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General Introduction

OVERVIEW
In recent years, scientific studies have revealed that ageing and health in adult life are programmed
by genetic and epigenetic adaptations that take place during early prenatal life [1]. This critical
window of programming occurs during peri-conception oocyte and embryo development and is a
period during which developmental plasticity is vulnerable to disturbance in response to
environmental conditions [2]; the molecular pathways involved in embryo metabolism and adaptation
to environmental stress subsequently regulate or modify long-term postnatal health and aging [3, 4].
The developmental plasticity of mammalian embryos in response to the environment indicates a
capacity of new emerging cell lines, both embryonic and extra-embryonic, to undergo compensatory
changes that adapt the needs of the developing fetus to predicted extra-uterine conditions [5]. Within
this expanding field of developmental programming, the EpiHealth project (FP7-EpiHealth
N°278418) was funded by the European Commission, followed by the Initial Training Network sister
project EpiHealthNet (FP7-PEOPLE-2012-ITN, 317146). Both projects were focused on the study of
these early events and on the development of suitable in vitro and in vivo models to help improve our
understanding of underlying processes. Nine full academic and non-academic European partners
aimed to use a range of human stem cell lines, animal models and bioinformatics tools to investigate
and understand in detail the underlying mechanisms linking embryonic programming to long-term
disease risks with the aim of developing early prevention strategies to avoid the negative health effects
and promote healthy human ageing.
This thesis proposes a model, based on human embryonic stem cells, that addresses some aspects of
two major adverse health conditions that can occur during early human pregnancy; on the one hand
diabetes mellitus type 2 (DM2) and obesity, conditions affecting a large proportion of the first world’s
population, for which the long-term and transgenerational consequences for babies born from affected
mothers is still not fully understood; and, on the other hand, assisted reproductive techniques (ART),
that allow the birth of about 5 million ‘test tube’ babies per year [6], but are known to increase
imprinting related-disorders in the resulting human offspring [7, 8].
The prevalence of adult metabolic and cardiovascular diseases (CVD) continues to increase
worldwide at a near epidemic rate. Diabetes now affects nearly 9% of the world’s population [9, 10]
and the prevalence of overweight is estimated at 30-80% of adults in the World Health Organization
(WHO) European Region and up to one third of children. The incidence of diabetes is increasing,
with the worldwide prevalence estimated to double by 2030, primarily because of increasingly
sedentary lifestyles and obesity [10]. Diabetes and obesity are closely linked, with more than 70% of
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diabetics being overweight, and both are associated with severe complications, including
cardiovascular dysfunction, which represents the main cause of mortality in affected countries.
The pioneering epidemiological studies of Professor David Barker [11] first demonstrated that
susceptibility to adult diseases such as coronary heart disease, stroke, hypertension, DM2, obesity
and osteoporosis, have a strong independent correlation with early life conditions such as underweight
at birth, together with adult lifestyle risk factors. The concept of the Developmental Origins of Health
and Disease (DOHaD) proposes a relationship between a healthy postnatal phenotype and
developmental programming [12]. This view has been consolidated and confirmed in many
epidemiological studies on diverse global populations [13, 14]; the underlying mechanisms are now
being explored using a variety of animal models [15-17].

HUMAN EMBRYONIC STEM CELLS
Human embryonic stem cells (hESC), generated under strict ethical control (*), provide a valuable in
vitro model system for studying human embryo development. For decades, in vitro culture systems
have been used to elucidate mechanisms involved in oxidative stress and to analyse the protective
effect of antioxidants, providing a substantial body of information [18, 19]. However, very few and
conflicting data are found in the literature with regard to pro-oxidant doses and effects, and while
some have demonstrated how long-term oxidative stress can affect different cell types, most of the
knowledge in this field is derived from differentiated cells, and only limited information is available
on hESCs. Some studies have suggested that somatic and ESCs respond differently to oxidative stress
[20, 21], although the underlying mechanisms of this differential response remain unknown. The
interest in the response of ESCs relies in their particular characteristics, since they reflect some critical
features of the embryo’s inner cell mass (ICM), showing immature depolarized mitochondria with a
spherical shape and meeting their energy requirements predominantly via anaerobic glycolysis [22,
23]; this contrasts to differentiated cells, in which the mitochondria are elongated and have a higher
membrane potential and O2 consumption [24, 25].
Classically, the investigation of cellular and molecular mechanisms driving human development and
disease has used the generation of genetically modified animal models. Nonetheless, numerous
human phenotypes fail to be successfully replicated in murine or other animal models, mainly due to
the numerous biological differences between species. The derivation of hESCs [26] opened the
possibility to grow these cells indefinitely, and utilize their potential to give rise to all cell derivatives
of the three germ layers, including cardiomyocytes (CMs) for the study of cardiovascular related
diseases. Finding an optimal source for the differentiation of functional human CMs has therefore
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become a central topic in cardiovascular biology, and much effort has been made to address this issue
[27, 28]. Thus, hESCs have allowed the development of in vitro models that facilitate the
investigation of human diseases, addressing specific mechanisms at the cellular level. In this thesis,
hESCs have been used to develop a model for the investigation of oxidative stress effects on the cells
of the early embryo during the preimplantation window of gestation.
(*) All the work done involving the use of embryonic stem cells (culture and neural and cardiac
differentiation of HUES1, HUES3, HUES7 and HUES9– Harvard University, Cambridge, USA,
2004) has been performed in accordance with the following legislation:
“Law 40/2004 chapter 6, art.13-14 on the protection of the human embryo and assisted reproduction
procedures. ORDINANZA 30 maggio 2003 Proroga dell’efficacia dell’ordinanza concernente il
divieto di practica di clonazione umana (GU n.158 del10-7-2003).”
The issue of the research use of human ES cells has been also debated in public in a press conference
held in 2006 in Rome, where Italian scientists reaffirmed that research on imported human ES cell
lines

is

legal

in

Italy

(Nature

2006,

442:

229;

www.nature.com/nature/journal/v442/n7100/full/442229a.html).

Figure 1. Summary of the in vitro derivation and characteristics of human embryonic stem cells. Representative
pictures of undifferentiated and differentiated cells used in this thesis. Scale bars: 100µm.
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OXIDATIVE STRESS
Oxidative stress results from an imbalance between reactive oxygen species (ROS) production and
the cellular antioxidant defences that prevent oxidative damage [29]. ROS are normally produced via
oxygen metabolism and are considered major players in basal and pathological redox cell signalling.
ROS levels, and their biological effects, are regulated by the antioxidant capacity of biological
systems to neutralize, detoxify and repair the damage caused to the cells [30].
Oxygen species that are more reactive than free oxygen are collectively known as ROS and comprise
the superoxide radical (O2•−), hydrogen peroxide (H2O2), hydroxyl radical (OH), singlet oxygen, and
nitric oxide (NO) [31]. O2•− is formed when electrons leak from the electron transport chain, and the
dismutation of O2•− results in the formation of H2O2. For its part, the OH radical is highly reactive
and can modify purines and pyrimidines, and cause DNA strand breaks resulting in significant DNA
damage [32]. ROS such as O2•− and H2O2 are generated from a number of sources including
mitochondria, NADPH oxidases, xanthine oxidase, cytochrome p450 and nitric oxide synthase. Since
O2•− is produced from oxygen, oxygen concentration or hypoxic conditions have a significant impact
on the total amount of ROS. O2•− reacts with NO to generate peroxynitrite, which inhibits endothelial
function [33], while it can also be rapidly converted to H2O2 by superoxide dismutases (SODs) [34].
Since H2O2 is relatively stable and does not react with NO, it has been proposed to function as a
second messenger in physiological redox signalling.
The biological effects of ROS within the cell are dependent on their amount, duration, source,
subcellular localization and type of species. Identifying direct molecular targets of ROS in each cell
type is important to understand the cellular mechanisms of redox regulation [35]. Moreover, ROS
have now been implicated in more than 100 diseases [36]. Reactive ROS-induced oxidation can result
in harmful effects such as lipid peroxidation, cell-membrane disintegration, membrane-protein
damage and DNA mutation, leading to the initiation and propogation of cancers, DM2,
neurodegenerative disorders, ageing and CVD [37].
The peroxidised lipid products have been reported to accumulate in oxidative stressed individuals,
and to play an important role in ageing, as well as pathological processes such as DM2 and
atherosclerosis; which are often triggered by free radical–mediated cell damage in a positive feedback
cycle with ROS [38]. Another well-established oxidative stress biomarker is the Nuclear Factor
kappa-light-chain-enhancer of activated B cells (NFkβ), which is translocated into the nucleus of cells
responding to inflammatory processes [39] and involved in adaptive immune conditions [40]. NFkβ
then binds to specific DNA sequences in the regulatory regions of its target genes, inducing the
expression of a multitude of genes involved in inflammation and proliferation [41]. Under normal
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physiological conditions, a balance between ROS production and the antioxidant enzyme system is
maintained. In order to keep a normal intracellular redox homeostasis several mechanisms have
emerged during evolution to limit and neutralize excessive ROS and prevent it from damaging the
cellular structure [38]. For the most part, this protection relies on antioxidant substances, such as
pyruvate or glutathione, and on the activation of the Nuclear factor (erythroid-derived 2)-like 2
(Nrf2)-Antioxidant Response Element (ARE) signalling pathway, which controls the expression of
genes for which the protein products are involved in the detoxification and elimination of ROS and
electrophilic agents through conjugative reactions, and by reinforcing cellular antioxidant capacity
[42, 43].
The increase in cellular ROS induced by high glucose can mediate several of the cellular responses
of hyperglycaemia in vitro. However, the pathophysiological importance of such investigations is
limited because of the non-physiological conditions of cell culture, not least because most cell culture
media contain high glucose concentrations (25mM). It might, therefore, be necessary to adapt cells
to very high glucose under basal conditions that together with a high CO2 concentration (21%), are
very different from the in vivo situation [29].

HYDROGEN PEROXIDE
Hydrogen peroxide is a physiological constituent of living cells and is continuously produced via
diverse cellular pathways. Several experimental models have been used to investigate the
physiological functions and toxic effects of oxidative stress responses, or cytoprotective effects of
antioxidant agents, of cultured cells exposed to H2O2 added to the culture medium [44]. H2O2 itself
is not a very reactive oxidant, but it is seen as a risk because it can be activated by its interaction with
transition metals, mostly reduced iron (Fe2+) or cooper (Cu2+) ions, with the consequent formation of
the extremely reactive OH radical [40] which reacts with many cellular components [45]. Hydrogen
peroxide has also been implicated in the regulation of the transcription factor NFkβ, a key modulator
of the inflammatory process and during adaptative immunity, and as an agent able to control the
activation of the NFkβ pathway by other agents [40].
The intracellular concentration of H2O2 is tightly controlled by various enzymatic and non-enzymatic
antioxidant systems and is assumed to vary between 1 and 700 μM [46]. The application of H2O2
concentrations above 10 μM will result in more than 1 μM H2O2 inside the cell, which will subject
the cell to a substantial oxidative stress, inducing growth arrest and cell death [47].
Previous authors have described in detail how proliferating mammalian cells exhibit a broad spectrum
of responses to oxidative stress, depending on the level of stress encountered [48]. The application of
7
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supraphysiological concentrations of H2O2, while remaining below the cytotoxic threshold, may
stimulate some degree of DNA synthesis in certain cells and may even enhance survival, especially
in response to a later more severe oxidative stress [49]. This lower range of H2O2 concentrations tends
to cause a temporary growth arrest that appears to protect cells from excess energy use and DNA
damage. This growth arrest also includes a lengthening of the cell cycle and a marked adaptive
increase in H2O2 resistance [47]. After a few hours of temporary growth arrest, many cells will exhibit
an up to 40-fold transient adaptive response in which genes for oxidant protection and damage repair
are preferentially expressed [50]. This adaptive response highlights the ability of cells to improve
resistance against a damaging effect of a toxic agent when first pre-exposed to a lower dose, a property
that in general appears to involve the modulation of expression of many genes. The main
physiological benefit of this adaptive response is to protect the cells and organism from high doses
of a toxic agent [51]. After H2O2 adaptation, cells exhibit maximal protection against oxidative stress.
It has been demonstrated that at H2O2 concentrations of 250 to 400 μM mammalian fibroblasts are
not able to adapt but instead enter a permanent growth–arrested state in which the cells seem to
perform most normal cell functions but never divide again. If the oxidative stress level increases
further, to 0.5 to 1.0mM H2O2, cell apoptosis results leading to cell death and destruction. Finally, at
very high H2O2 concentrations, of 5.0 to 10.0mM, cell membranes disintegrate, proteins and nucleic
acids denature and the cell undergoes necrosis [47].
Cultured cells remove H2O2 from the culture medium at a rate depending on the concentration of cells
in the in vitro system. Therefore, the duration of incubation and the relationship between cell number
and culture medium volume must be important determinants of the cytotoxic potency of H2O2 [52].

Figure 2. The broad spectrum of cellular oxidative stress effects. Biological responses toward H 2O2 are concentrationdependent.

8

General Introduction

ADVANCED GLYCATION END PRODUCTS
A strict glycemic control may in part reduce the incidence of microvascular complications, but is less
effective in preventing the progression of the macrovascular diseases that are mostly associated with
hypertension. For this reason, Schmidt and colleagues proposed the hypothesis of the “lasting
glycemic memory” [53], resulting from the accumulation of advanced glycation end products (AGEs)
and from their interactions with a specific receptor, RAGE, as a trigger for sustained and progressive
vascular complications. In fact, the interaction between AGEs and RAGE play a central role in the
pathogenesis of CVD [54]. The damaging effects of hyperglycemia in diabetic micro- and
macrovascular complications are usually initiated by AGEs through the structural modification and
consequent functional alteration of the proteins that make up the extracellular matrix, as well as
intracellular signalling molecules. This AGE production and accumulation mainly affects cell types
that are unable to maintain their intracellular glucose concentration under hyperglycemic conditions
[55], and it depends on the concentration and reactivity of glucose, amount of AGE-precursors and
the availability of free amino groups. AGE formation is facilitated by ROS, and moreover, the
increase of ROS and the AGE-RAGE interaction leads to, on one hand, the activation of NADPH
oxidase that contributes, at least in part, to enhanced oxidant stress via RAGE [56].
The role of oxidative stress in protein modification and diabetes cross-linking by the Maillard reaction
has been demonstrated [57], and the products of this reaction are a potent source of H2O2 formation
in vitro [58]. Glycation is the chemical reaction of reducing sugars with amino groups. This reaction
generally impairs the function of biological molecules, in contrast to enzymatic glycosylation of
proteins, which occurs in endoplasmic reticulum and the Golgi apparatus and is required for obtaining
functional glycoproteins [59]. The initial glycation reaction is followed by a cascade of chemical
reactions, resulting in the formation of intermediate products and finally to a variety of final products
known as ‘advanced glycation end products’. The proteins are classic targets for the Maillard reaction
via the formation of Schiff bases, so the reaction takes places when polyunsaturated fatty acids, major
components of biological membranes, are attacked by ROS [60].
The products of the Maillard reaction, such as the peroxyl radical are highly reactive and induce
further oxidation, generating lipid hydroperoxides and H2O2. The products of this further oxidation
are reactive carbonyl species (RCS), such as malondialdehyde, 4-hydroxi-trans-2nonemal and
oxoaldehydes, like glyoxal, methylgliyoxal, 3-deoxyglucuson and acrolein [61]. In addition, RCS can
lead to formation of AGEs such as N-carboxymethyllysine (CEL), arginine pyrimidine, furosine,
pentosidine, glyoxal lysine, pyrralin and Nε-carboxymethyllysine (CML) [62].
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As a result of the different possible AGE-precursors, AGEs are a very complex and heterogeneous
group of compounds not all of which are well described to date [63]. For the partial characterization
of AGEs, a number of fluorometric and colorimetric methods exist to examine the level of protein
alteration. Modifications on arginine and lysine side chains, formation of protein carbonyls,
aggregation state of proteins, the fructosamine content and autofluorescence of some AGE
compounds are widely used as parameters. Also measuring of pentosidine or CML via highperformance liquid chromatography, inmunoblot and mass spectroscopy allow their detection and
provide an understanding of their structure [64].
The type I cell surface receptor for AGEs, i.e. RAGE, belongs to the immunoglobulin superfamily
and has been described as a pattern recognition receptor. Based on molecular cloning studies, RAGE
was first identified in bovine lung endothelial cells as a polypeptide with a molecular weight of
35kDa. According to the protein sequence of human RAGE, which consists of 404 amino acids, the
calculated molecular weight is 42.8 kDa. However, western blot analysis of RAGE-transfected 293
cells showed major bands with a molecular mass of approximately 50 kDa, due to post-translational
processing [65]. RAGE is expressed on several cell types and recognizes a large number of different
ligands (AGEs, amyloid beta peptide, S100/calgranulin protein and HMGB1 among others). Ligand
binding is followed by specific activation of various signalling pathways [66]. The full-length RAGE
(RAGE) protein consists of a large extracellular domain, a single transmembrane-spanning helix and
a short cytoplasmic domain. This intracellular domain of RAGE was described to be essential for
downstream signalling and activates the transcription of NFkβ [67]. The extracellular region is
composed of one N-terminal V-type (variable) domain and two C-type (constant) domains [68]. A
second splice variant is the soluble form of RAGE (sRAGE), which lacks the C-terminal domain, but
contains all of the immunoglobulin domains of RAGE. The sRAGE was reported to be crucial to
preventing the interaction between ligands and RAGE, or with other cell surface receptors [68]. In
patients with coronary artery disease, lower plasma levels of sRAGE were demonstrated after an
acute event, suggesting an increased AGE-RAGE interaction leading to increased production of ROS
and an inflammatory response [64].
Besides the pathological effects of RAGE, the question of its functional and physiological relevance
during normal development has been posed increasingly in recent years. RAGE is highly expressed
in the early embryo at the blastocyst stage [69, 70] and during organogenesis, especially in the lung
and brain [71]; thereafter its level decreases in non-diseased adult tissues [72]. The increase of RAGE
during ageing is possibly due to the accumulation of RAGE ligands, which in turn upregulate receptor
expression via a positive feedback loop [73]. In contrast, sRAGE is downregulated in the plasma
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during ageing, such that high levels of plasma sRAGE are assumed to have a positive impact on
human longevity [74].
Oxidative stress has been described to be critical for cell viability because the effects of a mild or
highly oxidative environment influence the regulation of protein production, folding changes and
proteolytic systems. The control of protein degradation in part relies on the ubiquitin-proteasome
pathway [75]. More specifically, the 20S proteasome has been shown to be the main degradation
pathway for proteins that have become partially or completely unfolded due to aging, mutations or
oxidation [76]. Modified proteins, such as AGEs, are proposed to cause cellular degeneration by
forming large aggregates that not only avoid degradation but clog up the proteasomes [77], explaining
why damaged and potentially proteasome-susceptible substrates accumulate with time during ageing
[78].

Figure 3. Obesity and diabetes mellitus type 2 increase the levels of systemic AGEs. The increase and interaction of
AGEs with their receptor, RAGE, results in the generation of oxidative stress and activation of pro-inflammatory
transcription factors such as Nuclear Factor kappa-B (NFkβ) leading to inflammation and apoptosis.

CENTROSOME STRUCTURE AND THE NEDD1 GENE
In normal physiological conditions, cells have strict checkpoint mechanisms that prevent replication
with damaged DNA or other cellular defects. These checkpoints are able to arrest the cell cycle until
abnormal cells are either corrected or removed [79]. However, under severe environmental
11
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conditions, and in response to situations such as oxidative stress, cells undergo senescence, an
irreversible growth arrest state between the G1 and S phases of the cell cycle, and can persist in this
state for a long time, remaining metabolically active [80, 81]. A critical cell-cycle progression
organelle is the centrosome, which is the Primary Microtubule Organizing Centre (MTOC) of the
cell; a subcellular non-membrane bound semi-conservative organelle, approximately 1 μm in
diameter. A typical centrosome is composed of a pair of perpendicularly oriented cylindrical
structures called centrioles, surrounded by the pericentriolar material. Defects in the structure of the
centrosome can predispose to arrest of the cell cycle and senescence [82]. In most eucaryotic cells,
the main function of the centrosome is to contribute to the mitotic spindle by attaching and nucleating
microtubules and by directing the bipolar organization of the spindle [83]. Several studies have
demonstrated that chromosomal abnormalities can arise as a result of an abnormal number of
centrosomes [84]. For example, defective sperm-contributed centrioles/centrosomes may impair the
first embryonic division, resulting in chromosomal mosaicism [85]. Abnormal mitotic spindles and
centrosomes have been found in normal human embryos, suggesting that these abnormalities in
functional spindle accessories could spread chromosome abnormalities along a cellular lineage [86].
Centrosomal defects can also result in failed fertilization, through damaged or absence of aster
formation, and therefore arrested embryonic development, through the formation of irregular spindles
and the accumulation of aneuploid daughter cells [87]. Although centrosome disruption can originate
from oxidative stress [88], the mechanisms linking modifications of this organelle to senescence are
poorly understood.
Human embryonic stem cells are particularly sensitive to chromosomal instability [26, 89] and a
considerable percentage of cultured hESCs, after multiple passages, exhibit supernumerary
centrosomes during mitosis [90]. Human ESCs are derived from the ICM of blastocysts, so studies
of the relationship between centrosomes and the incidence of chromosome instability in hESCs might
give insight into the events occurring in the early human embryo. It is well known that, during in vitro
culture, the oocytes and the early cleaving embryos are exposed to oxidative stress that accumulates
over time; while chromosome abnormalities have been studied in some detail [91], the status of their
centrosome

number,

structure

and

the

percentage

of

centrosome

abnormalities is

still largely unknown. To determine whether aberrant centrosomes contribute to senescence in
oxidative stress affected cells, γ-tubulin has been used as a biomarker of cell senescence since it is an
essential protein for correct centrosomal structure and function [92].

-tubulin is an important target

of the γ-TuRC protein encoded by neural precursor cell-expressed developmentally downregulated
gene 1 (NEDD1), which binds directly to γ-tubulin [93]. Although NEDD1 is not indispensable for
the stability of the γ-TuRC, reduced NEDD1 expression predisposes to spindle assembly defects that
12
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mirror the depletion of core γ-TuRC components, and therefore leads to a failure of the microtubules
to organize into bipolar spindles [94].

Figure 4. Centrosome duplication is coordinated with cell-cycle progression, occurring during the S phase; the
duplicated centrosomes are linked together until the late G2 phase when they separate to define the opposite spindle
poles for mitotic spindle assembly.

Figure 5. Microtubules are nucleated from a starting point complex of γ-tubulin and other protein components known
as the γ-tubulin ring complex (γ-TuRC). γ-TuRC nucleates and caps the minus end of new filaments by providing stable
binding sites for tubulin dimers. Tubulin dimers primarily use longitudinal interactions to bind to each other and to
γ−TuRC during the nucleation phase [95].
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ANTIOXIDANTS
In the late 19th and early 20th centuries, chemists studied antioxidants, a fairly general group of
compounds characterised by their ability to be oxidised in place of other compounds present
[96]. While ROS have been linked to cancer, diabetic complications and CVD, antioxidants have
shown promise as possible therapies for the prevention and treatment of ROS-induced disorders and
diseases. Furthermore, the high incidence of developmental failure in vitro embryo production
systems has been attributed to suboptimal culture conditions, e.g. deficient in antioxidant defences
that induce oxidative stress [97]; antioxidant supplementation of the culture medium can ameliorate
these issues [98]. Therefore, the study of the mechanisms implicated in oxidative stress in hESCs,
and the effects of antioxidant addition, could greatly help to the design of strategies to prevent longterm deleterious effects [99].
In order to maintain a normal intracellular redox homeostasis, the cell has developed antioxidant
systems that include, on the one hand, antioxidant enzymes such as previously mentioned SODs,
glutathione peroxidases (GPx) and catalase (CAT) and, on the other hand, non-enzymatic
antioxidants such as vitamins (A, C, E), glutathione (GSH) and minerals (zinc, selenium) [29, 100].
Non-enzymatic antioxidants have different mechanisms of action, for example pyruvate acts as ROS
scavenger [101, 102] and is a key intermediate compound for several metabolic pathways. Pyruvate
can be converted into carbohydrates by gluconeogenesis, or produced from glucose by glycolysis.
Pyruvate can also act as an important energy source for the cell either through anaerobic fermentation,
producing lactate when oxygen is lacking, or by boosting the Krebs cycle in the presence of oxygen.
In this way, pyruvate can be converted into acetyl-coenzyme A by the pyruvate dehydrogenase
complex, or it can be transformed into oxaloacetate by pyruvate carboxylase; thus, pyruvate is a key
substrate for mitochondrial energy production [103]. Several articles have described the protective
effects of pyruvate in oxidative stress models, not only via its ability to neutralize H2O2 and other
ROS [104], but also its capacity to maintain mitochondrial membrane potential in the face of
oxidative stress and thereby reducing mitochondrial generation of ROS [104, 105]. In short, evidence
from experimental, epidemiological and clinical studies have proven the utility of antioxidants which
might be helpful for treating diabetes, CVD or their complications.
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GOALS
Oxidative stress is a complex process that affects the health of developing embryos in a diabetic or
obese maternal environment and in the case of ART; however, its effects are poorly understood. We
attempted to develop and validate a reproducible human in vitro oxidative stress model using hESC
treated with non-cytotoxic H2O2 concentrations, in order to identify the main genetic pathways and
protein modifications involved in oxidative stress induced pathology.

THESIS OUTLINE
The unifying theme of this thesis is the study of non-cytotoxic H2O2-induced oxidative stress effects
in a human in vitro model, analysing cellular responses in terms of gene expression, and protein levels
and localization. In Chapter 2 we describe the in vitro oxidative stress model and interpret the
differential responses of hES and somatic cells to non-cytotoxic H2O2 exposure. In Chapter 3, for
further validation of the model, a comparative analysis of AGE and RAGE levels in human somatic
and embryonic stem cells was made under H2O2-induced non-cytotoxic oxidative stress conditions;
in addition, following cardiac and neural differentiation, 20S proteasome activity was analysed with
the aim of unravelling the progressive removal of AGEs during hESC differentiation. Global gene
expression profiling of oxidative stress affected hESCs was further studied by microarray technology
in Chapter 4. Moreover, a novel comparative analysis was proposed that integrated a previously
published global gene expression pattern by single-cell RNA-seq profiling of individual human
oocytes and embryos derived from assisted reproductive procedures (ART) [106], and the global gene
expression profiling of hESCs exposed to the non-cytotoxic oxidative stress conditions developed in
previous chapters. One of the common down-regulated genes between the earlier publication and our
data, NEDD1, is involved in centrosome structure and function. Therefore, the presence of
supernumerary centrosomes was assessed and it was found that the percentage of cells with more than
two centrosomes increased acutely hESCs treated with H2O2, inducing a premature entry into
senescence. Chapter 5 provides a first attempt to highlight important differences between somatic
and pluripotent cells in their response to oxidative stress and the relationship to antioxidant effects,
showing that pyruvate was the most complete antioxidant, protecting both cell types at different
levels.
Finally, in Chapter 6 the major findings of this thesis are summarized and their immediate and future
implications are discussed.
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ABSTRACT
Human Embryonic Stem Cells (hESCs) potentially offer a unique in vitro model to study how an
adverse environment during the early developmental stages post-fertilization can affect the
physiology of the undifferentiated embryonic stem cells existing in the early embryo and predispose
to long term effects on the offspring, according to the Developmental Origins of Health and Disease
(DOHaD) concept. A number of unfavourable conditions can affect the development of the early
embryo inducing oxidative stress both in vivo, for instance in gestational diabetes, and in vitro, when
embryos are derived from Assisted Reproductive Technologies (ART). Therefore, the aim of this
study was the development of a novel in vitro model to analyse the effects of oxidative stress and the
antioxidant response against Reactive Oxygen Species (ROS) in embryonic stem cells in comparison
with somatic cells, fibroblasts and endothelial cells. To this purpose we designed an in vitro protocol
based on hydrogen peroxide (H2O2) treatment of 72 hours, in order to better resemble the period of
embryonic development from the early cleavages to the blastocyst stage. We demonstrate that H2O2
treatment induces the modification of crucial oxidative stress biomarkers like ROS and lipid
peroxidation levels, and mobilizes several antioxidant enzymes through NFk translocation.
Moreover we show differences between somatic and embryonic cells in their antioxidant response
towards H2O2 induced damage. Therefore this study presents a promising in vitro model to investigate
the effects of oxidative stress conditions on early human embryonic cells.

INTRODUCTION
Reactive Oxygen Species (ROS) play normal physiological roles such as second messengers of
normal cellular signalling; however, when their production exceeds antioxidant cellular defences, this
unbalanced redox status is known as oxidative stress [1]. It is now well established that ROS excess
is directly implicated in more than 100 diseases [2], and this oxidation process can result in lipid cellmembrane damage, protein modification and nucleic acids mutation [3], playing a important role in
the pathogenicity of ageing [4], diabetes [5], cardiovascular [6] and neurodegenerative diseases [7,
8]. In this study we focus on the consequence of oxidative stress in a cell culture model comparing
human embryonic stem cells (hESCs) with somatic cells in order to investigate the different responses
in terms of viability, ROS production, lipid peroxidation and gene expression changes.
In general, ROS are more reactive oxygen species compared to free oxygen, and comprise hydrogen
peroxide (H2O2), hydroxyl radical (OH-), superoxide radical (O2·-), singlet oxygen, and nitric oxide
[9]. The different effects of each member of the ROS-family member is determined by the subcellular
source, location and duration of these molecules inside the cell [10]. H2O2 is a physiological
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constituent of living cells, involved in signalling mechanisms and continuously produced via diverse
cellular pathways. Under physiological conditions it is relatively stable and less reactive compared to
other ROS species and it is able to perform a number of rather specific chemical reactions; moreover,
it can react with partially reduced transition metals such as Fe2+ or Cu2+, generating the highly reactive
OH- that increases the oxidative damage in the cell [11]. This causes an overload of electrons in the
mitochondrial matrix by which cellular oxygen is reduced to O2·, which is subsequently dismutated
to H2O2, generating ROS and damaging the mitochondria [12]. H2O2 intracellular concentration is
tightly controlled by various enzymatic and non enzymatic antioxidant systems and it is assumed to
vary between 1 and 700 nM [13] depending on the cellular type and the specific system; so
intracellular steady-state concentrations of H2O2 above 1 μM are considered to cause oxidative stress,
inducing growth arrest and cell death [14, 15].
The ROS exert a cytotoxic effects on somatic cells, increase the permeability of the blood-brain
barrier and induce the peroxidation of lipids and cell membrane destabilization [16] causing altered
function of critical enzymes involved in ion homeostasis, intermediary metabolism, cell repair and
cellular death [17]. Additionally, these peroxidised lipids have been reported to accumulate in
oxidative stressed individuals, playing an important role in ageing, as well as pathological processes
such as diabetes and atherosclerosis, and it is often the cause of free radical–mediated damage in cells
in a feedback cycle with ROS [1].
Another well-established oxidative stress biomarker is the Nuclear Factor kappa-light-chain-enhancer
of activated B cells (NFkβ), which translocates into the nucleus of the cells responding to
inflammatory processes [18] and adaptative immunity conditions [19], and then binds to specific
DNA sequences in the regulatory regions of its target genes, inducing the expression of a multitude
of genes involved in inflammation and proliferation [20].
Under normal physiological conditions, a balance between ROS production and the antioxidant
enzyme system is maintained. In order to keep a normal intracellular redox homeostasis several
mechanisms have emerged, during evolution, to limit and neutralize excessive ROS and prevent it
from damaging the cellular structure [1]. In large part this protection relies on the antioxidant
substances, such as pyruvate or glutathione and in the activation of the Nrf2-Antioxidant Response
Element (ARE) signalling pathway, which controls the expression of genes whose protein products
are involved in the detoxification and elimination of reactive oxidants and electrophilic agents
through conjugative reactions and by enhancing cellular antioxidant capacity [21, 22]. Within this
ARE group there are classical antioxidant enzymes such as: superoxide dismutases (SODs), which
can directly generate and eliminate the hydrogen peroxide radical [23], catalases (CATs), and
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glutathione peroxidases (GPXs) [24]. Other important antioxidant enzymes of this system are
hemeoxygenase (HMOX) [1], sulfiredoxins (SRXNs) [25], and peroxiredoxins, (PRDXs) [26, 27].
The expression of antioxidant enzymes is also regulated by factors like Protein Kinase
D1 serine/threonine Kinases (PRDK1), Kelch-Like ECH-Associated Protein 1 (KEAP1) and NFkβ
signalling [28-30], being the latter activated by upstream molecules such as mammalian Target of
Rapamycin (mTOR) in mammals [31]. Finally, it is important to consider metabolism regulating
enzymes such Glutathione Synthetase (GSS) and senescence mediators like Tumour Suppressor
Protein p53 (TP53), sensitive to oxidative conditions, playing a pivotal function in cellular apoptosis
triggered by oxidative stress [32].
In this study we have used hESCs because for decades in vitro culture systems have been exploited
to elucidate the mechanisms involved in acute oxidative stress and to analyse the protective effect of
antioxidants, providing a huge amount of information [33, 34]. However, very few data can be found
in the literature explaining how long-term oxidative stress can affect the different cell types and most
of our knowledge in this field is derived from differentiated cells, while hESCs have not been
investigated. ESCs reflect the same features than ICM cells, showing for example similar
mitochondrial morphology and mass, and meeting their energy requirements predominantly via
anaerobic glycolysis [35, 36]; so they constitute a good model to analyse the effect of oxidative stress
in the early embryo. Examples of inappropriate environment inducing oxidative stress in the early
embryo [37] are maternal diabetes, which now affects nearly 9% of population in the world [38-40],
and Assisted Reproductive Technologies (ART), that allow the birth of about 5 millions test tube
babies [41] per year. The long-term impact of these suboptimal preimplantation environments is a
cause of concern that stems from the concept expressed in the Developmental Origins of Health and
Disease theory (DOHaD) [42], which holds that inappropriate environment during the highly
sensitive preimplantation period, predispose to chronic diseases in adulthood by inducing epigenetic
and gene regulatory networks changes [43].
Therefore, the objective of this study was to investigate the differential response between human
somatic cells, fibroblast and endothelial cells, and ESCs against an in vitro oxidative stress treatment
induced by H2O2 exposure in the non-cytotoxic range. To this aim we analyse ROS and lipid
peroxidation levels, protein modifications and gene expression changes to demonstrate that somatic
and ESCs show different responses, and to provide a novel model to study how the oxidative
environment can affect the early embryonic cells.
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MATERIALS AND METHODS
Cell culture
Human fibroblasts (Hs27 cell line, obtained from Biobanking of Veterinary Resources, IZSLER,
Brescia, Italy) were cultured in Dulbecco´s Modified Eagle Medium (DMEM, high glucose,
GlutaMAX TM supplement, Gibco Invitrogen, Milan, Italy), supplemented with 10% Fetal Bovine
Serum (FBS, Sigma-Aldrich, St. Louis, MO, USA). Human Umbilical Vein Endothelial Cells
(HUVEC cell line, obtained from Biobanking of Veterinary Resources, IZSLER, Brescia, Italy) were
cultured in Medium-200 supplemented with 2% Low Serum Growth Supplement (Gibco Invitrogen,
Milan, Italy). Cells were passaged 1:4 by 0.05% trypsin/EDTA incubation at 37 ºC for 5 min every 3
or 4 days.
Human embryonic stem cells (hESCs) (HUES3 and HUES7 cell lines, obtained from Harvard Stem
Cells Institute) [44] were first cultured on a feeder layer of mouse embryonic fibroblasts (MEFs)
inactivated by mitomycin C (Sigma–Aldrich, Milan, Italy) in KO-DMEM medium (Gibco Invitrogen,
Milan, Italy) supplemented with 10% serum replacement (Gibco Invitrogen, Milan, Italy), 4.3 mg/ml
bovine serum albumin (BSA) (Sigma–Aldrich, Milan, Italy), 2 mM glutamine (L-alanyl- Lglutamine, Sigma–Aldrich, Milan, Italy), 1% non-essential amino acids (Gibco Invitrogen, Milan,
Italy), 0.055 mM beta-mercaptoethanol (Gibco Invitrogen, Milan, Italy), 50 units/ml penicillin, 50
mg/ml streptomycin, and 10 ng/ml bFGF (Pepro-tech, Milan, Italy). To perform the experiments,
hESCs were adapted to grow in feeder-free conditions in mTeSRTM1 medium (Stemcell
Technologies, obtained from Voden medical instruments, Milan, Italy). The medium was changed
daily and cells were passaged 1:4 with PBS/EDTA every 3 or 4 days.
The exposure to H2O2 started 24 hours after plating and medium was changed daily during the
following 72h with concentrations tested ranging from 2 to 768 M, ending at day 4 after plating.
For cytotoxicity analysis, ROS and lipid peroxidation detection all cell lines were grown in 96-well
plates. For gene expression analysis Hs27 and HUVEC cells were grown in 60 mm dishes and HUES
cells in 24-well plates. To reach the optimal cell confluence after 72 h treatment, the cells were plated
at different concentrations for each experiment: for general viability assay and gene expression
analysis somatic cells (Hs27 and HUVEC) were plated at 60.000 cells/ml and hESC (HUES3 and
HUES7) at 80.000 cells/ml. For ROS detection Hs27, HUVEC and HUES7 cells were plated at
10.000 cells/ml and HUES3 at 20.000 cells/ml, and for lipid peroxidation analysis all cell lines were
plated at 20.000 cells/ml. For immunofluorescence detection cells were seeded on 6 mm diameter
glass cover slides at a concentration of 80.000 cells/ml for all cell lines, and were treated 24 h post-
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plating with increasing concentrations of H2O2 during a period of 2 h to time enough to observe the
direct NFkβ activation by H2O2 [19].
Cellular toxicity assessment by alamarBlue
Cellular toxicity was measured at the end of the 72 h treatment with a test based on the reduction of
the alamarBlue® reagent as previously described [45]. Briefly, 10% of alamarBlue® (Molecular
Probe, Invitrogen, Milan, Italy) diluted in culture medium was added to the cells and plates were
incubated at 37ºC in 5% of CO2 for 6 h. Then, the absorbance was measured at 570 nm, using 600
nm as a reference wavelength, in a Tecan Infinite F200 PRO microplate reader (Tecan Italia srl,
Cernusco sul Naviglio, Italy). Three different wells were analysed for each concentration of H2O2
treatment and three replicates were performed for each experiment.
ROS detection by CM-DCFDA probe
Intracellular ROS levels were measured by the 2',7'-dichlorodihydrofluorescein diacetate
fluorometric assay (CM-DCFDA, Invitrogen, Paisley, UK). Briefly, this compound is typically
loaded into cells in the form of a membrane-permeant diacetate (DA) ester, which is converted into
a membrane impermeant product inside the cell. Intracellular intermediate CM-H2DCFDA taken up
by the cells is converted into non-fluorescent CM-H2DCF by esterase action and subsequently
oxidized by intracellular oxidants into highly fluorescent CM-DCF. The levels of CM-DCF-forming
ROS can be reliably determined by measuring the rate of CM-DCF formation, [46]. By quantifying
fluorescence, a fair estimation of the overall oxygen species generated under the different conditions
can be obtained. After 72 h of treatment and removal of the medium the cells with an approximately
75% of confluence were washed once with TCM199 medium (Sigma-Aldrich, Milan, Italy) and
incubated with 10 µM CM-DCFDA in TCM199 medium in the dark at 37 ºC in 5% CO2 for 30 min.
Then, cells were washed for three times with phosphate buffered saline (PBS), and fluorescence was
measured in a Tecan Infinite F200 PRO microplate reader (Tecan Italia srl, Cernusco sul Naviglio,
Italy) at 485 nm excitation and 535 nm emission wavelengths. Three different wells were analysed
for each concentration of H2O2 treatment and three replicates were performed for each experiment.
Lipid Peroxidation analysis by BODIPY581/591 assay
Intracellular lipid peroxidation levels were measured by BODIPY581/591 C11 Assay (Image-iT
Lipid Peroxidation Kit, Invitrogen, Paisley, UK). Briefly, this assay is dependent upon the sensitivity
of the fluorophore BODIPY (581/591) C11 to oxidation by radicals (peroxyl and alkoxyl) formed
from lipid hydroperoxides. The probe readily incorporates into biological membranes and responds
to free radical attack with a spectral emission shift from red to green (from ~590 nm to ~510 nm),
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which can be readily monitored and quantified [47]. After 72 h of H2O2 treatment and removal of the
medium, cells with an approximately 85% of confluence, were washed once with TCM199 medium
without phenol red (Sigma-Aldrich, Milan, Italy) and incubated with 10 µM of lipid peroxidation
sensor in TCM199 medium in the dark at 37 ºC in 5% CO2 for 30 min. Then, cells were washed for
three times with PBS supplemented with Calcium and Magnesium. After that, fluorescence was
measured in a Tecan Infinite F200 PRO microplate reader (Tecan Italia srl, Cernusco sul Naviglio,
Italy) at 485 nm excitation and 535 nm emission wavelengths. Three different wells were analysed
for each concentration of H2O2 treatment and three replicates were performed for each experiment.
Cells were observed by fluorescence microscopy (Nikon Eclipse 80i) and pictures are provided as
“Supplementary Fig. S1”.
Fluorescence immunocytochemistry
In order to localize NFkβ transcription factor, cells were grown on glass cover slides, washed once
with PBS and fixed in 4% paraformaldehyde (VWR, Milan, Italy) for 30 min at room temperature
(RT). Then, they were permeabilized by incubation in 0.5 % Triton (Sigma, Milan, Italy) in PBS for
15 min at RT and blocked in 10% normal goat serum (Sigma, Milan, Italy) in PBS for 1 hour at RT.
After that, cells were incubated overnight at 4 ºC in 1:100 rabbit anti-NFKβ antibody (Abcam,
Cambridge, UK) and 1:1000 mouse anti-tubulin antibody (Sigma, Milan, Italy) to localize the
cytoplasm. Following incubation, cells were washed three times and incubated in PBS containing
1:100 FITC anti-rabbit (Jackson ImmuneResearch, Milan, Italy) and 1:150 Texas Red anti-mouse
antibodies (Jackson ImmuneResearch, Milan, Italy) for 1 hour in the dark at RT. Finally, cells were
incubated with 5 µg/ml Hoechst 33342 (Sigma, Milan, Italy) for 15 min in the dark at room
temperature and washed three times in PBS and mounted with Citifluor (Citifluor Ltd., London, UK).
Slides were observed by fluorescence microscopy (Nikon Eclipse 80i). Assessment of protein
translocation to the nucleus was based on the comparison of the nuclear and cytoplasmic fluorescence
intensity of the treated samples with the controls. Negative controls were performed with omission
of the primary antibody before secondary antibody addition.
RNA Isolation, cDNA Synthesis and qPCR
RNA was extracted from the cells treated with the different H2O2 concentrations, from three different
biological replicates for the somatic cells (Hs27 and HUVEC) and four for the hESC (HUES3 and
HUES7), using the RNeasy Mini Kit (Qiagen, Milan, Italy) following the manufacturer’s instructions.
Immediately after extraction, the reverse transcription reaction was carried out with iScriptTM cDNA
Synthesis Kit (Bio-Rad, Milan, Italy) following the manufacturer's instructions. Tubes were first
incubated at 25ºC for 5 min and then at 42°C for 30 min to allow the reverse transcription of RNA,
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followed by 85°C for 5 min to denature the enzyme. mRNA transcripts were quantified by real-time
qRT-PCR. Three independent PCR replicates were conducted for all genes of interest. Experiments
were designed to compare the relative levels of each transcript and those of the housekeeping gene
18S in each sample. PCR was performed with the PCR mix iTaqTM Universal SYBR Green Supermix
(Bio-Rad, Milan, Italy) containing the specific primers (Supplementary table T1) in a MyiQ RealTime PCR Detection System (Bio-Rad, Milan, Italy). The comparative cycle threshold (CT) method
was used to quantify expression levels. Quantification was normalized to the endogenous control 18S.
Fluorescence was acquired in each cycle to determine the threshold cycle, or the cycle during the loglinear phase of the reaction wherein fluorescence increased above background for each sample.
According to the comparative CT method, the ΔCT value was determined by subtracting the 18S CT
value for each sample from the CT value of each gene in the sample. ΔΔCT was calculated using the
highest sample ΔCT value (i.e., the sample with the lowest target expression) as an arbitrary constant
to be subtracted from all other ΔCT sample values. Fold changes in the relative gene expression of
the target were determined using the formula 2–ΔΔCT [48] and up or downregulation in gene expression
was expressed relative to the control group.
Statistical analysis
All values are expressed as mean ± standard error media (SEM). Statistical analysis was performed
on the data using the Student's t test to calculate significant differences between treated group samples
compared with the control (CTR). P ≤ 0.05 was considered statistically significant.

RESULTS
Cytotoxic effects of oxidative stress induced by hydrogen peroxide in human somatic cells and
hESCs
To evaluate the nominal concentration-effect relationship for the cytotoxic action of H2O2, human
somatic cells (Hs27 and HUVEC) and embryonic stem (HUES3 and HUES7) cell lines were exposed
to increasing concentrations of H2O2 between 4 and 768 M during 72 h, and cell viability was
analysed by alamarBlue® assay. Cytotoxic effect of H2O2 was similar in Hs27, HUES3 and HUES7
cells (between 16 and 32 µM), while HUVEC cells showed higher resistance with cytotoxic effect
detectable at higher H2O2 concentrations (between 32 and 128 µM). The non-cytotoxic range (see
blue dotted square in Fig.1A) was between 4 and 16 µM H2O2 for Hs27 and HUES cells, and up to
32 µM for HUVEC cells (see solid red square in Fig.1A). At higher H2O2 concentrations, above 32
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µM for Hs27 and HUES cells and gradually above 128 µM for HUVEC cells, the cell viability
decreased drastically.

Hydrogen peroxide treatment acts as powerful inducer of the intracellular increase of Reactive
Oxygen Species level
To investigate the effect of H2O2-induced oxidative stress, we measured the intracellular ROS
generation using CM-DCFDA probe, a membrane permeable non-fluorescent reagent that is
converted into fluorescent DCF in the presence of ROS. After 72 h of H2O2 treatment, cells were
incubated with the CM-DCFDA reagent, and fluorescence was measured after 30 min (Fig 1B). In
preliminary experiments accumulation of ROS was not detectable under 2 μM H2O2 treatment. Then,
a H2O2 dose-dependent ROS increase was observed for somatic and embryonic cell lines, reaching
significance at 8 μM in HUES3 cells, between 4 and 8 μM in Hs27 and HUES7 cells and between 4
and 32 μM in HUVEC cells. Cell viability was analysed with the alamarBlue® test using the same
cells concentrations used for the ROS assay. The increase of ROS levels occurred in the non-cytotoxic
range for both somatic cells and hESCs, confirming that oxidative stress induces ROS accumulation
and cell damage well before cell death becomes detectable.

Reactive Oxygen Species induce lipids peroxidation and their accumulation in somatic cells
To investigate the process of lipid peroxidation induced by ROS, we used Image-iT® Lipid
Peroxidation Kit, based on BODIPY® 581⁄591 C11 reagent which is a sensitive fluorescent reporter
for lipid peroxidation. Upon oxidation in live cells, fluorescence shifts from red to green, providing
a ratiometric indication of lipid peroxidation by traditional microscopy systems. For quantification
purposes, the entire population of cells displaying an increase in the green fluorescence was counted
as positive (Fig 1C). The results revealed an influence of the H2O2 treatment in the lipid peroxidation
levels, tendentially increased in the hESCs and significantly increased in Hs27 cells between 4 and 8
µM, and in HUVEC cells between 16 and 32 µM.
After measuring the fluorescent signal with a Tecan plate reader, a series of microscopy pictures of
the somatic cells were taken demonstrating that the green signal, corresponding with the peroxidized
lipids, increases with the H2O2 treatment in comparison with the CTR, control non-treated cells
(Supplementary Fig. S1). Cell viability was analysed in parallel with the alamarBlue® test using the
same cell concentrations that for the lipid peroxidation assay. The increase of lipid peroxidation levels
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occurred in the non-cytotoxic concentrations of H2O2 and was more clearly detectable in the somatic
cell lines than in the embryonic cells.
Figure 1. (A) Dose response curves
following

hydrogen

peroxide

(H2O2)

exposure: Hs27 and HUVEC were plated at
60.000 cells/ml, HUES3 and HUES7 cells at
80.000 cells/ml and then were exposed to
increasing

concentrations

of

hydrogen

peroxide for 72 hours and cell viability was
determined by alamarBlue® reagent. Blue
dotted square highlights non-cytotoxic range
for Hs27 and HUES cells; solid red square
highlights non-cytotoxic range for HUVEC
cells. Data (means ± SEM, 3 samples per H2O2
experimental condition, 3 separate replicates)
are expressed as percentages of cell viability
relative to the respective CTR, untreated
control cells. (B) Reactive oxygen species
(ROS) generation by H2O2 treatment: Hs27,
HUVEC and HUES7 cells were plated at
10.000 cells/ml and HUES3 cells at 20.000
cells/ml and then were exposed to increasing
concentrations of H2O2 for 72 h. Then
intracellular ROS production was evaluated
using CM-DCFDA, a membrane permeable
non-fluorescent reagent that is converted into fluorescent DCF in the presence of ROS, and fluorescence was measured
at 30 min. Cell viability was determined by the alamarBlue® reagent. Data (means ± SEM, 3 samples per H2O2
experimental condition, 3 separate replicates) are expressed as percentages of fluorescence increase relative to the
respective CTR, untreated control cells. * Indicates statistically significant differences of non-treated cells compared to
the treatment, two-tailed t-Test P ≤ 0.05. (C) Lipid peroxidation generation by H2O2 treatment: Hs27, HUVEC,
HUES3 and HUES7 cells were plated at 20.000 cells/ml and then exposed to increasing concentrations of H2O2 for 72 h.
Then intracellular lipid peroxidation levels were measured with BODIPY reagent a membrane permeable non-fluorescent
reagent that is converted into fluorescent DCF in the presence of ROS, fluorescence from live cells shifts from red to
green, providing a radiometric indication at 30 min. Cell viability was determined by the alamarBlue® reagent. Viability
curves are slightly different between ROS and lipid peroxidation analysis depending on the plate cell concentrations. Data
(means ± SEM, 3 samples per H2O2 experimental condition, 3 separate replicates) are expressed as percentages of
fluorescence increase relative to the respective CTR, untreated control cells. * Indicates statistically significant
differences of non-treated cells compared to the treatment, two-tailed t-Test P ≤ 0.05.
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H2O2 induces ROS accumulation and the activation of NFkβ depending mechanisms against
oxidative stress inside the cell
To study if H2O2 treatment modulates oxidative stress gene expression, we analysed the localization
of the NFkβ protein, whose translocation from the cytoplasm to the nucleus is induced by oxidative
stress, regulating in this way the expression of several genes that codify for antioxidant enzymes [19].
NFkβ factor translocation was observed both in somatic and embryonic cells, at the not cytotoxic
H2O2 concentrations, being more evident between 32 and 64 µM H2O2 in a short treatment of two
hours, where the cells keep unaltered their morphology and number comparing with the control (Fig.
2). The translocation of NFkβ occurred in all cell types in the same way, being more visible in the
two embryonic cell lines (Fig. 2 – f and h). Complete panels of NFKB translocation pictures, with all
the H2O2 concentrations treatment for Hs27 (Supplementary Fig. S2), HUVEC (Supplementary Fig.
S3), HUES3 (Supplementary Fig. S4) and HUES7 (Supplementary Fig. S5).

Figure 2. NFkβ translocation comparison between non-treated and H2O2 treated both somatic and embryonic stem
cells. 24 h post plating cells were treated for 2 hours with increasing concentrations of H 2O2, then were fix and
immunofluorescence staining was performed with an anti-NFkβ (green) and an anti-tubulin (red) antibody and Hoechst
33342 (blue) was used for nuclei localization. To create this figure has been chosen representative pictures from nontreated and treated cells, selecting the H2O2 concentration in which was observed the maximum effect in terms of NFkβ
translocation. Representative pictures from A to H panels show the merged images of anti-tubulin and Hoechst staining,
and from a to h panels show anti- NFkβ staining. H2O2 conditions: (A, a) Hs27 non-treated cells, (B, b) Hs27 – 64 µM;
(C, c) HUVEC non-treated cells, (D, d) HUVEC 64 µM; (E, e) HUES3 non-treated cells, (F, f) HUES3 – 64 µM; (G, g)
HUES7 – non-treated cells, (H, h) HUES7 – 32 µM. Scale bars = 100 µm.
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High ROS levels induced by H2O2 modulate gene expression of ARE genes in somatic and
embryonic stem cells at not cytotoxic concentrations
To unravel the enzymatic antioxidant mechanisms against the non-cytotoxic concentrations of H2O2,
during 72h exposure, the expression levels of a total of 18 genes (Supplementary table T1) were
analysed by qPCR in the two somatic and two embryonic stem cell lines. In particular Hs27 cells
were analysed following exposure to hydrogen peroxide between 4 and 32 µM, HUVEC between 8
and 64 µM and HUES cells between 4 and 16 µM. All selected genes were investigated to examine
their expression profile due to their function in processes related to oxidative stress, metabolism,
inflammation and apoptosis pathways. Graphs in Fig. 3 and 4 show only the genes in which we
observed significant changes in one or more of the concentrations tested for each cell line.
- Oxidative stress and metabolism
GPX1 and CAT, two of the classical main antioxidant enzymes, were upregulated by H2O2 treatment
in both somatic (Fig. 3 A, 3 C, 3 J, 3 K) and embryonic (Fig. 4 A, 4 C) cell types. Also the GPX3
isoform, mainly present in the extracellular space, was upregulated in H2O2 exposed HUVEC and
embryonic cells compared with the control (Fig 3 P, 4 G). Similar response was observed with
HMOX, which catalyses the degradation of heme groups, and which activity was also enhanced in
HS27 and embryonic cells (Fig. 3 B, 4 B).
Next, we examined SOD2 and 3 which catalyse the dismutation of superoxide radicals in less reactive
species and have been described also as classical antioxidant enzymes [19]. The isoform SOD3
showed significant upregulation for both embryonic cells lines (Fig. 4E), but no significant
differences were observed in somatic cells.
Another group of antioxidant enzymes are the peroxiredoxins, which contain essential catalytic
cysteines that use thioredoxin to scavenge H2O2, and provide a potent defence mechanism that
maintains the redox balance in normal and oxidative stress conditions [26]. In particular the isoform
2, PRDX2, was described upregulated in diabetic patients versus healthy control subjects [27], and
this is the reason why we considered this gene of interest. The expression was higher in treated cells
of all the four cells lines analysed, with a similar increase of gene expression activity across the range
analysed for both somatic (Fig. 3 I, 3 R) and embryonic cells (Fig. 4 I).
We also analysed the expression of SRXN1 which belongs to a family of genes coding for
oxidoreductase enzymes involved in antioxidant metabolism by re-activating peroxiredoxins [25];
we found that its activity was increased in Hs27 treated cells (Fig 3 H).
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Then we analysed PRDK1, that regulates a variety of cellular functions, including protecting
mitocondria from oxidative stress [29], and we found a significantly higher expression in HUVEC
and in embryonic treated cells (Fig. 3 Q, 4 H).
Finally we examined NFE2L2 (encoding nrf2 transcription factor) and KEAP1. The former plays a
main role in the day-to-day biological response to oxidative stress, regulating the transcription of
many antioxidant genes that preserve cellular homeostasis and also of detoxification genes that
process and eliminate toxins before they can cause damage. The latter, KEAP1, is defined as an
interacting partner of NFE2L2 gene, because under oxidative stress conditions abolishes the
inhibition of Nrf2 that become stabilized, translocates and accumulates in the nucleus, where it binds
to the ARE in the enhancers of its target genes, leading to a general cytoprotective response [53, 64].
In our study we found that both NFE2L2 and KEAP1 genes were upregulated in Hs27 cells exposed
to hydrogen peroxide (Fig. 3 E, G).
Significance differences were observed as well in the expression of GSS gene, directly responsible
of glutathione metabolism, in treated HUVEC and HUES cells (Fig. 3 N, 4 F).
- Inflammation
We then analysed the main player of the inflammation pathway mTOR, demonstrating higher
expression levels in treated somatic cells (Fig 3 F, 3 O); its activity has been described related with
the NFk gene which level was also significantly higher in somatic (Fig. 3 D, 3 M) and in embryonic
cells exposed to H2O2 (Fig 4 D). These interesting effects of our 72 h oxidative stress treatment are
in agreement with the description of H2O2 as a direct inducer of the transcription factor NFk, a key
regulator of the inflammatory process and adaptative immunity.
- Apoptosis and cell death
To investigate the role of apoptosis in our oxidative stress model we analysed TP53, a gene that
encodes a protein regulating cell death induced by DNA damage and we found that its expression
was significantly increased in HUVEC treated cells (Fig. 3 L).
Finally, we checked the expression level of the pluripotency genes OCT4, NANOG and SOX2 in
hESCs within the not cytotoxic range. No differences were found between the H2O2 treated (Fig 4J,
4K, 4L) and the untreated cells, demonstrating that the oxidative treatment applied in this study was
not affecting the main regulatory network of pluripotency.
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Figure 3. Gene expression in somatic cell treated with hydrogen peroxide (H 2O2): ARE genes and cell damagerelated genes. Relative gene expression between control and 72 h H2O2 treatment. A – I: Hs27 cells: CTR, untreated
control cells, 4 µM, 8 µM, 16 µM and 32 µM. J – R: HUVEC cells: CTR, untreated control cells, 8 µM, 16 µM, 32 µM
and 64 µM. Genes: (A) Glutathione peroxidase 1, (B) Hemeoxygenase, (C) Catalase, (D) Factor kappa-light-chainenhancer of activated B cells, (E) Erythroid-derived 2-like 2, (F) Mammalian target of rapamycin, (G) Kelch-Like ECHAssociated Protein 1, (H) Sulfiredoxin 1, (I) Peroxiredoxin 2. (J) Glutathione peroxidase 1, (K) Catalase, (L) Tumour
suppressor protein p53, (M) Factor kappa-light-chain-enhancer of activated B cells, (O) Glutathione Synthetase, (P)
Glutathione peroxidase 3, (Q) Protein kinase D1 serine/threonine kinase, (R) Peroxiredoxin 2. Samples were normalized
on the untreated control. Only genes having differential expression in one or more H 2O2 concentrations tested are shown
for each cell line. * Indicates statistically significant differences of non-treated cells compared to each treatment, two
tailed t-Test P ≤ 0.05.
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Figure 4. Gene expression in hESC treated with hydrogen peroxide (H2O2): ARE genes and cell damage-related
genes. Dark grey columns represent HUES3 cells and black columns represent HUES7 cells. Relative gene expression
between CTR, untreated control cells and 4 µM, 8 µM and 16 µM H2O2 conditions of 72 h treatment. Genes: (A)
Glutathione peroxidase 1, (B) Hemeoxygenase, (C) Catalase, (D) Factor kappa-light-chain-enhancer of activated B
cells, (E) Superoxide dismutase, (F) Glutathione Synthetase, (G) Glutathione peroxidase 3, (H) Protein kinase
D1 serine/threonine kinase, (I) Peroxiredoxin 2. Samples were normalized on the untreated hESCs control. (J – L):
gene expressions of pluripotency genes (OCT4, NANOG and SOX2). Only genes having differential expression in one
or more H2O2 concentrations tested are shown for each cell line. * Indicates statistically significant differences of nontreated cells compared to each treatment, two tailed t-Test P ≤ 0.05.

In summary, our model demonstrates that H2O2 treatment induces the modification of crucial
oxidative stress biomarkers like ROS and lipid peroxidation levels, and mobilizes several antioxidant
enzymes through NFk translocation in all the cell lines observed. Moreover this in vitro model
highlights differences between somatic and embryonic cells in their antioxidant response towards
H2O2 induced damage.
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DISCUSSION
Oxidative stress: viability, ROS and lipid peroxidation effects
It has been described that oxidative stress causes a very wide spectrum of genetic, metabolic and
cellular responses, being necrosis, which is the most extreme outcome, the only one that involves
direct cell destruction [49]. Most oxidative stress conditions that cells might actually encounter have
non-visible morphological effects and modulate changes in membrane lipid peroxidation, gene
expression and induce several transient adaptive responses. This study provides the evidence that 72
h exposure to H2O2 generates an oxidative stress state, which causes different effects in human
somatic cells versus embryonic stem cells. Compartmentalization of function might influence how
cells respond to stress: in our study, HUVEC were the most resistant cells in terms of viability and
therefore accumulated ROS and peroxided lipids at higher concentrations of H2O2. This could be
linked to the fact that endothelial cells in vivo are continuously exposed to shear stress, which has an
important impact on cellular structure, function, and metabolism [50], ultimately making them
stronger against damage caused by H2O2 and potentially more active in its elimination.
An important fact to take into account in commenting the results of the present study is cell density,
because cytotoxicity is inversely proportional to cell confluence [51]. Here ESCs were plated at
higher concentrations than somatic cells because preliminary experiments determined the optimal
concentrations for each cell type to reach cell confluence in our experimental design. However, ESCs
did not show more resistance to H2O2 exposure. In relation to the medium used for the culture, we
selected for hESCs and HUVEC specifically designed serum-free media formulations while for
fibroblasts we used a serum-supplemented medium. These different culture protocols for the different
cell lines are widely used in the literature and recommended to achieve the best culture conditions for
each cell type [52, 53].
One of the strengths of our model is the design of a strict experimental protocol for the use of H2O2,
in order to generate reproducible results avoiding inconsistent effects due to its well-known
instability. The relevance of H2O2 resides in the fact that depending on concentration and time of
exposure different effects are elicited. With lower exposure the generation of ROS affects the cell
cycle and induce the entrance into G0. With long exposure and consequent accumulation of high
levels of ROS the apoptosis mechanisms are triggered mediated by increased expression of genes
such TP53. In cycling cells, p53 dephosphorylates in response to oxidants resulting in cells arrested
in S-phase [54]. Interestingly, HUVEC was the only cell line in which we have seen high expression
of TP53 in treated cells. This high expression could by explained by the gradual slope of the viability
curve in comparison with the other somatic and embryonic cells lines [74].
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In our study, we confirm that external H2O2 treatment generates an oxidative stress environment,
which produces an extra accumulation of ROS in both somatic and embryonic cells. It is now apparent
that a very complex intra-cellular regulatory system involving ROS exists within cells and that these
agents play an important role in ageing, chronic diseases and cancer [55]. With low and medium
doses of H2O2, at sub-lethal oxidative concentrations, we found an accumulation of ROS and lipid
peroxidation at higher H2O2 concentrations in HUVEC cells than in Hs27 and HUES lines, due to the
higher resistance of somatic cells against H2O2. In these non-cytotoxic ranges resides the interest of
our model because no changes of cell morphology are seen, cell proliferation is not affected and
expression of plurypotency genes in hES cells is maintained. Therefore, it can be inferred that our
model mimics the exposure of the early embryo to an oxidative environment in vivo such as during
gestational diabetes or obesity, conditions in which anyway embryonic development takes place
apparently normally and offspring is born.
The reason to assess the lipid peroxidation process, one of the most widely used indicators of free
radical formation and a good biomarker of oxidative stress, is because it is a key factor in the
generation of redox imbalance, favouring the formation of several toxic products such as
malondialdehyde and 4-hydroxynonenal, which can attack lipids, but also DNA and proteins,
predisposing to increased cardiovascular risk, carcinogenicity and mutagenicity [56]. In this study, in
agreement to the literature, lipid peroxidation levels increased in all cells but beyond significance
only in Hs27 and HUVEC somatic cells. This could mean that the embryonic cells have special, or at
least different, damage removal systems in order to avoid that peroxidation and accumulation of
unsaturated lipids affect cell membrane properties and signal transduction pathways, potentially
inducing long-term effects and predisposition to chronic disease risk in later life. Besides, this
difference might be linked to the lower basal intracellular levels of ROS in hESC as compared to
fibroblast and endothelial cells [57, 58]. Therefore, the same H2O2 treatment generates a direct
increase of ROS in all cell types, but in hESC this accumulation does not induce significant lipid
peroxidation. According to other authors [59, 60] this condition could lead to higher resistance of
hESCs to oxidative stress upon exposure to H2O2 compared to their differentiated somatic progeny.
Oxidative stress involves different gene expression and metabolic routes
Alterations in the cellular redox status modify DNA by transactivation activities of a variety of
transcriptional mediators such as high ROS levels or peroxidised lipids. Given the oxidative stress
status, the challenge for the cell is to develop antioxidant defences in order to survive. This, in turn,
is driven by changes in expression of a variety of target genes with downstream effects on cell
function and cytological features like telomere length and its influence on cellular life span [15, 61].
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Redox regulation of gene expression therefore appears to be a robust regulatory system that allows
cells to adapt to environmental changes.
In this study we have shown that somatic cells and embryonic stem cells respond to H2O2 exposure
through different transcriptomic and proteomic mechanisms. One of these main molecular routes is
the NFk pathway that is activated in oxidative stress conditions and during the ageing process by
high levels of cytoplasmic H2O2 and other ROS, resulting in a proinflammatory shift in gene
expression profile [62]. In our model, NFE2L2 gene expression levels were significantly increased
in all four lines and the nuclear translocation of NFk protein was observed in both somatic and
embryonic lines, but more clearly in HUES cells [19]. Our findings in agreement with published data
support the role of ROS as common activators of NFk, demonstrating that elevated levels of ROS
are induced by peroxidised lipids, that in turn are potent NFk-activating agents; moreover,
antioxidants have been shown to block both ROS production and the resultant NFk activation [63].
Ongoing experiments by microarray and protein analysis are investigating other downstreamactivated genes and pro-inflammatory enzymes actively involved in the formation of ROS.
It has been demonstrated that in disease conditions H2O2 plays a role in the activation of inflammatory
gene pathways such mTOR, through the translocation of NFk to the nucleus [64]. Interestingly, the
gene expression levels of mTOR was significantly increased in somatic cells, but not in embryonic
cells, confirming that the antioxidant response takes place in all cell types, but following different
mechanisms and triggering diverse effects.
NFk is also cross-talking with the nrf2 pathway. Activation of nrf2 pathway protects the cells and
contributes to proliferation and survival of damaged cells, whereas its inhibition results in increased
ROS production and cell damage. These pathways interface at several points to modulate the
transcription of downstream targets in relation to the level of ROS, and genes having AREs
responsive to nrf2 often have also NFk binding sites [28]. An example is HMOX1, one of the most
relevant phase II antioxidant enzymes. Our results showed that exposure to H2O2 induces the
elevation of mRNA expression of this antioxidant gene in Hs27 somatic cells and embryonic cell
lines, indicating the activation of the nrf2 pathway. Other authors have demonstrated an increased
response of HMOX against oxidative stress in several somatic cell lines [65, 66]. Interestingly in
HUVEC cells this upregulation was not observed but this finding can be justified according with
other reports on experimental diabetic animals, in which no major variation of the HMOX activity
was observed versus healthy controls [67].
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Nrf2 it is also directly involved in the upregulation of many other genes through the ARE sequences
such as sulfiredoxins, peroxiredoxins and gluthathione related enzyme [68]. SRXN1 in this study
resulted upregulated in Hs27 somatic cells. Furthermore this somatic cell line shows an increased
expression of both KEAP1 and NFE2L2, fact that was also described in animals with high
carcinogenic and cardiovascular risk [69], but the reason of this upregulation is not clear. Instead in
the other cell lines SRXN1 was not increased, but it was noted the upregulation of GSS, indicating
that different cells lines could activate different mechanism of defence. To address the question of
why the expression of glutathione synthetase was different between cell lines, showing significant
higher levels only in endothelial and embryonic cells, it is important to take into account the
differences in metabolism and energy production. It has been reported that cells having high
proliferation rate, like embryonic stem cells, require a defined metabolic pathway justified by the
Warburg effect, in which cells meet their energy requirements through anaerobic glycolysis followed
by lactate fermentation to produce ATP instead of aerobic oxidation in the mitochondria [70]. Instead
our results showed elevated levels of peroxiredoxin 2 in all treated cell lines analysed, suggesting a
possible highly conserved adaptive response to inflammatory stimuli. Inflammation often
complicates diseases associated with oxidative stress like diabetes mellitus, so this enzyme acts as
redox-dependent inflammatory mediator both in vivo and in vitro, modifying the redox status of cell
surface receptors and enabling induction of inflammatory responses [26]. So, our findings of
significant increased expression in both somatic and embryonic cells support the DOHaD concept
and the existence of an interesting crosstalk between PRDX isoform 2 and long-term metabolic
diseases and cardiovascular risks [27]. Moreover this antioxidant protection against oxidative stress,
also suggest a novel therapeutic mechanism for treating metabolic disorders [71].
Catalase and glutathione peroxidase enzymes constitute the main response in acute hyperglycaemia
contributing to the maintenance of a normal intracellular redox homeostasis [1]. The biological
importance of the increase of these two antioxidant enzymes resides in the fact that catalase, localized
in intracellular peroxisomes and in the cytosol [72], reduces H2O2 to H2O and O2 through a two-step
reaction; so it is thought to be important in severe oxidative stress by reducing intracellular H2O2,
which is the by-product of O2·- self-interaction [73]. Glutathione peroxidase also reduces H2O2 and
together with lipid peroxidases convert it to H2O and lipid alcohols [72]. Its inadequate expression or
dysfunction can contribute to OH- formation by not detoxifying H2O2 [74]. In our study, we
confirmed the modification of both enzymes, being upregulated in all cell lines by the H2O2 treatment.
Within this group of classical antioxidant enzymes there is the superoxide dismutases family that
catalyse the dismutation of H2O2 into O2 and their activity is cell and tissue dependent [75]. In our
study, human ESCs showed high levels of SOD3 gene expression in H2O2 treated cells compared
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with the control, but not changes of SOD1 and SOD2 expression (data non shown). Future studies
will be needed to investigate the mechanism by which hESCs activate this ROS protective enzyme
more efficiently, or at least in a different way, than somatic cells.
Finally, accordingly to previous results [76], oxidative stress, within the not cytotoxic range, did not
affect the expression of pluripotency genes, demonstrating that the oxidative treatment, in the not
cytotoxic range, was not affecting the pluripotency of the embryonic cell lines and therefore, most
likely, although not tested in this study, their ability to differentiate into cells and tissues of the three
primary germ layers.

Conclusions and relevance of this model
The implications of an exposure to oxidative stress during embryonic development, that is a common
situation in assisted reproductive technologies (ART) or in pregnant diabetic mothers, is still largely
unknown in humans and remains to be elucidated. Human ESCs are a unique biological tool to study
and model in vitro how environmental alterations can affect the pluripotent cells of the early embryo
in the critical developmental window between the early cleavage stages and the blastocyst stage
inducing damage that can predispose to adult diseases according to the Developmental Origins of
Health and Disease (DOHaD) theory [42].
Therefore, this study for the first time describes a model of non-cytotoxic oxidative stress conditions,
during a period of 72h, in human embryonic stem cells. This model demonstrates increased ROS
levels, lipid peroxidation and differential modulation of gene expression and metabolic pathways
between hES and somatic cells, providing novel insights for the understanding of the peculiar
responses of human embryonic cells. Finally the findings presented here can contribute to optimise
preventive antioxidant strategies to protect the cells of the early embryo exposed to environmental
stress.
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SUPPLEMENTARY MATERIAL

Supplementary Fig. S1. Lipid peroxidation fluorescence intensity of somatic cells with significant differences of
control cells vs. treated cells. Intracellular lipid peroxidation levels were measured with BODIPY reagent, a membrane
permeable non-fluorescent reagent that is converted into fluorescent DCF in the presence of ROS, fluorescence from live
cells shifts from red to green, providing a radiometric indication at 30 min. From A to D correspond with Hs27 cells: (A)
CTR, control non-treated cells, (B) H2O2 – 4 µM, (C) H2O2 – 8 µM and (D) H2O2 – 16 µM. The intensity of green
fluorescence is visually stronger in the concentrations up above 4 μM treatment cells. From E to L pictures represent
HUVEC cells: (E) CTR, control non-treated cells, (F) 8 μM, (G) 16 μM, (H) 32 μM, (I) 64 μM, (J) 128 μM, (K) 256 μM
and (L) 512 μM respectively; the intensity of green fluorescence is visually stronger in the concentration up above 16 μM
of H2O2. Scale bars = 100 µm.
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Supplementary Fig. S2. Fluorescence microscopy pictures of NFkβ factor translocation in Hs27 cells. 24 h post
plating cells were treated for 2 hours with increasing concentrations of H 2O2, then were fix and immunofluorescence
staining was performed with an anti-NFkβ (green) and an anti-tubulin (red) antibody and Hoechst 33342 (blue) was used
for nuclei localization. Representative pictures from A to H panels show the merged images of anti-tubulin and Hoechst
staining, and from a to h panels show anti- NFkβ staining. H2O2 conditions: (A, a) CTR, Control non-treated cells, (B, b)
8 μM, (C, c) 16 μM, (D, d) 32 μM, (E, e) 64 μM, (F, f) 128 μM, (G, g) 256 μM, (H, h) 512 μM. Scale bar = 100 µm.
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Supplementary Fig. S3. Fluorescence microscopy pictures of NFkβ factor translocation in HUVEC cells. 24 h post
plating cells were treated for 2 hours with increasing concentrations of H2O2, then were fix and immunofluorescence
staining was performed with an anti-NFkβ (green) and an anti-tubulin (red) antibody and Hoechst 33342 (blue) was used
for nuclei localization. Representative pictures from A to H panels show the merged images of anti-tubulin and Hoechst
staining, and from a to h panels show anti- NFkβ staining. H2O2 conditions: (A, a) CTR, Control non-treated cells, (B, b)
16 μM, (C, c) 32 μM, (D, d) 64 μM, (E, e) 128 μM, (F, f) 256 μM, (G, g) 512 μM, (H, h) 1024 μM. Scale bar = 100 µm.
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Supplementary Fig. S4. Fluorescence microscopy pictures of NFkβ factor translocation in HUES3 cells. 24 h post
plating cells were treated for 2 hours with increasing concentrations of H 2O2, then were fix and immunofluorescence
staining was performed with an anti-NFkβ (green) and an anti-tubulin (red) antibody and Hoechst 33342 (blue) was used
for nuclei localization. Representative pictures from A to H panels show the merged images of anti-tubulin and Hoechst
staining, and from a to h panels show anti- NFkβ staining. H2O2 conditions: (A, a) CTR, Control non-treated cells, (B, b)
4 μM, (C, c) 8 μM, (D, d) 16 μM, (E, e) 32 μM, (F, f) 64 μM, (G, g) 128 μM, (H, h) 256 μM. Scale bar = 100 µm.
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Supplementary Fig. S5. Fluorescence microscopy pictures of NFkβ factor translocation in HUES7 cells. 24 h post
plating cells were treated for 2 hours with increasing concentrations of H 2O2, then were fix and immunofluorescence
staining was performed with an anti-NFkβ (green) and an anti-tubulin (red) antibody and Hoechst 33342 (blue) was used
for nuclei localization. Representative pictures from A to H panels show the merged images of anti-tubulin and Hoechst
staining, and from a to h panels show anti- NFkβ staining. H2O2 conditions: (A, a) CTR, Control non-treated cells, (B, b)
8 μM, (C, c) 16 μM, (D, d) 32 μM, (E, e) 64 μM, (F, f) 128 μM, (G, g) 256 μM, (H, h) 512 μM. Scale bar = 100 µm.
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Supplementary table T1. Primer sequences used for Real-Time PCR Amplification

Gene

Forward

Reverse

Annealing

Product

Ta

size [bp]

18S

CGCCGCTAGAGGTGAAATTC

TTGGCAAATGCTTTCGCTC

58°C

62

GPX1

TCTCTTCGTTCTTGGCGTTC

CGGGACTACACCCAGATGAA

58°C

115

GPX3

GGATGTACTCCTCCCCATCA

GCCGGGGACAAGAGAAGT

58°C

99

HMOX1

GGCATAAAGCCCTACAGCAA

GCCAGCAACAAAGTGCAAG

58°C

144

CAT

CTGGGTTACCAGCTCCAGTG

AGGCCTCCTGCAGTGTTCT

58°C

141

SOD3

GAGCAGGCAGGAACACAGTA

GGGTGCAGCTCTCTTTTCAG

58ºC

97

PRDX2

TCATCCACGTTGGGCTTAAT

CCAGGCCTTCCAGTACACAG

58°C

90

GSS

TTGAAGTCCATCTGCACAGC

ACCTCACAGGAGCCCACTT

58°C

116

NFE2L2

GAGAGCCCAGTCTTCATTGC

TTGGCTTCTGGACTTGGAAC

58°C

225

KEAP1

CAGATTGGCTGTGTGGAGTT

GCTGTTCGCAGTCGTACTTG

60ºC

202

mTOR

TCCGGCTGCTGTAGCTTATTA

CGAGCATATGCCAAAGCACT

58°C

110

NFkβ

GGACTGGTAGGGGCTGTAGG

CACATGGGTGGAGGCTCT

60ºC

108

PRDK1

ACAATGGAGCAAGCCATCTC

GGGCATCTCGTTCCATCTG

58°C

114

SRXN1

GATCCGGGAGGACCCAGACA

CAAGGAGGCTGCTACTGCAA

58°C

222

TP53

TGTTTCCTGACTCAGAGGGG

GAGCGTGCTTTCCACGAC

58°C

123

RAGE

GCTGGAATGGAAACTGAACACAGG

TTCCCAGGAATCTGGTAGACACG

60ºC

225

OCT4

GTGTTCAGCCAAAAGACCATCT

GGCCTGCATGAGGGTTTCT

60ºC

96

NANOG

TGATTTGTGGGCCTGAAGAAAA

GAGGCATCTCAGCAGAAGACA

60ºC

156

SOX2

GCTTAGCCTCGTCGATGAAC

AACCCCAAGATGCACAACTC

58°C

100
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ABSTRACT
Human embryonic stem cells (hESCs) potentially offer new routes to study, on the basis of the
Developmental Origins of Health and Disease (DOHaD) concept, how the maternal environment
during pregnancy influences the offspring’s health and can predispose to chronic disease in later
life. Reactive Oxygen Species (ROS), antioxidant defences and cellular redox status state play a key
function in gene expression regulation and are involved in diabetes and metabolic syndromes as in
aging. Therefore we have designed an in vitro cell model of oxidative stress by exposing hESCs to
hydrogen peroxide (H2O2) during 72 h, in order to resemble the period of preimplantation embryonic
development. We have analysed the global gene expression profiles of hESCs (HUES3) exposed to
non-cytotoxic H2O2 concentrations, using Illumina microarray HT-12 v4, and we found the
differential expression of 569 up-regulated and 485 down-regulated genes. The most affected gene
ontology categories were those related with RNA processing and splicing, oxidation-reduction and
sterol metabolic processes. We compared our findings with a published RNA-seq profiling dataset
of human embryos developed in vitro, thereupon exposed to oxidative stress, and we observed that
one of the common down-regulated genes between this publication and our data, NEDD1, is
involved in centrosome structure and function. Therefore, we assessed the presence of
supernumerary centrosomes and showed that the percentage of cells with more than two
centrosomes increased acutely with H2O2 treatment in hESCs (HUES3 and 7) and in a control
somatic cell line (Hs27), inducing a premature entry into senescence.

INTRODUCTION
Reactive oxygen species (ROS) are constantly produced by cells and in a normal physiological
environment they are efficiently regulated by intracellular antioxidant systems. However, when ROS
production exceeds cellular defences, these unstable compounds can damage proteins, nucleic acids
and lipids [1]. This situation is known as oxidative stress, and it has been related to the ageing process
and to multiple diseases like diabetes mellitus type 2, cancer, metabolic syndromes and
neurodegenerative complications [2, 3]. The study of the mechanisms implicated in oxidative stress
in different cell models could greatly help to design preventive antioxidant treatments for these
diseases [4].
Cell culture has been used for many decades to decode the mechanisms involved in oxidative stress
and to analyse the protective effect of antioxidants, providing a vast amount of information. However,
very different data can be found in the literature in respect to pro-oxidants doses and effects [5]. The
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effects can also differ enormously according to the cell line; thus, it would be very interesting to
compare different cell types in the same study. Furthermore, most of our knowledge in this field is
derived from differentiated cells while limited information is available on human embryonic stem
cells (hESCs). Some studies have suggested that somatic and ESCs respond in different ways to
oxidative stress [6, 7] although the mechanisms underlying this different response remain unknown.
The interest in the response of hESCs to oxidative conditions lies in their peculiar nature since they
reflect the same features of the early pluripotent cells of human embryos, showing a similar
mitochondrial morphology and mass, and meeting their energy requirements predominantly via
anaerobic glycolysis [8, 9]. The implications of an exposure to common situation in ART or in
pregnant diabetic mothers are still largely unknown in human and remain to be elucidated. Thus, since
for ethical reasons the availability of human oocytes and embryos for research is limited, hESC are
suitable in the studies of human development-linked genetic disorders. Therefore hESCs provide the
in vitro model to study how early human embryonic cells react to an adverse environment during the
critical preimplantation window when environmental alterations like oxidative stress can lead to
future disorders, according to the Developmental Origins of Health and Disease theory (DOHaD)
[10].
When cells affront physiologic stresses, they tend to adapt [11], but if this adaptive capability is
outstripped or if the external stress is too adverse, cell damage initiates. Acute or persistent stress
causes an ample spectrum of metabolic, genetic and cellular responses. The most extreme outcome
is necrosis that implicates irreversible injury and cell death [12, 13]. In order to induce oxidative
stress in a cell culture in vitro model, one of the pro-oxidant agents widely used is hydrogen peroxide
(H2O2), which at physiological concentrations is involved in signalling mechanisms and cell
metabolism. However, it also can produce ROS, which can easily penetrate cell membranes, directly
damaging lipids, nucleic acids and other macromolecules. Moreover, it can react with partially
reduced transition metals such as Fe2+ or Cu2+, generating the highly reactive hydroxyl radical (OH-)
that increases the oxidative damage in the cell [14, 15]. H2O2 intracellular concentration is controlled
by different enzymatic and non enzymatic antioxidant mechanisms and it is assumed to range between
1 and 700 nM [16] depending on the cellular type and the specific system; so intracellular steadystate concentrations of H2O2 above 1 μM are considered to induce oxidative stress, triggering arrest
of development and cell death [17, 18]. In a preliminary study we identified the non-cytotoxic
window of exposure to H2O2 of hESC (HUES3 and HUES7) and somatic cells (HS27 and HUVEC),
that is was recorded in between 4 and 16 µM H2O2 for Hs27 and HUES cells, and up to 32 µM for
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HUVEC cells. We previously demonstrated that in this range there are no modifications of cell
number and morphology, but significantly increased levels of ROS were observed [19].
Cells in normal physiological conditions possess precise checkpoint mechanisms in order to prevent
replication with damaged DNA or other cellular defects. These checkpoints can arrest the cell cycle,
until abnormal cells are either corrected or removed [20]. However, under more severe environmental
conditions, and in response to specific stresses, cells undergo senescence, an irreversible growth arrest
state between G1 and S phase of the cell cycle, and can persist as such for long time metabolically
active [21]. A critical cell-cycle progression organelle is the centrosome that is the Primary
Microtubule Organizing Centre (MTOC) of the cell, and it has been described that cell-cycle arrest
and senescence can be originated by defects in this organelle [22]. A typical centrosome is made up
by a pair of perpendicularly oriented cylindrical structures called centrioles, surrounded by the
pericentriolar material. Defects in the structure of the centrosome can predispose to arrest of the cell
cycle and senescence [22]. In most eucariotic cells, the main function of the centrosomes is
contributing to the mitotic spindle by attaching and nucleating microtubules and by building its
bipolar organization [23]. Several studies have shown that the abnormalities in the chromosomes
might be caused by an abnormal number of centrosomes [24].
Human embryonic stem cells are particularly sensitive to chromosome instability [25, 26] and a
considerable percentage of cultured hESCs after long-term passages exhibit supernumerary
centrosomes during mitosis [27]. Chromosome abnormalities have been largely studied in human
embryos [28], but the status of their centrosome number, structure and the percentage of centrosome
abnormalities is still largely unknown. To determine if aberrant centrosomes contribute to senescence
in H2O2 treated cells, we analysed γ-Tubulin, an essential protein for correct centrosomal structure
and function, and which is an important target of the protein encoded by neural precursor cell expressed developmentally downregulated gene 1 (NEDD1) [29, 30]. Centrosome disruption can be
originated by oxidative stress [31], however, the mechanisms linking modifications of this organelle
to senescence are still poorly understood.
Microarray technology has been widely used to generate global transcriptome profiles, to unravel the
process of early development from the oocyte to the preimplantation stage in various animal models
and also on human embryos [32, 33]. The aim of this study was therefore to analyse using microarray
the response of human ESCs against H2O2 oxidant agent in an oxidative stress model through the
investigation of the global gene expression profile at three key non-cytotoxic H2O2 concentrations (4,
8 and 16 µM). We demonstrate that somatic and ESCs show different responses compared to
endothelial cells, and we provide further data to show how the oxidative environment can affect the
63

Chapter 3

early embryonic cells. On one hand, our data suggest that heterogeneity across different hESC lines
is reflected in global transcriptional profiles in agreement with human embryonic development [34].
On the other hand, we demonstrate the modification of crucial genes involved in pathways related
with oxidation-reduction, glucose metabolism, epigenetics and DNA repair. One of these altered
genes in common with human embryos developed in vitro, NEDD1, led us to unravel the role of
centrosome modifications in human somatic cells, fibroblasts and endothelial cells, and in ESCs
exposed to an in vitro oxidative stress treatment induced by H2O2 exposure.

MATERIALS AND METHODS
Cell culture
Human embryonic stem cells (hESCs) (HUES3 and HUES7 cell lines, obtained from Harvard Stem
Cells Institute) [26] were first cultured on a feeder layer of mouse embryonic fibroblasts (MEFs)
inactivated by mitomycin C (Sigma–Aldrich, Milan, Italy) in KO-DMEM medium (Gibco Invitrogen,
Milan, Italy) supplemented with 10% serum replacement (Gibco Invitrogen, Milan, Italy), 4.3 mg/ml
bovine serum albumin (BSA) (Sigma–Aldrich, Milan, Italy), 2 mM glutamine (L-alanyl- Lglutamine, Sigma–Aldrich, Milan, Italy), 1% non-essential amino acids (Gibco Invitrogen, Milan,
Italy), 0.055 mM beta-mercaptoethanol (Gibco Invitrogen, Milan, Italy), 63 mg/ml penicillin, 70
mg/ml streptomycin, and 10 ng/ml bFGF (Pepro-tech, Milan, Italy). To perform the experiments,
hESCs were adapted to grow in feeder-free conditions in mTeSRTM1 medium (Stemcell
Technologies, obtained from Voden medical instruments, Milan, Italy). The medium was changed
everyday and cells were passaged 1:4 with PBS/EDTA every 3 or 4 days.
Human fibroblasts (Hs27 cell line, obtained from Biobanking of Veterinary Resources, IZSLER,
Brescia, Italy) were cultured in Dulbecco´s Modified Eagle Medium (DMEM, high glucose,
GlutaMAX TM supplement, Gibco Invitrogen, Milan, Italy), supplemented with 10% Fetal Bovine
Serum (FBS, Sigma-Aldrich, St. Louis, MO, USA). Human Umbilical Vein Endothelial Cells
(HUVEC line, obtained from Biobanking of Veterinary Resources, IZSLER, Brescia, Italy) were
cultured in Medium-200 that is supplemented with 2% Low Serum Growth Supplement (Gibco
Invitrogen, Milan, Italy). Cells were passaged 1:4 by 0.05% trypsin/EDTA incubation at 37 ºC for 5
min every 3 or 4 days.
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For microarray analysis the exposure to 4, 8 and 16 M of H2O2 started 24 hours (h) after plating and
medium was changed daily during the following 72 h, ending at day 4 after plating. For centrosome
fragmentation analysis the exposure to H2O2 started 24 h after plating and medium was changed once,
treating the cells during 2 h and 24 h. For gene expression analysis Hs27 and HUVEC were grown in
60 mm dishes and HUES cells in 24-well plates. For immunofluorescence detection cells were seeded
on 6 mm diameter glass cover slides at different concentrations depending on timing treatment: 2 and
24 h treatment 80.000 cells/ml; and to reach the optimal cell confluence after 72 h treatment, cells
were plated at different concentrations: somatic cells (Hs27 and HUVEC) were plated at 60.000
cells/ml and hESC (HUES3 and HUES7) at 40.000 cells/ml. At the end of the treatment, cell samples
were frozen for RT-PCR, and then stored in RNA protect Cell Reagent (Qiagen, Milan, Italy) for the
microarray analysis or fixed in PAF (4% in PBS) for immunocytochemistry analysis.

Hydrogen peroxide treatment diagram

RNA Isolation, cDNA Synthesis and qPCR
The RNA from cells treated with the different H2O2 concentrations was extracted, from three
biological replicates, using the RNeasy Mini Kit (Qiagen, Milan, Italy) following the manufacturer’s
instructions. Each replicate was processed independently. After extraction, the reverse transcription
reaction was performed with iScriptTM cDNA Synthesis Kit (Bio-Rad, Milan, Italy) following the
manufacturer's instructions. Tubes were first incubated at 25ºC for 5 min and then at 42°C for 30 min
to allow the reverse transcription of mRNA, followed by 85°C for 5 min to denature the enzyme.
After the retrotranscription of mRNA transcripts, the three-control cDNA replicates and three
replicates of each treatment condition (4, 8 and 16µM of H2O2) were sent to conduct microarray
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experiments by Cambridge Genomic Services using Illumina HumanHT-12 v4 expression BeadChIP.
Validation of microarray data was performed by real-time qPCR. For each biological experiment,
three PCR replicates were conducted for interest genes. We compare the relative levels of each
transcript with those of the housekeeping gene in each sample. PCR was carried out with the PCR
mix iTaqTM Universal SYBR Green Supermix (Bio-Rad, Milan, Italy) containing the specific
primers (Supplementary Table 1) in a MyiQ Real-Time PCR Detection System (Bio-Rad, Milan,
Italy). Data was analysed with the iQ Optical System Software (Bio-Rad) with the ddCt method. 18S
was used as housekeeping reference gene, and all the genes were normalized to the non-treated
control.
Microarray Gene Expression Studies
Preprocessing of Illumina microarray data and quality control (QC) were performed using
R/Bioconductor packages BeadArray (Dunning et al., 2007) and Lumi (Du et al., 2008). QC steps
undertaken i) exclusion of unexpressed genes/probes if their detection p-val ≤ 0.05 and ii) quantile
normalisation of data, followed by log2 and variance-stabilizing transformation (VST) implemented
in Lumi Bioconductor package. In the circumstance of genes represented by multiple distinct
oligonucleotide probes, the probe with the highest average expression across all samples was selected
for use in further analyses. Normalised data were exported directly from Lumi Bioconductor package.
Identification of Differentially Expressed Genes
Differential gene expression between sample groups was identified with multiple hypothesis testing
via the R/bioconductor package Limma (Smyth, 2004) using methods “lmFit”, “makeContrasts” and
“eBayes” with default parameters. The empirical Bayes approach employed shrinks sample variance
towards a pooled estimate, leading to more robust estimation of differential expression. Differentially
expressed (DE) genes are denoted significant if their p-val ≤ 0.05.
Identification of pivot genes associated with human preimplantation embryonic development
Transcriptomic data of human early embryonic development were derived from a published study of
single-cell RNA-seq profiling of human preimplantation embryos [34], which include 7
developmental stages of preimplanted embryos (oocyte, zygote, 2-cell, 4-cell, 8-cell, morula and
blastocyst). The processed gene counts files were downloaded from GEO database (GSE36552).
Gene expression levels were evaluated by calculating TPM [35], and the genes with TPMs higher
than 1 in more than 50% replicates in at least one stage were kept as the expressed ones in human
early embryonic development. Human protein-protein interaction (PPI) data were downloaded from
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BioGrid database (version 3.1.141) [36] including both curated physical and genetic interactions.
Redundant interactions and self-interactions were deleted.
The co-expression level for each interacted gene pair in the PPI network was evaluated by calculating
Pearson Correlation Coefficient (PCC). The protein-protein interactions with significant PCCs (BH
[37] corrected p-value ≤ 0.01) are kept for the construction of the co-expression network. Then, the
co-expression network was clustered by using Markov Cluster Algorithm (MCL) [38] with default
parameters, and the clusters with at least 10 genes, which are significantly enriched with GO
biological processes evaluated by using hypergeometric test, are selected as co-expression functional
gene modules. The inter-modular hubs are defined as the genes locating between the functional
modules, which interacted with at least 10 genes in the co-expression network. The pivot genes were
selected from the inter-modular hubs, which have significantly more interactions with a functional
module evaluated by hypergeometric test (p-value ≤ 0.05). The differential expression of the pivot
genes between 4-cell and 8-cell stages were evaluated by using T-test with the BH corrected p-values
lower than 0.05 and the fold changes higher than 1.4 as suggested by MAQC consortium [39].
Immunofluorescence
In order to localize γ-Tubulin, a highly conserved protein within the microtubule organizing centres,
cells grown in glass cover slides were washed once with PBS and fixed in 4% paraformaldehyde
(VWR, Milan, Italy) for 30 min at room temperature (RT). Then, they were permeabilized by
incubation in 0.5 % Triton (Sigma, Milan, Italy) in PBS for 15 min at RT and blocked in 10% normal
goat serum (Sigma, Milan, Italy) in PBS for 1 hour at RT. After that, cells were incubated for 2 h at
RT in 1:1500 mouse monoclonal anti -  - Tubulin (Clone GTU-88, Sigma, Milan, Italy). Following
incubation, cells were washed three times and incubated in PBS containing 1:200 Texas Red antimouse antibodies (Jackson ImmuneResearch, Milan, Italy) for 1 hour in the dark at RT. Finally, cells
were incubated with 5 µg/ml Hoechst 33342 (Sigma, Milan, Italy) for 15 min in the dark at room
temperature and washed three times in PBS and seated with Citifluor (Citifluor Ltd., London, UK).
Slides were observed by fluorescence microscopy (Nikon Eclipse 80i). Negative controls were
performed with omission of the primary antibody before secondary antibody addition.
Statistical analysis
All values are expressed as mean ± standard deviation (SD) and were obtained from three separate
experiments analysed independently. Statistical analysis for RT-qPCR was performed on the data
using the Student's t test to calculate significant differences between treated group samples compared
with the control (CTR). The asterisks denote statistical significance: *, p-val ≤0.05; **, p-val ≤0.01;
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***, p-val ≤0.001. For centrosome fragmentation analysis, two groups χ2 square test was conducted
between treated groups samples compared with the CTR. The asterisk indicates significant increase
compared with the CTR, p-val ≤0.05.

RESULTS
Transcriptome analysis
In a preliminary study we developed [19] a novel in vitro model to analyse the effects of oxidative
stress and the antioxidant response against Reactive Oxygen Species (ROS) in embryonic stem cells
compared with somatic cells. We demonstrated that the non-lethal doses of H2O2 resulted in an
increase in oxidative stress in treated cells. To evaluate the nominal concentration-effect relationship
for the cytotoxic action of H2O2, human somatic cells (Hs27 and HUVEC) and embryonic stem
(HUES3 and HUES7) cell lines were exposed to increasing concentrations of H2O2 between 4 and
768 M during 72 h and by AlamarBlue® reduction we analysed cell viability and normalized to the
untreated control samples of each cell line. Gene expression profiles from in vitro untreated control
and 4, 8 and 16 µM H2O2 treated HUES3 cells were obtained using Illumina HT-12 v4 microarrays,
each array included ~48k transcripts. No global differences were observed in the transcriptome profile
between samples of different H2O2 conditions (Supplementary figure S1), suggesting that the global
gene expression of Human ES cells is stable upon hydrogen peroxide treatment. We next sought to
determine whether any of genes were observed as differentially expressed across all H2O2 treatments.
To answer this question, we performed a differential gene expression analysis using Limma (Smyth,
2004) to identify differentially expressed genes unique to each H2O2 concentration and shared across
distinct H2O2 exposures. The Venn diagram (Fig. 1 B and D) shows the total number of significantly
upregulated and downregulated genes. A total of 569 genes were upregulated in comparison with
untreated cells, and 485 were downregulated in comparison with control. From these genes, a total of
260, 186 and 238 genes were upregulated in the 4 µM, 8 µM and 16 µM groups, respectively. We
found that, for these upregulated genes, 46 were common to both 4 and 8 µM H2O2 exposures, 47 to
the 4 and 16 µM H2O2 exposures, and 39 genes to the 8 and 16 µM H2O2 concentrations. Notably, 17
genes were shared among all three H2O2 treatments. Moreover, a total of 198, 179 and 190 genes
were downregulated in the 4 µM, 8 µM and 16 µM groups, respectively. We found that for these
downregulated genes 41 were common to both the 4 and 8 µM, 26 to the 4 and 16 µM and 23 genes
to the 8 and 16 µM H2O2 concentrations. Particularly, 8 genes were shared among all three H2O2
treatments.
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Figure 1. Global transcriptome analysis of hESCs, HUES3, treated with different concentrations of H 2O2. Heatmap
visualization of upregulated (A) and downregulated (C) genes following 4, 8 and 16 µM H2O2 treatments. Replicates are
displayed in the vertical axis genes on horizontal axis. Log2 transformed signal intensities are depicted in colour code.
Venn diagram of the upregulated (B) and downregulated (D) genes that are significantly different between control and
H2O2 treated HUES3 cells. Of the 569 genes significantly upregulated between control and treated HUES3 cells 17 genes
showed significant change by stage in all three H2O2 treatments (4, 8 and 16 µM). And of the 485 genes significantly
downregulated between control and treated HUES3 cells 8 genes showed significant change by stage in all three H 2O2
treatments.

Quantitative RT-PCR for oxidative stress gene expression
The clustering analysis of the differentially expressed genes and functional gene ontology
classification allowed us to construct a graph with the crucial cell functions compromised by the noncytotoxic H2O2 treatment (Supplementary figure S2). The most significant GO term affected in
HUES3 treated cells is the RNA processing and interestingly, most of the 'oxidation reduction' genes
are upregulated (14 out of 20). Relevant genes for oxidative stress were chosen from this microarray
results to represent both increased and decreased expression, and also different ranges of changes.
Whereas in the microarray dataset, these genes showed a wide range of fold changes across the three
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H2O2 concentrations (4, 8 and 16 μM) when compared with control cells, or for each H2O2
concentration compared with control, more subtle differences were evidenced in the qPCR analysis
and for some genes it was possible to show a more detailed dose-response variation, in a high rate
agreement with the microarray results. We selected only genes whose expression was altered by at
least 1.3 fold change in response to treatment. Quantitative RT-PCR was performed to validate 15
genes, and to further validation, gene expression levels were also analysed in HUES7 treated and
control cells.
When genes encoding oxidation-reduction processes were analysed by RT-qPCR, it was observed
that NDUFA3, PRDX2, PRDX5 and SCO2 were upregulated (Fig. 2 A, B, C and D), in agreement
with microarray results in which NDUFA3 and peroxiredoxin genes showed up to 1.3 fold changes
upregulated for the three H2O2 concentrations in comparison with control, and SCO2 which showed
a higher upregulation for 16 μM H2O2. Considering genes related with sugars and sterol metabolism,
AKR1A1 and TM7SF2 genes were shown by RT-qPCR as significantly upregulated (Fig. 2 E and F),
and also by microarray analysis as at least 3 fold changes upregulated for 16 μM H2O2 when compared
with control. Meanwhile ALHB1B1, ALG5 and SORD showed by microarray analysis
downregulated for the three H2O2 concentrations in comparison with control, and downregulated at
least for 16 μM by RT-qPCR (Fig. 2 G, H, I). Increased significant differences were observed in the
expression of nuclear transcription factor NF-kappa B (Nfkb gene) related TNFSF9 for treated cells
(Fig. 2 J), being also upregulated in the microarray for the three H2O2 concentrations compared with
the control. PMS1 gene, which regulates DNA repair pathway, was significantly downregulated for
8 and 16 μM concentrations (Fig. 2 K), according with the microarray results indicating
downregulation for the three H2O2 concentrations compared with the control cells. Regarding
epigenetic modifications, the JMJD gene, which is involved in DNA methylation process, appears
upregulated at 8 μM and 16 μM of H2O2 (Fig. 2 L) by RT-qPCR, which aligns with observations in
the microarray dataset at 16 μM concentration.
Finally, when the expression of the pluripotency genes OCT4, NANOG and SOX2 was analysed in
hESCs, no differences were found between the different H2O2 treatments (Fig. 2 M, N and O) and
control untreated cells, also consistent with the microarray data, demonstrating that the oxidative
treatment was not affecting the status of pluripotency.
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Figure 2. Microarray validation of selected transcripts by qRT-PCR analysis. Array results were validated choosing
transcripts relevant for oxidative stress. Dark grey columns represent HUES3 cells and black columns represent HUES7
cells. Relative gene expression between CTR, untreated control cells, and 4 µM, 8 µM and 16 µM H2O2 conditions of 72
h treatment. H2O2 exposure induced a dose response modification of oxidation-reduction processes genes: NADH
Dehydrogenase (Ubiquinone) 1 Alpha Subcomplex, 3 (A), Peroxiredoxin 2 (B), Peroxiredoxin 5 (C) and Cytochrome C
Oxidase Assembly Protein (D) were upregulated for treated cells. Upregulated genes related with sugars and sterol
metabolism: Aldo-Keto Reductase Family 1, Member A1 (E) and Transmembrane 7 Superfamily Member 2 (F).
Downregulated genes related with sugars and sterol metabolism: Aldehyde Dehydrogenase 1 Family, Member B1 (G),
Dolichyl-Phosphate β-Glucosyltransferase (H) and Sorbitol Dehydrogenase (I). Nfkb pathway related gene Tumor
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Necrosis Factor (Ligand) Superfamily, Member 9 was upregulated (J). PMS1 Homolog 1, Mismatch Repair System
Component gene, was downregulated (K). And Jumonji Domain Containing 6 gene was upregulated (L). (M – O):
relative gene expression of pluripotency genes (OCT4, NANOG and SOX2). Three qRT-PCR analyses were conducted
with each of 3 independent biological replicates and the data were analyzed using a two-sample Student’s t-test. The
asterisks denote significant statistical differences from untreated control: *, p-val ≤0.05; **, p-val ≤0.01; ***, p-val
≤0.001.

Correlation with a single-cell RNA-seq profiling dataset of IVF derived human embryos. CNBP
and NEDD1 gene expression analysis in treated hESC and somatic cells.
It is well known that during in vitro culture the oocytes and afterwards the early cleaving embryos
are exposed to oxidative stress that accumulated over time [40]. To further validate and characterise
the effect of oxidative stress on embryonic cells, we conducted a comparative analysis of our
microarray data with the single-cell RNA-seq profiling data obtained from in vitro cultured human
preimplantation embryos [34], which also are exposed to some extent to oxidative stress conditions.
These data included 7 early stages of human preimplantation embryonic development: oocyte, zygote,
2-cell, 4-cell, 8-cell, morula and blastocyst. We found two top genes overlapping between
comparisons made in the two datasets: CNBP (CCHC-Type zinc finger, nucleic acid binding protein),
also known as ZNF9, and NEDD1 (neural precursor, developmentally down-regulated 1).
In the human IVF embryo transcriptome data, we saw that both genes were highly expressed in
oocyte, prior to downregulation at 4-cell stage. CNBP gene showed an increased expression at 8-cell
and morula stages compared to 4-cell stage, whereas NEDD1 gene was downregulated at 8-cell and
blastocyst stage compared to 4-cell stage. Both genes have been identified as pivot genes, taking into
account both the expression data and the curated physical and genetic interaction network
downloaded from BioGrid. CNBP has significantly more interactions with a functional gene module,
which is significantly involved in the biological processes such translational termination, SRPdependent co-translational protein targeting to membrane, translational elongation, nucleartranscribed mRNA catabolic process, nonsense-mediated decay, translational initiation and viral
transcription. And NEDD1 is a pivot gene which crosstalks with two functional gene modules: one
is involved in the biological processes of toxin transport, binding of sperm to zona pellucida and 'de
novo' posttranslational protein folding; while the other is related with cilium assembly, G2/M
transition of mitotic cell cycle, centriole replication, spindle assembly, microtubule bundle formation
and determination of left/right symmetry.
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Viewing from the gene-to-gene co-expression functional network, CNBP interacts with RPL23A,
RPS16 and RPS19, which means that CNBP shows significantly co-expression with the ribosomal
proteins (Fig. 3 A). We checked the BioGrid dataset, which we used to construct the co-expression
network and we found that all the interactions between CNBP gene and the ribosomal proteins are
physical interactions. It suggests that the proteins encoded by CNBP bind to the ribosomal proteins.
NEDD1 crosstalks with the functional gene module of “toxin transport, binding of sperm to zona
pellucida and de novo posttranslational protein folding” through the anti-correlated co-expressions
with several members of the chaperonin containing TCP1 complex such as CCT2, CCT3, CCT4 and
so on, while it also interacts with the functional module of “cilium assembly, G2/M transition of
mitotic cell cycle, centriole replication, spindle assembly, microtubule bundle formation and
determination of left/right symmetry” through the correlated co-expressions with the genes CEP152,
CEP192, C14orf145, KIAA1009, KIAA0562, NME7, ODF2, CCDC77, OFD1, CP110 and PLK4
(Fig. 3 B), which suggests that NEDD1 plays roles in centrosome related pathways such as centriole
replication, spindle assembly and microtubule bundle formation through the interactions with the
proteins CEP152, CEP152, OFD1, CP110 and PLK4. Given that, we proceed with the analysis by
RT-qPCR of CNBP and NEDD1 genes: CNBP showed downregulation in human embryonic stem
cells at 4 and 8 μM H2O2 concentrations (Fig. 4 A) and in somatic Hs27 cells at 16 and 32 μM
concentrations (Fig. 4 B). NEDD1 showed downregulation in embryonic stem cell lines HUES3 and
HUES7 at 8 and 16 μM compared with control (Fig. 4 C) and in somatic cell line Hs27 at 8, 16 and
32 μM (Fig. 4 D). This downregulation in both genes was not observed in HUVEC, however.
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Figure 3. Crosstalks between the pivot genes CNBP and NEDD1 and their functional gene modules. A. CBNP
crosstalks with a functional gene module “translational termination, SRP-dependent co-translational protein targeting to
membrane, translational elongation, nuclear-transcribed mRNA catabolic process, nonsense-mediated decay,
translational initiation and viral transcription” through the anti-correlated co-expressed interaction with the genes
RPL23A, RPS16 and RPS19. The red edges represent the anti-correlated co-expressed gene-gene interactions, and the
grey edges represent the correlated co-expressed gene-gene interactions. B. NEDD1 pivot gene crosstalks with two
functional gene modules: one is involved in the biological processes of toxin transport, binding of sperm to zona pellucida
and 'de novo' posttranslational protein folding mainly through the anti-correlated co-expressed interactions with genes
CCT2, CCT3, CCT4, CCT5, CCT6A, CCT7 and TCP1 (on the left), while the other is related with cilium assembly,
G2/M transition of mitotic cell cycle, centriole replication, spindle assembly, microtubule bundle formation and
determination of left/right symmetry mainly through the correlated co-expressed interactions with genes CEP152,
CEP192, CP110, KIAA1009, KIAA0562, ODF77, ODF1, NME7, CCDC77, PLK4 and C14orf145 (on the right).
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Figure 4. CNBP and NEDD1 gene expression in hES and somatic cells. Gene expression analysis by quantitative PCR
of the top two genes found overlapped between our microarray data, comparing control and H 2O2 treated HUES3 cells,
and published transcriptome data of human oocytes and seven pre-implantation embryo stages: zygote, 2-cell, 4-cell, 8cell, morula and blastocyst. Dark grey columns represent HUES3 cells and black columns represent HUES7 cells. Relative
gene expression between CTR untreated cells and 4, 8 and 16 µM 72 h H2O2-treatment for CNBP gene (A) and NEDD1
gene (C). White columns represent Hs27 cells and striped columns represent HUVEC. Relative gene expression between
CTR untreated somatic control cells, and 4, 8, 16, 32 and 64 µM conditions for fibroblast, and also 128 and 256 µM H2O2
conditions for endothelial cells, of 72 h H2O2-treatment for CNBP gene (B) and NEDD1 gene (D). Three qRT-PCR
analyses were conducted with each of 3 independent biological replicates and the data were analyzed using a two-sample
Student’s t-test. Columns identified with an asterisk are significantly different from untreated control, p-val ≤0.05.

Immunocytochemistry analysis demonstrates that the number of human embryonic stem cells
with abnormal centrosome number increases with H2O2 treatment.
We assessed changes in centrosome structure or integrity in H2O2 treated cells, related with the
downregulation of NEDD1 gene expression. To test this, control and H2O2 treated cells at 4, 8, 16,
32, 64 and 128 μM were stained for the centrosomal protein -Tubulin. In control hES cells, most of
the cells presented a normal staining for the centrosome, with only 1 or 2 dots corresponding with the
-Tubulin (Fig. 5 c1, c2, f1 and f2). In treated hESC the number of cells with more than 2 dots increase
at 16 μM (Fig. 5 c3 and f3) and 32 μM (c4 and f4). Quantification of the centrosomal dots at 2 h and
24 h treatment in control compared with hESC treated cells indicated no significant differences at 2
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h treatment (Fig. 5 A and D), but at 24 h treatment, there is an increase of the cells that have more
than two centrosomes in comparison with control (1%) to 16 μM, and then a greater increase between
32 and 64 μM for HUES3 cells (Fig. 5 B) and only at 32 μM for HUES7 cells (Fig. 5 E). When we
analyse the cells with more than two centrosomal structures, it is observed that the number of
centrosomes varies between 3 and 4, although there are also cells with 5 or more dots (Fig. 5 B and
E). In general, in cells where there is an increase in the number of centrosome structures, they seem
smaller than the centrosome of control non-treated cells, sometimes clustered (Fig. 5 c3 and f3) and
sometimes distributed throughout the cell (Fig. 5 c4 and f4).
Although it was not possible to co-stain cells for centrosomal together with senescent markers, on the
basis of cytotoxic analysis done previously, it possible to observe that abnormal centrosomes occurs
in the limit of non-cytotoxicity, when the cells start to become morphologically senescent according
to the Alamar Blue results (Supplementary figure S3).
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Figure 5. Abnormal centrosome numbers in H 2O2 hES cells. HUES3 and HUES7 cells were treated by increasing
H2O2 concentrations during 2 and 24 h. Between 250 and 270 cells were counted for each control and treatment condition.
Both cell types were stained for γ-Tubulin (red) and Hoechst 33342 (blue), at control and at each H2O2 treatment. Where
the centrosomes are not enough visible, the area enlarged is shown by a smaller box. In control most cells display normal
number of centrosomes with either one or 2 centrosomes (c1, c2, f1 and f2). By the increase of H2O2 treatment many cells
display more than two centrosomal structures: c3 and f3, 16 µM; c4 and f4, 32 µM. These multiple centrosomal structures
are either distributed in close proximity to each other (f3 and c3) or throughout the cell (indicated by arrows picture f4).
The percentage of HUES3 with more than two centrosomes increases sharply between 32 and 64 µM only for 24 h
treatment (A). The percentage of HUES7 with more than two centrosomes increases significantly at 32 µM condition
only for 24 h treatment (D). Of the cells displaying more than two centrosomes at 24 h H2O2 treatment, the majority have
three centrosomes, and some have four or more (B and E). Two groups χ2 square test, p-val ≤0.05.
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Immunocytochemistry analysis demonstrates that the number of Hs27 cells with abnormal
centrosome number increases with H2O2 treatment
Quantification of the centrosomal dots at 2 h, 24 h and 4 days treatment in Hs27 cells control
compared with H2O2 treated cells indicated no significant differences for 2 h and 4 days treatments,
conversely at 24 h treatment there was an increase of the cells with more than two centrosomes in
comparison with control (1%) to 8 μM, and then a greater increase between 16 and 64 μM (Fig. 6 A).
In control Hs27 most of all cells presented the physiological normal centrosomal staining with only
1 or 2 dots corresponding with the -Tubulin (Fig. 6 c1 and c2). In treated Hs27 the number of cells
with more than 2 dots increased, (Fig. 6 c4, 16 μM), but most treated cells retained a normal -Tubulin
staining with only 2 dots (Fig. 6 c3, 4 μM). When we proceeded with the analysis of cells with more
than two centrosomal structures, we observed that the number of centrosomes varied between three
and four and only a few cells, as observed in hESC, had 5 or more dots (Fig. 6 B). In general, in cells
with increased number of centrosome structures, they appeared smaller than the centrosome of control
non-treated cells, sometimes clustered (Fig. 6 c4).

In HUVEC the total percentage of cells with more than two centrosomes is not affected by any
H2O2 timing of treatment
Quantification of the centrosomal dots at 2 h, 24 h and 4 days treatment in HUVEC control compared
with treated cells indicated no significant differences for any H2O2 treatment, not showing any raise
relative to the amount of cells with more than two centrosomes in comparison with control
(approximately 2.5%) to treated cells (Fig. 6 D). In control HUVEC most of the cells presented the
expected staining with only 1 or 2 dots corresponding with the -Tubulin (Fig. 6 f1). However,
compared with the other cell lines, there was an increased proportion of HUVECs that displayed more
than two centrosome dots (Fig. 6 f2). In the treated and non-treated HUVECs with more than two
centrosomes, (Fig. 6 f3, 4 μM and f4, 16 μM), the number of centrosomes fragments was equally
distributed between three to five or more (Fig. 6 E). In most cases, where there were multiple
centrosomal dots, they usually showed smaller in size and clustered (Fig. 6 f4). These data suggest
that HUVEC are more resistant to H2O2 treatment compared to HUES7 and HUES3 cells.
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Figure 6. Abnormal centrosome numbers in H2O2 Hs27 and HUVEC. Hs27 and HUVEC were treated by increasing
H2O2 concentrations during 2 h, 24 h and 4 days. Between 250 and 270 cells were counted for each control or and
treatment condition. Both cell types were stained for γ-Tubulin (red) and Hoechst 33342 (blue). Where the centrosomes
are not enough visible, the area enlarged is shown by a smaller box. In control condition most Hs27 cells display normal
number of centrosomes with either one or 2 centrosomes (c1 and c2). At low H2O2 concentrations cells start to display
more than two centrosomal structures, but most still have one or 2 centrosomal structures (c3, 4 µM). At higher H2O2
concentrations more fibroblasts start to display more than two centrosomal structures (c4, 16 µM). The percentage of
Hs27 cells with more than two centrosomes increases sharply between 16 and 64 µM only for 24 h treatment (A). Of the
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cells displaying more than two centrosomes at 24 h H2O2 treatment, the majority have three centrosomes, and some have
four or more (B). Quantification of abnormal centrosomes in HUVEC at different H 2O2 timing treatments: in control
condition some cells display the correct number of centrosomes (f1, one or two), but the percentage of control cells with
more than two centrosomes is higher than in the other analysed cell lines (f2). By the increase of H2O2 even more cells
start to display more than two centrosomal structures (f3, 4 µM; f4, 16 µM). The percentage of HUVEC with more than
two centrosomes show no significant differences at any timing treatment between control and H 2O2 treated cells (D). In
the treated and non-treated cells with more than two centrosomes, the number of centrosomes fragments was from three
to five or more (E). Two groups χ2 square test, p-val ≤0.05.

DISCUSSION
For decades researchers have used cell culture to analyse the effect of oxidative stress, generating a
large body of literature with sometime controversial results. In this work we propose a 72 hours
oxidative stress in vitro model and we provide an analysis of changes in global gene expression of
hESCs exposed to H2O2 within the non-cytotoxic range. Furthermore, we present a comparative study
between hES and somatic cells under oxidative stress conditions and we describe the presence of
centrosome abnormalities as senescence markers.
The way in which ESCs respond to oxidative stress is still largely unknown. Although other authors
have reported that ESCs have a remarkable recovery capacity against oxidative stress and are more
resistant than their differentiated fibroblastic progenies [7, 41], we have observed the toxic effect of
H2O2 on cell viability at similar concentrations in both Hs27 and hESCs. This can be explained by
the ESC sensitivity when the exposure to H2O2 occurs continuously [6]. Besides that, it has been
suggested that the defensive mechanisms could be more effective in cells that have been more
exposed to acute variations in the environment during evolution and specially in cells that carry a
huge sensitivity to particular stresses and engage more in maintain homeostasis [42]. In our study,
HUVEC showed higher resistance to H2O2 exposure and this finding could be linked to the fact that
endothelial cells in vivo are constantly exposed to shear stress, thereby producing an impact on
cellular metabolism, structure and function [43], ultimately making them stronger against damage
caused by H2O2 and potentially more active in its elimination.
It has been described that oxidative stress induces an altered redox status in the cell, modifying DNA
by transcriptional mediators such as high ROS levels [15]. Given the oxidative stress status, the
challenge for the cell is to develop mechanisms to counteract the negative oxidative effects in order
to survive. The variability in gene expression that we have seen between different HUES3 replicates
agrees with their heterogeneity in development, which is an important feature of early human embryos
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[44] and also of individual ES cells. On the other hand the focus on the non-cytotoxic range of H2O2
of exposure that was chosen in this study implies that only subtle but critical changes, specifically
due to oxidative stress, were the target of our investigation. In any case, with our oxidative stress
model we have identified an important number of molecular pathways modified and reported
differences in gene expression between control and non-cytotoxic doses of H2O2. More specifically,
we have identified a total of 1054 dysregulated genes, being 569 upregulated and 485 downregulated
in comparison to control cells. The substantial differences in transcript number in each category of
the Venn diagrams illustrates the magnitude of the variation between treatments conditions that
however do not induce gross morphological changes in the exposed cells.
Redox processes
The importance of diverse components involved in the correct oxidation-reduction processes in the
pluripotent embryo stages has been described in previous studies [33, 45]. The activity of many
eukaryotic crucial cellular nucleophiles and their capacity to interact with critical enzymes is
modulated by redox changes as previously reported [46]. In our study, NADH Dehydrogenase
(Ubiquinone) 1 Alpha Subcomplex 3 (NDUFA3), Peroxiredoxins 2 and 5 (PRDXs 2 and 5) and
Cytochrome C Oxidase Assembly Protein (SCO2) were upregulated in H2O2 treated cells, a finding
that agrees with several of the reported studies demonstrating changes of gene expression in response
to oxidant agents [47, 48].
Furthermore, oxidative stress is also associated with several age-related diseases and the
physiological process of ageing [2]. NDUFA3 together with SCO2 are essential enzymes in the
electron transport chain that are responsible for maintaining the proton gradient across the inner
mitochondrial membrane, process that is essential for the aerobic production of ATP. Their
upregulation could contribute to telomere shortening and therefore pathological ageing under
oxidative stress conditions [18, 49], modifications that could have long-term deleterious effects
especially in the pluripotent cells of the early embryo [50].
Considering peroxiredoxin enzymes, their increased expression levels in embryonic cells support the
DOHaD concept and the existence of an interesting association between expression perturbation of
PRDX isoform 2 and long-term metabolic diseases and cardiovascular risks [51] and can suggest a
novel therapeutic strategy for treating metabolic disorders [52].
Metabolic pathways
Pyruvate, produced through the metabolism of glucose, and glucose itself constitute the main sources
of energy for oocytes and preimplantatoin embryos [53]. The sub-optimun glucose culture conditions
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for oocytes, embryos and stem cells have been suggested to promote failure of resumption and
completion of meiosis, decreased cytoplasmic maturation and diminished developmental potential
[54]. In the quite complex glucose metabolism, many genes and enzymes contribute to the serial
reactions necessary for it glycolytic breakdown[54]. In our study we found several upregulated genes
related with sugars and sterol metabolism such as Aldo-Keto Reductase Family 1 Member A1
(AKR1A1) and Transmembrane 7 Superfamily Member 2 (TM7SF2). Previous studies in AKR1
family reductases revealed its involvement in diabetes complications in human and porcine models
[55] and moreover its up-regulated expression has been observed in rat tissues treated with
submicromolar concentrations of H2O2, suggesting that this enzyme family acts as a defence system
against oxidative stress [56]. Meanwhile the upregulation of TM7SF2 has been implicated in
oncogenesis and cancer progression [57], but further studies are needed to understand this
phenomenon and its role during oxidative stress challenge.
Other genes such as Aldehyde Dehydrogenase 1 Family, Member B1 (ALDHB1B1), DolichylPhosphate -Glucosyltransferase (ALG5) and Sorbitol Dehydrogenase (SORD) were found to be
downregulated after H2O2 exposure. Aldehyde dehydrogenases family are responsible for
metabolizing endogenous and exogenous aldehydes and thereby mitigating oxidative/electrophilic
stress in the organism. Many forms of ALDHs have appeared during evolution in single and
multicellular organisms, and mostly have analogous functions, providing protection against
environmental stresses [58]. Interestingly, for the validation of our oxidative stress model, the
alterations of ALDHs are associated with several human pathological conditions, mainly related with
oxidative stress and lipid peroxidation [59]. In mammals the downregulation of ALDH family
members has been described under ethanol stress, leading to the down-regulation of mitochondrial
glutathione levels [60]; although the underlying mechanisms is yet to be fully elucidated, such downregulation would induce ROS accumulation and, afterwards, increased oxidative stress [61].
It is well known that hyperglycemia increases the rates of glucose metabolism via glycolysis and the
SORD gene pathway [62, 63], but the importance of SORD downregulation and its contribution to
oxidative stress and diabetic complications in human in vivo and vitro models remains unclear.
Other important pathways affected by oxidative stress
TNFSF9 gene encodes for a cytokine belonging to the tumour necrosis factor (TNF) ligand family,
which are one of the stronger physiological inducers of the nuclear transcription factor NF-kappa B
[64]. In our HUES3 treated cells we have seen an increase of TNFSF9 gene expression that other
authors have demonstrated previously in the microvascular cells of glycemic rats compared to the
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retinas obtained from normal animals. This mechanism has been related to the regulation of the
apoptosis machinery, contributing to delay the progression of diabetic retinopathy [65].
Related to the Mismatch Repair System (MMR), we have shown in treated cells the downregulation
of the PMS1 gene, involved in the single-base mismatches correction and small insertion/deletion
loops that arise during DNA replication. This finding agrees with the hypothesis that oxidative stress
together with chronic inflammation might damage some components of the MMR protein system,
causing its functional inactivation [66]. This suggests that non-cytotoxic levels of H2O2 can block and
inactivate the MMR system in a dose-dependent way.
Related to the upregulation of the Jumonji Domain Containing 6 (JMJD) gene expression shown in
this study, recent literature provides evidences of its implication as oxygen sensor in the human
placenta, functioning as mediator of the hypoxic gene expression [67]. However its upregulation in
embryonic cells under oxidative stress conditions remains to be elucidated.
Finally, accordingly to previous results [6], oxidative stress did not alter the expression of
pluripotency genes, demonstrating that the oxidative treatment, in the not cytotoxic range, does not
affect embryonic stem cells pluripotency and most likely, although not tested in this study, the ability
to differentiate into cells and tissues of the three primary germ layers.
Correlation between a published single-cell RNA-seq profiling dataset of IVF derived human
embryos and our microarray data of hESC exposed to H2O2
It is well known that during in vitro culture the oocytes and afterwards the early cleaving embryos
are exposed to oxidative stress that accumulated over time. Here we propose a novel comparative
analysis integrating an already published global gene expression by single-cell RNA-seq profiling of
individual human oocytes and embryos derived from assisted reproduction procedures (ART) [34]
and the global gene expression profiling of hESC exposed to non-cytotoxic oxidative stress conditions
obtained in this study. The top two common and differentially expressed genes were CNBP (CCHCType zinc finger, nucleic acid binding protein) or also called ZNF9, and NEDD1 (neural precursor,
developmentally down-regulated 1).
CNBP is implicated in the regulation of numerous genes, such as the c-myc proto-oncogene promoter
[68] although in another study it has been the significant reduction of CNBP transcripts occurred after
the repression of c-myc, which indicated that other mechanisms, besides lowering CNBP transcript
numbers, contribute to trigger the downregulation of c-myc. In any case, the fast decrease of c-myc
levels is considered a crucial step causing apoptosis in cancer [69], Alzheimer disease [70] and
cellular stress [71]. Our results demonstrate that the H2O2 oxidative stress treatment induces a
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downregulation in CNBP gene expression in hESC and Hs27 fibroblasts. Interestingly, HUVEC was
the only cell line in which we have not seen this lower gene expression in treated cells. The absence
of effects on CNBP gene expression could by explained by the more gradual slope of the viability
curve of HUVEC in comparison with the other somatic and embryonic cells lines [72].
NEDD1 protein is located in the centrosome and binds the γ-tubulin ring complex with the mitotic
spindle, which is responsible of the nucleation of microtubules [73]. Given that the reduction of
NEDD1 expression is responsible for centrosomal abnormalities [31] in our study the integrity of the
centrosome was evaluated at different timing of H2O2 treatments in both embryonic and somatic lines
at non-cytotoxic and cytotoxic concentrations. Our results demonstrate that the non-cytotoxic
treatment induces a downregulation of NEDD1 gene expression in hESC and Hs27 fibroblasts and
consequently an increased number of cells with supernumerary centrosomes at 2 h, 24 h and 72 h
treatments, although this increase was only significant at 24 h for a concentration range between the
non-cytotoxic and the cell injury starting point (H2O2 dose-response curves viability for HUES3,
HUES7, Hs27 and HUVEC treated during 24 h shown at Supplementary Fig. S1). As NEDD1 is
important in the processes of centriole assembly and duplication [29], it would be logical to expect
that its downregulation may result in a decreased number of centrosomes, instead of more
centrosomes spots as we detected in our study. Moreover higher centrosome number is frequently
linked to tumorigenesis [74], therefore it was not an expected finding in senescence cells. To justify
our observations, we hypothesize that the abnormal centrosomes observed in cells cultured under
H2O2 conditions may derive from fragmentation or incorrect assembly, rather than overamplification.
In fact, one of the characteristics of senescent cells in culture displaying an abnormally high
proportion of centrosomal structures is that these dots are often smaller in treated cells than in nontreated ones, observation that supports the hypothesis of fragmented centrosomes. Interestingly, the
loss of NEDD1 function has been indicated as a possible cause of centrosome fragmentation in
senescent mouse embryonic fibroblasts [31] and in HeLa cells [75]. In our study we found a relatively
low percentage of cells with supernumerary centrosomes: 6% for hESC and 12% for Hs27 cells, this
is likely an underestimation because abnormal centrosomes can produce aberrant mitosis with nonviable daughter cells, and consequently these abnormal cells may have degenerated before the
analysis. Our results agree with a work done in human Chang liver cells where the authors have
demonstrated that 20% of cells exposed to low doses of H2O2 accumulated an increased number of
centrosomes, compared with 5-7% of controls [76].
Curiously, in agreement with the gene expression results previously described for CNBP, HUVEC
was the only cell line in which we have not detected neither a decrease of NEDD1 expression, nor an
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increase of centrosome fragmentation at any H2O2 treatment time. Again, this no effect on endothelial
cells could be explained by the different gradual slope of the viability curve in comparison with the
other somatic and embryonic cells lines [72]. This confirms that endothelial cells have special, or at
least different, damage removal systems in order to avoid oxidative damage of cell membrane and
signal transduction pathways finally being more resistant to H2O2 exposure.
In conclusion, our data provides relevant knowledge on the gene expression profiles of hESC exposed
to H2O2 non-cytotoxic concentrations during 72h. Moreover, the observation that embryonic cells
accumulate supernumerary centrosomes under oxidative stress conditions in a different way than
somatic cells, contributes to the argument that ES cells are a valuable and unique model to study the
consequences of an oxidative environment on the early embryo. Therefore this study offers new
opportunities to investigate how an oxidative stress environment can affect the pluripotent cells of
the early embryo in vitro; the findings reported can also be a basis to facilitate the identification of
antioxidant treatments in order to improve embryo culture conditions.
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SUPPLEMENTARY MATERIALS

Supplementary figure S1. Scatterplot of expression of all genes after normalization. No global differences were
observed between samples of different H2O2 conditions, suggesting that the global gene expression of Human ES cells is
stable upon hydrogen peroxide treatment.

92

Global gene expression profiling and senescence biomarker analysis of hESC exposed to non-cytotoxic oxidative stress

Supplementary figure S2. Clustering analysis of the differential expressed genes and functional gene ontology
classification. Microarray data analysis with Limma package software is displayed in a histogram representing the
significantly enriched gene ontology categories (p-val=0.05) involved in the oxidative stress response after the H2O2 noncytotoxic treatment.

Supplementary figure S3. Dose response curves following hydrogen peroxide (H 2O2) 24 h exposure. HUES3,
HUES7, Hs27 and HUVEC were exposed to increasing concentrations of H2O2 for 24 h and cell viability was determined
by AlamarBlue® reagent. Green dotted square highlights non-cytotoxic range for HUES3, HUES7 and Hs27 cells. Data
(means ± SEM, 3 samples per H2O2 experimental condition, 3 separate replicates) are expressed as percentages of cell
viability relative to the respective CTR, untreated control cells.
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Supplementary table T1. Primer sequences used for Real-Time PCR Amplification

Gene

Forward

Reverse

Annealing

Product

Ta

size [bp]

18S

CGCCGCTAGAGGTGAAATTC

TTGGCAAATGCTTTCGCTC

58°C

62

AKR1A1

TACCCAGACCAATCAGAGGC

TAGCTGAAGGATGAGCAGCA

58°C

102

ALDH1B1

GCCCTGGAGGCTAAGCA

AGAACCCAAGCGTGATCCT

58°C

95

ALG5

GAGCTCGAGATCCACATGCT

GCTGATGGAGCCACAAAGTT

58°C

106

GAAGCACTCATTGCTGCTCA

CTACCTTGCGAGCCGTCTT

58°C

107

NANOG

TGATTTGTGGGCCTGAAGAAAA

GAGGCATCTCAGCAGAAGACA

60ºC

156

NDUFA

CTCAATGGGGGCAGAATTAC

ACAAAGATGGCTGCGAGAGT

58°C

113

NEDD1

CATTATCCGAAACACTGCCC

ACTCCTTTTGGCCATGGTAG

58°C

91

OCT4

GTGTTCAGCCAAAAGACCATCT

GGCCTGCATGAGGGTTTCT

60ºC

96

PMS1

GCAGTCCCCAGAACTGACAT

TCCTCATGAGCTTTGGTATCCT

58ºC

127

PRDX5

TTCAAACACCTCCACTGCTG

AGTGAAGGAGAGTGGGCGTC

58°C

108

GCCTCCACAAGTGTCCCTAA

CAGGAGTCCACAGGGATAGC

60ºC

108

SCO2

TTGAGCTGAGAGAGCCTGTG

GCTTCCTCTCGTGCTTGGT

60ºC

111

SORD

TTCATCATTTTCTCGGGGAG

CTTCGGGAACAGTCGAAAAA

60°C

98

SOX2

GCTTAGCCTCGTCGATGAAC

AACCCCAAGATGCACAACTC

58°C

100

TMSF7F2

AGCAACTGGAAGCCATTGAC

ATTTCTGTGAACTGCGACCC

58°C

127

TNFSF9

CCTCTTTGTAGCTCAGGCCC

AGCTGGTGGCCCAAAAT

58°C

105

CNBP
(ZNF9)

PTDSR
(JMJD6)
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ABSTRACT
The accumulation of advanced glycation end products (AGEs) occurs in ageing and in many
degenerative diseases as a final outcome of persistent oxidative stress on cells and organs.
Environmental alterations taking place during early embryonic development can also lead to
oxidative damage, reactive oxygen species (ROS) production and AGEs accumulation. Whether
similar mechanisms act on somatic and embryonic stem cells (ESC) exposed to oxidative stress is not
known and therefore the modelling of oxidative stress in vitro on human ESC has been the focus of
this study. We compared changes in Nε-carboxymethyl-lysine (CML) advanced glycation end
products and RAGE levels in hESC versus differentiated somatic cells exposed to H2O2 within the
non-cytotoxic range. Our data revealed that hESC accumulate CML and RAGE under oxidative stress
conditions in different ways than somatic cells, being the accumulation of CML statistically
significant only in somatic cells and, conversely, the RAGE increase exclusively appreciated in
hESC. Then following cardiac and neural differentiation we observed a progressive removal of AGEs
and at the same time an elevated activity of the 20S proteasome. We conclude that human ESCs
constitute a unique model to study the consequence of an oxidative environment in the pluripotent
cells of the embryo during the human preimplantation period.

INTRODUCTION
Aging is described as a progressive decline in the efficiency of physiological functions associated to
increased susceptibility to disease and cell death [1] with the influence of genetic and environmental
factors [2]. A number of studies have attempted to characterize the pathophysiology of aging and to
find possibilities to counteract age-related diseases [3]. Currently, one of the most plausible and
accepted mechanistic explanations of aging is the “free radical theory”. This theory states that aging
and its related diseases are the consequence of reactive oxygen species (ROS)-induced damage and
of the inability to counteract these changes by endogenous anti-oxidant defences [4]. This unbalanced
redox status is known as oxidative stress.
In general, ROS are more reactive oxygen species compared to free oxygen [5] and their effects inside
the cell are determined by the subcellular source, duration and location of these molecules [6]. In
order to induce oxidative stress in a cell culture in vitro model, one of the pro-oxidant agents and
ROS widely used is hydrogen peroxide (H2O2), which at physiological concentrations is involved in
signalling mechanisms and cell metabolism. H2O2 reacts relatively slowly; however, it can also
produce other ROS, which easily penetrate the cell membranes, directly damaging lipids, nucleic
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acids and other macromolecules [7, 8]. H2O2 intracellular concentration is tightly controlled by
various enzymatic and non-enzymatic antioxidant systems and it is assumed to vary between 1 and
700 nM [9] depending on the cellular type and the specific system; so intracellular steady-state
concentrations of H2O2 above 1 μM are considered the origin of oxidative stress, inducing growth
arrest and cell death [10].
Human embryonic stem cells (hESC) have attracted huge attention for their potential applications in
cell therapy, but much still remains to be explained about how their unique properties are altered by
oxidative stress [11]. In preliminary studies [12] we have identified the non-cytotoxic window of
exposure to H2O2 of hESC (HUES3 and HUES7) and somatic cells (HS27 and HUVEC), being
between 4 and 16 µM H2O2 for Hs27 and HUES cells, and up to 32 µM for HUVEC cells. In this
range we demonstrated that while no modifications of cell number and morphology occurred, a
significantly increased levels of ROS and lipid peroxidation was observed together with the
expression of antioxidant enzymes response.
In a healthy organism during aging the cellular proteins become increasingly damaged by ROS that
induce the formation of the advanced glycation end products (AGEs) and generate ROS in a positive
feedback [13, 14]. AGEs are a post-translational modification generated by a non-enzymatic reaction,
between reducing sugars and the amino groups of proteins, known as the "Maillard reaction", which
results in a change of protein structure [15]. This reaction occurs during aging and at an accelerated
rate under situations such as hyperglycemia, inflammation and/or oxidative stress conditions [16],
being considered the etiology of various age-related diseases such as diabetes mellitus type 2 (DM2)
[17]. Hyperglycaemia is characterized by an increase of oxidative stress biomarkers and cytokine
secretion [18], and is accompanied by a decreased activity of the antioxidant systems induced by
H2O2 treatment in vitro or by glucose intake in vivo [19]. High glucose environment is considered an
important teratogenic factor for congenital malformations [20], however, it is not yet clear in which
way maternal hyperglycaemia and its consequent oxidative stress affects prenatal embryo
development [21, 22].
Most AGEs research is performed using representative AGE compounds, like the Nε-carboxymethyllysine (CML) [23]. One of the major glycoxilation products found in vitro is the CML modification
of proteins and it represents a general marker of both oxidative stress and long-term proteins damage
in diabetes and aging [24]. AGEs are able to activate intracellular cascades by binding with the AGEsreceptor (RAGE), which is able to transduce the molecular effects of multiple ligands [25], inducing
oxidative stress and proinflammatory signalling responses [19] and mediating its pathological effects
[26, 27]. Transmembrane RAGE is a cell-surface membrane protein within the immunoglobulin
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superfamily, constituted by three domains: a domain necessary for membrane docking, an
extracellular ligand binding domain and a cytosolic domain that is fundamental in the perpetuation
of signalling events inside the cell [19]. A splice variant also exists in soluble form called sRAGE
[28, 29]. The question of the functional relevance of transmembrane RAGE has become more and
more popular in the last years. It is highly expressed in the early embryo at the blastocyst stage [22]
and during organogenesis especially in the lung and brain [30]; then its level decreases in nondiseased adult tissues [31], being low in neurons, endothelial cells, mononuclear phagocytes and
smooth muscle cells [30, 32]. Besides the potential role of RAGE in embryogenesis and aging
processes, its physiological function is largely undefined [14]. In pathological settings such as DM,
inflammation, tumours and neurodegeneration, the RAGE expression is higher than in control animal
models or human individuals [25]. AGEs and RAGE also play a central role in the pathogenesis of
cardiovascular disease (CVD) [33, 34]. Diabetic micro and vascular complications are usually
initiated by AGEs through the structural modification and consequent functional alteration of the
proteins that are part of the extracellular matrix as well as intracellular signalling molecules. Then
engagement of RAGE with AGEs has been described that induce intracellular ROS generation and
afterwards activates mitogen-activated protein kinase and nuclear factor kappa-B (NF-κB) signalling,
followed by production and secretion of several profibrotic and inflammatory factors [35]. Generally
RAGE is most often described to induce deleterious effects and in previous works the RAGE blocking
showed beneficial effects in diverse diseases, suggesting RAGE as pharmaco-therapeutic target. For
example, the suppression of RAGE expression by using small interference RNAs technology has
been shown to contribute to the reduction of inflammation and apoptosis processes [36]. However,
the modifications in receptor activity and the induced negative or positive effects of receptormediated AGE signaling during aging process are still to be understood.
Oxidative stress has been described critical for cell viability because the effects of mild or higher
oxidation environment influences the regulation of protein production, folding changes and
proteolytic systems adjustment. The control of protein degradation in part relies on the ubiquitinproteasome pathway [37]. Modified proteins such as AGEs are suggested to cause cellular
degeneration by forming big aggregates that not only abscond degradation but clog up the
proteasomes [38] explaining why damaged and potentially proteasome-susceptible substrates
accumulate with time during aging. The structure of the 26S proteasome is responsible for
ATP/ubiquitin mediated proteolysis and consists of two entities: a 20S particle that contains the
proteolytic active sites and a 19S regulatory particle [39], which acts as a cap controlling the aperture
of the 20S core [40]. In fact, for long time, the ubiquitin-26S/30S proteasome degradation pathway
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was believed the primary route for proteasomal degradation, but is now becoming clear that although
there is solid evidence that indicate that ubiquitination is involved in some forms of oxidized proteins
degradation [41], such proteins can also be targeted for degradation directly by the core 20S
proteasome, carrying out the proteolytic activities independently of the 19S regulator [42]. Moreover,
the 20S proteasome was shown to be more resistant than 26S against oxidative stress and able to keep
its activity even when the conditions induce protein damages [43]. Therefore the substrates of the 20S
proteasome are proteins that have become unfolded, partially or completely, due to mutations, aging
or oxidation [42].
Human ESCs are a valuable tool to study how the pluripotent cells in the human blastocyst stage react
to an adverse environment, during the critical preimplantation window when alterations like oxidative
stress can lead to future disorders, according to the Developmental Origins of Health and Disease
theory (DOHaD) [44]. It has been demonstrated that in comparison with differentiated cells, murine
ES cells exhibit a superior capacity to deal with external oxidative stress [45]. While the levels of
telomerase activity are higher in hESC in order to protect from telomere shortening, the levels of ROS
and DNA damage increase with differentiation process, suggesting that the somatic cells protect less
their genome compared with their undifferentiated counterparts [46]. Interestingly mouse ES cells
contain also relatively high levels of AGEs as the early preimplantation embryo. However, the role
of AGEs in ES cells and in the early mammal embryo is not understood, but it is known that they are
efficiently eliminated during differentiation [47]. In murine ESC has been demonstrated that removal
of oxidatively damaged proteins is observed from the first signs of cell fate determination by an
upregulation of the PA28αβ regulator [48].
Therefore the objective of this study is to analyse and compare the response against oxidative stress
in terms of AGEs and RAGE levels between embryonic and differentiated somatic cells. We have
applied a previously described non-cytotoxic H2O2 treatment to generate an oxidative stress status
identified by an increase of ROS [12]. Then, we have analysed the levels of AGEs and RAGE in two
treated hES cells and in two treated somatic cell lines, revealing that oxidative stress affects the AGEs
accumulation and RAGE expression in a different way in embryonic versus differentiated cell lines.
To unravel this differential response, further analysis during ES cells differentiation and in
differentiated derivatives confirms that a process of efficient reduction of damaged proteins takes
place in association with elevated 20S proteasomal activity.
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MATERIALS AND METHODS
Cell culture
Human embryonic stem cells (HUES3 and HUES7 cell lines, obtained from Harvard Stem Cells
Institute) [49] were first cultured on a feeder layer of mouse embryonic fibroblasts (MEFs) inactivated
by mitomycin C (Sigma–Aldrich, Milan, Italy) in KO-DMEM medium (Gibco Invitrogen, Milan,
Italy) supplemented with 10% serum replacement (Gibco Invitrogen, Milan, Italy), 4.3 mg/ml bovine
serum albumin (BSA) (Sigma–Aldrich, Milan, Italy), 2 mM glutamine (L-alanyl- L-glutamine,
Sigma–Aldrich, Milan, Italy), 1% non-essential amino acids (Gibco Invitrogen, Milan, Italy), 0.055
mM beta-mercaptoethanol (Gibco Invitrogen, Milan, Italy), 63 mg/ml penicillin, 70 mg/ml
streptomycin, and 10 ng/ml bFGF (Pepro-tech, Milan, Italy). To perform the experiments, hESCs
were adapted to grow in feeder-free conditions in mTeSRTM1 medium (Stemcell Technologies,
obtained from Voden medical instruments, Milan, Italy). The cells were passaged 1:4 with
PBS/EDTA every 3 days and the medium was changed daily.
Human fibroblasts (Hs27 cell line, obtained from Biobanking of Veterinary Resources, IZSLER,
Brescia, Italy) were cultured in Dulbecco´s Modified Eagle Medium (DMEM, high glucose,
GlutaMAX TM supplement, Gibco Invitrogen, Milan, Italy), supplemented with 10% Fetal Bovine
Serum (FBS, Sigma-Aldrich, St. Louis, MO, USA). Human Umbilical Vein Endothelial Cells
(HUVEC line, obtained from Biobanking of Veterinary Resources, IZSLER, Brescia, Italy) were
cultured in Medium-200 supplemented with 2% Low Serum Growth Supplement (Gibco Invitrogen,
Milan, Italy). Cells were passaged 1:3 by 0.05% trypsin/EDTA incubation at 37 ºC for 5 minutes
(min) every 4 days.
The exposure to H2O2 started 24 hours (h) after plating and medium was changed daily during the
following 72 h, ending at day 4 after plating. Hs27 and HUVEC cells were grown in 60 mm dishes
and HUES cells in 24-well plates. For immunofluorescence detection cells were seeded on 6 mm
diameter glass cover slides, to reach the optimal cell confluence after 72 h treatment cells were plated
at different concentrations: somatic cells (Hs27 and HUVEC) were plated at 60.000 cells/ml and
hESC (HUES3 and HUES7) at 40.000 cells/ml. At the end of the treatment, cell pellets were snapfrozen for proteomic analysis and RT-qPCR or fixed in PFA (4% in PBS) for immunocytochemistry.
Replicates were performed on samples that were obtained from at least two different cell stocks that
were frozen at different times and after a different number of subcultures passage.
Proliferating neural precursors cells derived according to [50] were cultured on matrigel coated dishes
in DMEM-F12 medium supplemented with 2 mM glutamine, 0.6% glucose, 5 mM HEPES, 3 mM
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sodium bicarbonate, 60 μM putrescine, 25 μg /ml insulin, 100 μg/ml transferrin, 20 nM progesterone,
30 nM sodium selenite, 10 ng/ml bFGF and 2 μg/ml heparin. Cells were passaged 1:2 twice per week.
In vitro cardiac differentiation from hESCs (HUES7) on feeder-free conditions
An established cardiac differentiation protocol from feeder-free human Induced pluripotent stem cells
[51] has been utilized to differentiate hES HUES7 cell line. Embryoid bodies (EBs) formation was
initiated by harvesting HUES7 cells on feeder-free medium and transferring then to EB20 medium,
which contains DMEM/F12 supplemented with 20% of fetal bovine serum albumin (BSA) (Sigma–
Aldrich, Milan, Italy), 0.1 mM glutamine (Sigma-Aldrich, Milan, Italy), 0.1 mM non-essential amino
acids (Gibco Invitrogen, Milan, Italy), 0.055 mM beta-mercaptoethanol (Gibco Invitrogen, Milan,
Italy), 50 units/ml penicillin, 50 mg/ml streptomycin and 50 g/ml of L-ascorbic acid (Sigma-Aldrich,
Milan, Italy). After 3 days of culture the medium was changed and at day 7 the EBs were collected
for further analysis or transferred into gelatin-coated plates and cultured until the EBs were adhered
to the plate tightly. Medium was changed twice per week and contracting areas appeared after
approximately 15 days. When the spontaneous contraction started, medium was switched to EB2
medium, which was prepared as EB20 medium with 2% of FBS instead. From this moment medium
was changed twice per week for two weeks more when cells were collected for further experiments.
Protein preparation and AGE detection by slot blot analysis
For protein extraction, cell pellets from three independent replicates were dissolved separately in
RIPA lysis buffer (PBS pH 7.5, 0.5% wt/vol sodium deoxycholate, 1% vol/vol NP-40 and 0.1%
wt/vol SDS) with 15% of Protease Inhibitors (Complete Mini EDTA free, Roche, Milan, Italy) and
10% of Phosphatase Inhibitors (PhosSTOP, Roche, Milan, Italy), and homogenised with a syringe
(26G - Terumo, Milan, Italy). After incubation on ice for 30 min, the samples were centrifuged at
14.000 rpm at 4°C for 20 min. In a new tube was collected the supernatant fraction and the protein
concentration was determined using a BCA Protein Assay kit (Pierce). Protein samples were stored
at -80°C until use for slot blot or western blot analysis.
Slot blot analyses were performed on three independent replicates with 25 g protein for each.
Denatured protein samples were heated for 10 min at 80° and spotted onto a Nitrocellulose blotting
membrane (GE Healthcare, Life Sciences, Amersham Protran) using a slot blot apparatus (TransBlot
Turbo BioRad, Milan, Italy). The protein load was detected by Ponceau S staining. After blocking
with Western Blocking Reagent Solution (Roche, Milan, Italy) for 1 h at room temperature (RT), the
membranes were incubated with the monoclonal mouse antibody against the advanced glycation
endproduct Nε-carboxymethyl-lysine (CML), the monoclonal IgG mouse anti-pentosidine antibody
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and the monoclonal IgG anti-argpyrimidine antibody, all from Biologo (Kassel, Germany), 1:100 in
5% milk powder and overnight at 4°C. Then the samples were washed three times with TBS + 1%
Tween 20 (TBS-T) pH 7.5 for 5 min and incubated with a goat anti-mouse secondary antibody for 2
h (1:4000, Millipore, Milan, Italy) at RT. The immunoreactive signal was visualized by Luminata
Forte Western HRP substrate (Millipore, Milan, Italy) and the quantification was performed
measuring the intensity of the bands using Image J software. Protein modification rate was determined
as the ratio of protein load (Ponceau) and the slot intensity by antibody reaction. The H2O2 condition
values were normalized to the untreated control (CTR).
The anti-CML antibody was tested as described in Supplementary fig. S1, demonstrating its
specificity. The production and specificity of mouse monoclonal IgG anti-argpyrimidine antibody
(clone 6B) was described previously [52]; and the specificity of monoclonal IgG anti-pentosidine
(clone PEN-12) was controlled using competitive ELISA too, performed by the providing company
(TansGenic Inc. Kumatomoto Japan) as indicated in product description. Furthermore, the antipentosidine (clone PEN-12) was used by other authors for identification of pentosidine-modified
proteins by Western blotting [53].
Western blot analysis
Western blot analysis were performed on three independent replicates with 25-ug/lane protein loads
into SDS-Polyacrylamide gel (Mini-Protean TGX, Stain-free gels 10%, BioRad, Milan, Italy) and
transferred with a Trans Blot Turbo machine (BioRad, Milan, Italy) to a Nitrocellulose blotting
membrane (GE Healthcare, Life Sciences, Amersham Protran) followed by immunoblotting.
Membranes were blocked with Western Blocking Reagent Solution (Roche, Milan, Italy) for 1 h at
RT. The membranes were then incubated overnight at 4°C with the goat polyclonal antibody against
C-terminus of RAGE (1:100, sc-8229, Santa Cruz Biotechnologies Inc, Milan, Italy). Samples were
washed three times with TBS-T for 5 min and then incubated with an anti-goat IgG secondary
antibody for 2 h (1:250, Millipore, Milan) at RT.
The immunoreactive signal was visualized by Luminata Forte Western HRP substrate (Millipore,
Milan, Italy). Quantification was performed measuring the intensity of the bands using Image J
software. Membranes were stripped in harsh solution (10% SDS, Tris HCl 0.5 M pH 6.8 and 0.7% βmercaptoethanol in H2O) during 50 min at 50°C, washed three times with TBS-T for 5 min and left
blocking overnight at 4°C. The membranes were then incubated with the mouse monoclonal antibody
against β –actin (1:35.000, ab6276, abcam) for 2 h at RT After that, membranes were washed three
times with TBS-T for 5 min and then incubated with an anti-mouse IgG secondary antibody for 1 h
(1:4000, Millipore, Milan) at RT. The same membranes were probed for both target protein and
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loading control. Protein modification rate was calculated as the ratio between β – actin signal and the
RAGE intensity by antibody reaction. The H2O2 condition values were normalized to the untreated
control (CTR).
20S Proteasome activity assay
Cells from three independent experiments were lysed separately using RIPA lysis buffer (PBS pH
7.5, 1% vol/vol NP-40, 0.5% wt/vol sodium deoxycholate and 0.1% wt/vol SDS) and homogenised
with a syringe (26G - Terumo, Milan, Italy). After incubation on ice for 30 min, the samples were
centrifuged at 14.000 rpm at 4°C for 20 min. In a new tube the supernatant fraction was collected and
the protein concentration was determined using a Pierce BCA Protein Assay kit (Thermo Scientific,
Milan, Italy). The proteasomal activity was measured using the 20S Proteasome Activity Assay kit
according to the manufacturer’s instructions (APT280, Chemicon, Millipore). Briefly, the lysates (25
µg of each protein sample) were incubated with the fluorogenic substrate LLVY-AMC (a fluorophore
7-amino-4-methylcoumarin [AMC] bound with LLVY peptide) in a 96-well fluorometer plate at
37°C for 1.5 h. LLVY is a substrate identified and cleaved by the 20S proteasome. After LLVY
chymotryptic cleavage by the 20S proteasome, AMC is released and emits fluorescence that can be
read in a fluorometer by using a 380/460-nm excitation and emission filters, in this case in a Tecan
Infinite F200 PRO microplate reader (Tecan Italia srl, Cernusco sul Naviglio, Italy). Proteasome
activity is expressed as relative fluorescent units (RFU) of the inhibited fraction of AMC-signal with
Lactacystin 20S proteasome inhibitor of the β5 subunit [54] provided in the kit.
RNA Isolation, cDNA Synthesis and qPCR
RNA was extracted from control and treated cells, from three different independent replicates, using
the RNeasy Mini Kit (Qiagen, Milan, Italy) following the manufacturer’s instructions. Immediately
after extraction, the reverse transcription reaction was carried out with iScriptTM cDNA Synthesis
Kit (Bio-Rad, Milan, Italy) following the manufacturer's instructions. Tubes were first incubated at
25ºC for 5 min and then at 42°C for 30 min to allow the reverse transcription of mRNA, followed by
85°C for 5 min to denature the enzyme.
The amount of RAGE and cardiac validation genes transcripts was determined by real-time
quantitative PCR (RT-qPCR). Three-control cDNA replicates and three replicates of each treatment
condition (4, 8, 16 and 32 µM of H2O2) were conducted for all genes of interest. PCR was performed
with the PCR mix iTaqTM Universal SYBR Green Supermix (Bio-Rad, Milan, Italy) containing the
specific primers (Supplementary Table T1) in a MyiQ Real-Time PCR Detection System (Bio-Rad,
Milan, Italy). Data were analysed with the iQ Optical System Software (Bio-Rad) by the ddCt
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method. 18S was used as housekeeping reference gene. Expression amounts of the examined genes
were normalized to the untreated control, CTR.
Immunofluorescence of CML and RAGE
In order to localize the CML and RAGE, cells grown at glass cover slides were washed once with
PBS and fixed in 4% paraformaldehyde (VWR, Milan, Italy) for 30 min at RT. Then, they were
permeabilized by incubation in 0.5 % Triton (Sigma, Milan, Italy) in PBS for 15 min at RT and
blocked in 10% chicken serum (Sigma, Milan, Italy) in PBS for 1 hour at RT. After that, cells were
incubated 2 h at RT with the monoclonal mouse antibody against CML (1:100, Biologo, Kassel,
Germany) and goat polyclonal antibody against RAGE (1:100, sc-8229, Santa Cruz Biotechnologies
Inc, Milan, Italy). Following incubation, cells were washed three times and incubated with secondary
antibodies 1:200 Fitc anti-mouse and 1:150 Texas-Red anti-goat (Jackson ImmunoResearch, Milan,
Italy) for 1.5 hour in the dark at RT. Finally, cells were incubated with 5 µg/ml Hoechst 33342
(Sigma, Milan, Italy) for 15 min in the dark at RT and washed three times in PBS and mounted with
Citifluor (Citifluor Ltd., London, UK). Slides were observed by fluorescence microscopy (Nikon
Eclipse 80i). Negative controls were performed with omission of the primary antibody before
secondary antibody addition.
Statistical analysis
All values are expressed as mean ± standard deviation (SD) and were obtained from three separate
replicates. Statistical analysis was assessed by one-way ANOVA and Tukey’s post hoc test for
multiple comparisons. All statistical calculations were computed using GraphPad PRISM software
version 6 (GraphPad Software, San Diego, CA), * indicates significant differences, p-val ≤0.05; **
p-val ≤0.01; *** p-val ≤0.001 and **** p-val ≤0.0001.

RESULTS
Detection of Advanced Glycation End-products proteins in treated hES and somatic cell lines
In a previous work [12] we developed a novel in vitro model to analyse the effects of oxidative stress
and the antioxidant response against Reactive Oxygen Species (ROS) in embryonic stem cells in
comparison with somatic cells, demonstrating that the non-lethal doses of H2O2 resulted in an increase
in oxidative stress in treated cells. To evaluate the nominal concentration-effect relationship for the
cytotoxic action of H2O2, human somatic cells (Hs27 and HUVEC) and embryonic stem (HUES3 and
HUES7) cell lines were exposed to rising concentrations of H2O2 between 4 and 768 M during 72
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h and cell viability was analysed by AlamarBlue® reduction and normalized to the non-treated control
samples of each cell line (Fig. 1 – A).
To determine the AGE status of the cells under oxidative stress conditions, we quantified specific
protein-bound AGEs by slot blot analysis in three independent experiments of treated HUES3 and
Hs27 cell lines, with specific antibodies against pentosidine, argpypyrimidine and Nε-carboxymethyllysine (CML). Pentosidine and argpypyrimidine levels analysis showed no differences between
control and treated cells (data not shown). Likewise the slot blot analysis revealed no differences in
CML protein-bound between control HUES3 and HUES7 and H2O2 treated cells (Fig. 1 - C and D).
On the contrary, somatic cells, Hs27 and HUVEC cell lines, showed a significant increase of CML
levels on treated cells by non-cytotoxic H2O2 concentrations, between 8 and 16 μM for Hs27 (Fig. 1
– E) and between 16 and 32 μM compared with the lowest H2O2 concentration (4 μM) for HUVEC
(Fig. 1 - F).
Immunocytochemical fluorescence staining of the cells showed that CML detection was mainly
present in the cytoplasm of HUES lines and it confirmed no differences between control and treated
cells for HUES lines (Supplementary fig. S2 and S3). The signal a very low signal of CML signal in
non-treated somatic cells that was slightly increased in terms of fluorescence intensity in somatic
H2O2-treated cells.
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Figure 1. Hydrogen peroxide treatment diagram, dose-response curves following hydrogen peroxide (H2O2) 72 h
exposure and relative amount of CML in protein extracts of hES and somatic cells after 72 h of non-cytotoxic
H2O2-oxidative stress treatment. A. Hydrogen peroxide treatment diagram. Representative scheme for 72 h H2O2
oxidative stress treatment. At the end of the protocol, 3 days after the initiation of chemical exposure the viability, gene
expression and protein levels were evaluated in exposed versus not exposed control (CTR) cells. B. Dose response
curves, modified from Barandalla et al. 2016 [12]. HUES3, HUES7, Hs27 and HUVEC were exposed to increasing
concentrations of hydrogen peroxide for 72 hours and cell viability was determined by AlamarBlue® reagent. Blue dotted
square highlights non-cytotoxic range for HUES3, HUES7 and Hs27 cells, between 4 and 16 µM. Orange solid square
highlights non-cytotoxic range for HUVEC, between 4 and 32 µM. Data (means ± SD, 3 separate replicates per H2O2
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experimental condition) are expressed as percentages of cell viability relative to the respective CTR, untreated control
cells. C-F. Relative amount of CML in protein extracts of hES and somatic cells after 72 h of non-cytotoxic H2O2oxidative stress treatment. Relative amount of protein-bound Nε-carboxymethyllysine (CML) in the H2O2-treated cells
normalized with the non-treated cells. The CML amount is related to the protein load (Ponceau S staining). A
representative slot blot is shown for each cell line. PBS was used as a negative control (arrows). The quantification was
performed by slot blot analysis: mean ± SD, 3 separate replicates per H 2O2 experimental condition. Statistically significant
differences between groups are indicated as follows: *P ≤ 0.05 **P ≤ 0.01 as established by one-way ANOVA and
Tukey's post hoc test.

Detection of RAGE by western blotting and ICC in treated hES and somatic cell lines
To clear up the potential effects of oxidative stress at non-cytotoxic concentrations on RAGE levels,
the global receptor levels were examined by western blot. The RAGE levels were evaluated in three
independent experiments. Representative outcomes with an estimation of band intensity and graphical
global results are shown in figure 2. RAGE levels increased significantly after 72 h of H2O2 exposure
in both hESC, between 4 and 16 μM in HUES3 and between 4 and 8 μM in HUES7 (Fig. 2 - A and
B). On the contrary, somatic cells did not show any differences in terms of RAGE levels between
control cells and H2O2 treatment (Fig. 2 - C and D).
Immunocytochemistry confirmed the differences between control and treated cells on hESC
(Supplementary fig. S2 and S3). In somatic cells the signal detected by immunocytochemistry for
CML was very low, so it does not allow to show differences between the controls and the different
H2O2 concentrations.

Detection of mRNA RAGE expression levels in treated cells with non-cytotoxic H2O2
concentrations
To further characterize the levels of RAGE under oxidative stress conditions, we analysed its gene
expression by real time quantitative PCR on undifferentiated and differentiated cell lines treated with
non-cytotoxic H2O2 concentrations. HUES3 and HUES7 cell lines, showed a significant increase of
RAGE mRNA levels in treated cells at 8 μM for HUES3 (Fig. 2 - a) and between 4 and 16 μM for
HUES7 (Fig. 2 - b). In contrast, somatic cells did not show any differences in terms of RAGE gene
expression between control cells and H2O2 treatment (Fig. 2 - c and d). These data coincide with
western blot RAGE analysis results.
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Figure 2. Relative amounts of RAGE protein and mRNA gene expression in hES and somatic cells exposed to H 2O2
for 72 h. A-D. Relative amount of RAGE in the H2O2-treated cells compared with the non-treated cells. The -actin
serves as a loading control. The intensity of the bands was quantified, and relative values normalized to control condition
were shown. The quantification was performed by western blot analysis: mean ±SD, 3 separate replicates per H2O2
experimental condition. a-d. RAGE mRNA quantified by real-time RT-PCR in hES and somatic cells treated by
non-cytotoxic H2O2 concentrations. mRNA transcripts of RAGE were related to the amount of 18S mRNA molecules.
Mean ± SD, 3 separate replicates per H2O2 experimental condition. Statistically significant differences between groups
are indicated as follows: *P ≤ 0.05 **P ≤ 0.01 as established by one-way ANOVA and Tukey's post hoc test.
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Neural and cardiac differentiation from hES cells on feeder-free conditions, as a strategy to
follow-up CML and RAGE levels during development
To unravel the mechanisms of the differential accumulation of CML and RAGE between embryonic
and somatic cells, and in attempt to generate accurate cell models that recapitulate the
pathophysiological features of the oxidative stress effects during the embryo development, we
induced hES differentiation in two different cell types. We used human neural precursors and neurons
derived from hESC in previous work [50]. Since AGEs and RAGE play a central role in the
pathogenesis of cardiovascular disease, as previously described [34] we also asked if ES-derived
cardiomyocytes have different CML and RAGE basal levels than other differentiated cell lines. To
generate functional cardiomyocytes from hES cells line on feeder-free conditions (Fig. 3 - B and C),
we follow a protocol through embryoid bodies (EBs) formation (Fig. 3 - D and E) combined with a
treatment with a known promoter of cardiac differentiation, the ascorbic acid [51]. The yield of this
differentiation protocol varied according to the hESC line, being HUES7 cell line the most
successfully differentiated one in comparison with HUES3, and therefore the cell line chosen to
follow this cardiac differentiation experiments. Spontaneously beating areas of variable size,
morphology and pulse rate appeared around 20 days of differentiation (Fig. 3 - F and G). In the same
area we observed cardiomyocytes at different degrees of maturation. We evaluated the temporal gene
expression pattern associated with this differentiation process. Figure 4 – A display the real-time PCR
experiments, which show that differentiation was characterized by an initial decrease, at the embryoid
bodies stage, in the expression of undifferentiated pluripotent markers (OCT4 and NANOG). Earliest
cardiomyogenesis is linked with a peak in the expression of primitive streak, mesoderm, and
cardiomesoderm markers like Brachyury and MESP1 at 7 days of differentiation. After this first
event, occurs an increase in the expression of cardiac progenitor markers, such as ISL-1, and cardiacassociated transcription factors nKx2-5, MEF2-C and GATA4. Finally we observed the expression
of cardiac-specific structural genes, such as sarcomeric related proteins (CTNNI) and ion channel
proteins (CACNA-1C).
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Figure 3. Differentiation of functional hESC-derived CMs. A. Gene expression patterns during HUES7
cardiomyogenesis. Real time PCR studies showed that cardiomyocyte differentiation was characterized by a continuous
decrease in the expression of pluripotent markers (OCT4 and NANOG) coupled with an initial increase in mesoderm and
cardiomesoderm markers (Brachyury and MESP1). This was followed by the expression of a secondary heart field
progenitor marker (ISL1), by cardiac-related transcription factor (nKx2-5, MEF2-C, and GATA4), and finally by a
cardiac-specific structural genes (cTNN1) and ionic channels (CACNA-1C). Three qRT-PCR analyses were conducted
with each of 3 independent replicates. Bars depicted the mean ± SD of the relative gene expression at each time point as
normalized by baseline values. B-C. Feeder free HUES7 cells grown on matrigel. D-E. Embryoid bodies aggregated from
HUES7 cells after 7 days of cardiac differentiation. F-G. Representation of two areas of contraction on differentiated
cardiomyocytes after 25 days of cardiac differentiation. White scale bar = 50 µm.
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The levels of CML and RAGE are diminished during differentiation.
To determine the basal levels of AGEs and their receptor, at diverse differentiation stages, protein
extracts made from undifferentiated and differentiated cells as described above were analysed for the
content of CML and RAGE by slot and western blot.
The detection of CML demonstrated that cells that had entered on differentiation displayed lower
levels of this AGE than undifferentiated cell lines, being more evident in the cardiac embryoid bodies
than in the neural precursors, but decreasing to similar level in cardiomyocytes, neurons, fibroblasts
and endothelial cells (Fig. 4 – A). This drop in glycated proteins cannot be explained simply by a
dilution of damaged proteins since the undifferentiated embryonic stem cells have a doubling time
shorter than their differentiated progenies. In fact, glycated proteins are not eliminated during
continuous passages of the undifferentiated and dividing ES cells.
RAGE levels were high in undifferentiated ES cells and decreased upon differentiation (Fig. 4 - B).
However, cardiac embryoid bodies seemed more similar to their undifferentiated precursors than to
the neural precursors, but RAGE level in their differentiated progenies, as in fibroblast and
endothelial cells decreased similarly to the CML. Since differentiation process is accompanied by
alterations in cellular proteome and cell morphology, we considered the possibility that the reduction
in glycated proteins and their receptor could be produced by a reduction in the concentration of
specific proteins and not by an elimination of damaged proteins. The lower molecular weight bands
present in HUES7 and cardiomyocyte cells protein extracts can be explained by the alternative
splicing or cleavage post-translationally of RAGE [55]. Western blot analysis demonstrated that the
overall concentration of protein (β-actin) did not change appreciably during differentiation, indicating
that the reduction in CML modified proteins is not a reduction in overall protein modifications. The
decrease may result from minor modification of specific proteins and from a lower expression of
modifiable, differentially expressed proteins (Fig. 4 – B).

Differentiation of hES cells results in an increase in a 20S proteasomal activity.
Previous works have demonstrated the ability of various cell lines to degrade selectively oxidated
proteins and that an increase of intracellular proteolysis correlates with mild oxidative stress status
[56]. The primary structure responsible for degrade oxidatively damaged proteins in the cytosol and
nuclei of mammalian cells is the 20S proteasome [39]. To determine whether the reduction in protein
damage, in terms of CML and RAGE levels, upon differentiation was concomitant with altered 20S
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proteasome, its activity was examined using a proteasome activity assay with a fluorescent substrate
LLVY-AMC.
This analysis shows that 20S proteasomal activity augment drastically upon differentiation of ES cells
(Fig. 4 - C). The significant increase of 20S protesomal activity is shown after 7 days of differentiation
at the embryoid body stage of cardiac differentiation, and even more in the differentiated progenies.
Differentiation of hES cells support previous results showing a substantial increase in the cells’
capacity to degrade oxidatively damaged proteins, coincidently with the decreased levels of CML,
and their receptor RAGE [47]. Thus, we confirm that 20S Proteasome activity is dynamic and directly
activated by oxidants, such as hydrogen peroxide, which induces an enhanced resistance to protein
damage and increase the proteolytic removal of damaged proteins [39].

Figure 4. Levels of CML, RAGE and 20S proteasome activity in protein extracts of hES and somatic cells upon
differentiation. A. Levels of CML in protein extracts of hES (HUES3 and HUES7) and differentiated somatic cells
(Neural precursors, Cardiac Embryoids, Neurons, Cardiomyocytes, Hs27 fibroblast and HUVEC) upon
differentiation. Amount of protein-bound CML related to the protein load (Ponceau S staining) normalized with the
Hs27 cell line. Mean ± SD, 3 separate replicates analysed per group. Statistically significant differences between groups
are indicated as follows: *P ≤ 0.05, **P ≤ 0.01 and *** P ≤ 0.001 as established by one-way ANOVA and Tukey's post
hoc test. B. Levels of RAGE relative to -actin in protein extracts of hES and somatic cells upon differentiation,
normalized with the Hs27 cell line. The quantification was performed by western blot analysis: mean ± SD, 3 separate
replicates analysed per group. Statistically significant differences between groups are indicated as follows: *P ≤ 0.05,
**P ≤ 0.01, *** P ≤ 0.001 and **** P ≤ 0.0001 as established by one-way ANOVA and Tukey's post hoc test. C.
Proteasome activity: relative fluorescence units measure at 380/460 nm of total sample and inhibited fraction of AMC-
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signal with Lactacystin 20S proteasome inhibitor, mean ± SD, 3 separate replicates analysed per group. Statistically
significant differences between groups are indicated as follows: **P ≤ 0.01, *** P ≤ 0.001 and **** P ≤ 0.0001 as
established by one-way ANOVA and Tukey's post hoc test.

The mRNA RAGE expression diminishes during differentiation.
To confirm if the RAGE levels decrease during differentiation in basal conditions, we next examined
the mRNA RAGE levels by quantitative real-time PCR in ES cell lines, in their differentiated
progenies and on the somatic cell lines Hs27 and HUVEC. Gene expression analysis revealed that
RAGE is highly expressed in ES cells and physiologically decreases during differentiation (Fig. 5 –
A) in agreement with its role during embryogenesis, being crucial among others for neural
development and cardiac differentiation (Fig. 5 – B).
Figure 5. RAGE mRNA quantification by real time
PCR amplification of hES and somatic cells upon
differentiation. A. This study showed a decrease
RAGE mRNA in adult neural, Hs27 and HUVEC
compared to embryonic cells, 3 independent analyses
per group. B. Moreover the qPCR analysis showed a
decreased number of RAGE transcripts Mean ± SD, 3
separate replicates. Statistically significant differences
between groups are indicated as follows: *P ≤ 0.05
**P ≤ 0.01 and *** P ≤ 0.001 as established by oneway ANOVA and Tukey's post hoc test.
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DISCUSSION
For decades scientists have used cell culture to analyse the effect of oxidative stress, providing a wide
body of literature with sometime controversial outcomes. During the last years, hypothesis that relate
oxidative stress with a wide range of disorders have gained strength. It has been linked with
neurodegeneration, diabetes, cardiovascular diseases, reproductive disorders like preclampsia and
aging [26], but the underlying mechanisms are still unknown.
Protein glycation is an indicator of oxidative damage and the levels of AGEs increase considerably
during aging physiological process in animals [57]. Although relevance of AGEs in the pluripotent
embryonic stages remains to be clarified, since the accumulation in the embryo is not a consequence
of adverse environment, it can be assumed that the low RAGE expression in oocytes and
preimplantation embryos prior to blastocyst stage [14] avoid the detrimental effects of AGE-RAGE
interaction. Therefore, in our oxidative stress treatment we incubated both embryonic and somatic
cells with different H2O2 concentrations for 72 h where no effect on cellular viability or proliferation
was observed, meanwhile, on the contrary, significant increase in terms of intracellular ROS
accumulation and lipid peroxidation has been demonstrated [12].
Several studies proposed that the damaging effect of AGEs is mainly induced by RAGE signalling
through a positive feedback increasing inflammatory processes and ROS formation [26]. Moreover,
RAGE-ligand interaction leads to an increase in the expression of RAGE itself and its accumulation
has been described as an inductor of inflammation in diabetic animal models through NF-k [25].
However, it should be considered, that the relevance of AGE-RAGE interactions still is still under
discussion [58], and the potential problem with these analyses is the non-simultaneous measure of
AGEs and RAGE levels in the same experimental context [59]. Our study provides new insights about
consequences of an oxidative stress environment during the embryonic preimplantation period by
analysing both AGE and RAGE levels in undifferentiated hES and then during their differentiation
in somatic cells. The way in which ESCs respond to oxidative stress is still largely unexplored.
Although other authors have reported that ESCs are more resistant to oxidative stress than their
differentiated fibroblastic progenies [45, 46, 60] we have observed the toxic effect of H2O2 on cell
viability at similar concentrations in both Hs27 and hESCs. However, in terms of AGE and RAGE
accumulation, we have seen significant differences between embryonic and somatic cells. Our results
confirm that oxidative stress induces an increase of RAGE levels in hESC, in agreement with previous
studies in which an adverse maternal preimplantation environment was correlated with an increase in
RAGE expression [22]. Curiously, this elevated RAGE mRNA expression does not imply an evident
increase of CML; according to the literature, the stability of CML under oxidative stress conditions
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is probably due to the high basal plateau in embryonic pluripotent cells [47]. On the contrary,
fibroblasts and endothelial cells exposed to H2O2 showed a significant increase of CML levels but
not in RAGE expression and of protein amount.
It has been proposed that the defensive mechanisms could be more active in cell types whose natural
history is associated with acute environmental variations, and particularly in cells that carry a
disproportionate sensitivity and load in maintaining homeostasis for the entire organism in response
to a particular stress [61]. In our study, we can hypothesize that HUVEC showed higher resistance to
H2O2 exposure because this cell types in vivo are continuously exposed to shear stress, which has an
important impact on cellular metabolism, structure and function [62], ultimately making them
stronger against damage caused by H2O2 and potentially more active in its elimination. Meanwhile,
regarding AGE-RAGE in ES cells, a possible hypothesis is that organisms would invest in a different
way in stress-response and protective and corrective mechanisms at the beginning of the
developmental process compared to later phases, for the simple reason that the effects of
abnormalities are more harmful in the initial moments of the developmental process than at the later
stages [44]. In ES cells AGEs are constitutively present but RAGE expression is not high enough at
control conditions to increase risk of oxidative mechanisms. It is the further increase of CML, induced
by H2O2 treatment that triggers the activation of RAGE and therefore inducing ROS production. This
peculiar regulation of the AGE-RAGE system could provide a mechanistic hypothesis to explain why
adverse uterine environments, such as those occurring in diabetic mothers [22], and ART may
negatively affect the embryo quality and induce long-term effects [44].
The source of the observed AGEs in the early embryo pluripotent stem cells is unclear, but there are
important considerations to be taken into account: generally the production of offspring in mammals
is coincident with the initial to middle stages of the organism’s life cycle, that means that it happens
when the overall oxidative damage in the organism is still low [32]. Nonetheless, our results show
that early embryonic development steps are accompanied by a drastic reduction of AGE-modified
proteins, supporting previous works [47]. As AGE formation, especially due to glucose reactions, is
a very slow process and moreover AGE modifications have previously been shown also in
preimplantation mice [47] and rabbit embryos [22] and foetuses of rats [63], it can be hypothesized
that the AGE accumulation observed in the inner cell mass of the blastocyst from where ES cells
originate, derives in part from the progressive build-up of modified proteins starting in germ cells and
continuing in oocytes [22], but also could be the result of yet unknown mechanisms that make ES
cells have a higher levels that change upon differentiation. To unravel this fact, the analysis of
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glycation products during neural and cardiac differentiation process has been crucial, and allowed us
to confirm that the AGE and RAGE levels decreases progressively during organism development.
Several promising studies have shown that elevated levels of RAGE are associated with higher
incidence of cardiovascular disease [26] or all-cause mortality in diabetical complications [32].
Indeed it has been described that that block the signal transduction of RAGE could be an optimal way
to prevent the damage effects of oxidative stress, especially in situations of chronic disease [64, 65].
Pluripotent stem cells have been shown to possess the potential to differentiate spontaneously into
CMs, although the efficiency is low and it the depends a lot on each cell line [51]. The aggregation
process into EBs mimics the natural developmental course, being possible to generate the
physiological tridimensional environment in which the paracrine signals have a key role.
Furthermore, with the presence of ascorbic acid in the media we boosted the cardiac differentiation
of pluripotent cells and, as well as, we enhanced their structural characteristics and functional
maturation activity [66]. Through this protocol of cardiac differentiation we studied whether
cardiomyocyte cell-like present different basal levels of AGE and RAGE than other somatic cell lines,
such as neurons, fibroblast or endothelial cells, hypothetically turning the cardiomyocytes more
sensitive in a hyperglycemic environment. We have not seen any difference in terms of basal CML
and RAGE mRNA expression and protein accumulation in comparison with other differentiated cell
lines. An explanation of our results could be the still immature state of cardiomyocytes compared to
fully differentiated adult cardiac cells [67]; but further experiments should be made for the more
accurate determination of the underlying reasons to explain that elevated levels of RAGE are
associated with a high incidence of cardiovascular disease. In this line, there are still critical questions
that remain to be resolved, so RAGE silencing experiments are planned to greater understanding of
the implications of RAGE on physiological processes.
In this study, we have shown that the low levels of damaged proteins in somatic cells are concurrent
with an elevated activity of the 20S proteasome, a fact that has been described essential for
degradation of oxidatively damaged proteins in vivo and in vitro [39]. We also showed that
differentiating ES cells from established cell lines cultured in vitro display an efficient removal
system of damaged proteins and a simultaneously higher 20S proteasome activity, supporting
previous results that demonstrate the elimination of oxidatively damaged proteins occurs during
normal embryonic development in vivo [47, 48]. Unraveling this mechanism could help to understand
the embryonic development process and also help to describe the machinery involved in the aging
process, answering to the question of why the differentiated cells invest less in counteract the gradual
accumulation of oxidatively damaged proteins. It has been demonstrated that in vitro 20S can be also
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controlled by regulators like SDS treatment, opening the structure of 20S and enable peptide
hydrolysis of 20S and therefore its activation, suggesting that all cell types have an equivalent number
of 20S particles, because no significant differences in chymotrypsin-like activity were found among
the different cells when SDS was added [40]. However, unlike the extensive knowledge acquired
over the years respecting the protein degradation process by the 26S proteasome, being described that
hESCs have increased levels of the 19S proteasome subunit and a corresponding increased assembly
of the 26S/30S proteasome [40], relatively little is known about 20S-mediated proteolysis control.
Alternatively to the 19S particle, the alpha rings of the 20S core can interact, among others, with the
cytoplasmic PA28αβ (11S) regulator [48]. Moreover a special conformation of the core proteasome
is constitute by replacing the proteolytically catalytic β1, β2, and β5 subunits with β1i, β2i, and β5i
subunits, thus form the Immunoproteasome, which has been shown, together with the 20S and
PA28αβ, involved in the adaptation and response to oxidative stress [68]. The analysis of these
proteasome structures and regulators is planned for next immediate experiments to better understand
their protective role against protein oxidation and during embryogenesis [69]. For the moment, in
view of the present results we can hypothesize that the incorrect functioning of the 20S proteasome
leads to the formation of oxidized protein aggregates during cell differentiation.
In conclusion, in this work we provide a comparative analysis of changes in CML advanced glycation
end product and RAGE levels in human embryonic stem cells versus somatic cells upon 72 hours
oxidative stress. The cells were exposed to H2O2 within the non-cytotoxic range. Our data reveal that
embryonic cells accumulate CML and RAGE under oxidative stress conditions in a different way
than somatic cells. Both cell models differ in the basal levels of glycation products making them a
unique model to study the consequence of an oxidative environment on early embryonic cells. Our
results confirm the presence of an efficient reduction process of glycated-damaged proteins in hESC,
which coincides with a strongly elevated 20S proteasome activity, which has previously been seen in
mES cells [47]. The subtle implications of an exposure to oxidative stress during embryonic
development are still largely unknown in humans and remain to be elucidated. However, the findings
reported here could be a basis to aid the identification of antioxidant treatments for improving embryo
culture conditions.
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SUPPLEMENTARY MATERIALS

Supplementary figure S1. Quality control of CML antibody specificity. For testing the specificity of the CML
antibody human keratin was treated either with methylglyoxal (inducer of arg-pyrimidine and pentosidine, in lane 1) or
glyoxal (inducer of CML, in lane 2). A. Shows the amidoblack staining of the membrane after the blot as loading control.
M; molecular weight marker. B. Shows the immunodetection using the anti-CML antibody. As expected only signals in
the sample treated with glyoxal were detected demonstrating the specificity of the antibody.
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Supplementary figure S2. Immunocytochemical analysis of CML and RAGE in control and H2O2-treated HUES3
cells. 24 h post plating cells were treated for 2 hours with increasing concentrations of H2O2. Immunofluorescence staining
was performed with an anti-CML (green) and an anti-RAGE (red) antibodies; Hoechst 33342 (blue) was used for nuclei
localization. H2O2 conditions: CTR, Control non-treated cells (A), 4 μM (B), 8 μM (C), 16 μM (D). Scale bar = 100 µm.
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Supplementary figure S3. Immunocytochemical analysis of CML and RAGE in control and H 2O2-treated HUES7
cells. 24 h post plating cells were treated for 2 hours with increasing concentrations of H2O2. Immunofluorescence staining
was performed with an anti-CML (green) and an anti-RAGE (red) antibodies; Hoechst 33342 (blue) was used for nuclei
localization. H2O2 conditions: CTR, Control non-treated cells (A), 4 μM (B), 8 μM (C), 16 μM (D). Scale bar = 100 µm.
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Supplementary Table T1. Primer sequences used for Real-Time PCR amplification
Gene

Forward

Annealing

Product

Ta

size [bp]

Reverse

18S

CGCCGCTAGAGGTGAAATTC

TTGGCAAATGCTTTCGCTC

58

62

Brachyury

CAACCTCACTGACGGTGAAAAA

ACAAATTCTGGTGTGCCAAAGTT

58

101

CACNA-1C

AAGGCTACCTGGATTGGATCAC

GCCACGTTTTCGGTGTTGAC

58

136

CTNN1

CCAACTACCGCGCTTATGC

CTCGCTCCAGCTCTTGCTTT

58

120

GATA4

TAGCCCCACAGTTGACACAC

GTCCTGCACAGCCTGCC

58

106

ISL1

GAGGGTTTCTCCGGATTTGG

TCCCATCCCTAACAAAGCATGT

60

101

MEF2-C

TAACTTCTTTTCACTGTTGTGCTCCTT

GCCGCTTTTGGCAAATGTT

58

120

MESP1

CTGCCTGAGGAGCCCAAGT

GCAGTCTGCCAAGGAACCA

58

102

NANOG

TGATTTGTGGGCCTGAAGAAAA

GAGGCATCTCAGCAGAAGACA

56

156

nKx2-5

ACCCTGAGTCCCCTGGATTT

TCACTCATTGCACGCTGCAT

58

125

OCT4

GTGTTCAGCCAAAAGACCATCT

GGCCTGCATGAGGGTTTCT

60

96

RAGE

CTGATCCTCCCACAGAGCC

CAGGACCAGGGAACCTACAG

60

130
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ABSTRACT
Oxidative stress has been related to multiple diseases, especially during early embryonic
development, when environmental alterations can lead to long-term deleterious effects. In vitro
studies of oxidative stress have been mainly focused on somatic cells, but embryonic stem cells
(ESCs) represent a promising model of early embryonic development as they are the in vitro
equivalent to pluripotent cells in the embryo. Human fibroblasts and ESCs were exposed to different
prooxidant agents (hydrogen peroxide, tertbutyl hydroperoxide (TBHP), and rotenone) and
antioxidants (sodium pyruvate, N-acetylcysteine, Trolox, and sodium selenite) during a 72 h oxidative
stress treatment. Then, cell viability, oxidative stress, mitochondrial activity, and gene expression
were analyzed, focusing on the antioxidant effect of pyruvate. Pyruvate protected both somatic and
pluripotent cells against different prooxidant agents, showing strong ROS scavenging capacity,
protecting mitochondrial membrane potential, and regulating gene expression and cell metabolism
through different mechanisms in fibroblasts and ESCs. In fibroblasts, pyruvate avoided NFKß nuclear
translocation and the upregulation of genes related to the oxidative stress response, while in ESCs
pyruvate stimulated the expression of genes involved in anaerobic glycolysis. Fibroblasts and ESCs
reacted in different ways to oxidative stress and antioxidant treatment, and pyruvate was the most
complete antioxidant, protecting both cell types at different levels.

INTRODUCTION
Reactive oxygen species (ROS) are constantly produced by cells, and under normal circumstances,
they are efficiently regulated by intracellular antioxidant systems. However, when ROS production
exceeds cellular defenses, these unstable compounds can damage proteins, nucleic acids, and lipids.
This situation is known as oxidative stress, and it has been related to the aging process and to multiple
diseases such as diabetes, cancer, atherosclerosis and neurodegenerative diseases [1]. Moreover,
according to the Developmental Origins of Health and Disease theory (DOHaD) [2], environmental
alterations such as oxidative stress during embryonic development can lead to long-term deleterious
effects. Therefore, the study of the mechanisms implicated in oxidative stress in different cell models
and the intervention by antioxidant addition could greatly help to design strategies to prevent these
diseases. However, very different data can be found in the literature regarding pro-oxidant and
antioxidant doses and effects in diverse cell lines [3]. Thus, it would be very interesting to compare
different cell types in a single study. Furthermore, most of our knowledge in this field is derived from
differentiated cells, but human ESCs constitute a valuable in vitro model for early embryo
development, and recent studies have suggested that somatic and embryonic stem cells (ESCs)
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respond in different ways to oxidative stress [4, 5], although the mechanisms underlying this different
response remain unknown.
In order to maintain a normal intracellular redox homeostasis, the cell has antioxidant systems that
include antioxidant enzymes and non-enzymatic antioxidants such as vitamins (A, C, E), glutathione
(GSH), and minerals (zinc, selenium) [6, 7]. Non-enzymatic antioxidants have different mechanisms
of action: selenium is a component of important antioxidant enzymes such as Glutathione peroxidase
(GPx) and thioredoxin [8], vitamin E (tocopherol) protects against lipid peroxidation [9], Nacetylcysteine (NAC) acts as a GSH precursor [10], and NAC and pyruvate act as ROS scavengers
[10–12]. Pyruvate is a key intermediate compound for several metabolic pathways. It can be
converted into carbohydrates through gluconeogenesis or either produced from glucose through
glycolysis. It is also an important energy supplier for the cell either through anaerobic fermentation,
producing lactate when oxygen is lacking, or by boosting the Krebs cycle when oxygen is present. In
this way, it can be converted into acetylcoenzyme A by the pyruvate dehydrogenase complex, or it
can be transformed into oxaloacetate by pyruvate carboxylase; thus, pyruvate is a key substrate for
mitochondrial energy production [13]. Several articles have described the protective effect of
pyruvate in oxidative stress models, not only by its ability to neutralize hydrogen peroxide (H2O2)
and other ROS [14], but also maintaining the mitochondrial membrane potential under oxidative
stress and reducing the mitochondrial generation of ROS [14–17].
In order to induce oxidative stress in vitro in a cell culture model, different pro-oxidant agents can be
used. H2O2 is a ROS produced by normal cell metabolism that at physiological concentrations is
involved in signaling mechanisms. However, at higher concentrations it can directly damage lipids,
nucleic acids, and other macromolecules [18, 19]. Tertbutyl hydroperoxide (TBHP) is an organic
hydroperoxide that has been widely used to induce cellular oxidative stress in vitro. TBHP can be
metabolized by cytochrome P450 in the mitochondria, generating ROS and producing peroxyl and
alkoxyl radicals that induce lipid peroxidation of membrane phospholipids [20]. Furthermore, it is
detoxified by glutathione peroxidase depleting cellular GSH; it alters intracellular calcium
homeostasis and induces cell apoptosis [21–23]. Rotenone is a pesticide that interferes with the
electron transport chain in mitochondria by inhibiting the transfer of electrons from complex I to
ubiquinone. This generates an overload of electrons in the mitochondrial matrix by which cellular
oxygen is reduced to superoxide radical (O2-), which is subsequently dismutated to H2O2, generating
ROS and damaging the mitochondria [24, 25].
The objective of this study was to characterize the response of both human fibroblasts and ESCs
against different pro-oxidant agents and antioxidants during a 72 h exposure period. To this aim, we
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analyzed cell viability, mitochondrial activity, and gene expression focusing on the antioxidant effect
of pyruvate, which resulted in the most efficient antioxidant for both fibroblasts and ESCs. We
demonstrate how fibroblasts and ESCs show different responses to the treatments. In fibroblasts,
pyruvate avoided NFKß nuclear translocation and the upregulation of oxidative stress-related genes,
while in ESCs, it stimulated the expression of genes involved in anaerobic glycolysis. Thus, this study
is a first attempt to highlight important differences between somatic and pluripotent cells in their
response to oxidative stress and antioxidants.

MATERIALS AND METHODS
Cell culture
Human fibroblasts (Hs27 cell line) were cultured in Dulbecco´s Modified Eagle Medium (DMEM,
high glucose, GlutaMAX™ supplement, Gibco Invitrogen, Milan, Italy), supplemented with 10%
Fetal Bovine Serum (FBS) (Sigma–Aldrich, St. Louis, MO, USA). Cells were passaged by 0.05%
trypsin/EDTA incubation at 37°C for 3 min every 3 or 4 days.
Human embryonic stem cells (hESCs) (HUES3 cell line) [26] were first cultured on a feeder layer of
mouse embryonic fibroblasts (MEFs) inactivated by mitomycin C (Sigma–Aldrich, Milan, Italy) in
KODMEM medium (Gibco Invitrogen, Milan, Italy) supplemented with 10% serum replacement
(Gibco Invitrogen, Milan, Italy), 4.3 mg/ml bovine serum albumin (BSA) (Sigma-Aldrich, Milan,
Italy), 2 mM glutamine (L-alanyl-L-glutamine, Sigma-Aldrich, Milan, Italy), 1% non-essential amino
acids (Gibco Invitrogen, Milan, Italy), 0.055 mM beta- mercaptoethanol (Gibco Invitrogen, Milan,
Italy), 50 units/ ml penicillin, 50 mg/ml streptomycin, and 10 ng/ml bFGF (Pepro-tech, Milan, Italy).
To perform the experiments, hESCs were adapted to grow in feeder-free conditions in mTeSRTM1
medium (Stemcell Technologies, Milan, Italy). The medium was changed daily, and cells were
passaged 1:3 with PBS/EDTA every 3 or 4 days.
For cytotoxicity analysis and ROS detection, cells were grown in 96-well plates. For Mitotracker
assay and immunofluorescence, cells were seeded on 6-mm diameter glass cover slides, and for gene
expression analysis, Hs27 cells were grown in 60-mm dishes and HUES3 cells in 35-mm dishes.
Preliminary experiments were performed to determine the seeding density and the length of the
treatments to allow 72 h exposure of the cells to the different compounds avoiding passages during
this time. Cells were plated 24 h before starting the treatments: Hs27 at 20,000 cells/ml for 72 h
treatments and at 40,000 cells/ml for 5 h treatments with hydrogen peroxide (H2O2), and HUES3 cells
at 40,000 cells/ml for 72 h treatments, and at 80,000 cells/ml for 5 h treatments with H2O2. In long133
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term treatments, medium with oxidative stress-inducing agents or/and antioxidants was replaced
every 24 h. All pro-oxidant and antioxidant compounds were purchased from Sigma–Aldrich, Milan,
Italy.
Cellular toxicity assessment
Cellular toxicity was measured at the end of the treatments with a test based on the reduction of the
alamarBlue® reagent as previously described [27]. Briefly, 10% of alamarBlue® (Molecular Probes;
Invitrogen, Milan, Italy) diluted in culture medium was added to the cells, and plates were incubated
at 37 °C in 5% of CO2 for 6 h. Then, the absorbance was measured at 570 nm, using 600 nm as a
reference wavelength, in a Tecan Infinite F200 PRO micro- plate reader (Tecan Trading AG,
Switzerland). Three different wells were analyzed for each concentration of oxidative stress-inducing
agents or/and antioxidants, and three replicates were performed for each experiment.
ROS detection
Intracellular ROS levels were measured by the DCF-DA fluorometric assay (CM-DCFDA,
Invitrogen, Paisley, UK). After being oxidized by intracellular oxidants, DCFH is converted to
dichlorofluorescein (DCF) and becomes fluorescent. By quantifying fluorescence, a fair estimation
of the overall oxygen species generated under the different conditions can be obtained. After
removing the medium, cells were washed once with medium 199 (Sigma-Aldrich, Milan, Italy) and
incubated with 10 µM CM-DCFDA in medium 199 in the dark at 37 °C in 5% CO2 for 30 min. Then,
cells were washed for three times with phosphatebuffered saline (PBS), and finally, medium 199
containing oxidative stress-inducing agents with or without antioxidants was added. Then,
fluorescence was measured in a Tecan Infinite F200 PRO microplate reader (Tecan Trading AG,
Switzerland) at 485 nm excitation and 535 nm emission wavelength at minutes 0, 30, and 60. Three
different wells were analyzed for each concentration of oxidative stress-inducing agents or
antioxidants, and three replicates were performed for each experiment.
Mitochondrial localization
For mitochondria staining, 100 nM MitoTracker® Orange CMTMRos, 400 nM MitoTracker Green
FM, and 5 µg/ml Hoechst 33342 (Sigma, Milan, Italy) were added into the culture media. The cells
were incubated at 37 °C in 5% CO2 for 30 min and then visualized by fluorescence microscopy (Nikon
Eclipse 80i). MitoTracker® Orange CMT-MRos stains mitochondria in live cells, and its
accumulation is dependent upon membrane potential; MitoTracker® Green FM localizes
mitochondria regardless of mitochondrial membrane potential, and Hoechst 33342 allows DNA
localization. For cell count according to the distribution of mitochondria with high membrane
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potential, eight pictures were taken for each different treatment with an average of 50 cells per field,
and three replicates were performed for every experiment. ImageJ software (NIH, Maryland, USA)
was used to perform cell counting.
Immunofluorescence
In order to localize NFKß transcription factor, cells grown in glass coverslides were washed once
with PBS and fixed in 4% paraformaldehyde (VWR, Milan, Italy) for 30 min at room temperature
(RT). Then, they were permeabilized by incubation in 0.5% Triton (Sigma, Milan, Italy) in PBS for
15 min at RT and blocked in 10% normal goat serum (Sigma, Milan, Italy) in PBS for 1 h at RT.
Next, cells were incubated overnight at 4°C in 1:100 rabbit anti-NFKß antibody (Abcam, Cambridge,
UK) and 1:1000 mouse anti-tubulin antibody (Sigma, Milan, Italy) to localize the cytoplasm.
Following incubation, cells were washed three times and incubated in PBS containing 1:100 FITC
anti-rabbit (Jackson ImmuneResearch, Milan, Italy) and 1:150 Texas Red anti-mouse antibodies
(Jackson ImmuneResearch, Milan, Italy) for 1 h in the dark at RT. Finally, cells were incubated with
5 µg/ml Hoechst 33342 (Sigma, Milan, Italy) for 15 min in the dark at room temperature, washed
twice in PBS, and mounted with Citifluor (Citifluor Ltd., London, UK). Slides were observed by
fluorescence microscopy (Nikon Eclipse 80i). Negative controls were performed with omission of
the primary antibody before secondary antibody addition.
RNA isolation, cDNA synthesis, and qPCR
RNA was extracted from the cells treated with the different pro-oxidants and pyruvate combinations
from four different biological replicates using the RNeasy Mini Kit (Qiagen, Milan, Italy) following
the manufacturer’s instructions. Immediately after extraction, the reverse transcription reaction was
carried out with iScript™ cDNA Synthesis Kit (Bio-Rad, Milan, Italy) following the manufacturer’s
instructions. Briefly, tubes were first incubated at 25°C for 5 min and then at 42°C for 30 min to allow
the reverse transcription of RNA, followed by 85°C for 5 min to denature the enzyme. mRNA
transcripts were quantified by real-time qRT-PCR. Three PCR replicates were conducted for all genes
of interest. Experiments were designed to compare the relative levels of each transcript and those of
the housekeeping gene 18S in each sample. PCR was performed with the PCR mix iTaq™ Universal
SYBR Green Supermix (Bio-Rad, Milan, Italy) containing specific primers in a MyiQ Real-Time
PCR Detection System (Bio-Rad, Milan, Italy). The comparative cycle threshold (CT) method was
used to quantify expression levels [28].
Statistical analysis
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All values are expressed as mean±standard error (SE) and were obtained from three separate
experiments. Differences between the groups were assessed by one-way repeatedmeasures ANOVA
with arcsine data transformation when necessary. When main effects were detected, Holm-Sidak post
hoc test was used to make comparisons with the control group. P≤0.05 was considered statistically
significant. All statistical tests were performed using the SigmaStat (Jandel Scientific, San Rafael,
CA) package.

RESULTS
Pyruvate is the most protective antioxidant against oxidative stress in both fibroblasts and
ESCs
In preliminary experiments, human fibroblasts (Hs27 cell line) and embryonic stem cells (ESCs)
(HUES3 cell line) were exposed to increasing concentrations of different oxidative stress-inducing
agents: hydrogen peroxide (H2O2), tert-Butyl Hydroperoxyde (TBHP), and rotenone, during different
time periods: short (1 h), medium (24 h), and long (72 h, medium with pro-oxidants was replaced
every 24 h), and cell viability was analyzed by the alamarBlue® assay. H2O2 and TBHP showed
similar acute toxicity in both fibroblasts and ESCs, while rotenone toxicity appeared more gradually
and was more damaging for ESCs. All oxidative stress-inducing agents showed time-dependent
cumulative effect. To better resemble embryonic development from the early cleavage to the
blastocyst stage, the 72 h oxidative stress exposure was selected for further experiments. In the same
way, different antioxidants were evaluated for cytotoxicity during 72 h in both fibroblasts and ESCs
at increasing concentrations selected according to the literature: sodium pyruvate (PYR), Nacetylcysteine (NAC), sodium selenite (SEL), and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2carboxylic acid, a water-soluble vitamin E analog, TRO. All antioxidants showed a clear toxicity
curve in both cell types, except for pyruvate that was not toxic for somatic cells. ESCs were more
susceptible to antioxidant toxicity than somatic cells. Non-toxic concentrations were selected for each
compound to analyze the protective effect of the antioxidants against the pro-oxidant agents in further
experiments.
The protective effect of the antioxidants was first evaluated in fibroblasts exposed to increasing
concentrations of H2O2 during the 72 h treatment. TRO and SEL showed no protective effect. On the
contrary, PYR showed an important dose-dependent protective effect, being able to neutralize H2O2
toxicity up to a concentration 500 times higher than in the absence of the antioxidant. NAC also
showed a dose-dependent although lower protective effect (Fig. 1A). When fibroblasts were exposed
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to TBHP-induced oxidative stress, NAC, SEL, and TRO showed limited protection at certain
concentrations of TBHP, but PYR was the most protective antioxidant (Fig. 1B). However, PYR
protective effect was not dosedependent in this case. Finally, PYR, TRO, and SEL were protective in
a similar range of rotenone concentrations (Fig. 1C), although PYR protective effect neither was dosedependent in this case. NAC did not protect the cells against rote- none. In summary, NAC, TRO,
and SEL showed partial protection only against some pro- oxidant agents and PYR protected against
all pro-oxidant agents.
Next, the antioxidants were tested in ESCs. In the case of H2O2, PYR showed a clear protective effect,
but lower than that observed in fibroblasts at the same concentration (2.5mM) (Fig. 2a). In contrast,
NAC, TRO, and SEL presented no protective effect against H2O2 cytotoxicity in ESCs. None of the
antioxidants protected ESCs against TBHP-induced oxidative stress, and when cells were exposed to
rotenone, PYR and NAC showed a similar protective effect from 10 to 100 nM rotenone, while TRO
and SEL showed a slight protective effect only at 10 nM rotenone (Fig. 2B). Once again, PYR was
the most protective antioxidant in ESCs. Next, we focused on examining the mechanisms of pyruvate
protection against the different pro-oxidant agents in fibroblasts and ESCs.
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Figure 1. Protective antioxidants against 72 h oxidative stress treatment in fibroblasts. Hs27 were exposed to
increasing concentrations of a H2O2, b TBHP, and c rotenone in the presence of different antioxidants. Cell viability was
determined by the alamarBlue® reagent. Data (means ± SEM, 3 samples per experimental condition, 3 replicates) are
expressed as percentages of fluorescence increase or viability relative to the control. * indicates statistically significant
differences compared to the treatment without antioxidant, P≤0.05.

138

Pyruvate antioxidant roles in human fibroblasts and embryonic stem cells

Figure 2. Protective antioxidants against 72 h oxidative stress treatment in ESCs. HUES3 were exposed to increasing
concentrations of a H2O2 and b rotenone in the presence of different antioxidants. Cell viability was determined by the
alamarBlue® reagent. Data (means ± SEM, 3 samples per experimental condition, 3 replicates) are expressed as
percentages of cell viability relative to the control. *indicates statistically significant differences compared to the
treatment without antioxidant, P≤0.05.

Pyruvate is a powerful H2O2 scavenger in the culture medium, and also induces protective
cellular mechanisms
It has been previously described that pyruvate is able to react through a non-enzymatic reaction with
H2O2 producing acetate, H2O, and CO2 [29]. To investigate if the protective effect of PYR in the case
of H2O2-induced oxidative stress was exclusively due to this reaction taking place in the culture
medium, we measured the intracellular ROS generation using CM-DCFDA, a membrane-permeable
non-fluorescent reagent that is converted into fluorescent DCF in the presence of ROS. After
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incubation with the CM-DCFDA reagent, the cells were treated with increasing concentrations of
H2O2 in the presence or absence of 2.5 mM PYR, and fluorescence was measured at minutes 0, 30,
and 60 (Fig. 3A). A dose-dependent ROS increase was observed from minute 0 in the presence of
H2O2 that was instantly neutralized by the presence of PYR, although this reaction was faster in
fibroblasts than in ESCs cells. This fast response confirmed that the protective effect of pyruvate
against H2O2 takes place in the culture medium through a non-enzymatic reaction [29] and that H2O2
does not reach the cells because it is neutralized by pyruvate in the culture medium.
When the same experiment was performed with increasing concentrations of TBHP in fibroblasts,
ROS generation was induced from minute 0 as well, but in this case, it was not neutralized by PYR
addition (Fig. 3A). Thus, pyruvate protects the cells from TBHP through a different mechanism. To
investigate if pyruvate could also induce protective cellular mechanisms in the case of H2O2-induced
oxidative stress, a different experimental design was used to avoid the non-enzymatic reaction in the
medium between H2O2 and pyruvate. Cells were treated with H2O2 only for 1 h and washed several
times to ensure that all H2O2 was removed. Then, pyruvate was added as a post-treatment for 4 h and
cell viability was analyzed. A lower although statistically significant protective effect could be
observed in fibroblasts and in ESCs (Fig. 3b), indicating that pyruvate also induces protective cellular
mechanisms.
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Figure 3. Non-enzymatic neutralization of hydrogen peroxide (H2O2) by pyruvate. a Hs27 and HUES3 were exposed
to increasing concentrations of H2O2 or TBHP in the presence or absence of pyruvate. Intracellular ROS production was
evaluated using CM-DCFDA, and fluorescence was measured at 0, 30 and 60 min. b Hs27 and HUES3 were exposed to
increasing concentrations of H2O2 during 1 h, followed by pyruvate post-treatment. Cell viability was determined by the
alamarBlue® reagent. Data (means ± SEM, 3 samples per experimental condition, 3 replicates) are expressed as
percentages of cell viability relative to the control. *indicates statistically significant differences compared to the
treatment without antioxidant, P≤0.05.

Pyruvate helps to maintain mitochondrial membrane potential in both somatic and ESCs
exposed to oxidative stress
Since pyruvate is a key substrate for mitochondrial energy production, we wanted to investigate the
antioxidant effect of pyruvate on mitochondrial physiology. To this end, we used MitoTracker®
Green FM to localize all mitochondria within the cell, MitoTracker® Orange CMTMRos to localize
only those mitochondria with high membrane potential, and Hoechst 33342 for nuclei localization.
When fibroblasts were treated with the different pro-oxidant agents, three different staining patterns
could be observed according to the distribution of mitochondria with high membrane potential
(orange fluorescence): uniform cytoplasmic distribution in healthy cells, peri-nuclear distribution in
damaged cells, and absence of fluorescence in dead cells.
Cell count was performed according to the previous distribution patterns (Table 1). In H2O2-induced
oxidative stress, fibroblasts were treated with H2O2 for 1 h followed by 4 h PYR post-treatment and
then stained. It was found that 64 µM H2O2 treatment induced a shift from cytoplasmic towards perinuclear distribution, and at 128 µM H2O2, most cells had lost membrane potential. This effect was
attenuated by pyruvate post-treatment. In the case of TBHP and rotenone-induced oxidative stress,
Hs27 cells were treated during 72 h in the absence or simultaneous presence of 2.5 mM PYR and
then stained. TBHP toxicity on mitochondria was very evident at 32 and 64 µM, where a high amount
of cells showed no fluorescence, but this was also reverted by pyruvate. In rotenone-induced oxidative
stress, mitochondrial toxicity was not as evident because rotenone did not induce loss of fluorescence,
but it was observed an increase in the amount of cells with peri-nuclear distribution, which was
reverted by pyruvate treatment.
When ESCs were analyzed, due to the morphology of the cells and the colonies, it was not possible
to distinguish different patterns of mitochondrial distribution. However, pyruvate protective effect
could be observed in the case of rotenone and H2O2 avoiding the loss of membrane potential, but not
in THBP-induced oxidative stress, in agreement with the viability assay results.
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Table 1. Cell count of orange mitotracker fluorescence distribution after H2O2 and pyruvate posttreatment, or in the simultaneous presence of TBHP or rotenone and pyruvate in Hs27 cells

Pro-oxidant

Antioxidant

% Cytoplasmic

% Peri-nuclear

distribution

distribution

(mean ± SEM)

(mean ± SEM)

treatment

% No fluorescence
(mean ± SEM)

–

–

91.55 ± 1.66

8.44 ± 1.67

0

–

PYR

93.91± 1.91

6.08 ± 1.91

0

64 µM H2O2

–

36.42 ± 3.22a

49.46 ±8.32

14.10 ± 7.12a

64 µM H2O2

PYR post-treatment

60.67 ± 0.20b

35.88 ±0.41

3.43 ± 0.23b

128 µM H2O2

–

4.02 ± 2.29

26.41 ±15.34

69.56 ±17.64

128 µM H2O2

PYR post-treatment

15.86 ± 12.95

33.09 ±18.67

51.02 ±34.54

16 µM TBHP

–

10.26 ± 10.26a

46.71 ±10.82a

43.02 ± 21.09a

16 µM TBHP

PYR co-treatment

71.69 ± 6.10b

24.74 ±4.42b

3.57 ± 1.67b

32 µM TBHP

–

0a

9.74 ± 1.24a

90.26 ± 1.24a

32 µM TBHP

PYR co-treatment

20.29 ± 1.08b

74.14 ±0.29b

5.57 ± 1.36b

–

52.79 ± 1.83a

41.68 ±6.87a

3.77 ± 3.29

50 nM Rotenone

PYR co-treatment

92.38 ± 2.24b

7.72 ± 2.24b

0

100 nM Rotenone

–

45.07 ± 9.13a

52.84 ±8.83a

2.09 ± 0.30

100 nM Rotenone

PYR co-treatment

88.61 ± 0.66b

10.29 ±0.02b

1.10 ± 0.65

50 nM Rotenone

Different letters in superscript following values indicate statistical significance between absence and presence of the
antioxidant (P≤0.05). Cell count was performed in eight microscopic fields per treatment, with 30–80 cells per field
(average of 300 cells per treatment per replicate). The experiments were repeated three times.
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Pyruvate modulates gene expression through different mechanisms in somatic and in
embryonic stem cells exposed to oxidative stress
To unravel the mechanisms of pyruvate protection against the different pro-oxidant agents in
fibroblasts and ESCs, gene expression was analyzed after treating the cells with the pro-oxidant
agents at selected concentrations and times in which 2.5 mM pyruvate showed a significant protective
effect inside the cell (Fig. 4A).
When GPX1, encoding an antioxidant enzyme, was analyzed (Fig. 4B), it was upregulated by 72 h
oxidative stress treatments (rotenone and TBHP), and this effect was reverted by pyruvate in
fibroblasts but not in ESCs. Pyruvate counteracted the upregulation of NFE2L2 (encoding NRF2
transcription factor) induced by rotenone treatment in fibroblasts. Considering the genes involved in
apoptosis and cell death, pyruvate protective effect was also evident in fibroblasts after rotenone
treatment in both BAX and BCL2 genes, and after H2O2 treatment in OSGIN1 and CASP3. However,
in ESCs, upregulation of apoptosis- related genes induced by rotenone was not reduced by pyruvate
treatment. Regarding genes involved in metabolism, all pro-oxidant treatments upregulated NQO1 in
fibroblasts, and pyruvate treatment significantly reduced their upregulation induced by rotenone in
fibroblasts, but not in ESCs. When the expression of the genes encoding enzymes related to pyruvate
metabolism was analyzed, both pyruvate carboxylase (PC) and pyruvate dehydrogenase (PDHA1)
were upregulated by pyruvate treatment. Accordingly, the expression of MPC1, responsible for
pyruvate transport into the mitochondria, was also upregulated in fibroblasts. GAPDH and LDHA,
encoding glyceraldehyde 3-phosphate dehydrogenase and lactate dehydrogenase, respectively, were
clearly upregulated by pyruvate only in ESCs but not in fibroblasts. Finally, when the expression of
the pluripotency genes POU5F1, NANOG, and SOX2 was analyzed in ESCs, no differences were
found between the treatments (data not shown).
Subsequently, we analyzed the location of the NFKß factor (Fig. 5), whose translocation from the
cytoplasm to the nucleus is induced by oxidative stress, regulating in this way the expression of
several genes that were previously analyzed [30]. NFKß translocation was induced by rotenone
treatment, and it was prevented by pyruvate only in fibroblasts but not in ESCs, in agreement to the
gene expression results. In fibroblasts treated with TBHP, NFKß translocation was not very clear in
all cells, and in cells treated with H2O2, NFKß translocation was evident, but it could not be reverted
by pyruvate post-treatment in both fibroblasts and ESCs.
In summary, we could observe a different effect of pyruvate on gene expression regulation between
fibroblasts and ESCs. While in fibroblasts, pyruvate neutralized the upregulation of some genes
induced by rotenone, this mechanism was not observed in ESCs. In accordance, NFKß translocation
143

Chapter 5

induced by rotenone was prevented by pyruvate only in fibroblasts. On the contrary, pyruvate
upregulated genes related to anaerobic energy production only in ESCs.
Figure 4. mRNA relative expression in fibroblasts and ESCs treated with pyruvate and pro-oxidant agents (H2O2,

TBHP, and rotenone). a Representation of the pro-oxidant concentrations used and length of the treatments. b Relative
mRNA expression. Orange columns represent Hs27, and blue columns represent HUES3. *indicates statistically
significant differences compared to the control, #indicates statistically significant differences within the same pro-oxidant
treatment in the presence or absence of pyruvate; ANOVA One-Way, P≤0.05. Error bars represent SEM.
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Figure 5. Pyruvate prevents NFKß translocation in fibroblasts but not in ESCs. Hs27 and HUES3 were treated with
H2O2, TBHP, or rotenone at selected concentrations in which pyruvate showed protective effect. Then,
immunofluorescence staining was performed with an anti-NFKß (green) and an anti-tubulin (red) antibody, and Hoechst
33342 was used for nuclei localization. Upper panels show anti-NFKß staining, and lower panels show the merged images
of anti-NFKß, anti-tubulin, and Hoechst staining. Scale bars 200 µm.
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DISCUSSION
Cell culture has been used by researchers for decades to analyze the effect of oxidative stress and
antioxidant treatments providing controversial results. In this study, we provide a wide
characterization comparing several well-known antioxidants in two very different cell lines (Hs27
and HUES3) and we show how pyruvate is the most complete antioxidant, protecting both fibroblasts
and embryonic stem cells (ESCs) against different pro-oxidant agents in a 72 h oxidative stress model.
Initially, we aimed at comparing several well-known antioxidants against different oxidative stress
situations. In agreement to the literature [8, 31], selenium showed an antioxidant effect against some
of the pro-oxidant agents, and it also promoted cell growth, increasing cell viability even in the control
group in the absence of pro-oxidant agents. Trolox, a water-soluble analog of Vitamin E and a
reference compound for antioxidant activity assessment [32], was protective against TBHP and
rotenone in fibroblasts, in agreement with previous reports describing the antioxidant effect of
vitamin E against rotenoneinduced oxidative stress in neurons and spermatozoa [24, 33]. Nacetylcysteine (NAC) acts as an antioxidant by two mechanisms: glutathione formation and direct
ROS scavenging. Also, according to the literature, N-acetylcysteine is able to scavenge hydrogen
peroxide through a non-enzymatic reaction, producing N-acetylcystine and water [34]. This would
explain our protective results in fibroblasts, although this was not always translated into cell
protection, especially for ESCs that are apparently more sensitive.
Although it is well known that pyruvate has antioxidant properties, we have demonstrated in this
study that pyruvate is the most cytoprotective antioxidant compared to several well-known
antioxidants. Even though pyruvate is a regular compound in cell and embryo culture media, its
normal dose is generally 0.1 mM. We have observed that supplementing the medium with 2.5 mM
increases the antioxidant and protective effects of pyruvate. As it has been previously described [29,
35] and according our results, pyruvate has a high capacity to scavenge H2O2 and other ROS in few
minutes. In fact, pyruvate was dose-dependently protective only against H2O2-induced oxidative
stress, which also indicates that its action was mediated through a non-enzymatic reaction that reaches
a saturation point at high H2O2 concentrations. Moreover, according to Wang et al. [15], our results
show that pyruvate post-treatment also showed a protective effect inside the cells, although to a lesser
extent. Looking to the gene expression analysis, there was no clear effect of H2O2 on the expression
of genes related to metabolism and antioxidant enzymes, but it did induce upregulation of genes
indicating severe cell damage like OSGIN1, and CASP3, and clear NFKß translocation into the
nucleus, which agrees with previous studies [36]. These findings indicate that the short exposure to
H2O2 was the most aggressive treatment, causing a direct apoptotic response in the cells. Pyruvate
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enters into the cell through specific transporters such as monocarboxylate transporter 1, encoded by
SLC16A1 [37, 38], and then it can be transported into the mitochondria through the mitochondrial
pyruvate carrier protein, encoded by MPC1 [39]. In our study, MPC1 was upregulated after pyruvate
treatment mainly in fibroblasts, which could indicate that the protective mechanism takes place inside
the mitochondria. Once in the mitochondria, pyruvate can be converted either into Acetyl-CoA by
pyruvate dehydrogenase, encoded by PDHA1, or into oxaloacetate by pyruvate carboxylase, encoded
by PC. Both genes were upregulated when pyruvate was added to fibroblasts and ESCs, providing an
extra substrate for the mitochondrial Krebs cycle and helping to maintain mitochondrial membrane
potential under oxidative stress, as it has been previously reported [15, 16]. In fact, this observation
in both fibroblasts and ESCs was reinforced by the Mitotracker® study where pyruvate treatment was
able to prevent the loss of membrane potential caused by oxidative damage. The observed perinuclear mitochondrial distribution induced by oxidative stress in fibroblasts has been previously
described in renal cells exposed to TBHP [40] or in pulmonary artery endothelial cells exposed to
hypoxia [40, 41]. In our study, we found that this deleterious effect could also be avoided by pyruvate
treatment.
Pyruvate not only showed antioxidant mechanisms in the mitochondria but also in the cytoplasm. We
observed that pyruvate restored the normal expression levels of NQO1 in fibroblasts, a cytoplasmic
NADPH dehydrogenase that detoxifies quinones using NADPH, preventing in this way the
production of radical species [42]. Furthermore, pyruvate showed anti-apoptotic functions by
reducing OSGIN1 and CASP3 expression after H2O2-induced oxidative stress, and BAX and BCL2
after rotenone treatment in fibroblasts. In agreement to our results, pyruvate has been previously
shown to attenuate apoptosis [16]. Moreover, it avoided NFKß translocation into the nucleus in
fibroblasts treated with rotenone, as previously described [43]. This would explain why genes such
as NQO1, BAX, BCL2, or CASP3, upregulated through NFKß activation after oxidative stress, were
downregulated by pyruvate treatment. Pyruvate also downregulated NFE2L2 expression after
rotenone treat ment in fibroblasts. NFE2L2 encodes NRF2 transcription factor, which translocation
into the nucleus induced by oxi dative stress has been shown to activate the expression of GPX1,
OSGIN1, or NQO1 [44, 45]. This observation is in agreement with our gene expression findings in
fibroblasts as we observed that rotenone or H2O2 treatment upregulated GPX1, OSGIN1, and NQO1,
but pyruvate treatment restored the normal expression levels.
One of the strengths of our study is that we have per formed a parallel analysis in two very different
cell lines of human fibroblasts and ESCs. We have observed dis tinct responses to oxidative stress
and antioxidants in the two cell types while confirming that, accordingly to published data [4],
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oxidative stress did not affect the expression of pluripotency genes in ESCs. Other authors have
reported that ESCs are more resistant to oxidative stress than differentiated cells [46, 47]. However,
we found that H2O2 and TBHP induced similar toxicity in both cell types, and rotenone was more
toxic for ESCs. According to our results, Guo et al. also reported that ESCs underwent apoptosis at
comparable concentrations of H2O2 than differentiated cells [4]. Furthermore, in our study, ESCs
were more sensitive to antioxidant toxicity than fibroblasts and were protected by a smaller number
of antioxidants: only pyruvate could protect ESCs against H2O2, and no antioxidant showed protective
effect against TBHP-induced oxidative stress. Moreover, ESCs showed lower expression of genes
related to cell damage and stress response than fibroblasts, such as OSGIN1, CASP3, and NFE2L2.
ESCs and differentiated cells are very different regarding metabolism and energy production as well.
It has been reported that cells showing an increased proliferation rate, like stem cells and embryos,
require a defined metabolic pathway explained by the Warburg effect, in which cells meet their energy
requirements through anaerobic glycolysis followed by lactate fermentation to produce ATP, instead
of aerobic oxidation in the mitochondria [48]. Pyruvate is a key metabolic intermediate in these
pathways. In fact, we observed that only in ESCs but not in fibroblasts pyruvate supplementationinduced upregulation of GAPDH and LDHA, key enzymes in the anaerobic glycolysis and
fermentation pathways. In this way, in ESCs, pyruvate would be directed away from the Krebs cycle
and would be converted into lactate, producing NAD+ that could further support glycolytic activity
[49], decreasing the amount of ROS produced by oxidative phosphorylation and helping the cells to
fulfill their energy demands under a situation of oxidative stress. Similar results have been described
on oocyte maturation, where increasing concentrations of pyruvate improved maturation under high
oxygen tension [50]. Moreover, GAPDH and LDHA were upregulated in cumulus oocyte complexes
matured in hypoxic conditions [51], in agreement with the pyruvate-mediated upregulation of these
genes that we observed in ESCs. Combined, these findings could suggest that a swift to anaerobic
glycolysis may be beneficial for embryos.
In conclusion, fibroblasts and ESCs react in different ways to oxidative stress and antioxidant
treatments. Pyruvate protected both cell types against oxidative stress induced by different prooxidant agents at different levels: acting as a ROS scavenger, protecting mitochondrial membrane
potential and modulating gene expression and metabolic pathways through different mechanisms. In
fibroblasts, pyruvate avoided NFKß nuclear translocation and decreased the expression of genes
involved in the oxidative stress response. On the contrary, in ESCs, pyruvate supplementation
upregulated the expression of genes involved in anaerobic glycolysis. Due to the similarities between
ESCs and ICM cells, these preliminary results in human ESCs would help to understand how pyruvate
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could be protective against oxidative stress also during embryonic development in situations such as
assisted reproductive technologies (ART) or maternal diabetes. However, additional pluripotent cell
lines would need to be analyzed, and potentially, the findings from further experiments could help
reducing the incidence of several disorders during adulthood according to the Developmental Origins
of Health and Disease (DOHaD) theory [2], together with epigenetic alterations, whose impact is still
largely unknown.
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The research presented in this thesis was designed to investigate the effects of oxidative stress,
induced by exposure to H2O2, on human embryonic stem cells in comparison to somatic cells. The
study was based on the overall hypothesis that, under specific conditions, such as during assisted
reproduction or gestational diabetes, the oocyte and subsequently the early embryo are exposed to
an oxidative environment that can predispose to adult diseases, as suggested by the Developmental
Origins of Health and Disease (DOHaD) theory [1]. Therefore, the aim of the thesis was to identify
and characterise specific embryonic stem cell (ESC) responses in order to provide a model to study
the consequences of an oxidative environment on embryonic stem cell physiology in vitro and
potentially help identify routes of prevention and remedies. In the following paragraphs the various
steps and results of these studies are discussed.

Novel oxidative stress model
The incidence of cardiovascular disease (CVD) and Diabetes Mellitus type 2 (DM2) in the adult
population continues to increase worldwide [2]; at the same time the application of assisted
reproductive techniques (ART) is rising and an increasing proportion of children are born each year
as a result of these techniques [3]. Both maternal disease and in vitro culture expose the developing
embryo to an oxidative environment [4, 5], and the development of an in vitro model to unravel
how oxidative stress induced by DM2, CVD and ART affects early embryonic cells is an emerging
necessity. This study was designed to examine the suitability of a novel model of non-cytotoxic
H2O2-induced oxidative stress for simulating the environment in which the embryo develops in vivo
during gestation in diabetic or obese mothers or in vitro during ART. Using this simulated
environment, the formation and accumulation of diverse oxidative stress biomarkers was examined
following exposure of human embryonic stem cells to H2O2.
Our study provided evidence that 72 h exposure to H2O2 generates an oxidative stress state, which
induces different responses in human somatic cells versus embryonic stem cells. Since it has been
demonstrated that oxidative stress and reactive oxygen species (ROS) are implicated in DM2 and
CVD development [6] and in ART, by comparing pluripotent and differentiating cells our model
provides indications of the effects of these disorders on the early embryo. In fact, human ESCs are a
unique biological tool for studying and modelling in vitro how environmental alterations can affect
the pluripotent cells of the early embryo in the critical developmental window between the early
cleavage stages and the blastocyst stage [7]. Moreover, this research also complements the search
for new early markers of diabetes and cardiovascular diseases.
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The way in which ESCs respond to oxidative stress is still largely unknown. Although other authors
have reported that ESCs have a remarkable capacity to recover from oxidative stress and are more
resistant than their differentiated fibroblastic progenies [8, 9], we have observed a toxic effect of
H2O2 on cell viability at similar concentrations in both Hs27 and hESCs. This can be explained by
enhanced ESC sensitivity when the exposure to H2O2 occurs continuously [10]. In addition, it has
been suggested that the defence mechanisms could be more effective in cells that have been
exposed repeatedly to acute variations in the environment during evolution, and especially in cells
that are particularly sensitive to specific stresses and are engaged in homeostatic processes [11]. In
our study, HUVEC showed higher resistance to H2O2 exposure, a finding that could be linked to the
fact that endothelial cells in vivo are constantly exposed to shear stress, thereby having an impact
on cellular metabolism, structure and function [12], ultimately making them more resistant to
damage caused by H2O2 and, potentially, more active in its elimination.
One of the strengths of our model is the design of a strict experimental protocol for the use of H2O2,
to generate reproducible results and avoid inconsistent effects due to its well-known instability. The
inconsistency of H2O2 resides in the fact that, depending on concentration and time of exposure,
different effects are elicited. With lower exposure, the generation of ROS affects the cell cycle and
stimulates entrance into G0. With long exposure and consequent accumulation of high levels of
ROS, apoptotic mechanisms are triggered, mediated by increased expression of genes such as TP53.
In cycling cells, p53 dephosphorylates in response to oxidants, resulting in cells arrested in S-phase
[13]. With our 72h protocol, we demonstrated that external H2O2 treatment generates an oxidative
stress environment, which results in an extra accumulation of ROS and, consequently, differential
genomic and proteomic modifications in somatic compared to embryonic cells. Therefore, it can be
inferred that our model mimics the exposure of the early embryo to an oxidative environment in
vivo, such as during gestational diabetes or obesity, conditions in which embryonic development
takes place apparently normally and offspring are born.

Oxidative stress and ROS
It has been demonstrated that oxidative stress causes a very wide spectrum of genetic, metabolic
and cellular responses of which necrosis, the most extreme outcome, is the only one that involves
direct cell destruction [14]. Most oxidative stress conditions that cells actually encounter have nonvisible morphological effects, and instead modulate changes in membrane lipid peroxidation status,
gene expression and induce various transient adaptive responses. The balance between the rate of
reactive oxygen species generation and elimination is important. Excess cellular ROS generation
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can be harmful [15]; if there is a significant increase in free radical generation, or a decrease in
radical elimination from the cell, oxidative cellular stress ensues [16]. There is convincing
experimental and clinical evidence that the generation of ROS increases during both diabetes and
obesity, contributing to hypertension or artherosclerosis [17].
ROS can target almost all cellular compounds, and numerous studies have reported that ROS can
react with several amino acid residues in vitro, generating damaged compounds including modified
enzymes of reduced activity and denatured non-functional proteins [18]. Fragmentation of the
peptide chain and aggregation of cross-linked reaction products results in an altered electrical
charge and increased susceptibility to proteolysis [19]. In recent years, much attention has been
focused on the role of oxidative stress, and it has been reported that the imbalance between
oxidative stress and antioxidant levels during diabetes arises because of the generation of ROS
during glycation, and during glucose and lipid oxidation [20]. Lipid peroxides, produced from a
variety of long-chain polyunsaturated fatty acid precursors via intermediate radical reactions,
involve oxygen and metal cations, mainly iron and copper. The net result of the combined reactions
is the generation of highly reactive and cytotoxic lipid radicals, which generate a positive feedback
loop because of their close proximity to other lipids within biomembranes [21]. In addition,
diabetes induces disturbances in lipid profiles, in particular an increased susceptibility to lipid
peroxidation [22], which is responsible for an increased incidence of atherosclerosis, a major
complication of DM2 [23].
It is, therefore, apparent that a very complex intra-cellular regulatory system involving ROS exists
within cells, and that these agents play an important role in ageing, chronic diseases and cancer
[24]. In the present study, using low and medium doses of H2O2, at non-cytotoxic concentrations,
we have demonstrated an accumulation of ROS and heightened lipid peroxidation. The utility of our
model resides in these non-cytotoxic ranges because no changes in cell morphology are seen, cell
proliferation is not affected, and the expression of pluripotency genes in hES cells is maintained. In
this respect, lipid peroxidation was confirmed as a critical biomarker for free radical-mediated
oxidative stress. Consequently, we conclude that mechanisms involved in the formation of lipid
peroxides and other biologically active metabolites, together with their effects on cellular structure
and function, should be of increased importance to the study of oxidative stress, diabetogenesis and
cardiovascular complications.
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Oxidative stress involves different gene expression and metabolic routes
Alterations in the cellular redox status modify DNA by transactivation of a variety of transcriptional
mediators including high ROS levels or peroxidised lipids. Given its oxidative stress status, the
challenge for the cell is to develop antioxidant defences in order to survive. This, in turn, is driven
by changes in expression of a variety of target genes with downstream effects on cell function and
cytological features, like telomere length which in turn influences cellular life span [25, 26]. Redox
regulation of gene expression therefore appears to be a robust regulatory system that allows cells to
adapt to environmental changes.
One of the main molecular routes involved is the NFk pathway, which is activated in oxidative
stress conditions and during the ageing process by high levels of cytoplasmic H2O2 and other ROS,
resulting in a proinflammatory shift in the gene expression profile [27]. In our model, NFE2L2 gene
expression levels were significantly increased in all cell lines analysed, and the nuclear
translocation of NFk protein was observed in both somatic and embryonic cell lines, but most
clearly in HUES cells [28], confirming that the antioxidant response takes place in all cell types, but
via different mechanisms and by triggering diverse pathways and effects. This is one piece of the
evidence indicating that the embryonic cells have special, or at least different, damage removal
systems in order to avoid potentially inducing long-term effects which might predispose to a
heightened risk of chronic disease in later life. NFk also cross-talks with the nrf2 pathway.
Activation of the nrf2 pathway protects the cell and contributes to proliferation and survival of
damaged cells, whereas its inhibition results in increased ROS production and cell damage. These
pathways interface at several points to modulate the transcription of downstream targets in relation
to the level of ROS, and genes having AREs responsive to nrf2 often also have NFk binding sites
[29]. Inflammation often complicates diseases associated with oxidative stress, like diabetes
mellitus, and these pathways act as redox-dependent inflammatory mediators both in vivo and in
vitro, modifying the redox status of cell surface receptors and enabling the induction of
inflammatory responses [30]. In particular, we found a significantly increased expression of the
PRDX isoform 2 gene in both somatic and embryonic cells, supporting the existence of an
interesting crosstalk between peroxiredoxin enzymes and long-term metabolic diseases and
cardiovascular risks, and therefore the DOHaD concept [31]. Moreover, this type of antioxidant
protection against oxidative stress also suggests a novel potential therapeutic approach for treating
metabolic disorders [32].
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Finally, in accordance with previous results [10], we demonstrated that oxidative stress within the
non-cytotoxic range did not affect the expression of pluripotency genes, or therefore the potential of
treated ES cells to differentiate into somatic cells and tissues of the three primary germ layers.

NEDD1 as a biomarker of senescence in hESC under oxidative stress
Microarray technology has been widely used to generate global transcriptome profiles from several
cell types, including hESCs. In particular, studies have helped unravel that the process of early
human development from the oocyte to the preimplantation embryo stage [33, 34] are relevant to
the model of oxidative stress described in this thesis. We therefore made a novel comparative
analysis, integrating a previously published global gene expression pattern, by single-cell RNA-seq
profiling of individual human oocytes and embryos derived from assisted reproductive techniques
(ART) [35], and a global gene expression profiling of our hESC exposed to non-cytotoxic oxidative
stress conditions. We identified NEDD1 to be one of the top common and differentially expressed
genes. The protein encoded by NEDD1 is located in the centrosome and binds the γ-tubulin ring
complex within the mitotic spindle that is responsible for the nucleation of microtubules [36]. Given
that reduction of NEDD1 expression has been reported to be responsible for centrosomal
abnormalities [37], we evaluated the integrity of the centrosome at different time points of H2O2
treatment, at non-cytotoxic and cytotoxic concentrations, in both embryonic and somatic lines. Our
results demonstrated that the non-cytotoxic treatment induces a downregulation of NEDD1 gene
expression in hESC and human fibroblasts, and consequently an increased number of cells with
supernumerary centrosomes, but at different treatment times. The observation that embryonic cells
accumulate supernumerary centrosomes under oxidative stress conditions in a different way to
somatic cells, contributes to the notion that ES cells are a valuable and unique model to study the
consequences of an oxidative environment on the early embryo.

Oxidative stress increases Advanced Glycation End (AGE) Product production and RAGE
levels in human embryonic stem cells
Protein glycation has been described an indicator of oxidative damage and the levels of Advanced
Glycation End product (AGE) increase substantially during the healthy aging process in animals
[38]. Several prospective studies have shown that elevated levels of the AGE receptor (RAGE) are
associated with a higher incidence of cardiovascular disease or of ‘all-causes mortality’ in diabetic
subjects [32]. Our data reveal that somatic cells and ESCs differ in the basal levels of glycation
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products, and also accumulate AGEs and increase RAGE expression under oxidative stress
conditions, in different ways. Although the significance of the high basal AGE level in pluripotent
embryonic stages remains to be clarified, it can be assumed that the low RAGE expression in
oocytes and preimplantation embryos [39] helps them avoid the detrimental effects of AGE-RAGE
interaction. Indeed, it has been suggested that blocking the signal transduction of RAGE could be
an optimal way of preventing the damaging effects of oxidative stress, especially in situations of
chronic disease [40, 41].
In this study, we have shown that the low levels of damaged proteins (AGEs) in somatic cells
coincides with a high activity of the 20S proteasome, a finding that has been described previously
as essential for the degradation of oxidatively damaged proteins in vivo and in vitro [42]. We
observed the opposite in undifferentiated ESCs (high AGEs and low proteasome activity) and we
demonstrated that, during differentiation, proteasome activity increases and an efficient removal
system for glycated-damaged proteins takes place. In particular, in this thesis we studied whether
cardiomyocyte-like cells present different basal levels of AGE and RAGE than other somatic cell
lines, such as neurons, fibroblasts or endothelial cells, hypothetically making the cardiomyocytes
more sensitive in a hyperglycemic environment. We did not see any difference in terms of basal Ncarboxymethylysine (CML) or RAGE expression and protein accumulation in comparison with
other differentiated cell lines. One explanation for our results could be the immature state of the
cardiomyocytes, compared to fully differentiated adult cardiac cells [43]; nevertheless, further
experiments should be performed to more accurately determine the underlying reasons why
elevated levels of RAGE are associated with a high incidence of cardiovascular disease.
This finding is in agreement with previous studies which indicated that the elimination of
oxidatively damaged proteins occurs during normal embryonic development in vivo [44, 45]. The
implications of a subtle exposure to oxidative stress during embryonic development are still largely
unknown in man and remain to be elucidated. However, this study provides a valid protocol to
investigate in vitro how oxidative stress can affect the pluripotent cells of the early embryo.
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Pyruvate is the most cytoprotective antioxidant for hESCs exposed to H2O2-induced oxidative
stress
As we have stated throughout this thesis, oxidative stress can be defined as an imbalance between
the production of ROS and the activity of antioxidants responsible for scavenging ROS from the
cells. Hence, cells can overcome oxidative stress by reducing ROS production or by increasing the
activity and availability of antioxidants [46]. Thus, understanding the embryo’s antioxidant adaptive
responses may help to design a strategy to decrease the detrimental effect of oxidative stress and
improve the embryo’s developmental competence under in vitro culture conditions.
The role and beneficial effects of antioxidants against various diseases induced by oxidative stress
have received much attention. Many types of antioxidants with different functions play their roles in
the defence network in vitro [47]. Although it is well known that pyruvate has antioxidant
properties, in this study we demonstrated that pyruvate was the most cytoprotective of a range of
well-known antioxidants. And while pyruvate is already a regular component of cell and embryo
culture media, we demonstrated that supplementing the medium with high concentrations increases
the antioxidant and protective effects of pyruvate. As has been previously described [48] and
according to our results, pyruvate has a high capacity to scavenge H2O2 and other ROS within
minutes. In fact, pyruvate was dose-dependently protective only against H2O2-induced oxidative
stress, which also indicates that its action was mediated through a non-enzymatic reaction that
reaches a saturation point at high H2O2 concentrations [49]. Moreover, in accordance with Wang et
al. [50], our results show that pyruvate treatment post-insult also has a protective effect inside the
cells, although to a lesser extent.
In conclusion, we proved that fibroblasts and ESCs react in different ways to oxidative stress and
antioxidant treatments. Pyruvate protected both cell types against oxidative stress induced by
different pro-oxidant agents at different levels: acting as a ROS scavenger, protecting mitochondrial
membrane potential and modulating gene expression and metabolic pathways through different
mechanisms. In particular, in ESCs pyruvate supplementation upregulated the expression of genes
involved in anaerobic glycolysis. These findings for human ESCs should help to understand how
pyruvate could be protective against oxidative stress during embryonic development in situations
such as ART or maternal diabetes and obesity. Although further experiments need to be done to
determine in vivo effects and optimal dose, timing and means of administration, the findings of this
study could help in the development of strategies to reduce the incidence of several disorders of
adulthood with their roots in early development according to the DOHaD theory [1], and may help
to unravel the epigenetic alterations the impact of which is still largely unexplained.
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Implications
The studies presented in this thesis provide a source of useful information for future attempts to
understand the effects of oxidative stress on pluripotent cells. Understanding the nature and
importance of oxidative damage during embryo development may help to achieve an ‘epigenically
healthy’ offspring with an improved likelihood of healthy adulthood and improved aging.
This study describes a novel model of non-cytotoxic oxidative stress applied over a period of 72h in
human embryonic stem cells. The model demonstrates that although these conditions have no effect
on cellular viability or proliferation, oxidative stress induces a significant increase in intracellular
ROS and results in lipid peroxidation accumulation [51] associated with a differential modulation of
gene expression, protein accumulation and activation of metabolic pathways between hES and
somatic cells, thereby providing novel insights for the understanding of the specific responses of
human embryonic stem cells.
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SUMMARY
Reactive oxygen species (ROS) are required to maintain the self-renewal capacity of stem cells, are
constantly produced by cells and in a normal physiological environment they are efficiently
regulated by intracellular enzymatic and non-enzymatic antioxidant systems. However, when ROS
production exceeds cellular defenses, these unstable compounds can damage proteins, nucleic acids
and lipids, inducing chromosomal aberrations, mitochondrial DNA damage, and defective stem cell
differentiation. This situation is known as oxidative stress and broadly threaten macromolecular
damage or the integrity of various functions. Diverse forms of stress do not necessarily evoke
always a visible response, but have a measurable effect on cell viability and/or in proper
development on the order of growth, gene expression and overall competence. Oxidative stress
therefore encompasses stimuli that perturb normal physiological functions with the potential to
induce adverse pathological outcomes. Consequently, it has been described as the cause of a very
wide spectrum of genetic, metabolic and cellular responses, being related to multiple diseases and
ageing process, though implications of an exposure to an oxidatively adverse environment during
embryonic development is still largely unknown.
Mammalian preimplantation development is a period of complex molecular events, extending from
fertilization of the oocyte to invasion of the uterine epithelium by the blastocyst. A number of
unfavorable conditions can affect these sensitive states of early embryo development inducing
oxidative stress both in vivo, for instance in gestational diabetes, and in vitro, when embryos are
derived from Assisted Reproductive Technologies (ART). Given that the number of babies
conceived by ART has reached an estimated total of 5 million and the incidence of obesity has risen
dramatically worldwide, being the principal cause of adverse metabolic effects such as diabetes
mellitus type II, the impact of unusual or suboptimal fertilization and preimplantation environments
is particularly relevant, though evidence of adverse consequences is still a controversial field.
Human Embryonic Stem Cells (hESCs) retain similar, if not identical, properties to the Inner Cell
Mass (ICM) of the embryo. Pluripotent embryonic stem cells self-renew or depending on the
conditions of the in vitro environment, the ICM cells and their counterpart ESC derivatives have
equal unrestricted access to all somatic lineages and the germline. Therefore, they potentially offer
an ideal in vitro model to study how an adverse environment during these tremendous sensitivity
early developmental post-fertilization stages can affect the physiology of the undifferentiated
embryonic stem cells existing in the early embryo and ultimately predispose to long term
deleterious effects on the offspring, according to the Developmental Origins of Health and Disease
(DOHaD) concept.
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The aim of this research was the development of a novel in vitro model to analyze the effects of
oxidative stress and the antioxidant response against ROS in hESC. To this purpose we designed an
in vitro protocol based on Hydrogen Peroxide (H2O2) treatment during 72 h, in order to better
resemble the period of embryonic development from the early cleavages to the blastocyst stage. In
this thesis we demonstrated that, although non-cytotoxic H2O2 treatment have no effect on cellular
viability or proliferation, the induced oxidative stress causes a significant increase in intracellular
ROS and results in lipid peroxidation, one of the most widely used indicators of free radical
formation and a good biomarker of oxidative stress, since is a key factor in the generation of redox
imbalance. Given the oxidative stress status, the challenge for the cell is to develop antioxidant
defenses in order to survive. This, in turn, is driven by changes in the expression of a variety of
target genes with downstream effects on cell function and cytological features. Redox regulation of
gene expression therefore has been shown to be a robust system that allows cells to adapt to
environmental changes. One of these main molecular routes is the NFk pathway, that is activated
in oxidative stress conditions and during the ageing process by high levels of cytoplasmic H 2O2 and
other ROS, resulting in a proinflammatory shift in gene expression profile of treated cells, as
described in Chapter 2. Besides, our results confirmed the activation of the Nrf2-Antioxidant
Response Element (ARE) signaling pathway, a cross-talking response with NFk, which controls
the expression of genes whose protein products are involved in the detoxification and elimination of
reactive oxidants and electrophilic agents through conjugative reactions, thus enhancing cellular
antioxidant capacity.

Comparison between IVF derived human embryos and microarray data of hESC exposed to
oxidative stress
Since during in vitro culture the oocytes and afterwards the early cleaving embryos are exposed to
oxidative stress that accumulated over time, in this thesis we described a novel comparative analysis
integrating the gene expression profiles of hESCs exposed to non-cytotoxic H2O2 concentrations
and an already published global gene expression by single-cell RNA-seq profiling of individual
human oocytes and embryos derived from ART, thereupon exposed to oxidative stress. In Chapter
3, we showed the results of this correlation, exhibiting the differential expression of 569
upregulated and 485 downregulated genes, being the most affected gene ontology categories those
related with RNA processing and splicing, oxidation reduction and sterol metabolic processes. We
observed that one of the common downregulated genes between this publication and our data,
NEDD1, is a gene already described to be involved in centrosome structure and function. For a
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further validation, we assessed the presence of supernumerary centrosomes, and showed that the
percentage of cells with more than two centrosomes was increased acutely with H2O2 treatment in
hESCs. We checked that this effect induces a premature entry into senescence of pluripotent stem
cells, unlike the control somatic endothelial cells. Thus, we concluded that embryonic cells
accumulate supernumerary centrosomes under oxidative stress conditions in a different way than
somatic cells, so contributing to the argument that ES cells are a valuable and unique model to
study the consequences of an oxidative environment on the early embryo.

Oxidative stress and advanced glycation end products
To enable subsequent studies to look into the potentiality of the developed oxidative stress model,
we analyzed a group of modified proteins and/or lipids with damaging potential: the advanced
glycation end products (AGE) and their receptor (RAGE). These products are the results of a posttranslational modification generated by a non-enzymatic reaction, between reducing sugars and the
amino groups of proteins. The accumulation of AGEs occurs in ageing and in many degenerative
diseases as an outcome of persistent oxidative stress on cells and organs. Environmental alterations
taking place during early embryonic development can also lead to oxidative damage, ROS
production and AGEs accumulation. Since the mechanisms that act on somatic and hESC exposed
to oxidative stress are not known, on Chapter 4 we modelled AGEs and RAGE accumulation
under oxidative stress in vitro on human ESC. We compared changes in Nε-carboxymethyl-lysine
(CML) advanced glycation end products and RAGE levels in hESC versus differentiated somatic
cells exposed to H2O2 within the non-cytotoxic range. Our data revealed that hESC accumulate
CML and RAGE under oxidative stress conditions in different ways than somatic cells, being the
accumulation of CML statistically significant only in somatic cells and, conversely, the RAGE
accumulation exclusively appreciated in hESC. To unravel this fact, the analysis of glycation
products during neural and cardiac differentiation process was crucial, and allowed us to confirm
that the AGE and RAGE levels decrease progressively during organism development. Moreover,
we observed simultaneously with the progressive removal of AGEs an elevated activity of the 20S
proteasome. The optimization of cardiac differentiation protocol helped us to study whether
cardiomyocyte cell-like present different basal levels of AGE and RAGE than other somatic cell
lines, such as neurons, fibroblast or endothelial cells, hypothetically turning the cardiomyocytes
more sensitive in a hyperglycemic environment. Since we have not seen any difference in terms of
basal CML and RAGE mRNA expression and protein accumulation in comparison with other
differentiated cell lines, are missing more accurate determinations of the underlying reasons to
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explain why and how high levels of RAGE are associated with a high incidence of cardiovascular
diseases.

Antioxidant effect of pyruvate against oxidative stress
Over the past decade, several studies have shown that antioxidants can not only mitigate oxidative
stress and improve stem cell survival, but also affect the potency and differentiation of these cells.
For these reasons, in Chapter 5 we analyzed the role of diverse antioxidants on hESC and somatic
cells exposed to different pro-oxidant agents (H2O2, tert-butyl hydroperoxide, and rotenone) during
a 72 h non-cytotoxic oxidative stress treatment. Then, cell viability, oxidative stress, mitochondrial
activity and gene expression were analyzed, focusing on the antioxidant effect of pyruvate. We
showed pyruvate to be the most complete antioxidant to protect both somatic and pluripotent cells
against different pro-oxidant agents, showing strong ROS scavenging capacity, protecting
mitochondrial membrane potential, and regulating gene expression and cell metabolism through
different mechanisms in human somatic and ESCs. In fibroblasts, pyruvate avoided NFk nuclear
translocation and decreased the expression of genes involved in the oxidative stress response.
Conversely, in hESCs, pyruvate supplementation upregulate the expression of genes involved in
anaerobic glycolysis. Due to the similarities between ESCs and ICM cells, although additional
pluripotent cell lines would need to be analyzed by more detailed experiments, these preliminary
results in human ESCs would help to understand how pyruvate could be protective against
oxidative stress also during embryonic development in situations such as ART or maternal diabetes,
helping to understand how to reduce the incidence of induced several disorders during adulthood.
With respect to human development, it is challenging to differentiate a plausible stress limited to
the preimplantation period that does not persist for the remainder of pregnancy. However, animal
studies suggest that stress limited to this period can have both short and long-term consequences.
Therefore, we developed a unique model based on human ESCs to study the consequence of an
oxidative environment in the pluripotent cells of the embryo during the human preimplantation
period. This thesis provides novel insights for the understanding of the specific responses of hESC
against oxidative stress, thus representing a source of useful information for future studies to further
investigate the effects of an adverse environment on pluripotent cells. Unravelling the nature and
the mechanisms of oxidative damage on embryonic cells during the preimplantation period may
help to design preventive strategies to protect the newborn from detrimental long-term effects and
to improve the likelihood of healthy adulthood and improved aging.
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Er vindt een continue productie van vrije zuurstofradicalen (ROS) plaats opdat stamcellen het
vermogen behouden om zichzelf steeds te vernieuwen.

Onder normale, fysiologische

omstandigheden worden deze radicalen efficiënt gereguleerd door intracellulaire enzymatische en
niet-enzymatische antioxidant systemen. Wanneer de ROS-productie echter het cellulaire
verdedigingsmechanisme te boven gaat, kunnen deze onstabiele verbindingen eiwitten, nucleïnezuren
en lipiden beschadigen, chromosomale afwijkingen induceren, mitochondriale DNA-schade
veroorzaken en uiteindelijk stamceldifferentiatie verstoren. Deze ontregeling staat bekend als
oxidatieve stress, die dus macromoleculaire schade kan veroorzaken en leiden tot functieverlies. De
diverse vormen van deze stress veroorzaken niet altijd zichtbare schade, maar kunnen ook een effect
hebben op ontwikkeling en volgorde van celgroeiprocessen, genexpressie en op de algemene
competentie en vitaliteit van de cellen. Oxidatieve stress kan dus normale fysiologische functies
verstoren met pathologische gevolgen. Derhalve wordt het gezien als de oorzaak van een zeer breed
spectrum aan genetische, metabolische en cellulaire verstoringen, die verband houden met meerdere
ziekte- en verouderingsprocessen. Echter, de gevolgen van blootstelling aan oxidatieve stress tijdens
embryonale ontwikkeling zijn nog steeds grotendeels onbekend.

De ontwikkeling van het zoogdierembryo, voorafgaand aan de implantatie, vindt plaats in een periode
van complexe moleculaire gebeurtenissen. Het is de periode vanaf de bevruchting van de eicel tot
aan het innestelen van de blastocyst in de wand van de baarmoeder. Ongunstige omstandigheden in
deze periode kunnen leiden tot oxidatieve stress en zo de vroeg embryo-ontwikkeling nadelig
beïnvloeden. Dit kan zowel in vivo gebeuren (b.v. als de moeder diabeticus is) alsook in vitro
(wanneer embryo’s geproduceerd worden middels kunstmatige voortplantingstechnieken: ART).
Gegeven de sterke toename van het aantal IVF baby’s (volgens schattingen zijn er al meer dan 5
miljoen IVF baby’s geboren), en het feit dat obesitas (overgewicht) wereldwijd een sterk toenemend
probleem vormt - met als gevolg negatieve metabolische effecten zoals diabetes mellitus type II - is
het effect van een verstoorde of suboptimale bevruchtings- en preimplantatieomgeving bijzonder
relevant. Echter, over het harde bewijs van het bestaan van dergelijke verstoorde omstandigheden
lopen meningen uiteen.

Humane embryonale stamcellen (hESC's) hebben vergelijkbare, zo niet identieke, eigenschappen aan
die van cellen in de “interne celmassa” (ICM) van het embryo. Pluripotente embryonale stamcellen
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zijn zelfvernieuwend. Afhankelijk van de omstandigheden in de in vitro omgeving, hebben de ICMcellen en hun tegenhanger-ESC-derivaten gelijkwaardige mogelijkheden tot differentiatie tot alle
somatische cellijnen alsook tot oergeslachtscellen. Daarom zijn hESC’s potentieel een ideaal in vitro
model voor bestudering van de ongunstige omgevingsinvloeden op de eerste embryonale cellen die
zich kort na de bevruchting ontwikkelen. Met name betreft het dan de mate waarin de fysiologie van
de ongedifferentieerde embryonale stamcellen in het vroege embryo wordt verstoord en welke
verstoring uiteindelijk, op lange termijn predisponeert voor schadelijke effecten bij het nageslacht,
overeenkomstig het “Developmental Origins of Health and Disease“ (DOHaD) concept.

Het doel van het hier beschreven onderzoek was de ontwikkeling van een nieuw in vitro model om
de effecten van oxidatieve stress en de antioxidantrespons tegen ROS in hESC te bestuderen. In een
door ons ontworpen in vitro protocol werden hES cellen gedurende 72 uur blootgesteld aan
waterstofperoxide (H2O2). Deze tijdsduur komt overeen met de periode van de embryonale
ontwikkeling vanaf de eerste klievingsdelingen tot aan het blastocyst stadium. In dit proefschrift
hebben we aangetoond dat, hoewel niet-cytotoxische H2O2-behandeling geen effect heeft op
levensvatbaarheid of proliferatie van de cellen, de geïnduceerde oxidatieve stress een significante
toename van intracellulaire ROS veroorzaakte. Deze toename resulteerde in lipide-peroxidatie, een
van de meest gebruikte indicatoren voor de vorming van vrije radicalen en een goede biomarker voor
oxidatieve stress, aangezien het een belangrijke factor is bij het ontstaan van een redox-onbalans.
Gezien de oxidatieve stressstatus, moet de cel een antioxidanten-strategie ontwikkelen om te kunnen
overleven. Hiertoe vinden veranderingen plaats in de expressie van een verscheidenheid aan
doelgenen met downstream effecten op cel functie en cel eigenschappen. Aangetoond is dus dat
redoxregulatie van genexpressie een robuust systeem is dat de cellen in staat stelt zich aan te passen
aan veranderingen in de omgeving. Een van deze moleculaire hoofdroutes is de Nucleaire Factor
Kappa-lichtketenversterker van geactiveerde B-cellen (NFkβ) pathway, die geactiveerd wordt bij
oxidatieve stressomstandigheden maar ook tijdens het verouderingsproces door hoge niveaus van
cytoplasmatische H2O2 en andere ROS, wat resulteert in een pro-inflammatoire verschuiving in het
genexpressieprofiel van behandelde cellen, zoals beschreven in Hoofdstuk 2. Bovendien bevestigen
onze resultaten de activatie van de Nrf2-Antioxidant Response Element (ARE) pathway, een crosstalking response met NFkβ, die de expressie van genen controleert waarvan de eiwitproducten
betrokken zijn bij het ontgiften en elimineren van vrije zuurstof radicalen en electronen door middel
van conjugerende reacties, waarbij de cellulaire antioxidantcapaciteit wordt verhoogd.
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Vergelijking tussen RNA-seq profiling data van humane eicellen en IVF embryo's en
microarray data van hESC blootgesteld aan oxidatieve stress
Bij de IVF procedure worden eicellen en embryo’s in de eerste klievingsstadia blootgesteld aan
oxidatieve stress waarvan het effect zich gedurende de tijd opbouwt. In dit proefschrift beschrijven
we een nieuwe vergelijkende analyse van enerzijds genexpressieprofielen van hESC's die werden
blootgesteld aan niet-cytotoxische H2O2 -concentraties en anderzijds van reeds gepubliceerde
genexpressie data verkregen door single-cell RNA-seq profilering van individuele humane oocyten
en IVF embryo’s welke dus waren blootgesteld aan oxidatieve stress. In Hoofdstuk 3 hebben we de
resultaten van deze correlatie beschreven, die de differentiële expressie van 569 upgereguleerde en
485 downgereguleerde genen laat zien, waaronder de meest betrokken gen ontologie categorieën
gerelateerd waren aan RNA processing en slicing, oxidatie, reductie en sterol metabolisme. We
constateerden dat een van de in het algemeen downgereguleerde genen in onze gegevens, maar ook
in de bovenvermelde RNA-seq profiling dataset het NEDD1 gen is. Dit gen is betrokken bij
centrosoom structuur en centrosoom functie. Voor een verdere validatie hebben we de aanwezigheid
van boventallige centrosomen beoordeeld, en aangetoond dat het percentage cellen met meer dan
twee centrosomen na acute H2O2-behandeling in hESC's verhoogd was. We hebben aangetoond dat
dit effect een vroegtijdige veroudering van pluripotente stamcellen veroorzaakt, in tegenstelling tot
de controle bevindingen bij somatische endotheelcellen. Hieruit concluderen we dat embryonale
cellen op een andere manier dan de somatische cellen boventallige centrosomen verkrijgen onder
oxidatieve stressomstandigheden. Dit vergroot de waarde van ES-cellen als uniek model om de
gevolgen van een oxidatieve omgeving op het vroege embryo te bestuderen.

Oxidatieve stress en toename van niet-enzymatische geglycosyleerde eindproducten
Voor nader onderzoek naar geschiktheid van het ontwikkelde oxidatieve stressmodel, analyseerden
we een groep gemodificeerde eiwitten en / of lipiden welke mogelijk schade zouden kunnen
veroorzaken: eindproducten met een zekere mate van niet-enzymatische glycosylering (AGE) en hun
receptor (RAGE). Deze producten zijn de resultaten van een post-translationele modificatie,
gegenereerd door een niet-enzymatische reactie tussen reducerende suikers en aminogroepen van
eiwitten. De accumulatie van AGEs komt voor bij veroudering en bij veel degeneratieve ziekten door
aanhoudende oxidatieve stress van cellen en organen. Omgevingsveranderingen die zich voordoen
tijdens de vroege embryonale ontwikkeling kunnen ook leiden tot oxidatieve schade, ROS productie
en AGEs accumulatie. Omdat de mechanismen die optreden bij somatische en hESC blootgesteld aan
oxidatieve stress onbekend zijn, hebben we in Hoofdstuk 4 in vitro AGE's en RAGE accumulatie
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gemodelleerd door middel van H2O2-behandeling. We vergeleken de veranderingen van Nεcarboxymethyllysine (CML) AGE en RAGE niveaus in hESC versus gedifferentieerde somatische
cellen die blootgesteld werden aan H2O2 binnen het niet-cytotoxische bereik. Onze gegevens tonen
aan dat hESCs CML en RAGE ophopen onder cumulatieve stressomstandigheden op een andere
wijze dan somatische cellen dat doen, waarbij CML-accumulatie alleen statistisch significant is in
somatische cellen terwijl omgekeerd de RAGE-accumulatie uitsluitend in hESCs wordt
waargenomen. Om dit fenomeen te verklaren, was de analyse van geglycolyseerde producten tijdens
het neurale en cardiale differentiatieproces cruciaal. Hierbij werd bevestigd dat de AGE en RAGE
niveaus geleidelijk afnemen tijdens de ontwikkeling van organismen. Daarnaast hebben we
tegelijkertijd met de progressieve afname van AGEs een verhoogde activiteit van 20S proteasoom
aangetoond. De optimalisatie van het hartdifferentiatieprotocol heeft ons instaat gesteld om te
onderzoeken of cardiomyocytachtige cellen verschillen in basis niveaus van AGE en RAGE ten
opzichte van andere somatische cellijnen, zoals neuronen, fibroblasten of endotheelcellen. Dit zou
dan hypothetisch cardiomyocyten gevoeliger maken in een hyperglycemische omgeving. Aangezien
we geen verschil hebben waargenomen met betrekking tot basale CML- en RAGE-mRNA-expressie
en eiwitopbouw in vergelijking met andere gedifferentieerde cellijnen, ontbreekt een verklaring
waarom en hoe hoog RAGE in verband gebracht kan worden met een hoge incidentie van hart- en
vaatziekten.

Antioxidant effect van pyruvaat tegen oxidatieve stress
In het afgelopen decennium hebben verschillende studies aangetoond dat antioxidanten niet alleen
oxidatieve stress kunnen verminderen en de overleving van stamcellen verbeteren, maar ook de
potentie en differentiatie van deze cellen beïnvloeden. Daarom hebben we in Hoofdstuk 5 de rol
onderzocht van diverse antioxidanten op hESC- en
somatische

cellen

blootgesteld

aan

verschillende

pro-oxidantmiddelen

(H2O2,

tert-

butylhydroperoxide en rotenon) tijdens een 72 uur niet-cytotoxische oxidatieve stressbehandeling.
Vervolgens werden de vitaliteit van de cel, ROS, mitochondriale activiteit en genexpressie
geanalyseerd, gericht op het antioxidant effect van pyruvaat. We toonden aan dat pyruvaat de meest
complete antioxidant is om zowel de somatische als pluripotente cellen tegen verschillende prooxidantmiddelen te beschermen; met een sterke ROS-opruimingscapaciteit kan pyruvaat

het

mitochondriale membraanpotentieel beschermen en de expressie van cellen en celmetabolisme
reguleren door middel van verschillende mechanismen in humane somatische en ESC's. Bij
fibroblasten voorkwam pyruvaat NFkβ nucleaire translocatie en verminderde de expressie van genen
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die betrokken zijn bij de oxidatieve stressrespons. Omgekeerd, in hESCs, reguleert
pyruvaataanvulling de expressie van genen die betrokken zijn bij anaërobe glycolyse. Vanwege de
overeenkomsten tussen ESC's en ICM-cellen - ook al zouden meer pluripotente cellijnen moeten
worden geanalyseerd in uitvoerige experimenten – kunnen deze voorlopige resultaten bij humane
ESC’s een bijdragen leveren aan het begrip van het werkingsmechanisme van pyruvaat bij
bescherming tegen oxidatieve stress, ook tijdens embryonale ontwikkeling. Vermindering van
oxidatieve stress bij bijvoorbeeld ART of bij ziekte van de moeder kan bijdragen aan het verminderen
van de incidentie van verschillende geïnduceerde stoornissen die bij volwassenen tot uitdrukking
komen.

Met betrekking tot humane ontwikkeling is het een uitdaging om een plausibele stress te
onderscheiden die beperkt is tot de preimplantatieperiode en die niet gedurende de rest van de
zwangerschap blijft bestaan. Studies bij dieren lijken er op te wijzen dat stress in deze periode maar
ook beperkt tot deze periode zowel korte als lange termijn gevolgen kan hebben. Daarom
ontwikkelden we een uniek model op basis van menselijke ESC's om het gevolg van een oxidatieve
omgeving in de pluripotente cellen van het embryo tijdens de humane preimplantatieperiode te
bestuderen. Dit proefschrift biedt nieuwe inzichten voor het begrip van de specifieke responsen van
hESCs op oxidatieve stress, waardoor een bron van informatie beschikbaar is voor toekomstige
studies om de effecten van een ongunstige omgeving op pluripotente cellen verder te onderzoeken.
Het ontrafelen van de aard en de mechanismen van oxidatieve schade aan embryonale cellen tijdens
de preimplantatieperiode kan helpen preventieve strategieën te ontwikkelen om de pasgeborenen te
beschermen tegen nadelige effecten op de lange termijn, de kans op gezonde levensloop te vergroten
en problemen bij veroudering te verminderen.
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