Drug resistance updates : reviews and
commentaries in antimicrobial and anticancer chemotherapy 4 (4):253-267.
doi:10.1054/drup.2001.0214

434. Niida H, Nakanishi M (2006) DNA damage checkpoints in mammals. Mutagenesis
21 (1):3-9. doi:10.1093/mutage/gei063

435. Barzilai A, Rotman G, Shiloh Y (2002) ATM deficiency and oxidative stress: a new
dimension of defective response to DNA damage. DNA repair 1 (1):3-25

436. Guo Z, Kozlov S, Lavin MF, Person MD, Paull TT (2010) ATM activation by
oxidative stress. Science 330 (6003):517-521. doi:10.1126/science.1192912

347



References

437. Circu ML, Aw TY (2010) Reactive oxygen species, cellular redox systems, and
apoptosis. Free Radic Biol Med 48 (6):749-762.
doi:10.1016/j.freeradbiomed.2009.12.022

438. Clayton DA (1984) Transcription of the mammalian mitochondrial genome.
Annual review of biochemistry 53:573-594.
doi:10.1146/annurev.bi.53.070184.003041

439. Van Houten B, Woshner V, Santos JH (2006) Role of mitochondrial DNA in toxic
responses to oxidative stress. DNA repair 5 (2):145-152.
doi:10.1016/j.dnarep.2005.03.002

440. Drsata T, Kara M, Zacharias M, Lankas F (2013) Effect of 8-oxoguanine on DNA
structure and deformability. The journal of physical chemistry B 117 (39):11617-
11622. doi:10.1021/jp407562t

441. Buxser SE, Sawada G, Raub TJ (1999) Analytical and numerical techniques for
evaluation of free radical damage in cultured cells using imaging cytometry and
fluorescent indicators. Methods in enzymology 300:256-275

442. Garle MJ, Knight A, Downing AT, Jassi KL, Clothier RH, Fry JR (2000) Stimulation
of dichlorofluorescin oxidation by capsaicin and analogues in RAW 264
monocyte/macrophages: lack of involvement of the vanilloid receptor. Biochemical
pharmacology 59 (5):563-572

443. Lee MN, Lee SH, Lee MY, Kim YH, Park JH, Ryu JM, Yun SP, Lee Y], Kim MO, Park
K, Han HJ (2008) Effect of dihydrotestosterone on mouse embryonic stem cells
exposed to H202-induced oxidative stress. Journal of veterinary science 9 (3):247-
256

444, Symington LS, Gautier J (2011) Double-strand break end resection and repair
pathway choice. Annual review of genetics 45:247-271. doi:10.1146/annurev-genet-
110410-132435

445. Moreli JB, Santos JH, Rocha CR, Damasceno DC, Morceli G, Rudge MV, Bevilacqua
E, Calderon IM (2014) DNA damage and its cellular response in mother and fetus
exposed to hyperglycemic environment. BioMed research international 2014:676758.
doi:10.1155/2014/676758

446. Pfeiffer P (1998) The mutagenic potential of DNA double-strand break repair.
Toxicology letters 96-97:119-129

447. Sharma A, Singh K, Almasan A (2012) Histone H2AX phosphorylation: a marker
for DNA damage. Methods in molecular biology 920:613-626. doi:10.1007/978-1-
61779-998-3_40

448. Novak M, Zegura B, Baebler S, Stern A, Rotter A, Stare K, Filipic M (2015)
Influence of selected anti-cancer drugs on the induction of DNA double-strand breaks
and changes in gene expression in human hepatoma HepG2 cells. Environmental
science and pollution research international. doi:10.1007/s11356-015-5420-8

449. Shen ]G, Zhou DY (1995) Efficiency of Ginkgo biloba extract (EGb 761) in
antioxidant protection against myocardial ischemia and reperfusion injury.
Biochemistry and molecular biology international 35 (1):125-134

348



References

450. Pietri S, Maurelli E, Drieu K, Culcasi M (1997) Cardioprotective and anti-oxidant
effects of the terpenoid constituents of Ginkgo biloba extract (EGb 761). Journal of
molecular and cellular cardiology 29 (2):733-742. do0i:10.1006/jmcc.1996.0316

451. Zhang Z, Chen S, Mei H, Xuan J, Guo X, Couch L, Dobrovolsky VN, Guo L, Mei N
(2015) Ginkgo biloba leaf extract induces DNA damage by inhibiting topoisomerase II
activity in human hepatic cells. Scientific reports 5:14633. do0i:10.1038/srep14633

452. Kim SH, Choi KH, Lee DK, Oh JN, Hwang JY, Park CH, Lee CK (2016) Ginsenoside
Rgl Improves In vitro-produced Embryo Quality by Increasing Glucose Uptake in
Porcine Blastocysts. Asian-Australasian journal of animal sciences 29 (8):1095-1101.
doi:10.5713/ajas.15.0678

453. Yu HT, Zhen ], Pang B, Gu JN, Wu SS (2015) Ginsenoside Rgl ameliorates
oxidative stress and myocardial apoptosis in streptozotocin-induced diabetic rats.
Journal of Zhejiang University Science B 16 (5):344-354. do0i:10.1631/jzus.B1400204

454. Darra E, Abdel-Azeim S, Manara A, Shoji K, Marechal IJD, Mariotto S, Cavalieri E,
Perbellini L, Pizza C, Perahia D, Crimi M, Suzuki H (2008) Insight into the apoptosis-
inducing action of alpha-bisabolol towards malignant tumor cells: involvement of lipid
rafts and Bid. Archives of biochemistry and biophysics 476 (2):113-123.
doi:10.1016/j.abb.2008.02.004

455. Cavalieri E, Bergamini C, Mariotto S, Leoni S, Perbellini L, Darra E, Suzuki H, Fato
R, Lenaz G (2009) Involvement of mitochondrial permeability transition pore opening
in alpha-bisabolol induced apoptosis. The FEBS journal 276 (15):3990-4000.
doi:10.1111/j.1742-4658.2009.07108.x

456. Yoo CB, Han KT, Cho KS, Ha J, Park HJ, Nam JH, Kil UH, Lee KT (2005) Eugenol
isolated from the essential oil of Eugenia caryophyllata induces a reactive oxygen
species-mediated apoptosis in HL-60 human promyelocytic leukemia cells. Cancer
letters 225 (1):41-52. doi:10.1016/j.canlet.2004.11.018

457. Atsumi T, Fujisawa S, Tonosaki K (2005) A comparative study of the
antioxidant/prooxidant activities of eugenol and isoeugenol with various
concentrations and oxidation conditions. Toxicology in vitro : an international journal
published in association with BIBRA 19 (8):1025-1033. d0i:10.1016/j.tiv.2005.04.012

458. Levin M (2002) Isolation and community: a review of the role of gap-junctional
communication in embryonic patterning. The Journal of membrane biology 185
(3):177-192. doi:10.1007/s00232-001-0129-7

459. Howard CM, Baudino TA (2014) Dynamic cell-cell and cell-ECM interactions in the
heart. Journal of molecular and cellular cardiology 70:19-26.
doi:10.1016/j.yjmcc.2013.10.006

460. Phelan P (2005) Innexins: members of an evolutionarily conserved family of gap-
junction  proteins. Biochimica et biophysica acta 1711 (2):225-245.
doi:10.1016/j.bbamem.2004.10.004

461. Solan JL, Lampe PD (2005) Connexin phosphorylation as a regulatory event linked
to gap junction channel assembly. Biochimica et biophysica acta 1711 (2):154-163.
doi:10.1016/j.bbamem.2004.09.013

349



References

462. Wei CJ, Xu X, Lo CW (2004) Connexins and cell signaling in development and
disease. Annual review of cell and developmental biology 20:811-838.
doi:10.1146/annurev.cellbio.19.111301.144309

463. Herve JC, Derangeon M (2013) Gap-junction-mediated cell-to-cell
communication. Cell and tissue research 352 (1):21-31. do0i:10.1007/s00441-012-
1485-6

464. Yeager M, Harris AL (2007) Gap junction channel structure in the early 21st
century: facts and fantasies. Current opinion in cell biology 19 (5):521-528.
doi:10.1016/j.ceb.2007.09.001

465. Sosinsky GE, Nicholson BJ (2005) Structural organization of gap junction
channels. Biochimica et biophysica acta 1711 (2):99-125.
doi:10.1016/j.bbamem.2005.04.001

466. Rackauskas M, Verselis VK, Bukauskas FF (2007) Permeability of homotypic and
heterotypic gap junction channels formed of cardiac connexins mCx30.2, Cx40, Cx43,
and Cx45. American journal of physiology Heart and circulatory physiology 293
(3):H1729-1736. doi:10.1152/ajpheart.00234.2007

467. Vinken M, Vanhaecke T, Papeleu P, Snykers S, Henkens T, Rogiers V (2006)
Connexins and their channels in cell growth and cell death. Cellular signalling 18
(5):592-600. doi:10.1016/j.cellsig.2005.08.012

468. van Veen AA, van Rijen HV, Opthof T (2001) Cardiac gap junction channels:
modulation of expression and channel properties. Cardiovascular research 51 (2):217-
229

469. Dhein S (1998) Gap junction channels in the cardiovascular system:
pharmacological and physiological modulation. Trends in pharmacological sciences 19
(6):229-241

470. Solan JL, Lampe PD (2009) Connexin43 phosphorylation: structural changes and
biological effects. The Biochemical journal 419 (2):261-272. do0i:10.1042/B]20082319

471. Laird DW (2006) Life cycle of connexins in health and disease. The Biochemical
journal 394 (Pt 3):527-543. doi:10.1042/BJ20051922

472. ElI-Sabban ME, Abi-Mosleh LF, Talhouk RS (2003) Developmental regulation of
gap junctions and their role in mammary epithelial cell differentiation. Journal of
mammary gland biology and neoplasia 8 (4):463-473.
doi:10.1023/B:JOMG.0000017432.04930.76

473. Cruciani V, Mikalsen SO (2002) Connexins, gap junctional intercellular
communication and kinases. Biology of the cell / under the auspices of the European
Cell Biology Organization 94 (7-8):433-443

474. TenBroek EM, Lampe PD, Solan JL, Reynhout JK, Johnson RG (2001) Ser364 of
connexin43 and the upregulation of gap junction assembly by cAMP. The Journal of
cell biology 155 (7):1307-1318. d0i:10.1083/jcb.200102017

350



References

475. Granot I, Dekel N (1998) Cell-to-cell communication in the ovarian follicle:
developmental and hormonal regulation of the expression of connexin43. Human
reproduction 13 Suppl 4:85-97

476. Dorresteijn AW, Bilinski SM, van den Biggelaar JA, Bluemink ]G (1982) The
presence of gap junctions during early Patella embryogenesis: an electron
microscopical study. Developmental biology 91 (2):397-401

477. Bennett, M.V.L., Spray, D.C. and Harris, A.L. (1981). Gap junctions and
development. Trends Neurosci. 4: 159-163.

478. Hardy K, Warner A, Winston RM, Becker DL (1996) Expression of intercellular
junctions during preimplantation development of the human embryo. Molecular human
reproduction 2 (8):621-632

479. Beyer EC, Paul DL, Goodenough DA (1987) Connexin43: a protein from rat heart
homologous to a gap junction protein from liver. The Journal of cell biology 105 (6 Pt
1):2621-2629

480. Beyer EC, Kistler J, Paul DL, Goodenough DA (1989) Antisera directed against
connexin43 peptides react with a 43-kD protein localized to gap junctions in
myocardium and other tissues. The Journal of cell biology 108 (2):595-605

481. Ahir BK, Pratten MK (2014) Structure and function of gap junction proteins: role
of gap junction proteins in embryonic heart development. The International journal of
developmental biology 58 (9):649-662. doi:10.1387/ijdb.140188dp

482. Vink MJ, Suadicani SO, Vieira DM, Urban-Maldonado M, Gao Y, Fishman GI, Spray
DC (2004) Alterations of intercellular communication in neonatal cardiac myocytes
from connexin43 null mice. Cardiovascular research 62 (2):397-406.
doi:10.1016/j.cardiores.2004.01.015

483. Giepmans BN (2004) Gap junctions and connexin-interacting proteins.
Cardiovascular research 62 (2):233-245. doi:10.1016/j.cardiores.2003.12.009

484. Kirchhoff S, Kim ]S, Hagendorff A, Thonnissen E, Kruger O, Lamers WH, Willecke
K (2000) Abnormal cardiac conduction and morphogenesis in connexin40 and
connexin43 double-deficient mice. Circ Res 87 (5):399-405

485. Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC,
Kidder GM, Rossant ] (1995) Cardiac malformation in neonatal mice lacking
connexin43. Science 267 (5205):1831-1834

486. Ya ], Erdtsieck-Ernste EB, de Boer PA, van Kempen MJ, Jongsma H, Gros D,
Moorman AF, Lamers WH (1998) Heart defects in connexin43-deficient mice. Circ Res
82 (3):360-366

487. Verheule S, Kaese S (2013) Connexin diversity in the heart: insights from
transgenic mouse models. Frontiers in pharmacology 4:81.
doi:10.3389/fphar.2013.00081

488. Landreh M, Robinson CV (2015) A new window into the molecular physiology of
membrane proteins. The Journal of  physiology 593 (2):355-362.
doi:10.1113/jphysiol.2014.283150

351



References

489. Elofsson A, von Heijne G (2007) Membrane protein structure: prediction versus
reality. Annual review of biochemistry 76:125-140.
doi:10.1146/annurev.biochem.76.052705.163539

490. MirAfzali Z, DeWitt DL (2010) Liposomal reconstitution of monotopic integral
membrane proteins. Methods in molecular biology 606:83-94. doi:10.1007/978-1-
60761-447-0_7

491. Chattopadhyay A, Ruysschaert JM (2015) Membrane proteins occupy a central
role in cellular physiology. Introduction. Biochimica et biophysica acta 1848 (9):1727-
1728. doi:10.1016/j.bbamem.2015.06.001

492. Hynes RO (1999) Cell adhesion: old and new questions. Trends Cell Biol 9
(12):M33-37

493. Giancotti FG, Ruoslahti E (1999) Integrin signaling. Science 285 (5430):1028-
1032

494, Ross RS (2004) Molecular and mechanical synergy: cross-talk between integrins
and growth factor receptors. Cardiovascular research 63 (3):381-390.
doi:10.1016/j.cardiores.2004.04.027

495. Humphries MJ (2000) Integrin structure. Biochem Soc Trans 28 (4):311-339

496. Law SK, Gagnon J, Hildreth JE, Wells CE, Willis AC, Wong AJ (1987) The primary
structure of the beta-subunit of the cell surface adhesion glycoproteins LFA-1, CR3 and
p150,95 and its relationship to the fibronectin receptor. The EMBO journal 6 (4):915-
919

497. Israeli-Rosenberg S, Manso AM, Okada H, Ross RS (2014) Integrins and integrin-
associated proteins in the cardiac myocyte. Circ Res 114 (3):572-586.
doi:10.1161/CIRCRESAHA.114.301275

498. LaFlamme SE, Homan SM, Bodeau AL, Mastrangelo AM (1997) Integrin
cytoplasmic domains as connectors to the cell's signal transduction apparatus. Matrix
biology : journal of the International Society for Matrix Biology 16 (4):153-163

499. Wang N, Tytell JD, Ingber DE (2009) Mechanotransduction at a distance:
mechanically coupling the extracellular matrix with the nucleus. Nature reviews
Molecular cell biology 10 (1):75-82. doi:10.1038/nrm2594

500. Wary KK, Mainiero F, Isakoff SJ, Marcantonio EE, Giancotti FG (1996) The adaptor
protein Shc couples a class of integrins to the control of cell cycle progression. Cell 87
(4):733-743

501. Hannigan GE, Leung-Hagesteijn C, Fitz-Gibbon L, Coppolino MG, Radeva G,
Filmus J, Bell JC, Dedhar S (1996) Regulation of cell adhesion and anchorage-
dependent growth by a new beta 1-integrin-linked protein kinase. Nature 379
(6560):91-96. doi:10.1038/379091a0

502. Guan JL, Shalloway D (1992) Regulation of focal adhesion-associated protein
tyrosine kinase by both cellular adhesion and oncogenic transformation. Nature 358
(6388):690-692. doi:10.1038/358690a0

352



References

503. Chen HC, Appeddu PA, Parsons JT, Hildebrand JD, Schaller MD, Guan JL (1995)
Interaction of focal adhesion kinase with cytoskeletal protein talin. The Journal of
biological chemistry 270 (28):16995-16999

504. Lewis IJM, Schwartz MA (1995) Mapping in vivo associations of cytoplasmic
proteins with integrin beta 1 cytoplasmic domain mutants. Molecular biology of the cell
6 (2):151-160

505. Schaller MD, Otey CA, Hildebrand 1D, Parsons JT (1995) Focal adhesion kinase
and paxillin bind to peptides mimicking beta integrin cytoplasmic domains. The Journal
of cell biology 130 (5):1181-1187

506. Prowse AB, Chong F, Gray PP, Munro TP (2011) Stem cell integrins: implications
for ex-vivo culture and cellular therapies. Stem cell research 6 (1):1-12.
doi:10.1016/j.scr.2010.09.005

507. Stephens LE, Sutherland AE, Klimanskaya IV, Andrieux A, Meneses J, Pedersen
RA, Damsky CH (1995) Deletion of beta 1 integrins in mice results in inner cell mass
failure and peri-implantation lethality. Genes & development 9 (15):1883-1895

508. Liu J, He X, Corbett SA, Lowry SF, Graham AM, Fassler R, Li S (2009) Integrins
are required for the differentiation of visceral endoderm. Journal of cell science 122
(Pt 2):233-242. do0i:10.1242/jcs.037663

509. Flanagan LA, Rebaza LM, Derzic S, Schwartz PH, Monuki ES (2006) Regulation of
human neural precursor cells by laminin and integrins. Journal of neuroscience
research 83 (5):845-856. do0i:10.1002/jnr.20778

510. Pham CG, Harpf AE, Keller RS, Vu HT, Shai SY, Loftus JC, Ross RS (2000) Striated
muscle-specific beta(1D)-integrin and FAK are involved in cardiac myocyte
hypertrophic response pathway. American journal of physiology Heart and circulatory
physiology 279 (6):H2916-2926

511. Keller RS, Shai SY, Babbitt CJ, Pham CG, Solaro RJ, Valencik ML, Loftus JC, Ross
RS (2001) Disruption of integrin function in the murine myocardium leads to perinatal
lethality, fibrosis, and abnormal cardiac performance. The American journal of
pathology 158 (3):1079-1090. d0i:10.1016/5S0002-9440(10)64055-2

512. Fassler R, Rohwedel J, Maltsev V, Bloch W, Lentini S, Guan K, Gullberg D,
Hescheler J, Addicks K, Wobus AM (1996) Differentiation and integrity of cardiac
muscle cells are impaired in the absence of beta 1 integrin. Journal of cell science 109
( Pt 13):2989-2999

513. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement with
the Folin phenol reagent. The Journal of biological chemistry 193 (1):265-275

514. Thacker ]S, Yeung DH, Staines WR, Mielke JG (2016) Total protein or high-
abundance protein: Which offers the best loading control for Western blotting?
Analytical biochemistry 496:76-78. doi:10.1016/j.ab.2015.11.022

515. Wu Y, Wu M, He G, Zhang X, Li W, Gao Y, Li Z, Wang Z, Zhang C (2012)
Glyceraldehyde-3-phosphate dehydrogenase: a universal internal control for Western
blots in prokaryotic and eukaryotic cells. Analytical biochemistry 423 (1):15-22.
doi:10.1016/j.ab.2012.01.012

353



References

516. Greer S, Honeywell R, Geletu M, Arulanandam R, Raptis L (2010) Housekeeping
genes; expression levels may change with density of cultured cells. Journal of
immunological methods 355 (1-2):76-79. doi:10.1016/j.jim.2010.02.006

517. Li R, Shen Y (2013) An old method facing a new challenge: re-visiting
housekeeping proteins as internal reference control for neuroscience research. Life Sci
92 (13):747-751. doi:10.1016/j.1fs.2013.02.014

518. Wiens D, Jensen L, Jasper ], Becker ] (1995) Developmental expression of
connexins in the chick embryo myocardium and other tissues. The Anatomical record
241 (4):541-553. doi:10.1002/ar.1092410412

519. Couvelard A, Bringuier AF, Dauge MC, Nejjari M, Darai E, Benifla JL, Feldmann G,
Henin D, Scoazec JY (1998) Expression of integrins during liver organogenesis in
humans. Hepatology 27 (3):839-847. d0i:10.1002/hep.510270328

520. Prados J, Melguizo C, Aranega AE, Fernandez JE, Alvarez L, Aranega A (1993)
Production of a new monoclonal antibody recognizing alpha-actinin: analysis of the
changes in subcellular expression in the developing chick heart. Cellular and molecular
biology 39 (1):93-103

521. Ahir BK, Pratten MK (2016) The impact of caffeine on connexin expression in the
embryonic chick cardiomyocyte micromass culture system. Journal of applied
toxicology : JAT 36 (7):903-913. doi:10.1002/jat.3219

522. Fernandez-Cobo M, Gingalewski C, Drujan D, De Maio A (1999) Downregulation
of connexin 43 gene expression in rat heart during inflammation. The role of tumour
necrosis factor. Cytokine 11 (3):216-224. d0i:10.1006/cyt0.1998.0422

523. Oyamada M, Oyamada Y, Takamatsu T (2005) Regulation of connexin expression.
Biochimica et biophysica acta 1719 (1-2):6-23. d0i:10.1016/j.bbamem.2005.11.002

524. Harris AL (2001) Emerging issues of connexin channels: biophysics fills the gap.
Quarterly reviews of biophysics 34 (3):325-472

525. Warren AP, Owens CN, Borysiewicz LK, Patel K (1994) Down-regulation of integrin
alpha 1/beta 1 expression and association with cell rounding in human
cytomegalovirus-infected fibroblasts. The Journal of general virology 75 ( Pt 12):3319-
3325. do0i:10.1099/0022-1317-75-12-3319

526. Jones J, Berkhoff S, Weich E, Engl T, Wedel S, Relja B, Jonas D, Blaheta RA
(2007) Transient down-regulation of betal integrin subtypes on kidney carcinoma cells
is induced by mechanical contact with endothelial cell membranes. Journal of cellular
and molecular medicine 11 (4):826-838. doi:10.1111/j.1582-4934.2007.00071.x

527. Buda A, Qualtrough D, Jepson MA, Martines D, Paraskeva C, Pignatelli M (2003)
Butyrate downregulates alpha2betal integrin: a possible role in the induction of
apoptosis in colorectal cancer cell lines. Gut 52 (5):729-734

528. Xu X, Francis R, Wei CJ, Linask KL, Lo CW (2006) Connexin 43-mediated
modulation of polarized cell movement and the directional migration of cardiac neural
crest cells. Development 133 (18):3629-3639. doi:10.1242/dev.02543

354



References

529. Czyz J, Guan K, Zeng Q, Wobus AM (2005) Loss of beta 1 integrin function results
in upregulation of connexin expression in embryonic stem cell-derived cardiomyocytes.
The International  journal of  developmental biology 49 (1):33-41.
doi:10.1387/ijdb.041835jc

530. Sheng 1], Feng HZ, Pinto JR, Wei H, Jin JP (2015) Increases of desmin and alpha-
actinin in mouse cardiac myofibrils as a response to diastolic dysfunction. Journal of
molecular and cellular cardiology. doi:10.1016/j.yjmcc.2015.10.035

531. Clement S, Stouffs M, Bettiol E, Kampf S, Krause KH, Chaponnier C, Jaconi M
(2007) Expression and function of alpha-smooth muscle actin during embryonic-stem-
cell-derived cardiomyocyte differentiation. Journal of cell science 120 (Pt 2):229-238.
doi:10.1242/jcs.03340

532. Rorth P (2012) Fellow travellers: emergent properties of collective cell migration.
EMBO reports 13 (11):984-991. doi:10.1038/embor.2012.149

533. Theveneau E, Mayor R (2012) Cadherins in collective cell migration of
mesenchymal cells. Current opinion in cell biology 24 (5):677-684.
doi:10.1016/j.ceb.2012.08.002

534. Friedl P, Gilmour D (2009) Collective cell migration in morphogenesis,
regeneration and cancer. Nature reviews Molecular cell biology 10 (7):445-457.
doi:10.1038/nrm2720

535. Horwitz R, Webb D (2003) Cell migration. Current biology : CB 13 (19):R756-
759

536. Lauffenburger DA, Horwitz AF (1996) Cell migration: a physically integrated
molecular process. Cell 84 (3):359-369

537. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, Parsons
JT, Horwitz AR (2003) Cell migration: integrating signals from front to back. Science
302 (5651):1704-1709. doi:10.1126/science.1092053

538. Scarpa E, Mayor R (2016) Collective cell migration in development. The Journal
of cell biology 212 (2):143-155. doi:10.1083/jcb.201508047

539. Wang X, He L, Wu YI, Hahn KM, Montell DJ (2010) Light-mediated activation
reveals a key role for Rac in collective guidance of cell movement in vivo. Nature cell
biology 12 (6):591-597. d0i:10.1038/ncb2061

540. Welch MD, Mullins RD (2002) Cellular control of actin nucleation. Annual review
of cell and developmental biology 18:247-288.
doi:10.1146/annurev.cellbio.18.040202.112133

541. Pollard TD, Borisy GG (2003) Cellular motility driven by assembly and
disassembly of actin filaments. Cell 112 (4):453-465

542. Petrie R], Doyle AD, Yamada KM (2009) Random versus directionally persistent
cell migration. Nature reviews Molecular cell biology 10 (8):538-549.
doi:10.1038/nrm2729

355



References

543. Etienne-Manneville S (2004) Cdc42--the centre of polarity. Journal of cell science
117 (Pt 8):1291-1300. doi:10.1242/jcs.01115

544. Etienne-Manneville S, Hall A (2001) Integrin-mediated activation of Cdc42
controls cell polarity in migrating astrocytes through PKCzeta. Cell 106 (4):489-498

545. Small ]V, Kaverina I (2003) Microtubules meet substrate adhesions to arrange
cell polarity. Current opinion in cell biology 15 (1):40-47

546. Webb DJ, Parsons JT, Horwitz AF (2002) Adhesion assembly, disassembly and
turnover in migrating cells -- over and over and over again. Nature cell biology 4
(4):E97-100. doi:10.1038/ncb0402-e97

547. Alahari SK, Reddig PJ, Juliano RL (2002) Biological aspects of signal transduction
by cell adhesion receptors. International review of cytology 220:145-184

548. Turner CE, West KA, Brown MC (2001) Paxillin-ARF GAP signaling and the
cytoskeleton. Current opinion in cell biology 13 (5):593-599

549. Brahmbhatt AA, Klemke RL (2003) ERK and RhoA differentially regulate
pseudopodia growth and retraction during chemotaxis. The Journal of biological
chemistry 278 (15):13016-13025. doi:10.1074/jbc.M211873200

550. Lombardi ML, Knecht DA, Lee J (2008) Mechano-chemical signaling maintains the
rapid movement of Dictyostelium cells. Experimental cell research 314 (8):1850-1859.
doi:10.1016/j.yexcr.2008.02.001

551. Hendey B, Klee CB, Maxfield FR (1992) Inhibition of neutrophil chemokinesis on
vitronectin by inhibitors of calcineurin. Science 258 (5080):296-299

552. Glading A, Lauffenburger DA, Wells A (2002) Cutting to the chase: calpain
proteases in cell motility. Trends Cell Biol 12 (1):46-54

553. Hulkower KI, Herber RL (2011) Cell migration and invasion assays as tools for
drug discovery. Pharmaceutics 3 (1):107-124. doi:10.3390/pharmaceutics3010107

554. Chin AC, Padmanabhan ], Oh SK, Choo AB (2010) Defined and serum-free media
support undifferentiated human embryonic stem cell growth. Stem cells and
development 19 (6):753-761. doi:10.1089/scd.2009.0210

555. Pelham RJ, Jr., Wang Y (1999) High resolution detection of mechanical forces
exerted by locomoting fibroblasts on the substrate. Molecular biology of the cell 10
(4):935-945

556. Wakatsuki T, Schwab B, Thompson NC, Elson EL (2001) Effects of cytochalasin D
and latrunculin B on mechanical properties of cells. Journal of cell science 114 (Pt
5):1025-1036

557. Weng CJ, Wu CF, Huang HW, Ho CT, Yen GC (2010) Anti-invasion effects of 6-
shogaol and 6-gingerol, two active components in ginger, on human hepatocarcinoma
cells. Molecular nutrition & food research 54 (11):1618-1627.
do0i:10.1002/mnfr.201000108

356



References

558. Weakley SM, Wang X, Mu H, Lu J, Lin PH, Yao Q, Chen C (2011) Ginkgolide A-
gold nanoparticles inhibit vascular smooth muscle proliferation and migration in vitro
and reduce neointimal hyperplasia in a mouse model. The Journal of surgical research
171 (1):31-39. d0i:10.1016/j.jss.2011.03.018

559. Liu X, Sun W, Zhao Y, Chen B, Wu W, Bao L, Qi R (2015) Ginkgolide B Inhibits
JAM-A, Cx43, and VE-Cadherin Expression and Reduces Monocyte Transmigration in
Oxidized LDL-Stimulated Human Umbilical Vein Endothelial Cells. Oxidative medicine
and cellular longevity 2015:907926. d0i:10.1155/2015/907926

560. Tang Y, Huang B, Sun L, Peng X, Chen X, Zou X (2011) Ginkgolide B promotes
proliferation and functional activities of bone marrow-derived endothelial progenitor
cells: involvement of Akt/eNOS and MAPK/p38 signaling pathways. European cells &
materials 21:459-469

561. Shi AW, Wang XB, Lu FX, Zhu MM, Kong XQ, Cao KJ (2009) Ginsenoside Rg1l
promotes endothelial progenitor cell migration and proliferation. Acta pharmacologica
Sinica 30 (3):299-306. do0i:10.1038/aps.2009.6

562. Uno M, Kokuryo T, Yokoyama Y, Senga T, Nagino M (2016) alpha-Bisabolol
Inhibits Invasiveness and Motility in Pancreatic Cancer Through KISS1R Activation.
Anticancer research 36 (2):583-589

563. Baharara J, Ramezani T, Mousavi M, Kouhestanian K (2015) Eugenol Suppressed
Metastasis of Breast Carcinoma Cells and Migration by Regulation of MMP-9 & Paxilin
Gene Expression. Scholars Journal of Agriculture and Veterinary Sciences 2B (2):125-
130

564. American Diabetes Association. Diagnhosis and classification of diabetes mellitus.
Diabetes Care 2009;32(Suppl. 1):562-7.

565. The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus.
Report of the Expert Committee on the Diagnosis and Classification of Diabetes
Mellitus. Diabetes Care 2003;26:55-520.

566. Gabbay-Benziv R, Reece EA, Wang F, Yang P (2015) Birth defects in
pregestational diabetes: Defect range, glycemic threshold and pathogenesis. World
journal of diabetes 6 (3):481-488. d0i:10.4239/wjd.v6.i3.481

567. Buchanan TA, Denno KM, Sipos GF, Sadler TW (1994) Diabetic teratogenesis. In
vitro evidence for a multifactorial etiology with little contribution from glucose per se.
Diabetes 43 (5):656-660

568. Sadler TW, Hunter ES, 3rd, Wynn RE, Phillips LS (1989) Evidence for multifactorial
origin of diabetes-induced embryopathies. Diabetes 38 (1):70-74

569. Schaefer-Graf UM, Buchanan TA, Xiang A, Songster G, Montoro M, Kjos SL (2000)
Patterns of congenital anomalies and relationship to initial maternal fasting glucose
levels in pregnancies complicated by type 2 and gestational diabetes. Am J Obstet
Gynecol 182 (2):313-320

570. Platt MJ], Stanisstreet M, Casson IF, Howard CV, Walkinshaw S, Pennycook S,
McKendrick O (2002) St Vincent's Declaration 10 years on: outcomes of diabetic

357



References

pregnancies. Diabetic medicine : a journal of the British Diabetic Association 19
(3):216-220

571. Wang F, Reece EA, Yang P (2015) Advances in revealing the molecular targets
downstream of oxidative stress-induced proapoptotic kinase signaling in diabetic
embryopathy. Am J Obstet Gynecol 213 (2):125-134. d0i:10.1016/j.2jog.2015.01.016

572. Zhao Z (2010) Cardiac malformations and alteration of TGFbeta signaling system
in diabetic embryopathy. Birth defects research Part B, Developmental and
reproductive toxicology 89 (2):97-105. doi:10.1002/bdrb.20225

573. Loffredo CA, Wilson PD, Ferencz C (2001) Maternal diabetes: an independent risk
factor for major cardiovascular malformations with increased mortality of affected
infants. Teratology 64 (2):98-106. doi:10.1002/tera.1051

574. Eriksson UJ (2009) Congenital anomalies in diabetic pregnancy. Seminars in fetal
& neonatal medicine 14 (2):85-93. doi:10.1016/j.siny.2008.11.001

575. Memon S, Pratten MK (2013) Teratogenic effects of diabetic conditions in chick
heart in ovo and in micromass culture may be prevented by addition of vitamin C and
folic acid. Reproductive toxicology 35:117-124. doi:10.1016/j.reprotox.2012.10.007

576. Wentzel P, Eriksson U] (2005) A diabetes-like environment increases
malformation rate and diminishes prostaglandin E(2) in rat embryos: reversal by
administration of vitamin E and folic acid. Birth defects research Part A, Clinical and
molecular teratology 73 (7):506-511. doi:10.1002/bdra.20145

577. Wang F, Fisher SA, Zhong J, Wu Y, Yang P (2015) Superoxide Dismutase 1 In
Vivo Ameliorates Maternal Diabetes Mellitus-Induced Apoptosis and Heart Defects
Through Restoration of Impaired Wnt Signaling. Circulation Cardiovascular genetics 8
(5):665-676. doi:10.1161/CIRCGENETICS.115.001138

578. Pelletier A, Coderre L (2007) Ketone bodies alter dinitrophenol-induced glucose
uptake through AMPK inhibition and oxidative stress generation in adult
cardiomyocytes. American journal of physiology Endocrinology and metabolism 292
(5):E1325-1332. doi:10.1152/ajpendo.00186.2006

579. Lee AT, Reis D, Eriksson U] (1999) Hyperglycemia-induced embryonic
dysmorphogenesis correlates with genomic DNA mutation frequency in vitro and in
vivo. Diabetes 48 (2):371-376

580. Brade T, Pane LS, Moretti A, Chien KR, Laugwitz KL (2013) Embryonic heart
progenitors and cardiogenesis. Cold Spring Harbor perspectives in medicine 3
(10):a013847. doi:10.1101/cshperspect.a013847

581. Roest PA, van Iperen L, Vis S, Wisse L], Poelmann RE, Steegers-Theunissen RP,
Molin DG, Eriksson UJ, Gittenberger-De Groot AC (2007) Exposure of neural crest cells
to elevated glucose leads to congenital heart defects, an effect that can be prevented
by N-acetylcysteine. Birth defects research Part A, Clinical and molecular teratology
79 (3):231-235. doi:10.1002/bdra.20341

582. Suzuki N, Svensson K, Eriksson U] (1996) High glucose concentration inhibits
migration of rat cranial neural crest cells in vitro. Diabetologia 39 (4):401-411

358



References

583. Hunter ES, 3rd, Sadler TW (1987) D-(-)-beta-hydroxybutyrate-induced effects
on mouse embryos in vitro. Teratology 36 (2):259-264. doi:10.1002/tera.1420360214

584. Shum L, Sadler TW (1990) Biochemical basis for D,L,-beta-hydroxybutyrate-
induced teratogenesis. Teratology 42 (5):553-563. do0i:10.1002/tera.1420420512

585. Forsbach-Sanchez G, Tamez-Perez HE, Vazquez-Lara ] (2005) Diabetes and
pregnancy. Archives of medical research 36 (3):291-299.
doi:10.1016/j.arcmed.2005.03.001

586. Banhidy F, Acs N, Puho EH, Czeizel AE (2010) Congenital abnormalities in the
offspring of pregnant women with type 1, type 2 and gestational diabetes mellitus: a
population-based case-control study. Congenital anomalies 50 (2):115-121.
doi:10.1111/j.1741-4520.2010.00275.x

587. T. Farrell LNaTC (2002) Congenital anomalies in the offspring of women with Type
1, Type 2 and gestational diabetes. Diabetic Medicine, 19:322-326

588. Molin DG, Roest PA, Nordstrand H, Wisse LJ, Poelmann RE, Eriksson U],
Gittenberger-De Groot AC (2004) Disturbed morphogenesis of cardiac outflow tract
and increased rate of aortic arch anomalies in the offspring of diabetic rats. Birth
defects research Part A, Clinical and molecular teratology 70 (12):927-938.
doi:10.1002/bdra.20101

589. Priest JR, Yang W, Reaven G, Knowles JW, Shaw GM (2015) Maternal
Midpregnancy Glucose Levels and Risk of Congenital Heart Disease in Offspring. JAMA
pediatrics 169 (12):1112-1116. doi:10.1001/jamapediatrics.2015.2831

590. Viana M, Aruoma O, Herrera E, Bonet B (2000) Oxidative damage in pregnant
diabetic rats and their embryos. Free Radical Biology & Medicine 29 (11):1115-1121

591. Sakamaki H, Akazawa S, Ishibashi M, Izumino K, Takino H, Yamasaki H,
Yamaguchi Y, Goto S, Urata Y, Kondo T, Nagataki S (1999) Significance of glutathione-
dependent antioxidant system in diabetes-induced embryonic malformations. Diabetes
48 (5):1138-1144

592. Dincer Y, Akcay T, Alademir Z, Ilkova H (2002) Assessment of DNA base oxidation
and glutathione level in patients with type 2 diabetes. Mutation research 505 (1-2):75-
81

593. Evans JL, Goldfine ID, Maddux BA, Grodsky GM (2002) Oxidative stress and
stress-activated signaling pathways: a unifying hypothesis of type 2 diabetes.
Endocrine reviews 23 (5):599-622. doi:10.1210/er.2001-0039

594. Fiorentino TV, Prioletta A, Zuo P, Folli F (2013) Hyperglycemia-induced oxidative
stress and its role in diabetes mellitus related cardiovascular diseases. Current
pharmaceutical design 19 (32):5695-5703

595. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, Yorek
MA, Beebe D, Oates PJ, Hammes HP, Giardino I, Brownlee M (2000) Normalizing
mitochondrial superoxide production blocks three pathways of hyperglycaemic
damage. Nature 404 (6779):787-790. doi:10.1038/35008121

359



References

596. Dempsey EC, Newton AC, Mochly-Rosen D, Fields AP, Reyland ME, Insel PA,
Messing RO (2000) Protein kinase C isozymes and the regulation of diverse cell
responses. American journal of physiology Lung cellular and molecular physiology 279
(3):L429-438

597. Srivastava AK (2002) High glucose-induced activation of protein kinase signaling
pathways in vascular smooth muscle cells: a potential role in the pathogenesis of
vascular dysfunction in diabetes (review). International journal of molecular medicine
9 (1):85-89

598. Lima PH, Sinzato YK, de Souza Mda S, Braz MG, Rudge MV, Damasceno DC (2007)
Evaluation of level of DNA damage in blood leukocytes of non-diabetic and diabetic rat
exposed to cigarette smoke. Mutation research 628 (2):117-122.
doi:10.1016/j.mrgentox.2006.12.004

599. Bockman DE, Redmond ME, Waldo K, Davis H, Kirby ML (1987) Effect of neural
crest ablation on development of the heart and arch arteries in the chick. The American
journal of anatomy 180 (4):332-341. doi:10.1002/aja.1001800403

600. Morgan SC, Relaix F, Sandell LL, Loeken MR (2008) Oxidative stress during
diabetic pregnancy disrupts cardiac neural crest migration and causes outflow tract
defects. Birth defects research Part A, Clinical and molecular teratology 82 (6):453-
463. doi:10.1002/bdra.20457

601. Balistreri M, Davis JA, Campbell KF, Da Rocha AM, Treadwell MC, Herron TJ (2017)
Effect of Glucose on 3D Cardiac Microtissues Derived from Human Induced Pluripotent
Stem Cells. Pediatric cardiology. doi:10.1007/s00246-017-1698-2

602. Fayfman M, Pasquel FJ, Umpierrez GE (2017) Management of Hyperglycemic
Crises: Diabetic Ketoacidosis and Hyperglycemic Hyperosmolar State. The Medical
clinics of North America 101 (3):587-606. doi:10.1016/j.mcna.2016.12.011

603. Parasuraman S, Thing GS, Dhanaraj SA (2014) Polyherbal formulation: Concept
of ayurveda. Pharmacognosy reviews 8 (16):73-80. doi:10.4103/0973-7847.134229

604. TEM, AEO, IAA, OEM, ES I (2013) The expanding market for herbal, medicinal
and aromatic plants in nigeria and the international scene. Medicinal and Aromatic
Plants 2 (6)

605. Bent S, Ko R (2004) Commonly used herbal medicines in the United States: a
review. The American journal of medicine 116 (7):478-485.
doi:10.1016/j.amjmed.2003.10.036

606. Schweitzer A (2006) Dietary supplements during pregnancy. The Journal of
perinatal education 15 (4):44-45. doi:10.1624/105812406X107834

607. Raffman G (2000) Herbal remedy ripoffs. D Magazine:39-44

608. Escarcega-Gonzalez CE, Reynoso-Andeola IG, Jaramillo-Juarez F, Martinez-
Ruvalcaba H, Posadas Del Rio FA (2016) The Ginkgo biloba Extract Reverses the Renal
Effects of Titanium Dioxide Nanoparticles in Adult Male Rats. Biochemistry research
international 2016:5781579. do0i:10.1155/2016/5781579

360



References

609. Chen XC, Zhou YC, Chen Y, Zhu YG, Fang F, Chen LM (2005) Ginsenoside Rgl
reduces MPTP-induced substantia nigra neuron loss by suppressing oxidative stress.
Acta pharmacologica Sinica 26 (1):56-62. doi:10.1111/j.1745-7254.2005.00019.x

610. Nagababu E, Rifkind JM, Boindala S, Nakka L (2010) Assessment of antioxidant
activity of eugenol in vitro and in vivo. Methods in molecular biology 610:165-180.
doi:10.1007/978-1-60327-029-8_10

611. Loffredo C, Wilson P, Ferencz C (2001) Maternal diabetes: An independent risk
factor for major cardiovascular malformations with increased mortality of affected
infants. Teratology 64 (2):98-106. doi:10.1002/tera.1051

612. Ornoy A (2007) Embryonic oxidative stress as a mechanism of teratogenesis with

special emphasis on diabetic embryopathy. Reproductive Toxicology 24 (1):31-41.
doi:10.1016/j.reprotox.2007.04.004

361



