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Resumé 
 

Les cellules vivantes, lorsqu'elles sont constamment exposées au stress, sont capables de 

réagir de manière complexe en faisant intervenir divers réseaux de régulation intracellulaire. 

Leur régulation contrôle par exemple le devenir cellulaire en réponse à un stress oxydatif. 

Lorsque les mécanismes défensifs parviennent à faire face au stress, une rétroaction négative est 

impliquée et la cellule survit, sinon la cellule meurt. L'un des principaux mécanismes défensifs 

repose sur l'interaction entre le flux métabolique et le stress oxydatif, exploitant le rôle dualiste 

du peroxyde d'hydrogène, agissant à la fois comme une molécule de signalisation et de 

dommages. 

Nos travaux visent à identifier les molécules clés impliquées dans le devenir cellulaire et 

à suivre leur dynamique au niveau de la cellule unique, à l'aide de la microscopie de 

fluorescense. Dans un premier temps, nous concevons un système expérimental inspiré des 

études de chimiotaxie pour contrôler en permanence la dose appliquée de peroxyde d'hydrogène 

(H2O2) à la lignée cellulaire du cancer du sein (MCF7). Le choix de la méthode de stimulation 

joue un rôle important dans notre étude. En effet, afin de délivrer une concentration constante de 

stimulus aux cellules de mammifères, un milieu de culture cellulaire H2O2 non réactif avec H2O2 

est choisi. En utilisant un système fluidique, le taux de production intracellulaire de H2O2 est 

contrôlé en faisant varier la concentration externe de H2O2. La délivrance et l'élimination du 

stimulus sont ainsi effectuées assez rapidement (plus rapidement que la consommation cellulaire) 

pour étudier les réponses cellulaires dynamiques. 

Lors d'une stimulation constante, une dynamique d'adaptation est observée, ce qui suggère que 

des rétroactions négatives sont impliquées dans la protection cellulaire contre le stress. La 

variabilité d'une cellule à l'autre est observée et quantifiée à l'aide de paramètres d'adaptation 

identifiés. Des résultats préliminaires de la dépendance de la modulation du pH par l'état 

métabolique cellulaire sont discutés. Les caractéristiques d'adaptation ne sont pas représentées 

lorsque les sources de carbone sont complètement éliminées du milieu externe. Ce résultat 

souligne le rôle du glucose dans le mécanisme de défense cellulaire. Un autre résultat important 

est celui de la dynamique de rétroaction qui dépend de la dose de H2O2 appliquée aux cellules: 

une stimulation plus forte implique une réponse plus forte. C'est un premier facteur limitant que 

nous avons identifié lors de la quantification de la réponse de mort cellulaire au stress H2O2. Les 
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résultats de la réponse à la dose de mort cellulaire suggèrent que le destin de la cellule (survie ou 

mort) dépend également à la fois du contrôle du stimulus et de l'état métabolique cellulaire. Afin 

d'identifier les voies métaboliques impliquées dans la rétroaction négative induite par le stress 

oxydatif, des molécules clés régulant la voie Phosphate Pentose (PPP) sont modulées. Nous 

concluons que l'orchestration du réseau moléculaire est plus complexe et que le PPP n'est pas le 

seul réseau impliqué dans la défense cellulaire. Nous concluons que l'orchestration du réseau 

moléculaire est plus complexe et que PPP est le réseau principal mais pas le seul impliqué dans 

la défense cellulaire. 

Dans ce manuscrit, une conception expérimentale est présentée afin d'étudier les réponses 

d'adaptation au stress oxydatif observée en temps réel. Nos expériences confirment la cinétique 

d'adaptation rapide du NAD(P)H déjà observée dans la littérature. Nous identifions, pour la 

première fois, un deuxième mécanisme de régulation où le système de glutathion se rétablit en 30 

min pendant la stimulation contrôlée par H2O2. Le métabolisme du glucose soutient la 

régénération de ce système antioxydant et le réseau PPP est ainsi identifié comme le principal 

retour négatif dans l'adaptation moléculaire observée ici. 

 

Mots Clefs: Dose de stress, dynamique, métabolisme, adaptation, peroxyde d’hydrogène, cellule 

unique 
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Abstract 
 

Living cells, when constantly exposed to stress, are able to respond in a complex manner 

involving various intracellular regulation networks. Their regulation controls for instance the 

cellular fate outcome in response to an oxidative stress. When defensive mechanisms manage to 

cope against stress, a negative feedback is involved and cell survive, otherwise cell dies. One of 

a key defensive mechanism relies on the interplay between metabolic flux and oxidative stress 

exploiting the dualistic role of hydrogen peroxide, acting both as signalling and damaging 

molecule. 

Our work aims to identify key molecules involved in cellular fate and to monitor their 

dynamics at the single cell level, using fluorescent microscopy. In a first step, we design an 

experimental system inspired by chemotaxis studies to constantly control the dose applied to 

breast cancer cell line (MCF7). The choice of the stimulation method plays an important role in 

our study. Indeed, in order to deliver a constant concentration of stimulus to mammalian cells, 

non-consuming H2O2 cell culture medium is chosen. Using a fluidic system, the intracellular 

H2O2 production rate is controlled by varying the external H2O2 concentration. Stimulus delivery 

and removal is thus performed fast enough (faster than cellular consumption) to study the 

dynamical cellular responses. 

During constant stimulation, adaptation dynamics are notified, suggesting that negative 

feedbacks are involved in the cellular protection against stress. Cell-to-cell variability is 

observed and can be quantified using identified adaptation parameters. The fluorescent signal is 

processed and preliminary results of pH modulation dependence by the cellular metabolic state 

are discussed. The adaptation features are not depicted when the carbon sources are completely 

removed from external medium. This result underlines the role of glucose in the cellular 

defensive mechanism. Another important result is that the feedback dynamics is depending by 

the H2O2 dose applied to cells: stronger stimulation implies stronger response. It is a first limiting 

factor we identified while quantifying the cell death response to H2O2 stress. The results of cell 

death dose response are suggesting that the cell fate (survival or death) is also depending by both 

the control of the stimulus and the cellular metabolic state. In order to identify the metabolic 

pathways involved in the negative feedback induced by the oxidative stress, key molecules 

regulating the Phosphate Pentose Pathway (PPP) are modulated. We conclude that the 
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orchestration of molecular network is more complex and PPP is the main but not the only 

network involved in the cellular defense. 

In this manuscript an experimental design is presented in order to study the adaptation 

responses to oxidative stress in real time. Our experiments are confirming the fast adaptation 

kinetics of NAD(P)H already observed in literature. We identify, for the first time, a second 

regulation mechanism where the glutathione system is restoring within 30 min during controlled 

H2O2 stimulation. The glucose metabolism is supporting the regeneration of this antioxidant 

system and PPP network is thus identified as the main negative feedback in the molecular 

adaptation here observed.  

Keywords: stress dose, dynamics, metabolism, adaptation; hydrogen peroxide, single cell 
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Abbreviations and Symbols 
 

1.3Pgli 1,3-bisphosphoglyceric acid 

2-Pgli 2-phosphoglyceric acid 

3Pgli 3-phosphoglyceric acid 

6AN 6aminonicotiamide 

6PG 6-phosphogluconate  

6PGL 6-phosphogluconolactone  

Acetyl-CoA acetyl coenzyme A 

ADP adenosine diphosphate 

ATP adenosine triphosphate 

DNA deoxyribonucleic acid 

E4P erythrose 4-phosphate  

F1,6P fructose-1,6-diphosphate 

F6P fructose 6-phosphate 

FADH reduced form of flavin adenine dinucleotide 

G3P glyceraldehyde 3-phosphate  

G6P glucose 6-phosphate  

G6PD or G6PDH glucose 6-phosphate dehydrogenase  

GAPD or GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GFP Green Fluorescent Protein 

GP glutathione peroxidase 

GR glutathione reductase 

Grx1 Glutaredoxin-1 

GSH glutathione 

GSSG glutathione disulfide 

H2O2 hydrogen peroxide 

LDH lactate dehydrogenase 

NAD+ oxidized form of nicotinamide adenine dinucleotide 

NADH reduced form of nicotinamide adenine dinucleotide 

 NADP+ oxidized form of nicotinamide adenine dinucleotide phosphate 

NADPH reduced form of nicotinamide adenine dinucleotide phosphate 

PPP Pentose Phosphate Pathway 

PPpyr phosphoenolpyruvic acid 

Pyr pyruvic acid 

R5P ribose 5-phosphate 

RI5P ribulose 5-phosphate 

 ROS Reactive Oxygen Species 

https://en.wikipedia.org/wiki/6-phosphogluconate
https://en.wikipedia.org/wiki/6-phosphoglucono-%CE%B4-lactone
https://en.wikipedia.org/wiki/Erythrose_4-phosphate
https://en.wikipedia.org/wiki/Fructose_6-phosphate
https://en.wikipedia.org/wiki/Glyceraldehyde_3-phosphate
https://en.wikipedia.org/wiki/Glucose_6-phosphate
https://en.wikipedia.org/wiki/Glucose_6-phosphate_dehydrogenase
https://en.wikipedia.org/wiki/Ribose_5-phosphate
https://en.wikipedia.org/wiki/Ribulose_5-phosphate
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S7P sedoheptulose 7-phosphate 

 TA transaldolase  

TKT transketolase  

 X5P xylulose 5-phosphate 

 YFP Yellow Fluorescent Protein 

 

https://en.wikipedia.org/wiki/Sedoheptulose_7-phosphate
https://en.wikipedia.org/wiki/Transketolase
https://en.wikipedia.org/wiki/Xylulose_5-phosphate
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Figure 2.15: Cell death in response to hydrogen peroxide: comparing the cellular dose responses 

observed in static (top) and in continuous external H2O2 delivery systems (bottom). For 

stimulation in static conditions, cells are seeded in the T25 flask 48h before stimulation. The 

stress is made by changing the complete medium with the PBS containing H2O2. After 

incubation, the stress is stopped by removing it and rinsing the cells with PBS. For recovery the 

cells are incubated in complete medium (DMEM). They are imaged right after the stress and 24 

h later. Cells stimulated in continuous system under flow are seeded 48h in the fluidic channel, in 

static conditions. Right after stress, cells are recovering in DMEM for 24h. .............................. 72 

Figure 2.16: Comparing MCF7 wt cell death observed in static and continuous flow systems, 

upon 1h stimulation at various concentrations of H2O2 (0, 100 µM 250µM). Cell death (upper 

and lower right plots) and survival (upper and lower left plots) are quantified 4h (triangles) and 

24h after stimulation (cercles). The external H2O2 stress is performed in very minimal medium 

(PBS G+), while the recovery is made in complete DMEM. Experiments in bolus are performed 

in duplicate, while the ones in fluidic system only once.                                                              73 

Figure 3.1: Oxidative stress response and cellular fate: upon H2O2 stimulation a cell either 

adapts to an oxidative stress and thus survive or dies. Death occurs when nucleus cannot be 

protected by the antioxidants pool (in purple). This behavior is strongly controlled by the cellular 

ability to restore the ROS-antioxidants balance. The cell is producing internal H2O2 during 

metabolism at basal rate Гbasal. External H2O2 is imported via passive or active diffusion across 

the cellular membrane  thus varying the total effective production rate Гtotal = Гbasal + Kext · 

[H2O2], where Kext. is a constant. ............................................................................................... 77 

Figure 3.2: (A) HyPer construction in reduced and oxidized form (from [153]). (B) Their states 

are regulated by H2O2 respectively Grx, Trx .In the variations of HyPer fluorescence ratio have 

to be considered the contribution of each fraction of HyPer in a certain oxidation form at that 

time (from [154]). (C). Changes in excitation spectrum of HyPer upon oxidation by H2O2 (from 

[75]). (D) Calibration of SypHer (in situ), reflecting the pH sensitivity of HyPer. In zoom: the 

variation of fluorescence ratio of sensor at physiologic pH (from [155]). ................................... 81 

Figure 3.3: pH variation during H2O2 stimulation: intracellular HyPer (A-B) and SypHer (C-E) 

fluorescence are monitored 30 minutes pre-stimulation, 1h during and after stimulation. MCF7 

cells are exposed during 1h to 100 µM of external H2O2 solution prepared in DPBS 

supplemented with glucose (4.5 g/L). Heat maps are corresponding to ratio of the signal 

observed in single cells (A, C). Suggestive features of single cell responses are extracted (B, D). 

The absolute SypHer ratio is represented in E, where the black line is the mean of the pH 

variation in MCF7 cytosol before, after (blue background) and during H2O2 stimulation (pink). 83 

Figure 3.4: Calibration plot of SypHer and HyPer normalized signal as function of pH using data 

from [126,155]. ......................................................................................................................... 85 

Figure 3.5:(A). Molecular mechanism of Grx1-roGFP2 sensor following its reversible 

conversion. Its regeneration is mediated by GSH; (B): roGFP2 excitation bands depicted in total 

oxidized (blue) and total reduced (red) forms (from [164]). ....................................................... 87 
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Figure 3.6:(A)The chemical structure of NADH and NADPH. In blue is highlighted the 

fluorescent part after light absorption (from [33]). (B) As the fluorescent group is identical in 

both molecules, their spectral characteristics are overlapping (from [165]). ............................... 88 

Figure 3.7: Schematic representation of H2O2 scavenging in mammalian cells: in presence of 

carbon source the cell is able perform normal functions; upon H2O2 stimulation the defense 

mechanism is perturbed; the molecular dynamics is monitored to observe adaptation dynamics 90 

Figure 3.8: (A) Scheme of experimental microfluidic chamber in order to create time varying 

stimulus. (B) Schematic representation of the glucose metabolism highlighting the target 

molecules imaged by fluorescence microscopy; NAD(P)H is observed by its auto fluorescence, 

glutathione redox  dynamics are monitored with Grx1-roGFP2, while H2O2 and pH variations are 

targeted with HyPer. Both Grx1roGFP2 and HyPer are ratio metric genetically encoded sensors 

indicating fold changes of redox homeostasis. ........................................................................... 91 

Figure 3.9: Parameters characterizing adaptation of cells during and after stimulation: cellular 

response following 1h of H2O2 stress (upper panels). The adaptation responses are depicted and 

quantified by different parameters. After stress removal the system readapts to the initial state or 
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Figure 3.10: Molecular dynamics in MCF7 cells upon 100 µM H2O2 stimulation: Grx1-roGFP2 

and NAD(P)H cytoplasmic are monitored to observe adaptation features upon addition and 

removal of continuous 100 µM of H2O2. Suggestive single cell features are extracted. .............. 94 

Figure 3.11: pH estimation via SypHer in acidic cytosol. (A) SypHer kinetics: black line 

represents the mean signal, while the grey area is the variability of the signal corresponding to 

single cells. The blue background is represented the pre-stimulus and post stimulus SypHer 

variation, while in pink is highlited the pH variation during 100 µM H2O2 stimulation. On y axis 

is plotted ΔR/R0 where R0 is SypHer ratio pre-stimulus and ΔR=R(t)-R0 ; (B) Histogram of 

ΔR55/R0 where ΔR55=R55min-R0; (C) Calibration of SypHer ratio versus pH. Data are fitted with 

R=R1+R2./(1+e
nu·(pKa-pH)

), where R1=0.1 ; R2=9.4968 ; pKa=8.4 ; nu=2. pHref=7.1 corresponding 

to cytosolic pH, thus Ref=0.758 (D) Conversion of data in B with calibration on fig. C. ............ 96 

Figure 3.12 : Comparison of Grx1-roGFP2 ratio variation upon 100µM H2O2 stimulation and 

pH variation. (A, B) comparison of Grx1-roGFP2 ΔR/R: for 100µM H2O2 stimulation R=Rmax 

while after stimulation ΔR = R55min-Rmax; for pH variation R=RpH=7.1 and ΔR=RpH2-RpH=7.1, where 

pH2 is 6.9, 6.7 or 6.5; (C,D,E) Comparison of fluorescence variation in each channel at various 

pH, where the reference is pH=7.1, is plotted the 2D PDF; (F,G,H) Comparison of fluorescence 

variation in at various time following 100µM stimulation, where the reference is prestimulus, is 
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Figure 3.13: Effect of [H2O2] dose on molecular adaptation dynamics in cytosol observed with  

NAD(P)H fluorescence. Pre-stimulus (blue background A), stimulus (pink background A-B) and 

post-stimulus (blue background B) fluorescent signals are here averaged over cell population. 

Normalized NAD(P)H fluorescence kinetics upon various [H2O2] stimuli are represented: in 

black solid line 250 µM, in grey solid line 100 µM, grey dashed line 30 µM. .......................... 100 
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Figure 3.14: Effect of [H2O2] dose on molecular adaptation dynamics in cytosol observed with 

Grx1-roGFP2 – redox potential sensor (A-D) and NAD(P)H fluorescence (E-I). Left panel; 

schematic definition of parameters characterizing Grx1-roGFP2 and NAD(P)H. The 

corresponding probability density function (PDF) of each parameter described is depicted in 

upper panels. (A, E); (B) maximum variation of Grx1-roGFP2 ratio ΔRmax following H2O2 

addition; (C) adaptation index αadd = ΔR55/ΔRmax; (D) maximum variation of Grx1-roGFP2 ratio 

(ΔRrmv) following H2O2 removal; (F) maximum variation of fluorescence relative to F0 (δadd) 

during H2O2 stimulation; (G) effective fluorescence recovery rate shortly after H2O2 stimulation 

KFB; (H) effective fluorescence drift rate longer after H2O2 stimulation KD; (I) NAD(P)H 

fluorescence gap between pre-stimulus and steady state following H2O2 removal δrmv. ............ 101 

Figure 3.15: Schematic representation of metabolic pathways. Adding H2O2 external stress 

performed in lack of external carbon source during stimulation, the cell is limited to use the 

existing resources to defense against stress. ............................................................................. 104 

Figure 3.16: Averaged data concerning molecular dynamics upon H2O2 stimulation and its 

removal for starving and glucose importing systems. HyPer (A), NAD(P)H (B) and Grx1-

roGFP2 (C); On bottom of each panel are represented the histograms corresponding to the 

adaptation parameters: initial HyPer ratio (H0), initial NAD(P)H fluorescence level (F0), initial 

Grx1-roGFP2 ratio (G0) maximum ratio variation (ΔRmax), minimum NAD(P)H fluorescence 

level less than 10 min after stimuli addition (Fmax), HyPer respectively Grx1-roGRP2 ratio 

variation at 55 min following H2O2 addition (ΔR55), fluorescence level at 55 min following H2O2 

addition (F55), minimum HyPer respectively Grx1-roGFP2 ratio variation after H2O2 removal 

(ΔRrmv) and NAD(P)H fluorescence level 55 min after H2O2 removal (Frmv)............................ 106 

Figure 3.17: Schematic representation of the glucose metabolic pathways showing the link 

between PPP and intracellular ROS quenchers The flux of PPP key molecules will be varied by 

inhibiting or overexpressing the corresponding enzymes: G6PD and GAPD ........................... 108 

Figure 3.18:  Effect of PPP gatekeepers modulation by G6PD over expression and knock down; 

following the adaptation dynamics after exposing cells to 100µM H2O2 for 1h.The MCF7 cells 

are maintained in normal glucose conditions (4.5 g/L). The error bars are representing the 

variation of adaptation parameters corresponding to Grx1-roGFP2 before (R0), during (Rmax, 

αadd;) and after stimulation (ΔRrmv). (A) Cumulative Density Function (CDF) where the color 

code is defined in lower panels (B) initial Grx1-roGFP2 ratio R0 reflecting the basal redox 

potential (C) maximum variation of Grx1-roGFP2 ratio ΔRmax following H2O2 addition; (D) 

adaptation index αadd = ΔR55/ΔRmax; (E) maximum variation of Grx1-roGFP2 ratio (ΔRrmv) 

following H2O2 removal.. ........................................................................................................ 110 

Figure 3.19: NADPH variation during 100 µM H2O2 stimulation on MCF7 cells in various 

metabolic condition: overexpression (OV) of G6PDH, GAPDH or TKT, knock down (KD) of 

GAPDH activity. Wild type (WT) is the reference control ....................................................... 113 
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Context of the study 
 

Most of living systems, including mammalians, are using dioxygen to perform vital 

functions as respiration and metabolism. During those processes, oxygen radicals can be created 

and become reactive when interacting with structural parts of the cell. To prevent damages, cells 

developed an antioxidant system to quench the damaging oxygen species. Metabolism is a 

complex intracellular process, maintaining their concentration on steady state. While glucose is 

metabolized in presence of dioxygen to create energy and to perform cellular respiration, it is 

also used to support the scavenging system which is controlling the redox homeostasis inside the 

cell to a basal level. 

Biological systems as mammalian cells are often exposed to environmental changes, thus 

the redox potential can be perturbed. Cellular metabolism is constantly regulating to help the cell 

to survive, dynamically adapting the redox homeostasis to the new condition. For cell division, 

increased metabolic flux is necessary in order to produce and assembly the structural compounds 

of the daughter cells. Cancer cells are known to have a particular metabolism, dividing faster 

than non-cancerous ones. Here we are interested in studying the cellular molecular adaptation to 

hydrogen peroxide, a side product of metabolism. Our motivation comes from the fact that 

metabolic changes lead to redox homeostasis perturbation also. The metabolic adaptation can 

induce functional dysregulations causing diseases as diabetes or cancer progression. In this 

context we are questioning how is the intracellular metabolism regulation restoring the redox 

homeostasis and how the oxidative species are controlling the metabolic fluxes in cells? For this 

purpose, adaptation kinetics process at molecular level are studied under external H2O2 

stimulation as a tool to modulate the intracellular redox pool. This way the oxidant production 

and antioxidant scavenging balance is perturbed and the dynamics of metabolic reprograming 

can be monitored. In order to highlight the adaptive response of the cell to external H2O2 

stimulation, direct enzymatic changes of metabolic dependent detoxification system are targeted. 

For subtoxic H2O2 concentrations delivered, direct adaptive signs can be observed on glutathione 

and thioredoxin antioxidants groups, when conformational enzymatic changes occur during 

stress exposure, in short timescales ranging from few seconds to minutes [1]. Moreover, 

metabolic rerouting mechanisms can be mediated by redox changes in the cell. Our intention is 
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to exploit the mechanism of regulation between cellular cytoplasmic metabolism and redox 

homeostasis in order to find the cellular vulnerability to oxidative stress. For better 

understanding how do the cells adapt to oxidative stress, the dynamics of H2O2 scavenging 

system dependent by glucose metabolism is monitored. Increase of antioxidants pool activity 

during stress exposure is the direct sign of cellular defense against H2O2 stress, process here 

defined as negative feedback. Thus can be observed how the cells regulate their metabolism to 

overcome oxidative stress.  

In the first chapter, introduction to redox homeostasis and cell death are presented and 

fundamental biological mechanisms and particularities are discussed. As our purpose is to 

observe the adaptation kinetics of cells under stress, the second chapter is dedicated to H2O2 

stimulation methods. Using two different stimulation methods, cell death in response to various 

H2O2 doses is quantified. The strategy of observing molecular adaptation in mammalian living 

cells, under controlled H2O2 stimulation is explained in the third chapter. Adaptation process 

observed in real time (order of minutes) is showing strong dependence by glucose metabolism. 

To observe the defensive regulation under stress conditions, key molecules involved in rerouting 

the glucose metabolism are modulated. We notice that the negative feedback is more complex 

than anticipated and multiple pathways are involved in defensive mechanism. Finally, 

preliminary results concerning alternative feedback mechanisms are presented. 
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 Chapter 1: Introduction to redox homeostasis 1.
 

1.1 Cellular stress response and oxidative stress 

 
Cells are dynamic systems, where the homeostasis is maintained by active mechanisms 

regulated by feedback loops. Homeostasis represents a dynamic balancing to equilibrium of the 

variations of internal conditions within narrow limitations [2]. Despite its literally translation 

(greek: homois = the same, stasis = state) which can denote the unchanging property, 

homeostasis is in fact defined as a dynamic state of equilibrium. 

From the point of view of structure, cells are a bunch of organic and inorganic molecules. 

The difference between the living and death states is that molecules in living cell are 

dynamically organized, relieving the cell to act as reactive system, being able to perform 

functions and to selectively interact with the environment, while dead cell irreversibly lost the 

ability of maintaining their homeostasis leading to a cellular dysfunctional system. What 

distinguish the living from dead systems is the ability of performing interactions and active 

regulations [3]. When environmental conditions change, the cell launches complex process 

regulated internally by pathways able to fight against damages or to amplify the stressor effect. 

In particular, we are interested to find tools and trends in the temporal molecular dynamics to 

predict the cellular fate, as survival or death. The precision of these predictions are of interest 

also in anticancer therapies. Exploiting the weakness of cancer cells allow the select ion of 

stressor characteristics as nature, intensity and its modulation in time. For example, anticancer 

therapies are using Reactive Oxidative Species (ROS) to remove the tumor. Normally, ROS exist 

in cells at basal level, coming mostly as a side effect of oxygen dependent metabolism. The 

interest in oxidative stimulation comes from its particular behavior too. It has been observed that 

H2O2 has a key role as signaling molecule, being involved in fine tuning of some cellular 

regulatory mechanisms as inflammation or metabolism [4,5]. It manifests also a damaging power 

which is exploited in removing the damaged cells or the cancer one [6,7].  

Cellular stress can be defined as a process generated by a disturbing factor, leading to the 

perturbation of cell homeostasis. In 1936 was firstly defined the concept of stress as a response 
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of a living organism to a damaging source [8]. Then, the author observed that, even after 

removing the injury, the stress response acts like a syndrome, with different stages. First are 

observed damages signs, then recovery of the organism takes place with some transformations, 

depending by the intensity of the dose. Repeating the same injury after a certain time, the 

organisms could build up resistance by completely returning their structure and functions to 

normal. If the intensity or the duration of the injury would increase, the organisms would express 

similar damaging symptoms as observed after the first exposure [8]. After observing that cellular 

stress can lead to diseases, researchers paid attention to this concept and tried to understand how 

the cell response is regulated at the molecular level. All living systems suffer at least once a 

condition that perturbs their homeostasis. Depending by the stress type and its severity, cells can 

activate pathways to initiate protective or destructive responses. The stress dose, exposure 

modality and cell history are also factors that can influence the responding mechanisms [9]. The 

cell ability of reacting by adapting to the new environment insures their survival. For example, 

cancer cells experience different stress conditions as starvation, hypoxia, anticancer therapies 

and others [10]. The capability of surviving in these conditions promotes the cancer proliferation. 

The ability of stress source to create irreversible intracellular damages can lead to cell death, thus 

removal of the tumor cell. 

Oxidative species are intra and inter-cellular signaling molecules governing cellular 

functions as division, cellular respiration, circadian clock and processes as inflammation or host 

defense mechanisms (immune cells), their regulation maintaining the cellular functions. Elevated 

levels of ROS bioavailability overtaking antioxidant defensive capacity can have destructive 

effects as oxidation of proteins, lipids or DNA [11–13]. In particular, oxidative stress occurs 

when the intracellular balance between ROS and antioxidants is perturbed, being defined as a 

disruption of redox control [13,14]. Oxidative stress is a pathophysiological situation of cellular 

redox alteration as a result of intracellular ROS overproduction. The Encyclopedia of stress 

presents an improved definition of oxidative stress as “an imbalance between oxidants and 

antioxidants in favor of the oxidants, leading to a disruption of redox signaling and control 

and/or molecular damage” [15,16]. Maintaining redox homeostasis can thus underlies the 

disease/health condition of the cell. 
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1.2 Reactive Oxygen Species 

1.2.1 Introduction 
 

Reactive Oxygen Species (ROS) are often defined as reactive chemical species 

containing oxygen (Figure 1.1). Depending by their electronic structure the ROS exist in two 

forms. Free radicals as oxygen, singlet oxygen, superoxide, peroxide, hydroxyl radical are highly 

reactive species, containing at least one unpaired electrons on the outer orbital of the molecule. 

For example, the oxygen atom contains 8 electrons. Together two oxygen atoms form an oxygen 

molecule with the unpaired electrons on the last orbital. On the triplet sigma state, known also as 

the ground state acts as radical. The singlet form of oxygen is also a free radical, having the two 

last electrons in antiparallel spin [17]. Non-free radicals as Hydroxyl ion and Hydrogen peroxide 

are more stable having all electrons of outer orbital paired. To become reactive, they are 

converted as free radicals [6]. 

 

 

Figure 1.1: Electron structure in the outer layer of main ROS. In green are the paired electrons 

and in red are the unpaired electrons (reproduction from [18]). 
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Figure 1.2: Reduction steps of oxygen molecule to reactive oxidative species (reproduction after 

[17]). 

ROS can be interconverted between them in physiological circumstances (Figure 1.2). In 

its ground state, the oxygen molecule is a weak oxidant due to the parallel electron spin which 

blocks the direct insertion of the electron pair to a molecule [17]. In the process of forming the 

water as bio-product in cellular respiration, oxygen is reduced to superoxide anion, a precursor of 

most reactive oxidative species. Once converted into hydrogen peroxide, it can be quenched by 

iron containing antioxidants, thus becoming nonreactive. However, H2O2 decomposition can lead 

back to free radicals, as has been described by the Fenton reaction or Haber Weiss mechanism 

[19]: 

2O2
.- 

+ 2H
+
  H2O2 + O2 

M
(n)

 + O2
.-
  M

(n-1)
 + O2 

Fenton:    M
(n-1)

 + H2O2  M
(n)

 + HO
.
 + OH

-
 

Haber-Weiss:       O2
.-
 + H2O2  O2 + HO

.
 + OH

- 

Various ROS producing and scavenging systems are found in different cellular 

compartments and their complex interplay is still not well understood. The unlimited 

accumulation of ROS can perturb the cellular functions, leading to irreversible damages [20]. To 

neutralize the harmful effect of ROS, they can be quenched by the specific enzymatic system 

existing inside the cell (Table 1.1). Each ROS type has a particular mode of action, creating 

specific damages in the cell. Given the short life time of microseconds order, free radicals as 

singlet oxygen, superoxide and hydroxyl radical are very reactive, creating damages at their 

production site. The non-reacted ones can be converted to a non-free radical with longer lifetime, 

as H2O2. 
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Table 1.1: Properties of reactive oxidative species exploited in living cells (reproduction from 

[21]). 

ROS T1/2 
Migration 
distance 

Scavenging 
systems 

Mode of action Cell damages 

Singlet 
oxygen 

1-4µs 
30-100 nm 

[22] 

Carotenoids 
α-tocopherol 
 

Oxidizes DNA, 
proteins and fatty 
acids 

Proteins with Trp, 
His, Met, Cys and 
Tyr residues; DNA 

Superoxide 1-4µs 30 nm SOD 
Reacts with iron 
containing 
proteins 

via Fe center 

Hydroxyl 
radical 

1 µs 1 nm 
Flavonoids 
Proline 

Very reactive 
with all 
biomolecules 

Proteins 
DNA 
Lipids 

H2O2 1 ms 1 µm 

Catalase 
Peroxidase  
Peroxiredoxins 
Flavonoids 

Oxidizes proteins 
and creates    
via  2

    

Proteins with cys 
residue 

 

Oxidative processes are the result of normal physiology of the cell. Reactive Oxidative 

Species (ROS) can be created in oxygen dependent reactions required for cellular processes 

[23,24]. They can exist in two forms: free radicals, able to trigger cascade reactions thus 

magnifying their damaging effects, or non-free radicals. The second one possesses different roles 

in cellular redox homeostasis. Due to their stability and longer lifetime non-free oxygen radicals 

can travel longer distances, diffusing through cell compartments, acting not only as destructive 

elements but also as secondary messengers [25,26]. It has been shown to control cell fate, signal 

transduction pathways, regulating cellular processes as inflammation [4], cell differentiation 

[27,28], cell proliferation [29], aging [30], neurodegenerative diseases [31] or metabolic diseases 

as diabetes [32] or cancer [6]. Our interest on this peculiar oxidant is given by the H2O2 

connection with the intracellular metabolic pathways and its propriety of being regulated by 

enzymatic system dependent of the cell metabolism [33,34].  

Almost 100 years ago were observed the hydrogen peroxide effects on cells and became 

of interest in cellular biology [35]. Nowadays the H2O2 intracellular regulation still remained 

unclear. Its dualistic role have been exploited during the years for highlighting the orchestration 

of different pathways by monitoring its intracellular dynamics and its correlation with key 

molecules involved in metabolic pathways or programmed death [4,36,37].  
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Figure 1.3: Main intracellular ROS production sources (from [25]) 

 

ROS can be produced inside the cell as byproducts in normal functions (Figure 1.3). The 

main cellular compartments producing ROS are the mitochondria, during the respiratory chain, 

the endoplasmic reticulum in the process of protein folding produce a stressful effect, thus 

creating ROS and the peroxisome, during the metabolic oxidation of long chain fatty acids. ROS 

can be created also by the enzymatic system existing notably in the cell cytoplasm, as nitric 

oxide synthase, cytochrome P450 monooxygenase, cyclooxygenase, xanthine oxidase or 

lipoxygenase. The NADPH oxidases founded in the cell membrane are part of Nox family and 

are remarkable for their role in immune system cells which creates ROS as defensive mechanism 

against pathogens [25]. Constant balancing of ROS generation allows achieving redox balance 

under physiological conditions. As metabolism is the main ROS source production site and the 

main scavenging supporting process in the cell, it will be further deeply described. 
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1.2 Cellular metabolism of glucose and redox homeostasis 

Glucose is the main fuel required for almost all processes that a cell needs to survive. It 

enters inside the cell by an active mechanism, each cellular membrane containing glucose 

channels, internally controlled [38]. Once inside, glucose decomposes, process called 

metabolism, to create building blocks and energy required for their assembly (Figure 1.4).  

1.2.1 Glycolysis 

Glycolysis is the metabolic pathway which leads to the creation of energy. It takes place 

in two cellular compartments: it starts in cytosol and it ends in mitochondria. In this process, one 

molecule of glucose leads in the creation of 32 adenosine triphosphate (ATP) molecules. In 

cytosol, one glucose molecule breaks in two pyruvate molecules. This process is initiated by two 

ATP molecules and catalyzed by specific enzymes whose roles are to reduce the activation 

energy necessary to decompose the glucose molecule. The pyruvate is then metabolized in 

mitochondria and reduced to 3 molecules of nicotinamide dihidrogenase (NADH) and 1 

molecule of flavin adenine dinucleotide (FADH) in a process known as Krebs cycle or citric acid 

cycle. They are used in the creation of ATP in the final step of glycolysis, the respiratory 

process, which takes place in the inner mitochondrial membrane in presence of oxygen.  

The electron transport chain consists of a series of five protein complexes: NADH 

dehydrogenase (complex I), succinate dehydrogenase (complex II), ubiquinol-cytochrome c 

reductase (complex III), cytochrome c oxidase (complex IV), ATP synthase (complex V) and 

two mobile carriers: ubiquinone and cytochrome c. They are involved in the transport of 

electrons received from donor molecules, NADH and FADH. The respiratory process starts 

when the two electrons from NADH are released in the first complex, and two hydrogen ions are 

transferred between the two mitochondrial membranes. In a similar way, FADH donates its 

electrons to succinate dehydrogenase. The first mobile carrier transports the electrons to the third 

complex. They are then transferred by cytochrome c, one by one to the next complex. Each time 

when one electron is transferred, one hydrogen ion is pumped through the complex III. The 

second mobile carrier releases the electrons to the cytochrome oxidase. When 4 electrons, 8 

hydrogen ions and molecular oxygen are into the complex two water molecules are assembled 

and are released inside the mitochondria. The rest of 4 hydrogen ions are pumped across the  
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Figure 1.4. Glucose metabolism in mammalian cells.  
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inner membrane. During the electron transport process, protons are pumped in the inter-

membrane space, increasing the number of negative remaining charges in the mitochondria, thus 

creating a gradient. The potential energy created in this gradient is necessary in the last complex 

of the respiratory chain, ATP synthesis. It will allow binding of inorganic phosphate by ADP to 

create ATP, while protons will be transferred back in the mitochondrial matrix via complex V.  

The inner mitochondrial membrane is the main site of energy release but also the main 

ROS generator of cell. The electron transfer through complexes is not perfect. Electron leakage 

often happens on complex I and complex III, molecular oxygen being reduced to superoxide 

[25,39]. It can become a more stable ROS specie, being converted as H2O2, thus diffusing in 

cytosol. Here, the H2O2 activity can be reduced or even stopped by antioxidant enzymes. 

 

1.2.2 H2O2 quenching in living cells 
 

Two main catalytic mechanisms of antioxidant enzymes have been described. The H2O2 

conversion can be directly realized through an active locus metal ion or via pathways implying 

the electron transfer in regenerating redox couples containing sulfide bridges, as is the case for 

glutathione and thioredoxin systems [20].The H2O2 decomposition by heme group is one of the 

first observations of biological interest. The catalase binds to hydrogen peroxide molecules and 

decompose them into nontoxic elements as water and oxygen. This process takes part in two 

steps. Firstly, one molecule of H2O2 links by catalase. In this process the hydrogen atom interacts 

with histidine amino acid contained in catalase structure and deprotonates it, making an 

electrostatic interaction between the anionic peroxide and iron Fe
3+

. One oxygen molecule 

remains covalently linked by the iron Fe
5+

 containing catalase. Once the first water molecule is 

produced and regenerates the deprotonated histidine in the active site, the second H2O2 molecule 

binds by the enzyme. It is spited in a similar way, thus resulting the first O2 molecule and the 

second water compound. The catalase rate constant is estimated as 2x10
7
M

-1
s

-1
 [40]. 

The oxido-reduction process of peroxidase is realized in a similar way as catalase, both 

enzymes containing heme groups with iron atom in the active center [41].  

Peroxiredoxin is an enzymatic family characterized by the presence of cysteine residues 

in their active site. In mammalian cells 6 peroxiredoxin types are identified, all having similar 
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antioxidant role. In presence of a catalyst as H2O2, the thiol group is converted to sulfenic acid, 

then disulfide bounds are formed and the protein changes/switches its conformation. What 

distinguishes the different types of peroxiredoxins is the recycling back of sulfenic acid to a thiol 

[42–44]. 

Glutathione peroxidase (GPx) is an enzyme containing selenocysteine in the active site. 

It reacts in a similar way with H2O2 with the particularity that the sulfur from thiol group is 

replaced by selenium [45]. In the process of H2O2 decomposition, GSH plays a cofactor role to 

recycle the glutathione peroxidase, as can be observed in the following reactions [46]: 

GPxr + H2O2 +H
+
  GPx0 + H2O 

GPx0 + GSH  [GS-GPx] + H2O 

[GS-GPx] + GSH  GPxr + GSSG +H
+ 

H2O2 + 2GSH  GSSG + 2 H2O 

where GPxr: reduced glutathione peroxidase, GPx0: oxidized glutathione peroxidase, GS-GPx: 

glutathione-enzyme complex, GSSG: glutathione disulphide, GSH: glutathione. 

The antioxidants previously described have a direct action on H2O2. They are maintained 

by their corresponding pathways and are all together involved in the regulation of redox 

homeostasis [47]. However, the main scavenging activity is performed by glutathione and 

peroxiredoxins enzymes [48]. Their activity is directly depending by glucose metabolic flux on 

Pentose Phosphate Pathway, being restored by NADPH produced here, after reacting with H2O2. 

 

1.2.3 Pentose Phosphate Pathway 

We previously describe the mechanism of creating energy from glucose. Glucose is 

necessary also to create building blocks. It is suggested by the name of the pathway itself being 

called pentose phosphate. This means that five carbon molecules and a phosphate group will 

result in a single compound. We find those elements in the DNA structure, the genetic code of 
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entire cell. Pentose Phosphate Pathway (PPP) is oxygen and ATP independent glucose 

metabolism. 

In PPP are distinguished two distinct phases: one oxidative, the other non-oxidative. The 

first phase starts from G6P compound created in the glycolysis process. After enzymatic 

catalysis, ribose 5 pentose, CO2 and NADPH are created.  

NADPH is necessary due to the donor role required in the oxido-reduction of 

antioxidants. It is the way how the cell provides the scavenging power against oxidative species 

created as side products during electron transport chain in mitochondrial membrane. Under the 

activity of glutathione peroxidase, H2O2 is converted in water by reduced glutathione. NADPH 

created after glucose 6-posphate dehydrogenase catalysis, will be the electron donor involved 

together with glutathione reductase in the regeneration of GSH from its oxidized form GSSG 

[49]. When the cell need to produce more NADPH, ribose 5 pentose is recycled back into 

glucose 6 phosphate via non-oxidative phase. If the cell has to divide, the rate production of 

ribose 5 phosphate will increase. It will be necessary to produce nucleotides and nucleic acids for 

DNA synthesis.  

 

1.3 Correlation between oxidative stress response and cell metabolism 

ROS are created as byproducts during glycolysis. The energy synthesis is realized in 

presence of oxygen which can lose electrons and becomes a free radical. To overcome this issue, 

the cell develops its protection system dependent by glucose metabolism too. Antioxidants are 

regulated via pentose phosphate pathway, the main NADPH producer. It was observed that the 

ratio of NADP+:NADPH in cytosol is low, 3x10
-7

/3x10
-5

 = 10
-2 

[47],
 

comparing with 

NAD+:NADH (700 in cytosol; 7-8 in mitochondria [50–53]). The previews ratios quantification 

were determined via endpoint measurements, on lysed cells, 50 years ago. Their values are still 

used in modeling, because of the lack of recent determination in real time data. Real time 

experimental data are still on troubleshooting, due to the existing detector limitations. The 

known NAD
+
:NADH ratios are quantified between 100-850 using Sonar probe in various 

mammalian cells [54] while free NADPH:NADP
+ 

has been recently determined in cytosol, 
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nucleus and mitochondria as 55-80, 40-67 respectively 175-325 using time-correlated single 

photon counting TCSPC FLIM and FRET NAD(P)-Snifits sensor in mammalian cells [55].  

NAD
+
 is the main product generated during glycolysis; it accepts electrons leading to the 

glucose breakdown by oxidation, while NADPH is the electron donor necessary to regenerate the 

oxidized form of antioxidants back to their reduced form for instance to regenerate GSH/GSSG 

system. 

Both NADH and NADPH are electron carriers soluble in water that can be reversibly 

oxidized. The pools of NADH and NADPH are maintained with different redox potentials in 

cells. NADH is an electron carrier for catabolic reactions in glucose metabolism while NADPH 

transfers electrons required in anabolic reactions. The ratios of [oxidized form]/[reduced form] 

are high for NADH and low for NADPH [49]. 

When cells have enough oxygen, one glucose molecule can be oxidized in order to 

generate 30 ATP via oxidative phosphorylation and only 2 ATP in glycolysis. It is obvious that 

most energy is produced in presence of oxygen, in the respiratory chain, leading also to reactive 

oxidative species as side products. In the late 19
th
 century it was observed that, when the O2 

levels decrease, cell shifts the energy production from oxidative phosphorylation via glycolysis: 

this phenomenon is called Pasteur Effect [49]. Later on, Otto Warburg noted that even when the 

oxygen levels are adequate, the rate of energy production in anaerobic glycolysis increases in 

cancer cells [56]. Anaerobic glycolysis is used with the purpose to create energy by converting 

the pyruvate into lactate, thus creating NAD+ necessary in catabolic reaction with 

Glyceraldehyde-3-phosphate [57]. Even if this mechanism leads to generation of much less ATP 

molecules, the lack of oxygen dependent reactions in glucose metabolism seems to have a crucial 

role in cancer development [56].  

Since Warburg effect defines cancer disease as an injury of cellular respiration [58], it 

was exploited in anticancer therapies and it still remained one viable theory. Studies on 

mammalian cells are confirming metabolic advantages of cancer cells by increasing rate of 

anaerobic glycolysis as energy generation strategy. In cancer cells the ATP concentrations are 

lower, the mitochondrial membrane potential is decreased and the NAD
+
:NADH and 

NADP
+
:NADPH ratios are 5, respectively 10 times higher comparing with normal cells [59]. 
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This suggests that cancer cells are maintaining a particular redox homeostasis, regulating the 

glucose metabolism in a specific way. Cancer cells developing tumors are experiencing specific 

metabolic conditions. They have to adapt in extreme situations as nutrient limitations or hypoxia 

which justify their necessity of surviving in metabolic stressful condition.  

The glycolytic pathways are strongly interconnected, the key junctions biomolecules 

between PPP and glycolysis being G6P, pyruvate and acetyl CoA. (Figure 1.4) The glucose flux 

entering the PPP via G6P depends on cell type role and varies between 5-30% [60]. The basal 

rate of PPP is regulated by a key controller, G6PD, an enzyme highly expressed in cancer cells 

[60,61], with strong specificity for NADP
+
. NADPH is produced while G6PD oxidize G6P into 

6PG. Even if the two glucose pathways are dividing at G6P, they remain tightly connected. The 

metabolic necessities of cell are regulated by reversible enzymatic reactions in the non-oxidative 

part of PPP.  

The non-oxidative phase depends by the availability of enzyme substrates. The PPP or 

glycolysis will use G6P depending by the cell needs. In a simple manner we could say that, if 

ATP is necessary, glycolysis will be the main route of G6P. When NADPH is needed, PPP will 

be in favor to use G6P. It is a logic scenario, but in reality, the regulation of the glucose 

metabolism is not so simple. Indeed, when the cell is in the division phase, it requires making 

nucleic acids. R5P will be produced via non-oxidative phase of PPP. The biosynthesis is not a 

priority and NADPH is not going to be produced with an increased rate. If equal amounts of R5P 

and NADPH are necessary, they will be produced via oxidative phase of PPP. Liver cells, 

neurons or fat tissue are using much more NADPH than R5P to make fatty acids. Both oxidative 

and non-oxidative phases of PPP will be used, and a specific metabolic branch called 

gluconeogenesis. If both NADPH and ATP are needed, they will be produced via oxidative 

phase of PPP respectively glycolysis. F6P and G3P will enter glycolysis via pyruvate junction. It 

can be further used in biosynthesis or oxidized to produce more ATP in mitochondria [49]. 

Depending on metabolic requirements cancer cells activate PPP flux via specific 

mechanisms. NADPH is produced in PPP not only for biosynthesis, it is also the main reducing 

power used to protect biomolecules by oxidants [62].  
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We describe how PPP flux is regulated towards glycolysis. One standing question 

remained: how are aerobic and anaerobic glycolysis regulated? The anaerobic glycolysis is 

realized in cytoplasm, when glucose is split in two pyruvate molecules. Pyruvate will be 

metabolized then in mitochondria where the aerobic glycolysis takes place to generate energy 

and ROS as side products. Cancer cells are often exposed in extreme conditions, having limited 

access to oxygen. It was observed that in hypoxic conditions, cells generate superoxide anion. 

An increased production of superoxide leads to activation of aerobic glycolysis, by pH 

alkalization which increases the PFK activity in F6P – F1.6P catalysis. Superoxide is converted 

by superoxide dismutase into a more stable ROS, H2O2, whose longer lifetime provides an 

important role in signaling. Increased H2O2 promotes the activation of HIF1 which stimulates the 

lactate production and decrease the oxidative phosphorylation rate. This is one of the proposed 

mechanisms of Warburg effect regulation in cancer cells. 

 

1.4 Oxidative stress response and cellular fate 

1.4.1 Adaptation of cell to stress 

Adaptation of any life form is a required condition to survive, due to the dynamically 

changes of the environment. Specific receptors are integrated in their structure, constantly 

tracking the environmental changes. To adapt, the systems (cells, organisms) are regulating 

different functions, pathways or gene expression, according to the changes [63]. When damages 

encounter, repairing pathways will be regulated and defensive mechanisms will be activated. For 

example, when glucose is sensed by a cell, it will produce proteins involved in the trans-

membrane transport to internalize it, then to metabolize it [64]. 

A system exposed to a stimulus, able to sense and respond to it, is considered adapted if it 

can return to steady state or near to it, after certain time duration. Limiting the duration response, 

the homeostasis of the system is involved in maintaining the basal activity. The process of 

reaching the basal level after stimulation is defined as perfect adaptation. When the system 

returns close to basal level without reaching it, one can consider near perfect adaptation [65].  

Homeostasis is constantly maintained in cells by negative feedback loops. It manifests 

when a stress source occurs and the cell will initiate a protection mechanism to fight against 
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damages by reducing/inhibiting it, bringing the cell back to equilibrium. There are also situations 

when opposite effect can be preferred, when the system has to move farther away from the 

normal range. This is the positive feedback that intensifies the modification in the physiology of 

the system to a definite end point [66]. In the context of redox homeostasis, the adaptation is the 

ability of a cell to sense and to regulate a stimulus in order to reach back its homeostasis. 

Homeostasis imbalance persistence occurs due to irreversible damages via positive 

feedback mechanisms or overwhelmed negative feedbacks. If the internal balance cannot be 

controlled and properly regulated, it can lead to diseases [2]. In perfect adaptation process, even 

if the signaling pathway is transiently responding to stimulation the response is independent of 

input stimuli. In this case, reaching the steady state after stimulation should not depend on the 

input [65,67].  

 

1.4.2 H2O2 dualistic role  
 
H2O2 is known as a crucial redox metabolite controlling redox signaling, sensing and 

regulation processes [68]. It presents signaling molecule characteristics, observed since the 70’s 

and proved during time [40]. H2O2 is a small inorganic molecule playing a particular role in 

living systems, being able to travel from its production site to the action place. H2O2 is an 

uncharged molecule with a neutral oxidation number (the oxidation number of hydrogen is +1, 

while the one of oxygen in a peroxide compound is -1). Its long lifetime of milliseconds provides 

an ability to diffuse through membranes, from one compartment to another or from one cell to 

another [69]. Its intracellular production is controlled according to the cellular needs, so its 

removal.  

The hydrogen peroxide sensing phenomenon is an oxidation process of a specific 

macromolecule (proteins containing cys residues, iron, which are often antioxidant enzymes) 

which conducts to later modifications in the activity of the signaling pathway [70]. The H2O2 

molecule is reduced to water and oxygen most often by an enzymatic system produced by the 

cell itself.  
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Figure 1.5: H2O2 gradient through cellular plasma membrane (from [68]) 

 

The ability of a cell to adapt to oxidative stress is depending by the type of stimulus, the 

stimulation method and the dose received. Predicting the cellular adaptation by exploiting the 

H2O2 dualistic role in cell involves finding the dose parameters. In pharmacology, the dose is 

simply considering by the stimulus concentration and the time of exposing the system to it. 

Despite biological particularities of cells as membrane permeability, metabolic activity, etc, 

concentrations leading to cellular adaptation to stress have been suggested (Figure 1.5). 

However, the temporal patterns of its appliance are difficult to define. Gradual stimulation and 

fractional stress could lead to better adaptation of the system [1] but their adjustments are 

unclear. 

H2O2 diffusion through cellular plasma membrane is not a classical diffusion process. 

H2O2 is a small inorganic molecule that can freely cross the membrane. Once it is inside the cell, 

the homeostatic processes interplay the internal H2O2 regulation. Recent studies lead to a 

mediated diffusion via peroxiporins aquaporins [71]. The H2O2 gradient was estimated, in a 

simplified mammalian system, taking into account the main H2O2 antioxidants activity, as 10 

[72]. Once the system becomes more complex, and more quenchers are considered, the gradient 

between extracellular and intracellular H2O2 levels are estimated between 200 - 650 [73,74]. 

Recent experimental data [75] are showing that the inter-membrane gradient established under 

extracellular stimulation with µM of H2O2 is 390±40. However, it is a limited quenching power 

of the cell against external H2O2 sources. Once they are overpassed, the cell is injured leading 
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from reversible processes that we call adaptation to irreversible damages as tumor-genesis or 

death [76]. 

 

1.4.3 Cell death as non-adaptive response 

 Death is naturally occurring in all living systems. Via this process the systems that can 

perform their function are selected and the ones whose activity have been damaged or represent a 

damage risk are removed. Regulatory genes are constantly controlling mechanisms of cell 

division, identification of cellular abnormalities and activate programmed cell death when 

necessary. This way the homeostatic balance is maintained in multicellular organisms. 

Uncontrolled cellular death can lead to degenerative diseases as Parkinson or Alzheimer, while 

excessive proliferation conducts to diseases as cancer which can provoke the death of the entire 

organism. The obstruction of programmed death mechanisms can influence the selectivity 

process, favoring the anticancer therapy resistance. Understanding how cells can lose their 

viability and in which conditions they die is necessary in the context of finding anticancer 

strategies of therapy [77].  

Cell death is defined as a process when a cell loses its viability. Under stress conditions, 

death is an effect of non-adaptation to the changes, when the system reaches to the “point of no 

return” and the irreversible process of death starts. In the last years many cell death types have 

been identified. They can be classified in 3 main categories of cell death, based on their 

molecular regulations and their morphological criteria [77,78]: 

-apoptosis: programmed cell death, characterized by apoptotic bodies formation; 

-autophagy: self-eating process culminating with lysosomal degradation; 

-necrosis: uncontrolled cell death, culminating with cell corpses as terminal effect. 

The different cell death types are interconnected each cell death manner presenting 

different interconnectivities degrees. In reality, it is difficult to constraint complex systems as 

living cells to behave on the assumption that each death pathway would operate individually, 

even if from the therapeutic perspective drugs have been developed on this premise [78]. 
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The molecular mechanisms involved in programed cell death are also responsible of non-

lethal processes as senescence, mitotic catastrophe and terminal differentiation that occur to stop 

the activity of damaged cell [78].  

Regulated cell death mechanisms can occur in two different scenarios. The first is known 

as programmed cell death and it acts as a built-in effector, in the absence of any external 

perturbation. The other one is activated in presence of a prolonged or intense external or internal 

perturbation of internal homeostasis, when adaptation processes to restore the internal balance of 

cell cannot be restored anymore [78].  

Concerning cell death induced by ROS, it has been observed intrinsic apoptosis, 

ferroptosis, lysosome dependent cell death, netotic cell death and necrosis [78]. Intrinsic 

apoptosis is initiated by different perturbations existent in the environment as: ROS 

overabundance, DNA damages, mitotic errors and alterations leading to ROS producing 

intracellular compartments. 

Apoptosis distinguishes by the changes made in different cell compartments during the 

process: phosphatidylserine translocations in the cellular lipid bilayer, chromatin condensation in 

nucleus and pro-apoptotic molecules activation as caspase family in cytosol and mitochondria 

[79]. Ferroptosis occurs at severe lipid peroxidation process leading in ROS and iron generation. 

Lysosome dependent cell death ROS are responsible of lysosome membrane permeability. 

Netotic cell death type is specific for neutrophils being particularly ROS mediated.  

Necrosis is a process, occurring accidentally. It depends by the concentration of ROS and 

the time of stimulation [79]. 

As each ROS species present specific reactive proprieties, we are asking if they could be 

able to mediate in a specific way a particular type of death processes. Suggestions were made 

about the role of hydrogen peroxide of acting as regulator in pathways where caspases and pro-

apoptotic molecules are implied. It has been observed that H2O2 induced more severe damages 

than another ROS as superoxide or singlet oxygen [79].  

Pentose Phosphate Pathway is the main antioxidant regulator in cytosol. Intracellular 

ROS and GSH are mediators in cell death and apoptosis processes. Increased G6PD activity 
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producing reducing equivalents (power) has anti-apoptotic and pro-survival role. Cell death 

induced by H2O2 is more efficient when G6PD activity is inhibited (by DHEA and 6AN); 

contrary, the over expression of G6PD favors the cell survival (resistance to apoptosis). 

However, higher PPP flux leads to increased levels of NADPH providing apoptosis resistance.  

In experimental models, overexpressing PPP gatekeepers enzymes as G6PD, TKT or TA 

are showing cell survival due to PPP hyper activation. On the other hand, instead of inhibiting a 

certain enzyme, the alternation between the oxidative and non-oxidative PPP branches seems to 

promote cell survival and apoptosis resistance. The pathological meaning of PPP and its role in 

cell transformation in carcinogenesis has still to be experimentally proven [60]. 

 

1.5 H2O2 as a tool to perturb redox balance 
 

Our study comes in the context of molecular detection techniques development in living 

cells. Intracellular regulation pathways of different cellular functions have been identified in the 

last 100 years and their regulation has been explained mostly based on endpoint measurements 

that have been performed on populations of lysed cells. The chemical advances in synthetizing, 

decomposing and stabilizing peroxide molecules are the starting point in observing the H2O2 role 

in biology. Its contribution has been observed in parallel with the intracellular antioxidants 

discovery and the detection of internal production sources as electron transport chain in presence 

of oxygen.  

The progressing in the development of the genetically encoded fluorescent proteins probes made 

in the last 20 years allows us to track a specific protein in living cells and to monitor H2O2 

dynamics in real time, with minimal perturbation of the system. Once the GFP have been 

discovered, various genetically encoded probes have been developed. Our interest is focusing on 

metabolic related sensitive probes targeting H2O2 (Grx1-roGFP2, HyPer), NAD(P)H cofactors 

(Frex, iNAP) or the ratio NAD(P)H/NAD(P)
+
 (Perox, Sonar, Apollo). Using the intracellular 

sensors allow us monitoring the molecular dynamics in real time and to address cellular 

adaptation to oxidative stress. 
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Figure 1.6: Timeline of the advances in real time molecular dynamics with temporal modulated 
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time (RT). 
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Given the dualistic role that H2O2 can play in living cells, it becomes an interest to 

quantify its dynamics in time and space. Deregulation in metabolic state of the cell leads to 

different responses in oxidative stress conditions. Tools for studying the dynamics of molecular 

adaptation under stress conditions have been developed (Figure 1.6). 

The experimental systems usually preferred in microscopy are unicellular organisms as 

bacteria or yeasts because they can mimic an independent organism. They, are small and 

complex, easy to culture and to follow their generations in a few hours experiment. In a basal 

study of medical interest for understanding human metabolic diseases, bio-mimetic systems 

populations of mammalian cells cultured in vitro are of interest The commercially available cell 

lines are well characterized in different growing conditions and are accessible for every lab 

working in the field. This allows us to compare the obtained results and to build the puzzle of a 

certain topic we are involved in. In the context of cell-to-cell variability, recent in vitro studies 

focus on single cell and the classification of different behaviors according to defined 

characteristics [80–84].  

Time varying chemical patters have been observed naturally, for example in circadian 

rhythmicity [85]. They allow the system to adapt to the environmental changes. To create 

experimentally time-controlled stress patterns, fluidic systems have been developed. In time, 

they have been designed from macro to micro level, providing better flow profile control and 

smaller stimulation volumes to be used. As in vitro cultures are sensitive to changes, seeding 

them in micro environments would add a supplementary perturbation to the system. In our study 

we will present a custom macrochamber connected to fluidic system. The parallel plates are 

maintaining a laminar flow, controlling the delivery of the external H2O2 stimulation to the 

seeded/bottom adherent cells. 

The necessity of our study is justified by the fact that, during the time, the techniques of 

following the intracellular H2O2 in cells evolved, so the in vitro cell culture maintenance and 

detection reagents of targeted molecules involved in oxidative processes in living cells or out of 

cells. Once with the development of genetically encoded fluorescent proteins it becomes possible 

to monitor specific proteins in living cells. Nowadays most studies focus on their spatial and 

temporal localization, using time lapse imaging.  
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Our study is focusing on monitoring the molecular dynamics in living cells upon 

controlled time varying stimuli of H2O2 in in vitro mammalian cancer cells as model systems. 

We propose a single stress stimulation pattern for simplicity. Cellular adaptation will be 

observed in a dose-controlled environment. This process will be characterized once the 

parameters are identified. In this context, we will try to find if there is a link between glucose 

metabolism and adaptation. The major negative feedback source controlled by the glucose 

metabolism will be highlighted by varying the key molecules which control it. Finally, a small 

introductory study in the death induced by external H2O2 will be made. It is a starting point in 

defining a protocol to study the molecular regulation of cellular death as molecular dynamic 

process. 
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 Chapter 2: How to control the H2O2 stimulus? 2.
 

2.1 Introduction  

 

In the inner life of the cell are protective mechanisms dynamically orchestrated by 

molecules [70]. If the cell cannot recover its initial state, permanent damages can occur. In this 

way mutations can be created, leading to metabolic diseases as cancer [86]. In this context, one 

can ask how a system can adapt to a new condition and cells survive or die after a harmful event? 

[65]. Gradual stress exposure can reduce the cellular sensitivity, which is an important issue in 

anticancer therapies, where adaptation of cells to ROS mediated treatment can lead to cancer 

progression [7,87].  

An organism is normally exposed to stress factors. Depending by the nature, the 

amplitude or the duration of the stress applied, the homeostasis of the cell is perturbed. To 

quantify the output response of the system exposed to new environmental conditions, the input 

has to be well controlled. This is one of the main outcomes in our experimental work: how to 

control H2O2 stimulus delivered in order to quantify the cellular response to it? In this context, 

before choosing the method of H2O2 stimulation, we defined the dose parameters we want to 

control. Time of exposure to stress has to be longer than the first adaptation signs that could 

appear, and it is fixed to one hour in our experimental conditions. As pointed out in first chapter, 

in redox homeostasis adaptation, direct enzymatic modifications can appear in timescales of 

seconds to minutes [1] . One hour under stimulation will allow observing the adaptation when it 

will occur. The second aspect we want to control is the concentration of H2O2 applied to the cell, 

as H2O2 is a very reactive compound. To deliver it in a constant concentration during one hour, 

its interactions with both the cell and culture medium have to be evaluated before. Considering 

this, the parameters that matters for making steady state stimulation with H2O2 are discussed. We 

will present what are the artifacts that can interfere in intracellular H2O2 fine tuning delivery and 

how to quantify this molecule in a simple or complex extracellular environment. Controlled 

temporal and spatial stimulation with H2O2 method for in vitro cell cultures is proposed. Using it, 

intracellular hydrogen peroxide dynamics can thus be modulated in cellular cytoplasm. 
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Once the dose is controlled, our intention is to observe the cellular response to stress. In 

our study we focus on the regulatory and harmful role of intracellular oxidative processes, in 

particular H2O2. Trying to identify the threshold dose at which H2O2 stop having signaling 

features and when it starts creating cellular damages enough to induce cell death a literature 

study is made. Varying the dose of H2O2 stimulation, the percentage of dead and surviving cells 

is experimentally determined and compared with some published results. Modulating glucose 

metabolism will point out if the cellular vulnerability to H2O2 stimulus is regulated by this 

process. To find out, similar dose response experiments are made where cellular fate is 

quantified. Finally, to validate the stimulation method suggested using fluidic system, cell death 

in both static and macrofluidics delivery are compared. 

 

2.2 Methods of creating H2O2 stress stimuli 

 

Cell responses to external stimuli are dose dependent. For this purpose controlling the 

concentration of the stimuli and the time of its appliance is a key parameter [36]. Here are 

proposed different methods of H2O2 stimulation, extracellular or intracellular creating sources 

(Figure 2.1). Critical overview on the benefits, advantages, disadvantages and limits of H2O2 

cellular exposure to create controlled stimulation is presented (Table 2.1). Depending on the 

delivery system steady state stress patterns can be thus created.  

Different ways to expose cells to hydrogen peroxide coming from exogenous source have 

been developed. The simplest and the most common used is the direct addition of H2O2 solution 

to the experimental sample. The method consists in creating dilutions starting from a stabilized 

H2O2 solution. The stabilizer of most tested solution on living cells is stannate and phosphorus-

containing compounds, added in concentrations of 0.5 ppm respectively 1 ppm [88,89]. 

Commercially available stabilized solutions have 30% H2O2 concentration (equivalent to 9.7 M). 

To expose cells to micromolar concentrations, serial dilutions have to be made thus the working 

solution to be in mM ranges. A certain volume of working solution will be added in the cell 

culture medium which will be then after added to cells. Precise concentrations of H2O2 can be 

thus difficult to obtain due to uncertainty generated by dilution cascades.  
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Figure 2.1: Methods of H2O2 delivery system and the corresponding concentration profiles 

provided to seeded cells. (A) Bolus or bulk method by mixing H2O2 in cell culture media. (B) 

The presence of scavengers in medium and the cells are reducing the [H2O2] in time. (C) 

Extracellular reactions often mediated by enzymes E can be initiated in cell culture media as 

H2O2 generating sources. (D) Extracellular H2O2 continuous generating source presents a 

logarithmic profile; the enzymatic activity increases the H2O2 production to a certain 

maximum. Once the substrate of reaction is consumed, the reaction ends. It leads to the 

decrease of the external stimuli with similar profile as in bolus. (E) Intracellular H2O2 

continuous generating sources: exploiting the amino acid oxidase (DAAO) sensitivity to d-

alanine allows creation of locally intracellular H2O2. Once the DAAO transfection is done, the 

internal [H2O2] can be varied by modulating the d-alanine concentration added in medium 

(top); Similarly, NOX pathway can be used to generate internal H2O2 sources (bottom).  
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Table 2.1: Different methods of H2O2 temporal oxidative stress stimuli delivery. 

 Bolus Extracellular H2O2 delivery Intracellular H2O2 delivery 

A
d

v
a
n

ta
g
e
s 

Easy to use Continuous H2O2 generation Suitable for specific molecular dynamics 

pathways regulation processes/monitoring  

 

Spatial localized H2O2 production 

 

L
im

it
a

ti
o

n
s 

 Enzymatic dependent => reaching the steady 

state [H2O2] is dependent by the reaction 

speed; 

 

Addition of another elements in the cell 

culture medium; the sensitivity of cells to 

new compounds is another troubleshooting 

step and might be difficult to analyze; 

 

Side ROS creation; 

Metabolic perturbation 

 

Side ROS creation; 

H2O2 instability in medium;  

 

Static system favors the H2O2 consumption by cells; 

 

One single step stimuli pattern;  

 

To stop the H2O2 stress, using H2O2 quenchers (as catalase) or renew the medium do not allow the 

immediate stress stop 

 

The method of pipetting H2O2 solution to the cells is called bolus or bulk addition 

(Figure 2.1 A). Mammalian cells, being complex systems, are maintained in a special culture 

medium containing many organic nutrients. Direct addition of hydrogen peroxide in the cell 

culture medium does not allow maintaining a constant stimulation source to the cells (Figure 2.1 

B). The reason is that H2O2 can react rapidly with oxidant molecules contained in culture media, 

as pyruvate, phenols, amino acids or transition metals [90,91]. Side ROS can be produced either 

by instantaneous decomposition of H2O2 in free radicals either as reaction products with 

chemicals in the medium.   

A more suitable method of a continuous H2O2 generating system source (Figure 2.1 C, 

D) is its extracellular production using enzymatic systems (glucose oxidase, amino acid  
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oxidase) having culture medium elements as substrate (glucose, amino acids). Thus, the presence 

of the organic elements can be exploited and used for creating a continuous H2O2 source. If those 

elements cannot be consumed from the medium due to the particularity of the study, a reaction 

can be initiated by addition of other chemicals which can act as H2O2 generating system. For 

example, ascorbate and menadione can be added in the medium and, in the presence of 

atmospheric oxygen, H2O2 can be created as a reaction product. The first ROS created is 

superoxide that can either become stable specie, thus creating H2O2, either react with elements 

existing in the cell culture medium (Table 2.2).  

A similar issue appears in the enzymatic H2O2 production. ROS can be produced 

similarly as in bolus method or during the enzymatic reaction as primary or secondary products. 

During the reaction, another ROS can be created, either directly, either by spontaneous H2O2 

decomposition. Moreover, cells can be sensitive to consumption of substrates by the enzymatic 

systems (glucose, aminoacids) and the results of the study can be influenced by metabolic 

perturbation of cell. Choosing the medium in which the external stimuli is created is one of the 

first steps in our study.  

From the methods described previously, we can conclude that, to create steady state 

stimulation, one have to consider the followings: the H2O2 degradation by the chemicals existing 

in media and if the composition of cell culture media allows creating H2O2 continuous 

generation. 

Both of presented methods are static delivery systems. It was observed that the 

intracellular antioxidants make the cells themselves H2O2 consumers [91]. When bolus method 

and glucose oxidase system are compared is observed that the regulatory effects of H2O2 

Table 2.2: Enzymatic mediated reactions used to create extracellular continuous H2O2 

generating systems.  
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monitored spatially inside the cell, are differently expressed [92]. To design steady state stress 

sources, one have to consider all the quenching processes that could decrease the H2O2 

concentration during the incubation of cells. 

As the extracellular stimulation of cells to a controlled and stabile H2O2 concentration is 

difficult to be made, intracellular H2O2 sources are proposed. In this context tetra butyl 

hydrogen peroxide is often considered to replace the use of H2O2 solution, due to its stability. 

Both are relevant ROS forms, but they are not equivalent. There are studies showing that the two 

can have different effects in the cell [93]. Indeed, being different compounds (one organic, the 

other inorganic) they will enter differently inside the cell, will have different reaction 

mechanisms and they will affect differently the cells. 

In general, intracellular H2O2 generation methods are preferred because they represent a 

very good way of avoiding the H2O2 degradation by the extracellular culture medium (Figure 

2.1 E). The principle of intracellular H2O2 creation is to add a certain substrate as growth factors 

(EGFR [94], Nox modulators [95]) or aminoacids (D-alanine [96,97]) that will activate some key 

pathways able to create H2O2. Unfortunately, these methods of creating H2O2 imply the cell 

metabolic use also and it is not suitable for studies where the cellular metabolic activity is 

relevant. On the other hand, the technique of substrate modulation is successfully applied for 

monitoring local production of H2O2 [98], but the H2O2 concentration is difficult to control.  

The first controlled and calibrated method of H2O2 delivery for in vitro experimental 

work combined the bulk and extracellular production of H2O2 to keep the external [H2O2] 

constant in complex medium for a certain time (ranging from few minutes to few hours). In this 

method, H2O2 rate production is dependent by the volume of cell culture medium and the 

consumption rate is depending by the cell density. Considering that, the steady state H2O2 source 

is created by using both enzymatic production and H2O2 solution [91]. 
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2.3 Creating H2O2 steady state stress pattern using bolus method 

 

Bolus stimulation is the easiest way to stimulate cells and it simply consists in mixing the 

hydrogen peroxide solution with the cell culture medium, than adding it to the cells. Limitations 

of using this method are concerning maintaining constant in time the H2O2 concentration. The 

main intention in this section is to find a sensitive way to quantify the H2O2 temporal stability in 

extracellular medium. Kinetics consumption of H2O2 in the timescales of our experimental 

conditions are measured in cell culture medium and in presence of breast cancer cells (MCF7wt). 

 

2.3.1 H2O2 degradation by cell culture media 

 

H2O2 is unstable molecule, having a shorter lifetime in biological environment. 

Comparing to another unicellular organisms growth conditions, the in vitro mammalian cells are 

maintained in a liquid buffer containing many organic compounds and metals that can quench 

the H2O2. For this purpose creating a continuous external H2O2 stimulus requires supplementary 

measurements. 

 

2.3.1.1 Detection method of H2O2 in cell culture media 

 

Choosing the method of H2O2 detection has a particular role in our study. Mammalian 

cells are growing in a complex media, containing metallic ions and organic compounds as 

amino-acids, proteins, phenols, etc. Specific and high sensitive H2O2 probes are difficult to use in 

these conditions. The addition of chemicals in culture medium to create externally cell 

stimulation can lead to the creation of other reaction products which can show more complex cell 

responses, as a result of unquantifiable oxidative species generation. Before making external cell 

stimulation, the stability of H2O2 in the culture media will be studied.  

To minimize the error propagation, we are wondering if it would be a way to direct 

detects the H2O2 in cell culture media. It is a very complex solution, containing many organic 

compounds, some of them showing UV-vis absorption spectra (Figure 2.2). It would be 

impossible to distinguish the H2O2 absorbance at 240 nm in such a high background. Moreover, 
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Table 2.2: Methods of extracellular H2O2 detection  

Method Principle Sensitivity  Detection particularities 

Titration m2M1V1 = m1M2V2 mM  

Spectrophotometry A = ɛlc 102µM – 102 mM 
direct H2O2 detection; 

photobleaching; high background 

Colorimetry f(A) = c 102µM – 102 mM 

easy to use and to calibrate; fast response 

time (few minutes) 

side ROS production 

Fluorescence 

 
Light + dye  dye* µM 

easy to use and to calibrate; fast response 

time 

side ROS production; enzymatic dependent 

Background signal 

Photobleaching 

Luminescence 

Luminescent material + 

catalyst  luminescent 

material + light 

nM - µM 

No background signal 

The sensitivity of signal is not limited by 

interference 

No stokes shift limitations 

Electrochemistry 
Ered=Ered

*-

RT/zF*log(ared/aox) 
nM - µM Indirect method 

 

  

Figure 2.2: UV-Vis spectrum of complete cellular culture media (DMEM) 
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we are interested to stimulate cells with concentrations in micromolar range. The direct detection 

by reading the absorbance in UV range, does not allow such sensitivity (Table 2.3). Moreover, 

the interaction of H2O2 with UV light can drive to the generation of highly reactive oxidative 

species as hydroxyl radical (
.
OH) [99]. 

I will present the relevant methods of investigation to detect H2O2, highlighting for each 

their benefits and limitations for our research question (Table 2.3). 

Titration method (with iodine, permanganate or ceric sulfate) requires acidic condition of 

the reaction and would not be efficient in neutral pH conditions as required for in vitro cell 

culture conditions. The metallic ions existing in media can act as catalysts (Fe, Ni, Cr, Cu) in 

titration reactions. The detection range of this method is on mM order and do not cover the range 

of µM detection we are targeting in our experiments [100]. 

Spectrophotometric methods for measuring the H2O2 concentration in cell culture 

medium are still indirect H2O2 detection ways, more precise than titration, still on mM range 

sensitivity, able to exploit the peroxide's reducing properties. In presence of cobalt, iodine, 

titanium or xylenol orange colored compounds can be created and detected in visible range 

[100,101].  

Most suitable system of H2O2 detection in cell culture media, are the common 

photoluminiscent (fluorescent) sensors enzymatically dependent. Horseradish Peroxidase (HRP) 

is an enzyme that is activated by an electron donor as H2O2. In the presence of a substrate as 

Amplex red [102], Phenol red [103] or ABTS [104] a fluorescent product is created. The 

complexes are active at 37
o
 C, pH 7.5 and sensitive to a small range of H2O2 concentrations of 

µM order. 

As H2O2 is a stabile molecule only in certain stabilized conditions[88,89], we are looking 

for a specific and direct detection method. From now, only the fluorescence, known also as 

photoluminiscence method, seems to be suitable for the micromolar range of detection. 

Unfortunately, the sensitivity of fluorescence is limited by the presence of background signal, 

interference or stokes shift issues [105]. 
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The electrochemistry methods are exploiting the fact that H2O2 can be decomposed by 

catalase enzyme in H2O and O2. Using an oxygen sensor, we are able to estimate the H2O2 

degradation by monitoring the O2 kinetics [91]. The device would have been suitable for 

measuring the H2O2 stability in different media conditions, but it is still an indirect way of 

detection, dependent of the enzymatic activity. 

As an alternative, chemiluminiscent probes have been developed. Comparing to 

fluorescent probes, the luminescence presents lower noise background and is few orders of 

magnitude more sensitive. As the reaction does not require light absorption, there is no risk of 

photobleaching. Probes based on europium are sensitive to micromolar H2O2 concentrations, 

suitable to make direct H2O2 detection and easy to use. Unfortunately, they are not active in 

buffers containing phosphates. Probes based on boronate are more suitable to be used in complex 

buffers as cell culture media [106].  

 

2.3.1.2 Study of H2O2 stability in various cell culture media  
 

 Until now, it would be suitable for the in vitro study to mix stabilized H2O2 solution in 

cell culture media. The dilution of hydrogen peroxide is thus created to be delivered to the 

adherent cells. Being interested to choose the proper medium able to keep a stabile stress source, 

and also being limited by the conditions in which the in vitro cell lines can be maintained, we 

study the degradation kinetics of H2O2 in the possible media to be used for cell stimulation. 

According to literature, the principal H2O2 quenchers existing in mammalian cell culture medium 

are pyruvate, FBS and phenols [90,107].We will test the stability of hydrogen peroxide in 

different media, removing step by step the main compounds we suspect could be oxidized.  

As previously described, there are many ways to detect extracellular H2O2. Looking for a 

stable probe in complex solutions as DMEM cell culture media, sensitive to a wide range of 

H2O2, between nM to µM we chose a boronate based sensor, HyPerBlu form Lumigen. It  
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Figure 2.3: HyPerBlu reactions with H2O2 leads to luminescent compound (from [108]). Linear 

detection range from 10
-6

 to 10
-4

 M of H2O2 using HyPerBlu reagent showing that the H2O2 

concentration is proportional with the luminescent signal  

 

exploits the capacity of dioxetane-boronic acid of direct reaction with hydrogen peroxide which 

produces chemiluminescent signal. Thus an unstable reaction product is created which is 

disintegrated into another two products, adamantan-2-one and 3-hydroxy-methyl benzoate, the 

last one emitting an intense and stabile light signal [108]. The emitted signal is detected by a 

photomultiplier of a photodiode and its intensity is displayed as function of time. Varying the 

H2O2 concentrations the linearity of the signal in the range of interest for our study, from 1 to 

100 µM, is observed (Figure 2.3). 

HyPerBlu is a compound which does not require enzyme reaction mediator. Hydrogen 

peroxide reacts directly with it, providing a stabile luminescent product, unperturbed by the 

complexity of the reaction media, being tolerant to many additives [105]. Once HyPerBlu is in 

contact with H2O2, the reaction starts slowly, reaching its maximum intensity after 10-15 min. 

The signal is kept stabile for 2-5 minutes, then it decreases. When all H2O2 molecules reacted 

with HyPerBlu reagent the signal reaches maximum intensity. The signal decreases once the 

reaction stops due to the lack of hydrogen peroxide thus the instable reaction product is not 

generated anymore. This tendency of the HyPerBlu signal to reach the maximum, then 

decreasing in time corresponds to HyPerBlu kinetics.  
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The mechanism of quantifying the extracellular H2O2 consumption is represented in 

Figure 2.4. Equal volumes of HyPerBlu and cell culture media containing H2O2 are pumped in 

the same microtiter well and mixed to obtain homogenous solution. Once in contact, the reagent 

will react with hydrogen peroxide. Following every minute the kinetics of HyPerBlu, we notice 

that the maximum signal, which is directly proportional with the amount of H2O2, is reached 

after 15 min. The kinetics of H2O2 decomposition in cell culture medum is observed. We can 

quantify thus the amount of peroxide decomposed in cell culture media by following the kinetics 

of reagent represented by the maxima of each individual peaks, where one peak is one endpoint 

HyPerBlu kinetics for one given time after addition of H2O2 in the cell culture media. 

As the H2O2 concentration is proportional with the maximum of emitted luminescent 

signal the kinetics of H2O2 stability in different conditions is detected via endpoint reactions: 

samplings are done from time to time and analyzed with the luminescent probe.  

Figure 2.4: Mechanism of extracellular H2O2 quantification using HyPerBlu reagent.  
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The H2O2 consumption is monitored in various media: DMEM +/- pyruvate +/- glucose; 

PBS with Ca and Mg +/- glucose. To do so, H2O2 solutions of 100µM are prepared in the 

corresponding media. For both the HyPerBlu and cell culture media the temperature is 

equilibrated at 37
o
C before adding H2O2. During the test, the medium containing H2O2 is kept in 

2 mL eppendorf tubes, closed, incubated at 37
o
C near, by the experimental setup. The readings 

are made in triplicates, in white 96 wells plate from Thermofisher. A plate reader 

(FluostarOmega BMG) is used to scan the luminescent signal which is proportional with the 

H2O2 concentration. The reaction is initiated and monitored in time. At each time point, 50µl of 

cell culture media containing H2O2 is added in 1 well of 96 well plate with a pipet. 50µL of 

HyPerBlu is added with the pump integrated in the platereader. Right after putting the two 

solutions in contact, they are mixed for 30 seconds before reading the emitting signal. Instead of 

incubating the mix for 15 minutes, it is recorded each minute the kinetics of emitted signal than 

selected the maximal intensity of it as corresponding to a given H2O2 concentration. Being an 

endpoint measurement, the medium containing H2O2 is added by pipette for each measured time 

point.  

The degradation of H2O2 in DMEM can be ignored for experiments conducted short time 

(order of minutes), but is significant for one lasting hours (Figure 2.5). The stability of H2O2 

similarly monitored in PBS in presence or absence of glucose is significantly longer in time. 

Figure 2.5: H2O2 stability in various complex cell culture media: Dulbecco's Modified Eagle 

Medium without Pyruvate, without Glucose (DMEM--), Dulbecco's Modified Eagle Medium 

without Pyruvate, with Glucose (DMEM+-), and very minimal media: Phosphate Buffered Saline 

1x with Ca and Mg without glucose (PBS G-), Phosphate Buffered Saline 1x with Ca and Mg 

with glucose concentration of 4.5 g/L (PBS G+) 
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However, this buffer containing Ca and Mg can be used as a medium supply for adherent cells in 

short time experiments (maximum 5 hours). PBS with Ca and Mg supplemented with glucose 

allows keeping cells longer, providing carbon flux through metabolism. Showing low 

autofluorescence, PBS is suitable to be used in fluorescence microscopy.  

 

2.3.2 Kinetics of H2O2 and cell consumption 

 
The previews tests have been performed in absence of cells, using HyPerBlu reagent 

from Lumigen. After estimating the stability of H2O2 in different media, we decide to conduct 

our experiments by preparing H2O2 solution in PBS with Ca and Mg +/- glucose (4.5g/l glucose). 

The H2O2 stability is monitored in presence of cells, by replacing the cell culture medium with 

the one that contains a certain initial concentration of H2O2 (by bolus addition). To do so, 

MCF7wt cells are seeded in duplicates at different confluences: 20, 40 and 80% in 6 well plates. 

To add the H2O2 solution, the culture media is removed, the cells are 2 times rinsed with PBS 

without Ca and Mg, then the 100 µM H2O2 dilution prepared in PBS with Ca and Mg is added to 

MCF7wt cells. In each well are added 3 mL of PBS containing H2O2 that we will call reaction 

volume. Every indicated times, samplings are analyzed with HyPerBlu in triplicates. The results 

are displayed as concentration in function of time of cells stimulation with H2O2 (Figure 2.6).  
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Figure 2.6 Kinetics of H2O2 consumption by MCF7wt cells during 1h incubation in PBS 

with Ca and Mg and without glucose. Studies are made in duplicates for each cell 

confluence and each reading is made in triplicates. 
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Knowing that the area of one well is 9.5 cm
2
, the cellular division time is approximately 

27h, the number of cells the moment of seeding is 0.5x10
5
, 1x10

5
 respectively 2x10

5
 cells/well 

and that the stimulus is applied 2 days after seeding, one can estimate the density of cells at the 

moment of H2O2 pulse as 0.2x10
6
, 0.4x10

6
 respectively 0.9x10

6
 cells/cm

2
.  

The stimulus is prepared in a tube containing 3 mL of PBS in which H2O2 solution is 

pipetted. The mix is added to the seeded cells, rinsed before with PBS buffer to eliminate the 

complex growth media. The concentration of H2O2 is decreasing with 5% during 1h of 

incubation in PBS at 37
o
C. However, when H2O2 is added as bolus on MCF7wt cells, its 

decomposition is more significant. After exposing the cells for 1h to 100 µM H2O2 , is observed 

a drift of 20, 35 and 45% from the initial concentration. This consumption is depending on the 

number of cells exposed. Comparing our results with the ones found in literature [91], we 

observe 2 times slower H2O2 consumption by MCF7 in one hour. In [91] the influence of 

medium over the H2O2 stability is not clear. Another aspect that could explain the difference of 

cell consumption between our data and the ones from the publication is that the stimulation is 

performed in absence of external glucose. Also, the MCF7 cell permeability can differ from 

laboratory to another. We estimated that one cell in our experimental conditions consumes 40 

nM of H2O2 in one hour (Figure 2.7) and 1000 gradient is established between extra-intracellular 

plasma membrane In a recent study, upon bolus stimulation of K562 cells, a 390 gradient is 
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Figure 2.7 Dependence of H2O2 consumption by the number of cells exposed to stress in static 

system. After 1h of exposing MCF7 wt cells to an initial concentration of 100µM, the 

concentration diminishes while the number of exposed cells is higher.  
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created between the cell membrane [75].  

The H2O2 degradation by cells is treated as first order kinetics. The stimulus is prepared 

in non-reacting medium. The initial [H2O2] is proportional with the luminescent product created 

in the HyPerBlu reaction. After a certain time t, the [H2O2] decrease. This new concentration will 

be noted as [H2O2]0. The H2O2 consumption by cells is described by: 

  [ 2 2]

  
       [ 2 2]0 2.1 

After integrating, it leads to: 

 
      

 

 
  (

[ 2 2]

[ 2 2]0
) 2.2 

The kinetics of cell consumption is influenced not only by the cell number over surface 

[109] but also by the volume of stimulus [110]. The debit of H2O2 consumption by MCF7 wt 

cells is estimated according to the equation:  

 
        

    

           
 2.3 

where k is the rate constant of [H2O2] consumption over time, V is the volume of H2O2 stimulus 

used for cell incubation and the divisor is the number of cells exposed to stress. In our 

experimental conditions, the volume of PBS containing stress source is constant, only the 

number of cells is varying. Treating the consumption of H2O2 by cells as first order kinetics, one 

can obtain the following kinetic constants 5 · 10
-5

 s
-1

, 1 · 10
-4

 s
-1

 and 15 · 10
-5

 s
-1

 corresponding 

from the lowest to the highest cell density. Calculating the debit of H2O2 consumption by MCF7 

cells we obtain the following values of kdebit of 0.03 min
-1

·10
-6

·mL, 0.04 min
-1

·10
-6

·mL 

respectively 0.045 min
-1

·10
-6

·mL for the 3 cell confluences, from lower to higher. It is almost 10 

times lower than the ones found in literature for MCF7 wt cells [72]. In this context we are 

asking what is the role of glucose concerning this aspect? The significant difference between the 

two modalities of exposing the MCF7 wt cells is the medium composition. While in the cited 

experiment the authors used RPMI, a minimal medium, we expose the cells to H2O2 without 

providing any nutrients to the cells during 1h of stimulation. Glucose metabolism influencing the 

permeability of the membrane might be one of the first signs of a direct link with redox 

homeostasis regulation. Furthermore, cellular response to oxidative stress is presented by 
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measuring the cellular survival or death to various stress doses applied on cells experiencing 

particular metabolic environment. 

 

2.4 Cell death upon H2O2 stress 
 

Cell survival after treatment with various environmental stresses is the main issue in 

anticancer therapies. The resistance of cells against stresses is enhanced in time and has been 

observed often after multiple transient stress fractions [111]. The cytotoxic effect induced upon 

stress is depending by the dose received by cells. In this context we ask what is the threshold 

dose of H2O2 to induce cell death?  

The diversity of results concerning cell death threshold of cells exposed to bolus [112–

116], continuous H2O2 generation based on glucoseoxidase [117], mixed external H2O2 delivery 

methods [4] or EGF [94] ranging from doses of 0.1µM x h to 19 mM x h motivated us to make a 

comparative literature study. Taking in account that each stimulation method presents its 

particularities, we focus on a particular delivery method: bolus addition.  

 

Figure 2.8: Dose response with cell type as reported in literature: LLC-PK1 [118], HUVEC 

[119], primary neuronal cells [120] and Hela [121]. The sensitivity of MCF7 wt cells is 

quantified in our laboratory. 
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The response upon H2O2 exposure depends by different factors as cell type [70,122], the 

delivery method, amplitude and patterns of the stimulus. Exogenous H2O2 generation can have 

different effects comparing with endogenous sources production. Moreover, even using the same 

technique, reproducing data obtained in different laboratories is difficult [91], because often are 

missing details as cell number, cell culture volume, dish surface [120,123–126]. The diversity of 

results observed for the same type of study performed in different labs might be an effect of 

lacking a rigorous protocol for cellular stimulation with H2O2. 

To dermine experimentally the fraction of dead cells upon oxidative stress, MCF7wt are 

stimulated in static system. Cells are seeded in T25 flasks reaching 40% confluence in the day of 

stress appience. For 1h they are exposed to various H2O2 concentrations from 1µM to 5mM. 

The dilutions of H2O2 (Sigma H1009) are made in DPBS (Lonza BE17-513F) and a 

volume of 5mL is added to the cells. After 1h incubation at 37
o
C in atmospheric and humidity 

controlled conditions, the stress is removed and complete media is added (DMEM from Lonza 

BE12-614F, supplemented with 10% FBS Gibco 10270-106, Penicilin streptomicin mix Lonza 

DE17-602E and L-glutamine Lonza BE17-605E) to allow the recovery.  

Glucose +  
G6PD inhibited  

Figure 2.9: MCF7wt dose response short (4h) and long (24h) time after stimulation with H2O2. 

The stress is applied for 1h using various [H2O2]. During stress, the cells are kept in minimal 

medium without glucose, then recovered in their normal growth conditions. Percentage of dead 

cells is quantified reporting to cell survival observed in bright field images (left) or by using PI 

marker (right).  
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Cell death is quantified using two methods: counting the number of living adherent cells 

beforea and after stimulation or by  using Propidium Iodide (PI Sigma P4170) 1x concentration. 

Images of cells are recorded in 20 different regions of the flask, both brightfield and PI 

fluorescence at 4 and 24h after stress exposure. Thousdands of cells are monitored and their 

response to stress is quantified (Figure 2.9). Measurements are made in duplicate and the 

variability of data reproductibility is indicated with error bars. Relating the cellular response with 

the dose of H2O2 stimulation are depicted the survival-death thresholds. All cells survive at doses 

lower than 10µMxh. Higher doses are gradually increasing the fraction of dead cells and signs of 

reaching a plateau are targeting doses up to 100 µMxh. All cells are dead or detaching right after 

stimulation with highest H2O2 concentration of 5 mM.Interestingly, this behaviour is not noticed 

while using PI. The percentage of cells increasing the nucleus membrane permeability thus 

allowing PI to become fluorescent by binding the DNA is significantly lower. One hypothesis is 

that different death types can be induced using H2O2 stimulation. Depending by the method of 

cell death quantification, this phenomenon can be noticed at different intensities. 

The alternation of cellular vulnerability upon oxidative stress is showing that the 

mammalian cells are responding according to cell type. To be more precise, similar dose 

responses of MCF7 wt cells are extracted from literature to compare with the data we obtained. 

Following the dose response in literature, different sensitivity of MCF7wt cells to external H2O2 

stimulation is observed (Figure 2.10). Moreover, comparing with our experimental data, this 

variability of response is maintained. Comparing the results obtained on breast cancer MCF7 

cells, using the same H2O2 exposure method, we still observe the modulation of cell death 

threshold. This motivated us to find and quantify the error sources that can occur. 

Comparing the studies where the stress is applied using a bolus method, one can observe 

that it is not possible to predict the dose of H2O2 with modulatory or killing effect on living cells. 

Favorable survival effects to chronic H2O2 stress applied by bolus have been reported, by 

increasing the cell growth, while the same H2O2 concentration applied for lower time had 

inhibitory effect [114]. Significant damaging effects as DNA lesions and death have been 

observed to lower doses [112,113,115,116]. As the H2O2 stimulation is performed in a static 

system and a complex cell culture media containing H2O2 quenchers, we have reasons to wonder 

wether a single step stimulation has been performed, with constant concentration in time. In the 



Chapter 2                                                                                   How to control the H2O2 stimulus? 

 

 

61 

 

presence of H2O2 consumers, we suspect that the stimulus is performed as multiple pulses, with 

maximal amplitude at its addition (every time when the medium is renewed) and minimum 

amplitude in less than one hour, depending on the cell density[109] , the volume and the type of 

medium where the hydrogen peroxide is added [92]. In our study the stress is mixed in very 

minimal medium avoiding this way the H2O2 decomposition by cell culture conditions. In the 

papers we use to compare our data, during stimulation complete medium is used.  

When a static method of H2O2 delivery to cells is used, the degradation of external H2O2 

has to be considered by the two main consumers: cell culture media and the adherent cells. Few 

literature studies are showing the impossibility of making a bulk stimulus in a static system by 

simply adding H2O2 solution to cells [4,92]. An artifact in the concentration stability over time 

might be one of reason of different death thresholds doses. Another factor is the detection 

method of cell death. This process can occur instantaneously, right after or during the stress, or 

even after 48h [127]. To be able to compare the results existing in literature, the precise time of 

death quantification is also relevant information. Cell death is actually a complex process that 

can appear even during the stress or it can manifest in longer time after within 24h. It can occur 

accidentally or as a programmed process, both situations having an irreversible terminal effect of 

death [77,78]. We try to identify the quantity of external ROS and the minimal exposure time 

necessary to kill a cell. The perspective of this study is to confront the cell dose response to 

molecular dynamics. However, preliminary data concerning the non-adaptive response of the cell 

which leads to cell death will be further presented.  

Considering the [H2O2] consumed after 1h by cells, the dose of exposure will be lower 

while the cell density increases. We can conclude that the cell is a dynamic system, containing 

antioxidants with significant quenching activities. This aspect is reported and our data show that 

seeded cells are the major H2O2 quenchers when exposed in static system. In our experimental 

conditions, the MCF7 cells are incubated with 100 µM H2O2 for 1 h. If the stimulus would have 

been remaining constant, at steady state, the dose received by cells would have been: 

 Dose = [H2O2] x Δt 2.4 
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Figure 2.10: MCF7 wt dose response to various doses of H2O2. Correcting the dose in the results 

extracted from literature (top) we observe that the time of stress exposure in static conditions is a 

key parameter. Here are recalculated the doses of H2O2 stress from publications 

[115,116,128,129] in in both lack (G-) and presence (G+) of glucose. Significant shift is 

observed comparing with the original data. The kinetic constants used to correct the results are 

extracted from literature (kG+=1.38 h
-1

 from [72]) or obtained in our experimental conditions (kG- 

= 0.48 h
-1
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where Δt is the time interval of stress duration. 

In Figure 2.10 is simulated the H2O2 degradation over time in presence or absence of 

glucose. The dose is calculated by multiplying the initial H2O2 concentration with the duration of 

time. The degradation of H2O2 in presence of cells is calculated by integrating over time the 

initial H2O2 concentration multiplied with e
-kt

 . Significant shifting of the dose response after 

recalculation are observed in the data extracted from literature [115,116,128,129]. One can 

conclude that longer time exposure leads to different doses, comparing the recalculated stress 

dose [H2O2] x 24h [128] with shorter times [H2O2] x 2h [129]. As the results are not overlapping 

even after dose recalculation, we are wondering what is the role of adaptation to stress in the case 

of long time exposure systems? 

Previously we discuss different artifacts that can interfere when defining the threshold 

H2O2 killing dose. In this context, a correction and a stimulus protocol are proposed. Forward 

will be discussed 3 main aspects concerning: 

-dose response of MCF7 cells in different metabolic conditions; the time of exposure is 

modulated from 0.5h to 4h, while the H2O2 concentration is fixed to 250µM; 

-dose response of MCF7 cells in different metabolic conditions; the time of exposure is 

fixed to 1h, while the H2O2 concentration varies from tens of µM to mM range; 

-comparison between cell death response monitored in static respectively continuous flow 

conditions.  
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2.4 Role of glucose metabolism in cell death process: stimulus dose approach 
 

 Cell death induced by external H2O2 stimulation is a complex process, more difficult to 

achieve than predicted. Here our intentions are to modulate the two main parameters that we 

suspect to change the cellular vulnerability to stress: time of stress exposure and cellular 

metabolism. 

 

2.4.1 Dose response in different metabolic conditions varying the exposure time 
 

In the context of dose defining we perform bolus stimulation with H2O2 where the time is 

varied between 0.5 to 4h (Figure 2.11). MCF7wt are seeded in T25 flasks at 40% confluence. 

The concentration of stimulus is kept constant at the level of cells, the PBS containing the 

stimulus being renewed every 30 minutes in the flask.  

Control experiments are made by exposing cells for the corresponding durations to PBS 

G+ or PBS G-. Up to 2h in PBS, cells do not divide as expected their number remaining constant 

after 24h, while in normal conditions cells amplify their number with 50%. However, when 

applying 250 µM H2O2 stress in presence of glucose, massive cell death is observed, comparing 

with lack of glucose conditions. Increasing the time of exposure leads to complete cell death few 

hours after. PI positive marked cells are reflecting one fraction of dead cells, suggesting that 

another death types might be involved.  
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Figure 2.11: Dose response of MCF7wt cells to H2O2 stimulus applied in bolus for various 

durations (30min, 1h, 2h, 3h or 4h). The stimulation is performed in minimal medium (PBS) 

in two different metabolic conditions: presence (G+) or absence (G-) of glucose. After stress 

the cells are recovering in their normal growth medium. Cell death is quantified using PI. The 

survival is observed in brightfield images in unstained cells. Both death and survival are 

quantified 4h (top graphs) and 24h (lower graphs) after recovery upon stress. 
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2.4.2 Dose response in different metabolic conditions varying the stimulus 
concentration 
 

After 1h of exposure in PBS with or without glucose, the cells recovery after 24h is the 

same as in normal conditions, increasing their number with 50%. For this purpose, a new dose 

response is discussed in this section. The time of stress exposure is fixed to 1h, while the H2O2 

concentration is varying from tens of µM to mM range (Figure 2.12). In our experimental 

condition the cell survival is quantified by counting the living cells and the PI marked cells in 

various fields of view. They are imaged before, shortly after and 24h after stimulation with 

H2O2.While PI reagent is directly binding the cellular DNA, showing the fact that the cellular 

membranes are damaged by the stress, counting the living cells allows the observation of 

detached cells and another death features. 

During stimulation, the cells are experiencing also particular metabolic states like 

complete removal of carbon sources from external medium (G-) and pentose phosphate pathway 

inhibition using 6aminonicotiamide (6AN). 

The 6AN treatment is applied 24h before stimulation, thus the main pool of NADPH 

regeneration is inhibited, leading to a lower antioxidant system scavenging power in the cell 

cytoplasm. Alternative routes are involved in cell fate. Indeed, removing glucose leads to similar 

death responses as in normal carbon sources. However, inhibiting the PPP, a different death 

behavior is depicted, longer time after stress. The results are showing the direct relation between 

cellular metabolism and its sensitivity to oxidative stress. It has been observed that the glucose 

metabolism is directly linked to programmed cell death [130,131]. Inhibiting the PPP or 

completely removing the glucose, is leading to similar fate. In normal metabolic conditions, the 

cell death seems to be a spontaneous process where the H2O2 stress is disrupting the cellular 

membrane. 

Incubating cells with H2O2 added as bolus does not allow steady state stimulation. A 

variation of the concentration with maximum 20% is one of the accepted standards in the 

protocols of today [110]. This variation can be controlled in our experimental conditions by 

varying the number of cells. However, it would be very difficult to maintain the stimulus at 

steady state in static system in presence of cells.    
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Our interest is to find a strategy to deliver steady state stimulus to cells. We observe that 

the H2O2 consumption is strongly depending on the cell density when it is delivered to in vitro 

cultures using a static method as bolus. Renewing the extracellular H2O2 concentration faster 

than it is consumed is the approach we want to apply to rectify the H2O2 consumption observed 

in static systems. Thus we decide to expose the cells to H2O2 constantly flowing the stimulus to 

have controlled, continuous and controlled H2O2 source. This strategy is also allowing the 

creation of different temporal stress patterns (stress/recovery or modulation of different stimulus 

concentration). The temporal patterns control is of important interest when modulating the 

molecular dynamics in living cells.  

Figure 2.12: Dose response of MCF7wt cells to various concentrations of H2O2 applied for 1h, 

after 4 and 24h of recovery in complete medium, the fraction of dead and living cells are 

quantified and represented as function of [H2O2]. In glucose starvation the cell has to use the 

existing resources to fight against stress. In normal glucose conditions the cell fate is regulated 

according to stress severity. Inhibiting the PPP the NADPH cytosolic production pool is 

reduced, another defensive pathways being involved in cell defense. 
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2.5 Design fluidic system 
 

It is difficult to maintain the H2O2 concentration at steady state in a static system. Using 

combined methods does not allow creation of temporal stress patterns. Building a microfluidic 

system to stimulate cells enables the continuous H2O2 flow over the seeded cells and the creation 

of controlled temporal extracellular stress patterns. The system has been tested only on yeasts 

[80] and does not seem to be easily applied to mammalian cells due to their culture 

particularities. In parallel, we develop in our lab a similar system, designed for mammalian cells 

stimulation. By creating a laminar flow, the cells are exposed to a constant concentration of 

H2O2. It allows the creation of temporal patterns and the monitoring of intracellular molecular 

dynamics via microscopy upon addition and removal of the stimulus. 

We designe a fluidic system built from commercially available elements, to expose the 

mammalian cells to constant H2O2 external stimulus (Figure 2.13). It consists from a rectangular 

macrochamber of 55 x 5 x 1,7 mm
3 

connected with tubes to the exposure solution (input outlet). 

The output is connected to syringe controlled by peristaltic pump which maintain the flow at a 

constant rate. In our designed system, the waste is collected by a syringe of 140 mL volume. The 

input solution is kept at 37
o
C in dry incubator. It is connected to a gas mixing which maintains 

5% CO2 in the atmosphere of the incubator. A switching button allows changing the flow from 

medium (simple tube in Figure 2.13) to medium containing H2O2 (tube with red symbol) and 

vice versa. As previously described, a very minimal medium is used: PBS with or without 

glucose, due to its optical properties in fluorescence microscopy and the low reactivity with 

H2O2. 

The MCF7 cells are seeded in custom macrofluidic chambers created to mimic the 

growth conditions of the cells in flasks culture. The chambers are built from commercially 

available materials: red silicone sheet of 1.6 mm thickness (JTR-S-2.0, 1.6mm Thick, Red 

Silicone Sheet Grace Bio-Labs) and Glass coverslip (D 263 M Schott glass, No. 1.5H, 170 +/- 5 

\mum). They are sterilized with ethanol and rinsed with miliQ water before using. 
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The silicone is cut to create a channel similar with the one created by the Ibidi sticky-

Slide I Luer. The growth area thus created, 2.5 cm
2
, is 4 times smaller than a P35 mm dish area 

(10 cm
2
). The chamber is created by assembling the silicon on the coverslip. The mounted 

chamber is rinsed with PBS, then warm complete culture medium is added. The height of the 

chamber (1.6 mm) allows reproducing similar conditions with the cultured cells in T75 flask. 

The cells are seeded in monolayer by pipetting them in the chamber. To avoid osmotic stress, the 

sample is inserted in a 100 x 20 mm sterile dish where a compartment of 2 mL of PBS is placed. 

The sample is incubated in cellular physiological conditions (37°C, 5% CO2). Two days after 

seeding, the chamber is closed by placing the Ibidi sticky slide I Luer (0.1 mm channel height) 

on the top. It is fulfilled with medium before connecting to the fluidic system, to avoid air 

bubbles in the flow.  

All the components used to build the chamber can be used again, except the glass 

coverslip. In order to reuse the Sticky-Slide I Luer, the glue is removed with acetone and 

sterilized with ethanol any time needed. 
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Figure 2.13 Fluidic system to create controlled temporal H2O2 stimulus on mammalian 

adherent cells. 
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The flow rate has to be chosen taking in account two main parameters: cell consumption 

kinetics and shear stress. When MCF7 wt cells are exposed in absence of glucose one can 

estimate that the half-life of H2O2 is in the range of 1-4h, depending by cell density seeding. 

However, cells are consuming faster external H2O2 when in normal glucose conditions. The 

H2O2 half-life is estimated in literature to 20-30 min [91]. To maintain constant stimulus, the 

volume of the chamber has to be renewed faster than the cells ability to consume H2O2. The 

chamber connected to the fluidic system has a volume of 0.5 mL which means setting a flow rate 

between 0.5 mL/min-1 mL/min that allows the medium to renew faster than it can be consumed 

by cells. 

The flow profile is monitored in the system using a fluorescent dye with known diffusion 

coefficient1. To estimate the H2O2 stimulus rise and fall time in the custom chamber, the 

following equation is used: 

     
  2 2

 
√    

√  2 2
 

 

where τRho is the rise time measured with Rhodamine 110, DRho is the diffusion coefficient of 

Rhodamine 110, DH2O2 is the diffusion time of H2O2 and τH2O2 is the rise time of H2O2.  

To obtain the diffusion length time, the following equation is used: 

 D = Ld
2
 x T  

where D is the diffusion coefficient and T is the time of diffusion defined as ratio 

between the volume of the tubing (0.3 mL) and the flow rate. (0.5-1 mL/min).  

The rise time of H2O2 thus calculated can be used to obtain the diffusion length time: 

Ld = τ x v 

where v is the speed of the flow (0.2-0.4 cm/min). The diffusion length time is small (0.9 cm) 

allowing a constant stimulus delivery in real time. 

                                                             
1
 The diffusion coefficients measured in water for H2O2 is 1.3 x 10

-5
cm

2
/s  [183] and for Rhodamine 110 is 4.4 x 10

-6 

cm2/s [184] 
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The cell line we chose is not growing normally in shear stress conditions. Being a breast 

cancer cell type, MCF7 are not normally exposed under flow conditions. This is the reason for 

which the flow speed have to be adjusted in such a way to create a shear stress in the range of 0.1 

dyn/cm
2
 or even lower [132]. A flow rate of 1 mL/min leads to shear stress of 3·10

-2
 dyn/cm

2
 

The designed set-up allows creating controlled temporal stimulus of H2O2 on mammalian 

cells to study molecular dynamics. The fine tuning of intracellular H2O2 concentration enables 

experimental observation of molecular adaptation upon external stress.  

To validate the steady state of H2O2 stimulus delivery in fluidic system, the cell death 

responses in both fluidic and static conditions are compared. MCF7 wt cells (ATTC) are 

normally cultured in DMEM (Lonza, BE12-614F) supplemented with 10% FBS (Gibco, 10270), 

5% L-glutamine 200 mM (Lonza, BE17-605E) and 1% Penicilin-streptomycin mixture (Lonza, 

DE17-602E). For static stimulation, cells are seeded in T25 flasks at 40% confluence, while cells 

stimulated under flow are seeded 48h in the silicon Petri dish that will be used to build the 

chamber. 

 

  

Figure 2.14: Flow profile measured in the center of the chamber using Rhodamine 110. 
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Figure 2.15: Cell death in response to hydrogen peroxide: comparing the cellular dose 

responses observed in static (top) and in continuous external H2O2 delivery systems (bottom). 

For stimulation in static conditions, cells are seeded in the T25 flask 48h before stimulation. 

The stress is made by changing the complete medium with the PBS containing H2O2. After 

incubation, the stress is stopped by removing it and rinsing the cells with PBS. For recovery 

the cells are incubated in complete medium (DMEM). They are imaged right after the stress 

and 24 h later. Cells stimulated in continuous system under flow are seeded 48h in the fluidic 

channel, in static conditions. Right after stress, cells are recovering in DMEM for 24h.  
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Cell death is quantified using Propidium Iodide (PI, Sigma. P470) to mark dead cell. It is 

added in the complete recovering medium at 1x concentration. For cells stimulated under flow, 

Figure 2.16: Comparing MCF7 wt cell death observed in static and continuous flow systems, 

upon 1h stimulation at various concentrations of H2O2 (0, 100 µM 250µM). Cell death (upper and 

lower right plots) and survival (upper and lower left plots) are quantified 4h (triangles) and 24h 

after stimulation (cercles). The external H2O2 stress is performed in very minimal medium (PBS 

G+), while the recovery is made in complete DMEM. Experiments in bolus are performed in 

duplicate, while the ones in fluidic system only once. 
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the complete recovery medium is incubated, 24h before, at 37º C 5% CO2 in T175 flask 

(Sarstedt, 8339120). 

Cells stimulated in static and fluidic system conditions are imaged before the stress, right 

after and 24h after stress. Cells are visualized in 20 random chosen regions with 4x objective 

(Nikon MRH20041), in T25 flask. 6 regions are recorded in fluidic system. Images are recorded 

both in bright field and PI fluorescence.  

In fluidic system is not observed the cell division after 24h, while in static the number of 

cells is 50% increasing. Upon stimulation, the amount of PI marked cells is still lower than the 

dead cells observed in brightfield. However, 50% of cells are observed to lose their viability in 

fluidic system, while in static most of cells stop dividing and lower cell death being noticed 

(Figure 2.16). 

Observing significantly higher cell death in fluidic system comparing with static is 

confirming that the dose received by cells during one 1h is better controlled in this condition. 

This result is motivating us to perform the stimulation under flow to study molecular dynamics.  
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 Chapter 3: Cellular adaptation to oxidative stress 3.

3.1 Introduction 

3.1.1 Background 
 

Tumors can be removed by surgery or by therapy induced by radiations [111], chemicals 

[133,134] or light [22]. Except surgery, the others strategies are exploiting the ROS mediated 

mechanisms to kill cancer cells or to reduce their growth. Comparing with normal cells, it has 

been suggested that cancer cells have higher basal ROS level. This assumption is used as 

standard therapeutic selectivity strategy. Small increasing of endogenous ROS level would 

promote the cellular proliferation while an excess is leading to oxidation of macromolecules. 

Increasing the internal ROS concentration allows overpassing the lethal threshold in cancer cells 

but not in their normal counterparts. Perturbing the redox homeostasis thus leading to irreversible 

damages in cancer cells without damaging the normal tissue is the goal in anticancer therapy [6]. 

However it has been observed that the basal ROS level in cancer and non-cancer is not highly 

different, in consequence the selectivity between cancer and non-cancer cells is not so easy to 

target. Furthermore the cancer cells vulnerability under oxidative stress is underestimated and the 

fundamental therapeutic principle of selectivity is under a major concern [135].  

Malignant cells are known for their particular metabolism due to their extreme living 

conditions. It can be a second aspect to consider in for selectively target cancer cells. The 

assumption of higher production rate of ROS in cancer cells is strongly related with their faster 

proliferation comparing with normal cells [136]. During this process higher metabolic activity is 

required to create building blocks and energy for the cellular division. High energy synthesis 

taking place mitochondria, higher side ROS will be produced in the respiratory chain process. 

This results in consequence to higher ROS scavenging pool necessity whose production rate is 

also strongly related to cell glucose metabolism via pentose phosphate pathway [137].  

Perturbing the internal ROS-antioxidants balance in anticancer therapy is a hallmark in 

anticancer therapies. Inhibiting metabolic pathways and increasing ROS level via chemo and 

radiotherapy is a promising therapeutic approach [138]. On the other hand, the precise 

mechanism of regulation in terms of spatial and temporal organization is still not fully 

understood. Furthermore it is unclear how the cellular sensitivity can be related to the dose of 
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stress. The cell sensitivity to stress dose should correlate with adaptive response or cell death 

when it reaches a toxicity threshold. In pharmacology the dose-response relation is a sigmoidal 

representation of cell response as function of dose. It allows identifying the magnitude of 

response to stimulus, where maximal response is cell death and minimal is describing the cellular 

tolerance to it [135]. But H2O2 has dualistic conflicting roles. It is a signaling molecule 

promoting different functions as cell proliferation but it can be also a toxic agent able to diffuse 

through the cell compartments creating free radicals. Exploiting its cytotoxicity properties 

involves controlling the delivery dose. Precise and specific track of spatial localization and 

temporal activity allows identifying its fine tuning in redox regulation.  

 

3.1.2 Cellular adaptation to oxidative stress 
 

Due to the dynamically changes of the environment, adaptation of any life form is a 

required condition to survive. To adapt, the systems (cells, organisms) are regulating different 

functions, pathways or gene expression, according to the changes. Specific receptors are 

integrated in their structure, constantly tracking the environmental variations [63]. For example, 

when glucose is sensed by a cell, it will activate proteins involved in the trans-membrane 

transport to internalize glucose, then to metabolize it. When damages encounter, repairing 

pathways will be regulated and defensive mechanisms will be activated [64]. 

The major issue in anticancer therapies is the cell resistance to treatment. To understand 

this behavior, it is required to investigate how cells respond to the oxidative stress. To do so, the 

ROS-antioxidants balance will be modulated by applying extracellular H2O2 (Figure 3.1). 

Likewise Ca2+, within a cell the basal H2O2 amount is maintained under tight control, in the 

nanomolar range. Various intracellular H2O2 sources have been identified, generated by some 

stressors or by metabolic cues. Its quenching is constantly made by effective reducing systems 

thus the H2O2 flux being regulated by proteins with reversible oxidation targets involved in many 

physiological processes [139]. 
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Every time an external perturbation factor as H2O2 is applied, the intracellular H2O2 

production rate increases perturbing the cellular homeostasis. To establish it again, the cells will 

use the existing detoxification antioxidants as thioredoxins, glutathione and NAD(P)H regulated 

enzymes [140]. The intracellular enzymatic systems involved in H2O2 decomposition are fast 

preserving small H2O2 levels in each cellular compartment, with second order rate constants 

between 10
-5

 – 10
-8

 M
-1

s
-1 

[139]. The cellular homeostasis is set up when the ratio between 

oxidants and antioxidants is 1. It is obvious that, when the intracellular H2O2 level increases, the 

cell will rise the antioxidants level too and a new basal level will be reached. The defensive 

Figure 3.1: Oxidative stress response and cellular fate: upon H2O2 stimulation a cell either 

adapts to an oxidative stress and thus survive or dies. Death occurs when nucleus cannot be 

protected by the antioxidants pool (in purple). This behavior is strongly controlled by the 

cellular ability to restore the ROS-antioxidants balance. The cell is producing internal H2O2 

during metabolism at basal rate Гbasal. External H2O2 is imported via passive or active 

diffusion across the cellular membrane  thus varying the total effective production rate Г total = 

Гbasal + Kext · [H2O2], where Kext. is a constant. 
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response is sustained by the intracellular negative feedback and is responsible by adaptation of 

cell in oxidative stress conditions [141]. 

However, a system exposed to a stimulus, able to sense and respond to it, is considered 

adapted if it can return to initial state or near to it, after certain time duration. Limiting the 

duration response, the redox homeostasis of the system is involved in maintaining the basal 

activity. The process of reaching the basal level after stimulation is defined as perfect adaptation. 

When the system returns close to basal level without reaching it, is considered near perfect 

adaptation [65].  

Redox homeostasis is constantly maintained in cells by a negative feedback loop. It 

manifests when a stress source occurs and the cell will initiate a protection mechanism to fight 

against damages by reducing/inhibiting it, bringing the cell back to equilibrium. There are also 

situations when opposite effect can be preferred, when the system has to move farther away from 

the normal range. This is the positive feedback that intensifies the modification in the physiology 

of the system to a definite end point [66]. In this context, the adaptation is the ability of a system 

to sense and to regulate the stimulus in order to reach back its redox homeostasis. Homeostasis 

imbalance persistence occurs due to irreversible damages via positive feedback mechanisms or 

overwhelmed negative feedbacks If the internal balance cannot be controlled and properly 

regulated, it can lead to diseases [2].  

Reaching the steady state after stimulation should not depend on the input [65,67]. In 

perfect adaptation process, even if the signaling pathway is transiently responding to stimulation 

the response is independent of an input stimulus. Different behaviors are expected after stress 

removal from a non-adapting system. Supposing that the stimulus is removed when partially 

adaptation signs have been observed, it is obvious that the H2O2 removal will show higher 

antioxidants level reached during stimulation. The non-adapting systems will maintain the ROS 

levels high even after stimulus removal. The timescales of those behaviors are of interest for 

better understanding fundamental driven molecular processes. 

   



Chapter 3                                                                               Cellular adaptation to oxidative stress 

 

 

79 

 

3.2 Molecular dynamics of oxidative stress 
 

In therapy, the modulation of parameters describing the dose is still an issue. The 

cytotoxicity of stress has been observed to be linked with the precision of molecular adaptation 

to stimuli [142]. For a better understanding of dose concept, internal concentration with 

modulatory role and the timescales of molecular adaptation are relevant parameters to consider. 

Following the target molecule in space contribute to the interpretation of the role it plays in the 

pathway regulation, considering the fact that each cell compartment performs different functions.  

The aim of this work is to quantify the kinetics of molecules highlighting cells 

vulnerability in oxidative stress conditions. The redox cellular homeostasis adaptation is 

reflected in the response of stress sensors (HyPer probe and enzymes containing reversible 

oxidation targets as Grx1) or hydrogen donors mediating the enzymatic regeneration (NADPH 

cofactor) to H2O2 [139]. The molecular dynamics of reactive oxygen species and their 

biochemical scavengers in living cells will be studied with fluorescence microscopy.  

Averaged population data exhibit phenotypic heterogeneity that can bias the 

interpretation [143,144]. In this context statistical data obtained from single cell can offer a better 

description of the cell behavior. Critical overview concerning the intracellular molecular 

detectors which will be used in our study will be further presented.  

 

3.2.1 Monitoring the dynamics of H2O2 

 

H2O2 is the major ROS in redox regulation. In the last years the intracellular detection of 

H2O2 has been significantly improved. Chemical fluorescent probes as H2DCFDA has been 

widely used to detect the intracellular ROS species in living cells. Being a small molecule, it 

diffuses inside and outside the cell, from one compartment to another, leading to misinterpreting 

results. They are useful as endpoint reporters for global changes of ROS produced in a long 

period of time. Also, their irreversible oxidation does not allow their use as detectors of dynamic 

events in real time imaging. Their non-specificity to H2O2 is also a major disadvantage for 

studies targeting this particular molecule [145]. 
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60 years ago a new generation of intracellular detectors has been developed with the 

discovery of green fluorescent proteins [146]. The ability of creating a fluorescent probe 

controlled by and integrated in the DNA of the cell provides a useful tool in imaging the 

dynamics of intracellular molecules. This approach motivated researchers to improve the quality 

of detection considering not only the specificity of sensors. For this reason, genetically encoded 

proteins has been developed allowing quantitative measurements and drifts corrections. The 

major disadvantage of using genetically encoded proteins as intracellular detectors is the fact that 

the cellular system is transformed into a new one and it is difficult to determine the number of 

plasmids that will integrate the cellular DNA. However, fusing the interest tags in a bacterial 

genome limits the interaction of detection probe with similar proteins produced by mammalian 

cells. [147]. 

HyPer is a genetically encoded protein selectively sensitive to H2O2 [148]. It consists of a 

yellow protein with Tyr residues fluorescent in both protonated (420 nm) and charged (500 nm) 

forms (Figure 3.2 A). The sensitive domain is incorporated in Oxy-RD bacterial derived 

compound which forms disulfide bridges in presence of H2O2. In this process the changes in 

shape of Oxy-RD are detected by chromophore, leading to the decrease of 420 nm absorption 

peak and the increase of 500 nm. The reversible conversion of HyPer from oxidized state to 

reduced form is maintained by Grx or Trx (Figure 3.2 B). HyPer was designed as a specific 

H2O2 detector, placing the active residues in a special conformation acting as hydrophobic 

pocket. It facilitates the selection of amphyphylic molecules to interact with cysteins, restricting 

charged oxidants as superoxide to arrive to the active site [147]. HyPer can be expressed in a 

specific cell compartment by integrating the corresponding localization tag in the plasmid 

construction. This allows spatial monitoring of H2O2 molecule dynamics in cytoplasm, the 

cellular compartment of interest for our study. The probe has been tested in many systems 

already, from transfections in yeasts, bacteria, plants, mammalian cells to in vivo samples 

[95,149–152]. 

Being a ratiometric probe, both reduced and oxidized forms of HyPer can emit at 520 nm, 

after excitation at 420 respectively 488 nm (Figure 3.2 C). The intracellular H2O2 can be   
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Figure 3.2: (A) HyPer construction in reduced and oxidized form (from [153]). (B) Their states 

are regulated by H2O2 respectively Grx, Trx .In the variations of HyPer fluorescence ratio have 

to be considered the contribution of each fraction of HyPer in a certain oxidation form at that 

time (from [154]). (C). Changes in excitation spectrum of HyPer upon oxidation by H2O2 (from 

[75]). (D) Calibration of SypHer (in situ), reflecting the pH sensitivity of HyPer. In zoom: the 

variation of fluorescence ratio of sensor at physiologic pH (from [155]). 
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quantified by the ratio of the two fluorescence signals. It is proportional with the H2O2 

concentration whose calibration inside the cell is difficult to estimate. That’s why, when adding 

H2O2 stimulus over the cell, HyPer signal is often interpreted in terms of folds changes. Half 

oxidation time of HyPer is 30 s and its half reduction time is 2 min [74]. The kinetics of HyPer 

oxidation does not directly reflect the dynamics of H2O2 penetration to cells while estimations of 

H2O2 concentration profile reaching steady state in a cell within 1ms after H2O2 addition [48,75]. 

HyPer is a successfully probe to estimate the intermembrane H2O2 gradient and intracellular 

H2O2 concentration [75] with a fast reaction rate of 2.5 × 10
5
 M

−1
 sec

-1
 [151]. Until recently it 

was not possible to quantify the intracellular concentration of H2O2 in living cells. Experimental 

measurements found cytosolic H2O2 at nM range and the gradient between external and internal 

H2O2 concentration was estimated around 400 folds [75]. 

The detection limits of HyPer protein are measured both inside and outside the cell. In 

vitro tests using purified HyPer protein identified that 25 nM of H2O2 are necessary to induce 

changes in fluorescence (1.5 folds changes in ratio), while 250 nM concentration of H2O2 leads 

to full oxidation of the protein [126]. Signal suprasaturation is observed for extracellular 

concentrations between 10-25 µM in mammalian cells (K562, Hela) and E. coli [75,148]. The 

two measurements in nM range are physiologically relevant to intracellular concentrations of 

H2O2. 

The common issues appearing while working with fluorescent proteins are 

photobleaching and dark state induction. To avoid blocking the protein into dark state, the 

oxidized form is first excited, than the reduced one [145]. 

The properties described above overcome the drawbacks of chemical detection and 

recommend HyPer as an appropriate tool to monitor intracellular dynamics of H2O2 in real time. 

HyPer is a specific H2O2 detector, but it is also sensitive to pH. SypHer is a pH specific probe 

having the same pH sensitivity as HyPer (Figure 3.2 D). It can be used as a control of pH 

changes in cell cytoplasm or mitochondria. It has been reported that high external concentrations 

of H2O2 applied for short time (few minutes range) does not modify the intracellular pH [75]. 

However, metabolic modulation leads to intracellular pH changes [156–158].   
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Figure 3.3: pH variation during H2O2 stimulation: intracellular HyPer (A-B) and SypHer (C-E) 

fluorescence are monitored 30 minutes pre-stimulation, 1h during and after stimulation. MCF7 

cells are exposed during 1h to 100 µM of external H2O2 solution prepared in DPBS 

supplemented with glucose (4.5 g/L). Heat maps are corresponding to ratio of the signal 

observed in single cells (A, C). Suggestive features of single cell responses are extracted (B, D). 

The absolute SypHer ratio is represented in E, where the black line is the mean of the pH 

variation in MCF7 cytosol before, after (blue background) and during H2O2 stimulation (pink). 
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For signal accuracy, control test of intracellular pH should be performed, using a more 

pH stable H2O2 sensitive probe. For this purpose, in our experimental conditions, MCF7 cells 

stable transfected with HyPer are exposed to 100 µM H2O2 stimulation for one hour. The 

cytosolic H2O2 dynamics is imaged 30 minutes pre-stimulation, during 1h under stress exposure 

and one hour after. In parallel, similar stimulation is performed on MCF7 SypHer transient 

transfected cells. The changes of HyPer and SypHer ratio are monitored every minute (Figure 

3.3). Hundreds of cells are imaged and statistically displayed on the heat map. Each horizontal 

line in Figure 3.3 A, D represents the changes in the fluorescence ratio corresponding to one 

cell. The false colors are indicating the ratiometric fold changes, where blue is the minimum and 

red is the maximum fluorescent ratio. Based on the signal ratio variation during stress, different 

clusters can be identified on the heat maps. Suggestive single cell dynamics of each cluster are 

extracted for both HyPer (Figure 3.3 B) and SypHer (Figure 3.3 D). Variations in fluorescence 

ratio R compared to its basal level relative to maximum change Radd upon H2O2 stimulation are 

presented.  

The single cell signal can be interpreted as follows: in the first 30 minutes, no ratiometric 

change is observed, thus the target molecule is on steady state in the cell cytoplasm. Right after 

external H2O2 stimulation, the HyPer fluorescence ratio increases. During stimulation, after 30 

min, most of cells are showing a drift in HyPer signal which can be due to H2O2 scavenging 

system or pH variation. The increase in H2O2 concentration can lead to pH acidification thus the 

SypHer fluorescence ratio decrease (Figure 3.3 C-E).  

In the context of different adaptation features depicted with HyPer probe (Figure 3.3 A-

B), we are questioning what is the purity of the signal? According to literature, HyPer is sensitive 

to pH changes. Is it possible that during H2O2 stimulation the cytosolic pH is varying. In this 

context, the perfect adaptation to H2O2 observed in the signal detected with HyPer (complete 

relaxation during external stimulation) to be actually bias by pH detection in parallel with the 

one recorded for H2O2. To quantify the amount of HyPer signal involved in detecting 

intracellular pH changes, a new cellular construction is made using SypHer. SypHer is probing 

the pH variation, taking in account the cell-to cell variability identified by analyzing 160 cells in 

one experiment (Figure 3.3 C, E). 
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Figure 3.4: Calibration plot of SypHer and HyPer normalized signal as function of pH using data 

from [126,155].  

 

The basal pH in MCF7 cytosol is 7.15 [159]. The mean of absolute ratio of SypHer in 

cytosol in our experimental data is varying with 20%, from 0.45 to 0.36, during 1h of stimulation 

with 100 µM of H2O2. To convert the SypHer signal obtained experimentally into pH, calibration 

plots published in literature will be used [155]. A similar calibration curve has been done to 

relate the ratio of HyPer changes to pH [126]. The pK of SypHer is 8.6, the same as the one 

found for HyPer [160]. The sigmoidal relation in the calibration curve is often fitted with the 

following equation [161]: 

        
         

    (      )           
 3.1 

where: R is the ratio of HyPer or SypHer fluorescent signal, Rmax is the upper asymptote of the 

sigmoid, Rmin is the lower asymptote of the sigmoid, Hill slope is the slope of the plot . 

The SypHer and HyPer normalization in the calibration plot (Figure 3.4) have been made 

according to the equation: 
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According to the calibration plot, a variation of pH between 7.15 - 6.9 is observed in the cytosol, 

during 1h of 100 µM H2O2 stimulation. The signal is decreasing within 20%. Our results are 

coherent with the one found in literature, where a decrease of pH with 0.2 units leads to 23% 

decrease of HyPer signal [162]. 

 

3.2.2 Methodology of monitoring the intracellular glutathione redox potential  
 

Redox processes have been difficult to follow in living cells till recently. In addition to 

HyPer, monitoring the intracellular potential of glutathione system allows an indirect 

measurement of intracellular H2O2 dynamics [163]. For this we chose an intracellular ratiometric 

detector based on roGFP2 [34]. The excitation spectrum of roGFP2 is sensitive to redox changes 

(Figure 3.5 B). The average redox potential of roGFP was identified as -280 mV close to the 

redox potential of glutathione EGSH -240 mV. In living cells redox potential is varying according 

to the oxidation degree of sulfide bridges. Coupling roGFP2 to Grx1 allows electron transfer 

between the two partner compounds, improving temporal response and the sensitivity of the 

probe (Figure3.5 A). The equilibrium between glutathione redox potential EGSH and intracellular 

redox sensor redox potential EroGFP2 is established according to Nerst equation [34]: 
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The 100% Grx1-roGFP2 probe oxidation and its 100% reduction correspond to maximal 

and minimum fluorescence ratios. They can be used to determine the actual glutathione redox 

potentials [34]: 
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Figure 3.5:(A). Molecular mechanism of Grx1-roGFP2 sensor following its reversible 

conversion. Its regeneration is mediated by GSH; (B): roGFP2 excitation bands depicted in total 

oxidized (blue) and total reduced (red) forms (from [164]).  

 

Grx1-roGFP2 responds to stimuli on a timescale interval of 90-120 seconds (our data). 

The detector is sensitive to physiologic relevant changes of GSSG and GSH of nM respectively 

mM concentration orders [34]. Stimulation of minimum 5µM of extracellular H2O2 is necessary 

for the cells expressing the sensor to detect the response. Up to 100 µM of stimulus 

supersaturates the signal. Comparing with HyPer, Grx1-roGFP2 detects maximum ratio change 

of 4.4 upon external H2O2 stimulation, while HyPer is fully oxidized at 2.4 ratiometric changes. 

Moreover, the sensor is not sensitive to pH under physiological ranges simplifies the signal 

interpretation [34]. 

 

3.2.3 Monitoring the dynamics of NAD(P)H  
 

The quantification of NAD(P)H is of great importance, given the crucial role it has in 

restoring the redox state on the cell. The issue that was puzzling its intracellular detection during 

the years is that both NADH and NADPH present the same excitation-emission spectrum [165]. 

To overcome this difficulty, chemical probes and GFP have been developed but they are difficult 

to interpret in terms of physiologic relevance. Dedicated device as fluorescence lifetime imaging 

microscopy (FLIM) was designed to directly detect NADH and NADPH in living cells [166].  

 

A                                                                                 B 
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Figure 3.6:(A)The chemical structure of NADH and NADPH. In blue is highlighted the 

fluorescent part after light absorption (from [33]). (B) As the fluorescent group is identical in 

both molecules, their spectral characteristics are overlapping (from [165]). 

 

Given the advantages of a direct detection, one can ask how to distinguish the 

autofluorescence of NADH and NADPH, using a more accessible tool as fluorescence 

microscopy . The main issue is that both NADH and NADPH are absorbing and emitting on the 

same bands and the two spectra are overlapping (Figure 3.6). Our detection is based on the 

assumption that the pools of NADH and NADPH are maintained with different redox potentials 

in cell compartments: the ratio of NADP+:NADPH in cytosol is low, 3x10
7
/3x10

-5
 = 10

-2 
[47],

 

comparing with NAD+:NADH (700 in cytosol; 7-8 in mitochondria [50–53]). The previews 

ratios quantification were determined via endpoint measurements, on lysed cells, 50 years ago. 

Their values are still used in modeling, because of the lack of recent determination in real time 

data. 

Real time experimental data are still on troubleshooting, due to the existing detector 

limitations. The known NAD
+
:NADH ratios are quantified between 100-850 using Sonar probe 

in various mammalian cells [54] while free NADPH:NADP
+
 were recently determined in 

cytosol, nucleus and mitochondria as 55-80, 40-67 respectively 175-325 using time-correlated 

single photon counting TCSPC FLIM and FRET NAD(P)-Snifits sensor in U2OS cells [55]. 

A      B 
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Those results are supporting our assumption that higher NADPH level is maintained in cytosol 

while NADH is mainly produced in mitochondria [49].  

In this work both NADH and NADPH are directly detected and are usually noted as 

NAD(P)H, referring to both. However, in this work the NAD(P)H dynamics is monitored in 

cellular cytoplasm and it will be estimated as NADPH detection for simplification. 

 

3.3 Intracellular redox balance 

3.3.1 Perturbing the intracellular H2O2 balance 
 

Our first approach to modulate the intracellular redox balance is to increase the 

intracellular production rate of H2O2. For this purpose a simple step stimulation pattern is made, 

by applying 1h extracellular H2O2, then removing it. Crossing the membrane, the H2O2 enter into 

the cell via diffusion. The change is fast detected by the molecules sensitive to peroxide. A 

complex protection mechanism is thus activated to prevent the oxidation of important 

macromolecules and restore the H2O2 back to the basal level or near to it (Figure 3.7).  

Glucose is the main nutritional source whose metabolism is controlling the antioxidants 

production rate. To observe the molecular dynamics before, after and during the stress, we 

identify the threshold survival-death dose of H2O2 upon 100 µM of constant H2O2 stress 

exposure (Chapter 2). Redox homeostasis is thus perturbed and the cellular metabolism will 

increase the flux in order to support the H2O2 scavenging system. This regulation is the first sign 

of negative feedback controlled by PPP. However, cells can respond differently to the same 

stimulus as noticed in dose response experiments. To identify cell-to-cell variability, single cells 

are imaged and statistic results are necessary to interpret their response to stimulation. 



Chapter 3                                                                               Cellular adaptation to oxidative stress 

 

 

90 

 

 

Figure 3.7: Schematic representation of H2O2 scavenging in mammalian cells: in presence of 

carbon source the cell is able perform normal functions; upon H2O2 stimulation the defense 

mechanism is perturbed; the molecular dynamics is monitored to observe adaptation dynamics  

 

3.3.2 Materials and methods 
 

To expose cells for 1 h to a constant H2O2 concentration of stimulus we use a fluidic 

system described in Chapter 2. The custom-made macro chamber is connected to the fluidic 

setup (Figure 3.8 A). DPBS with 4.5 g/L glucose concentration is the input solution before and 

after. During stimulation DPBS mixed with H2O2 is flowed on cells. The flow rate is constantly 

maintained by a peristaltic syringe pump to 0.5 or 1 mL/min. The fluorescent target molecules 

are imaged in 40 random chosen regions in the channel, every minute. The temperature and pH 

of cells is controlled by keeping both input tubes in incubator, at 37
o
C with 5% CO2. 

To image the cells (Figure3. 8 B) the chamber is placed on an inverted microscope and 

visualized with a 60x objective oil immersion. For ratio metric probes visualization, the two  
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Figure 3.8: (A) Scheme of experimental microfluidic chamber in order to create time varying 

stimulus. (B) Schematic representation of the glucose metabolism highlighting the target 

molecules imaged by fluorescence microscopy; NAD(P)H is observed by its auto 

fluorescence, glutathione redox  dynamics are monitored with Grx1-roGFP2, while H2O2 and 

pH variations are targeted with HyPer. Both Grx1roGFP2 and HyPer are ratio metric 

genetically encoded sensors indicating fold changes of redox homeostasis. 
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emissions at 520 nm are recorded after excitation on 420 nm and 488 nm for both HyPer and 

Grx1-roGFP2. The NAD(P)H auto fluorescence is monitored by recording its fluorescence at 

460 nm. Its excitation being in UV range at 360nm, the dose of light is adjusted to avoid photo 

bleaching and cytotoxicity issues. For a similar purpose the bright field images are recorded only 

before and after the experiment and are used to create the mask for cellular image analysis and 

signal extraction. MCF7 cells have been transfected using FuGene (Promega) according to the 

recommended protocol. The HyPer cyto vector is purchased from evrogene (pHyPer-Cyto 

FP941). Grx1-roGFP2 is bought from Addgene (#64975) then modified as non-lentiviral. To 

obtain permanent transfected clones, antibiotic selection with G418 is made. MCF7 HyPer 

cytoplasmic is in addition selected via FACS cytometery. All experiments have been performed 

on polyclonal MCF7cell lines. 

The variation of parameters characterizing adaptation process (Figure 3.9) is directly 

linked with the stress stimulus. Cells are imaged half an hour before applying one hour H2O2 

external stress, then their recovery for 1h is recorded. The molecular dynamics is thus monitored. 

When the step stimulus is applied suddenly and continuously maintained for one hour one can 

observe the ability of the system to sense the stimulus intensity, then to fight against it by 

restoring to the basal level or near to it. The recovery is imaged after removing the stimulus and 

Figure 3.9: Parameters characterizing adaptation of cells during and after stimulation: cellular 

response following 1h of H2O2 stress (upper panels). The adaptation responses are depicted 

and quantified by different parameters. After stress removal the system readapts to the initial 

state or close to it (lower panels) 
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is meant to front the system to the new change, the stress removal. 

The adaptation index (αadd.) is related to maximum amplitude of stress response right 

after its appliance (Δadd.) and the amplitude of signal recovery (Δ1) during 1h stimulation and it is 

defined as αadd = ΔR55/ΔRmax for Grx1-roGFP2 ratio (see Figure 3.9). If this ratio is equal to 1, 

no adaptation is observed. The system is adapted when the ratio between the two amplitudes is 

smaller than 1. Similarly, the adaptation index is estimated after stress removal where Δrmv., 

ΔRrmv and δrmv are the maximum variation of  Grx1-roGFP2 ratio respectively NAD(P)H 

fluorescence gap following H2O2 removal. 

The NAD(P)H adaptation response is characterised right after stimulation by maximum 

variation of fluorescence relative to F0 (αadd) following H2O2 addition. To evaluate the Δ1 

parameter in NAD(P)H signal, the effective fluorescence drift rate is estimated long after H2O2 

stimulation (KD) by a linear fit. The kinetics of molecular adaptation is estimated upon a linear fit 

of the drifting signal observed during the stress applied in the system. The effective fluorescence 

recovery rate KFB shortly after H2O2 stimulation can be extracted from NAD(P)H signals. 

 

3.3.3 Adaptive dynamics in cellular cytoplasm: results and discussions 

 

Glutathione potential (EGSH) and NADPH are targeted in cell cytoplasm and visualized 

before, during and after the stress. EGSH changes are observed with Grx1-roGFP2. NADPH 

variation is estimated by monitoring the NAD(P)H auto-fluorescence in cytoplasm and the 

cumulated signal of both NADH and NADPH retrieved is estimated as NADPH. This 

approximation is made considering the biological assumption that NADH is mainly produced in 

mitochondria, while NADPH is majority produced in cytoplasm via PPP. MCF7 cells are 

stimulated with 100 µM of H2O2 under constant flow during one hour monitoring their molecular 

dynamics in cellular cytoplasm. The statistics are made with data extracted from hundreds of 

single cells recorded in one experiment.  
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Analyzing single cells allows us to observe the variability of the response. Considering 

the fact that the stress is applied on a multi-clonal population of cells, each being in different cell 

cycles phases, the variability of response to stress can lead from this biological assumption [154]. 

Using unsynchronized cells allows observation of different adaptation features. Suggestive 

trends of single cells signal are extracted on the right side of heat map (Figure 3.10)  

Figure 3.10: Molecular dynamics in MCF7 cells upon 100 µM H2O2 stimulation: Grx1-roGFP2 

and NAD(P)H cytoplasmic are monitored to observe adaptation features upon addition and 

removal of continuous 100 µM of H2O2. Suggestive single cell features are extracted. 
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Cytoplasmic glutathione potential sensor, Grx1-roGFP2 is known as pH insensitive under 

physiologic conditions, thus near perfect adaptation features due to redox homeostasis restoring 

are observed during stimulation (Figure 3.10). The most common behavior noticed with it is 

slow signal decrease, suggesting a slow kinetic degradation of H2O2 by the intracellular 

quenchers. However, some cells do not perform a scavenging tendency at all. Right after 

stimulus removal, all transfected cells recover suddenly to the basal level or near to it.  

NAD(P)H cytoplasmic signal is showing also few distinctive responses (Figure 3.10). 

All cells are fast responding to external stimulus with different intensities. Almost 80% of cells 

are recovering to their basal level in the first minutes and are able to maintain it 10 minutes (25% 

of total) or 30 minutes (approx. 20% of total), then their signal decreases significantly. 

Interestingly, around 35% of cells are able to maintain their basal level on the duration of stress. 

Interestingly, right after applying the H2O2 stimulation a small gap restoring fast is noticed.  

After stress removal the 25% of cells lowering the NAD(P)H signal after 10 minutes 

under stimulation do not reach back their basal level after 1 h of recovery. 10% of total cells are 

increasing the NAD(P)H level after stress removal, behavior manifested during stimulation also. 

The rest of cells (around 45%) retrieve to their initial NAD(P)H pool 20 minutes after removing 

the stimulus. 10% of total cells sensed the stimulus removal by lowering the NAD(P)H level in 

the first minutes, then it increases back or higher than the pre-stimulus level. 

The dynamic processes inside the cell lead to a continuous regulation of pH, being a key 

dynamic parameter. Likewise H2O2, the intracellular pH is influenced by extracellular pH. 

However, additional internal pH tuners are involved in cytoplasmic pH thus regulating processes 

as cell division [167]. Metabolic processes are constant acids supply in cell. To maintain the 

metabolic rate, thus a constant intracellular pH, the acidic end products resulted during glucose 

metabolism has to be quenched by an adequate scavenging system. Enzymes, buffers and 

transporters are involved in maintaining the homeostasis of pH. As the activity of functional 

enzymes is strongly modulated by pH changes, each cell compartment maintains a specific pH 

value. The spatial distribution of pH in the cell is regulating the cellular function too [158]. The 

first description of H+ ions role in regulating the intracellular metabolism has been made by 

Warburg, while observing the particular aerobic glycolysis enhanced in cancer cells. In this 
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process the cells are producing ATP in the cytoplasm, leading to increased acidic pH due to 

lactic and carbonic acids higher production rate.  

Most fluorophors are pH sensitive. As metabolic modulation will be performed in our 

experimental conditions, the pH fluctuation estimation is of interest. The most acidic cytosolic 

condition is expected during H2O2 stimulation under maximum glycolytic flux. To obtain this 

condition (Figure 3.11), the Pentose Phosphate Pathway is inhibited using 6-aminonicotiamide 

(6AN). MCF7 SypHer cells are incubated 1h before imaging with 6AN at 500 µM concentration, 

blocking the main antioxidant pool in the cytoplasm. SypHer fluorescence is recorded 30 min 

Figure 3.11: pH estimation via SypHer in acidic cytosol. (A) SypHer kinetics: black line 

represents the mean signal, while the grey area is the variability of the signal corresponding to 

single cells. The blue background is represented the pre-stimulus and post stimulus SypHer 

variation, while in pink is highlited the pH variation during 100 µM H2O2 stimulation. On y axis 

is plotted ΔR/R0 where R0 is SypHer ratio pre-stimulus and ΔR=R(t)-R0 ; (B) Histogram of 

ΔR55/R0 where ΔR55=R55min-R0; (C) Calibration of SypHer ratio versus pH. Data are fitted with 

R=R1+R2./(1+e
nu·(pKa-pH)

), where R1=0.1 ; R2=9.4968 ; pKa=8.4 ; nu=2. pHref=7.1 corresponding 

to cytosolic pH, thus Ref=0.758; (D) Conversion of data in B with calibration on fig. C. 
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pre-stimulus, 1h during 100 µM H2O2 stimulation and 1h during recovery. The cells are 

maintained during imaging in PBS with glucose (4.5 g/L glucose concentration).  

The SypHer kinetics (Figure 3.11 A) is here represented as ΔR/R0 to avoid the technical 

implications induced by experimental device particularities used for recording the signals, as 

illumination conditions. ΔR is the SypHer fluorescence ratio monitored during experiment. R0 is 

the SypHer fluorescence ratio imaged pre-stimulation assumed to correspond to pH 7.1. The 

variation of this ratio is displayed as Probability Density Function (PDF). It allows identifying 

the interval of SypHer ratio variation (Figure 3.11 B). This modulation in the most acidic 

experimental conditions allows estimating the Grx1-roGFP2 sensitivity to pH. In this context, 

Grx1-roGFP2 is exposed to various pH. For this purpose, MCF7 Grx1-roGFP2 cells seeded in 

silicon rectangular dishes are stimulated with H2O2 for 10 min (100µM H2O2 prepared in DPBS 

with glucose 4.5 g/L concentration) than fixed with paraformaldehyde (4% PFA). Connecting the 

sample to the flow system, the cells are exposed to various pH ranges (pH2) of 6.9, 6.7 or 6.5, 

where the pre-stimulus reference pH is 7.1. The cytosolic pH is regulated by controlling the 

extracellular pH of PBS pumped in the chamber during imaging. Both SypHer and Grx1-roGFP2 

are imaged in the same illumination conditions, using the same device. The ΔR/Rref is also 

calculated for Grx1-roGFP2 signals and used as pH calibration plot (Figure 3.11 C). The 

SypHer ratio variations during the most acidic experimental conditions we target are now 

converted into pH units (Figure 3.11 D). 

Grx1-roGFP2 ratio increases when pH decreases while we notice the decrease of ratio 

under stimulation (Figure 3.12). No significant variation of ratio when changing from pH=7.1 to 

pH=6.9 is observed. ΔR is +3% for pH=6.5 while ΔR is -15% upon stimulation. Furthermore, 

looking closely at each channel both fluorescent channels of Grx1-roGFP2 decrease when pH 

decreases while both increase under stimulation. 

We are interested to know if the pH variation under physiological range is interfering in 

the detection of redox potential in cellular cytosol using Grx1-roGFP2 probe. The pH variation 

during glycolysis and H2O2 stimulation is monitored with SypHer in living MCF7 cells. If we 

assume cytosolic pH=7.1, we find on average cells at pH=6.9, 55min post-stimulus. Taking into 

account the cell to cell variability, it can be concluded that the cytosolic pH is not lower than 6.5 

in the most acidic metabolic and ROS perturbation condition.  
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Figure 3.12 : Comparison of Grx1-roGFP2 ratio variation upon 100µM H2O2 stimulation and 

pH variation. (A, B) comparison of Grx1-roGFP2 ΔR/R: for 100µM H2O2 stimulation R=Rmax 

while after stimulation ΔR = R55min-Rmax; for pH variation R=RpH=7.1 and ΔR=RpH2-RpH=7.1, 

where pH2 is 6.9, 6.7 or 6.5; (C,D,E) Comparison of fluorescence variation in each channel at 

various pH, where the reference is pH=7.1, is plotted the 2D PDF; (F,G,H) Comparison of 

fluorescence variation in at various time following 100µM stimulation, where the reference is 

prestimulus, is plotted the 2D PDF 
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From our knowledge, adaptation timescales of 30 min have been reported on GSH:GSSG 

ratio after short time stimulation with a high H2O2 concentration stimulus intensity [125]. We 

cannot compare the rest of our results while in literature are not reported adaptation timescales 

during the type of stimulation performed.  

Taking into account the two different methods of molecular detection: direct for NADPH 

and indirect for EGSH one can say that the biases of the probes have to be considered. In the 

extreme acidic case targeted in our experimental condition, pH may hide some feedback in 

Grx1roGFP2 signal, but its effect is much smaller than H2O2 (ΔR=+3% compared to -15%). 

 

3.4 External H2O2 concentration effect on adaptation dynamics 
 

 After depicting different adaptation behaviors during stimulation, the intensity of the 

stimulus will be modulated to observe cytosolic regeneration pool in oxidative stress conditions. 

On the assumption that the dualistic role of H2O2 is dose controlled, modulating the dose, will be 

targeted the adaptation/non-adaptation threshold dose in mammalian systems. To depict the two 

behaviors, mild concentrations of 30 and 50 µM H2O2, high and very high doses of 100 

respectively 250 µM during 1h will be used to stimulate the cells. 

During molecular imaging, the MCF7 cells are kept in the chamber under flow. The basal 

level is monitored for half hour, than the stimulus of various H2O2 concentrations is applied for 

one hour. After stress removal, their recovery is followed for one hour. All experiments are 

performed in DPBS with Ca and Mg supplemented with glucose at 4.5g/L concentration. We 

represent averaged data over the population analyzed before, during and after stimulation 

(Figure 3.13).  

Parameters characterizing adaptation dynamics are extracted from experimental data and 

are represented together with the corresponding Probability Density Function (PDF) (Figure 

3.14). The PDF representation is showing a bell shape, where the values under the curve indicate 

statistically the probability of the event to occur in a certain interval. Here, looking at the first 

graph (Figure 3.14 A) it is likely that the amplitude of the signal retrieved by monitoring the 

Grx1-roGFP2 fluorescence ratio in time upon 10 µM H2O2 stimulation to be in the interval of  
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(0-0.1), while for higher concentrations as 500 µM it is noticed in a broader interval (0.05-0.2) . 

The discrete value of this parameter is indicated in the panel above (Figure 3.14 B).Similarly, 

the PDF is represented for the adaptation parameters retrieved in NAD(P)H signal (Figure 3.14 

E). 

Near adaptation features (see Figure 3.10) have been noticed during 100 µM H2O2 

stimulation looking at Grx1-roGFP2 fluorescence ratio. Modulating the intensity of stimulus we 

notice stronger feedback when redox homeostasis is more disturbed. One can say that higher the 

amplitude of redox homeostasis perturbation, stronger is the feedback retrieved (Figure 3.14 C). 

Similarly, the amplitude of NAD(P)H fluorescence increases with the stimulus intensity (Figure 

3.14 F). The fast (KFB) and the long time (KD) regulation kinetic parameters are both sensitive to 

external H2O2 stimulus delivered to cell, increasing when higher concentration (Figure 3.14 G, 

H). However, the NAD(P)H fluorescence is not an echo of Grx1-roGFP2. The removal of stress 

leads to fast decrease of fluorescence (Figure 3.14I) and the recovery is usually lower than the 

initial basal level.  

Concerning cytoplasmic NAD(P)H perturbation, they are proportional in intensity with 

the intensity of applied stimulus. Its recovery is unsuccessful during high concentrations of H2O2 

stimulation. The mild stress of 30 µM applied is not significantly perturbing the intracellular 

Figure 3.13: Effect of [H2O2] dose on molecular adaptation dynamics in cytosol observed with  

NAD(P)H fluorescence. Pre-stimulus (blue background A), stimulus (pink background A-B) and 

post-stimulus (blue background B) fluorescent signals are here averaged over cell population. 

Normalized NAD(P)H fluorescence kinetics upon various [H2O2] stimuli are represented: in 

black solid line 250 µM, in grey solid line 100 µM, grey dashed line 30 µM.  

N
A

D
(P

)H
 F

lu
o

. (
R

el
. U

n
it

s)
   

   
   

   
   

Time after H2O2 addition (min)                  Time after H2O2 removal (min)       

250 µM H2O2 

100 µM H2O2 

 30 µM H2O2 

A B 



Chapter 3                                                                               Cellular adaptation to oxidative stress 

 

 

101 

 

 

ΔRmax 

ΔR55 

ΔRrmv 

Grx1-roGFP2 

δrmv 

δadd 

KFB 

KD 

NAD(P)H E 
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Figure 3.14: Effect of [H2O2] dose on molecular adaptation dynamics in cytosol observed 

with Grx1-roGFP2 – redox potential sensor (A-D) and NAD(P)H fluorescence (E-I). Left 

panel; schematic definition of parameters characterizing Grx1-roGFP2 and NAD(P)H. The 

corresponding probability density function (PDF) of each parameter described is depicted in 

upper panels. (A, E); (B) maximum variation of Grx1-roGFP2 ratio ΔRmax following H2O2 

addition; (C) adaptation index αadd = ΔR55/ΔRmax; (D) maximum variation of Grx1-roGFP2 

ratio (ΔRrmv) following H2O2 removal; (F) maximum variation of fluorescence relative to F0 

(δadd) during H2O2 stimulation; (G) effective fluorescence recovery rate shortly after H2O2 

stimulation KFB; (H) effective fluorescence drift rate longer after H2O2 stimulation KD; (I) 

NAD(P)H fluorescence gap between pre-stimulus and steady state following H2O2 removal 

δrmv.  
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NAD(P)H fluorescence. It can be due to the insensitivity of the cell to the stress or to the low 

signal to noise ratio in our imaging settings.  

The variation of maximum Grx1roGFP2 signal is linearly dependent with the amplitude 

of signal recovery during prolonged stress, indicating that the feedback is stronger when the 

redox homeostasis is disturbed (Figure 3.14 A-C). Similarly, both the maximum variation of 

Grx1roGFP2 ratio following H2O2 addition and removal are correlated pointing that the intensity 

of scavenging perturbation is controlling the cellular adaptation to a specific stressful 

environment. 

In order to describe the adaptation mechanism upon H2O2 stimulation and to identify the 

negative feedback response induced by thioredoxins and glutathione scavengers, MCF7wt are 

permanently transfected with Grx1-roGFP2 genetically encoded probe, thus transforming the cell 

to a new system. Despite the advantages provided by transfection of detecting cellular response 

in real time, we are aware that the sensor can interfere in the biological normal functionality. 

Slow correlation of the Grx1-roGFP2 probe with the adaptation parameters describing the 

negative system is thus identified in our experimental conditions.  

Varying the external H2O2 stimulus from 10 to 500 µM, the half maximum H2O2 

concentration where ΔRmax saturates is 70 µM. We cannot conclude if this concentration reflects 

the maximum import rate of H2O2 or it is the limit of detection of Grx1roGFP2 probe [34]. 

Cell-to-cell variability is strongly observed after stress removal in both Grx1roGfp2 and 

NAD(P)H signals. Moreover, after stimulation, Grx1-roGFP2 is returning to the basal level 

while the NAD(P)H recovery is slower. The different sensitivity of cell to the two high stimuli is 

described by an effective fluorescence recovery rate shortly after stimulation (Figure 3.14 D, I). 

The fluorescence gap between pre-stimulus and steady state following H2O2 removal is showing 

also perfect adaptation signs after 30 µM and 100 µM stimuli removal. The similar trend of 

NAD(P)H fluorescence gap between pre-stimulus and steady state following H2O2 removal is 

pointing out the metabolic modulation in the cytosol as an effect of stress response. 

Different adaptation signs of cytosolic H2O2 and NAD(P)H have been observed to be 

correlated with the stimuli intensities. Adding external [H2O2] leads in consequence to the 

increase of internal [H2O2] rate also. Comparing the adaptation features observed with H2O2 
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sensors and NAD(P)H fluorescence, we can conclude that complex mechanisms are involved. 

NAD(P)H pool is fast adapting for [H2O2] up to 100 µM which makes us wondering if it is a 

mechanism directly supported by the glucose metabolism. While the maximum variation of 

Grx1-roGFP2 ratio (ΔRrmv) following stress removal is close to 0, the NAD(P)H fluorescence 

gap in the very beginning of recovery is confirming the link of glucose metabolism in the 

defense mechanism against oxidative stress. On the following will be deeply studied the 

implications of glucose metabolism in oxidative stress adaptation process. 

 

3.5 Glucose in adaptation dynamics 
 

After varying the dose of H2O2 stimulation, different adaptation signs have been depicted 

to Grx1-roGFP2 and NAD(P)H. We conclude that the adaptation mechanism might be more 

complex and we are wondering what the total intracellular antioxidants pool is and how to 

completely disturb it. For this purpose; in this scenario, glucose, the main bio-product able to 

support the cellular defense by maintaining the NAD(P)H formation is removed (Figure 3.15). 

The adaptation features in presence or absence of glucose upon the same stress is thus compared.  

Significant signal drift has been observed in Grx1-roGFP2 fluorescence ratio during 

stimulation with 100 µM external H2O2, in presence of glucose. As already discussed in 

previews section, it is suggesting that antioxidant production is increasing in cytoplasm and is 

restoring the redox homeostasis during stress. The data are represented as variation of its 

fluorescence ratio relative to maximum variation (Figure 3.16 A). In parallel, H2O2 and pH 

variations are together detected, using HyPer (Figure 3.16 C). We notice that the glutathione 

potential changes, detected with Grx1-roGFP2 probe, are describing a similar behavior as HyPer. 

Interestingly, after stimulus removal, during recovery, only HyPer ratio is varying towards 

negative values reaching back to pre-stimulus level after few minutes. Grx1-roGFP2 signal its 

restoring fast to the basal level, right after stimulus removal, without showing the fluorescence 

ratiogap observed with HyPer.  
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Figure 3.15: Schematic representation of metabolic pathways. Adding H2O2 external stress 

performed in lack of external carbon source during stimulation, the cell is limited to use the 

existing resources to defense against stress. 
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In similar experimental conditions, NAD(P)H fluorescence is slightly drifting (Figure 

3.16 B), suggesting that the cell is able to defend against stress when glucose resources are 

available. 

Removing the glucose from external medium, similar experiment is performed. 

Comparing the adaptation parameters of the 3 fluorescent targets: Grx1-roGFP2, NAD(P)H and 

HyPer, they are all shifting according to the corresponding PDF (Figure 3.16), except NAD(P)H 

level after stimulus removal and initial HyPer ratio. 

In lack of glucose, mean of HyPer and Grx1-roGFP2 fluorescent ratios are clearly not 

showing adaptation signs, the fluorescence ratio remaining constantly to maximum amplitude 

during stimulation (Figure 3.16 A, C). Interestingly, the NAD(P)H fluorescence is showing 

signal gap in the firsts minutes of stimulation, at higher amplitude than observed in presence of 

glucose, where it was slightly depicted. Small shift toward lower values of initial fluorescence 

imaged during pre-stimulation is also observed in PDF (Figure 3.16 B). However, no changes in 

the basal level are noticed with HyPer and Grx1-roGFP2 sensors. 

The decrease of Grx1-roGFP2 signal in the first 20-30 minutes can be associated of a 

scavenging in buffering the H2O2. An increase of the signal is observed suggesting that the 

excess of cytosolic H2O2 cannot be quenched by the existing antioxidants. The slow drift 

depicted in NAD(P)H auto-fluorescence few minutes after stimulation indicates that the 

NAD(P)H level is maintained at a new steady state during stress. NAD(P)H is recovering to the 

basal level 10 min after removal of external H2O2. The antioxidants pool cannot be restored in 

absence of glucose.  

No fluorescence drift is observed in control experiment, suggesting that 2.5h of glucose 

starvation is not affecting the steady state of the cell. The basal level of cytosolic NAD(P)H is 

observed to be slightly higher in presence of glucose when analyzing single cells data. This 

difference is expected given the assumption that during glucose metabolism side ROS are 

created in mitochondria leading to cytosolic H2O2. It is not a feature that can be observed in 

averaged data, except NAD(P)H which is slightly lower in lack of glucose. Reduced NAD(P)H 

generation has been observed before under glucose limitations [168]. The hypothesis explaining 

this behavior is that NAD(P)H is used for regeneration of GSH which is required by glutathione 
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Figure 3.16: Averaged data concerning molecular dynamics upon H2O2 stimulation and its removal for starving and glucose importing 

systems. HyPer (A), NAD(P)H (B) and Grx1-roGFP2 (C); On bottom of each panel are represented the histograms corresponding to the 

adaptation parameters: initial HyPer ratio (H0), initial NAD(P)H fluorescence level (F0), initial Grx1-roGFP2 ratio (G0) maximum ratio 

variation (ΔRmax), minimum NAD(P)H fluorescence level less than 10 min after stimuli addition (Fmax), HyPer respectively Grx1-

roGRP2 ratio variation at 55 min following H2O2 addition (ΔR55), fluorescence level at 55 min following H2O2 addition (F55), minimum 

HyPer respectively Grx1-roGFP2 ratio variation after H2O2 removal (ΔRrmv) and NAD(P)H fluorescence level 55 min after H2O2 

removal (Frmv). 
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peroxidase to convert H2O2 in non-toxic products. Interestingly, we do not observe higher H2O2 

signs with Grx1-roGFP2 or HyPer probes under glucose starvation, not even in single cell data.  

During stimulation, two different molecular adaptations have been depicted: in the first 

10 min are observed signatures of negative feedback as the NAD(P)H level is showing increase 

in fluorescence, thus lowering the H2O2 level. During prolonged stress, the antioxidant system is 

not able to regenerate anymore in glucose starvation. However, starving the cells from glucose, 

allows observing the short time adapting profile. This behavior has been slightly depicted in 

presence of glucose, especially in some single cells, but glucose starvation allows a better 

observation of the system oscillations. Following the temporal evolution of redox potential, a 

drift is observed in the first 20-30 minutes under stimulation, showing a second adaptation type, 

occurring on longer timescales. This profile might suggest a specific network regulation, 

involving de novo synthesis of antioxidants.  

Monitoring the HyPer dynamics in cell cytoplasm in both glucose (G+) and carbon 

source starvation (G-), cumulated H2O2 and pH kinetics is observed (Figure 3.16 B). Comparing 

the restoring mechanism noticed with Grx1-roGFP2 probe, we suspect that the pH is a key 

parameter involved in redox homeostasis restoring process. 

Our results suggest that the adaptation phenotype is dependent of the cell metabolism. 

The cells manage to adapt to oxidative stress conditions in presence of glucose, while without 

glucose, the intracellular antioxidants system is not able to regenerate. The profile observed 

comparing the two metabolic conditions is indicating that the glucose metabolism plays a key 

role in maintaining a negative feedback during the oxidative stress. Further PPP implications in 

cellular defense will be analyzed to observe its amplitude in negative feedback under stress 

conditions. 

Glucose deprivation can induce oxidative stress by reducing the NAD(P)H production in 

PPP [168]. Our results are showing that the basal H2O2 level is not changing during glucose 

starvation. However, the NAD(P)H dynamics shows that the intensity of stress is higher sensed 

when external carbon resources are lacking.  
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3.6  PPP role in adaptation upon oxidative stress 

 

Cancer cells have particular metabolism, due to their higher necessity of faster division. 

In consequence they present higher demand of using the pentose phosphate pathway [60]. In the 

preview section has been observed the role of glucose in supporting the cellular defensive 

mechanism against H2O2 stress. Glucose is metabolized via glycolytic and pentose phosphate 

pathways strong connected through key sugar molecules: G6P, F6P and G3P (Figure 3.17).  

 

  

Figure 3.17: Schematic representation of the glucose metabolic pathways showing the link between 

PPP and intracellular ROS quenchers The flux of PPP key molecules will be varied by inhibiting or 

overexpressing the corresponding enzymes: G6PD and GAPD 
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The use of sugar is enzymatically regulated according to the cellular needs. While cancer 

cells need to produce more building blocks necessary for cell division, higher flux of pentose 

production is required. During this process, NADPH cofactor will be produced and will be used 

in antioxidant reduction thus maintaining the defensive mechanism against oxidative stress. 

NADPH is created from NADP+ in a process mediated by dehydrogenase enzymes, G6PD and 

6PGD. To support the metabolic flux in oxidative PPP branch direction, rotational carbon 

mechanism mediated by TKT enzymes have been developed. It is the non-oxidative phase of 

PPP which support the regeneration of sugar substrate without energetic cost. Despite the 

oxidative phase of PPP, the non-oxidative reaction chains are reversible. The reaction products 

created can be used in both PPP and glycolysis, their use being controlled enzymatically by 

GAPDH enzyme and allosteric hexokinase. 

Dehydrogenase enzymes are gatekeepers of PPP flux and they are, in consequence, the 

main NADPH source controllers. The G6P flux through PPP can be modulated by increasing or 

silencing the G6PDH activity. Increasing the G6PDH expression cause the G6P rerouting to 

oxidative pentose phosphate pathway. This is leading to production of antioxidants, thus 

amplifying the cytosolic reducing power. This strategy is improving the cellular resistance to 

oxidative stress. Reduced G6PDH activity is reducing the flux of G6P to oxidative phase of PPP, 

reducing in consequence the NADPH production amount. In this scenario NADPH won’t be 

sufficient to regenerate the GSH. In consequence, the oxidants can react with another 

biomolecules, the cellular system being more vulnerable to oxidative stress. 

To study the involvement of oxidative PPP in adaptation process under oxidative stress 

conditions, the expression levels of NADPH supporting enzymes is modulated. To reduce the 

flux of G6P through the PPP, an antimetabolite as NADP+ competitive binder is used. 6-

aminonicotiamide is converted to 6aminoNADP by NADP+ glycohydrolase. In this conditions 

the dehydrogenase enzymes, G6PDH and 6PGDH activities are reduced, leading to the decrease 

of NADPH cofactor production [169]. 

To increase five folds the concentration of G6PDH, the enzyme is overexpressed via 

transient transfection. The increase of G6PDH level is confirmed with Western bloth test. The 

metabolic modulation of G6PDH is made by transiently transfecting the MCF7 cells. The 

transfection reagent is added during cell passage to optimize the plasmid insertion into the cell. It 
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is prepared mixing the DNA (G6PD/pRK5 #41521 from Addgene) and FuGENE HD (Promega, 

Charbonnieres, France) at 1:3 ratio, in Optimem. It is then incubated 10 min at room 

temperature. The mix is added in a 15 mL tube containing 1x10
6
 MCF7 cells at passage 12, in 

suspension, in a volume of 4.6 mL DMEM supplemented with l-glutamine. After gentile mixing, 

the cells are transferred in T25 flask and incubated overnight. The medium is replaced next day, 

with DMEM (Lonza BE 12-614F) supplemented with L-glutamine and FBS. 48h after 

transfection, the cells are seeded in silicon chamber. 70h after transfection, the cells are 

stimulated with 100 µM of H2O2.  
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Figure 3.18:  Effect of PPP gatekeepers modulation by G6PD over expression and knock down; 

following the adaptation dynamics after exposing cells to 100µM H2O2 for 1h.The MCF7 cells 

are maintained in normal glucose conditions (4.5 g/L). The error bars are representing the 

variation of adaptation parameters corresponding to Grx1-roGFP2 before (R0), during (Rmax, 

αadd;) and after stimulation (ΔRrmv). (A) Cumulative Density Function (CDF) where the color 

code is defined in lower panels (B) initial Grx1-roGFP2 ratio R0 reflecting the basal redox 

potential (C) maximum variation of Grx1-roGFP2 ratio ΔRmax following H2O2 addition; (D) 

adaptation index αadd = ΔR55/ΔRmax; (E) maximum variation of Grx1-roGFP2 ratio (ΔRrmv) 

following H2O2 removal..  
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The activities of G6PDH and 6PGDH are reduced with 6-Amininicotiamide (6AN) 

purchased from Sigma-Aldrich (A68203-5G). The cells are incubated 1h or 24h before 

experiment with 6AN of 500 µM concentration, prepared in complete DMEM medium. 

To increase or reduce the carbon flux to PPP the GAPDH level is modulated by 

overexpressing or silencing the enzymatic activity. The enzymatic amount increased 2 folds by 

overexpressing the GAPDH. For this purpose, the MCF7 cells are transfected with custom 

GAPDH plasmid before the experiment. The overexpression of GAPDH is made by transfecting 

the MCF7 cells. pET30-2-GAPDH (83910, Addgene) is modified in our laboratory by changing 

the bacterial vector with mammalian equivalent. The transfection on MCF7 cells is made using 

FuGENE according to the manufactures recommendations. 40h after transfection the sample is 

used in the experiments (Western blot and 1h stimulation with H2O2 of 100 µM concentration).  

On the other way around, the GAPDH activity is silenced. Using siRNA, the cytoplasmic 

amount of GAPDH decreased 3 fold, according to Western bloth test performed. The GAPDH 

activity is silenced by transfecting the MCF7 cells with siRNA (AM4633, Invitrogen). To do so, 

siRNA is integrated in lipidic vesicles created with Lipofectamine RNAiMAX (LifeTechnology 

13778-075) mixed in Optimem. siRNA GAPDH thus prepared is added at a final concentration 

of 60nM in the cell culture media. The cells are incubated overnight. The medium is changed the 

day after. Low cell death is observed after this metabolic transformation of the system. 70h after 

siRNA insertion the sample is used to quantify the GAPDH amount with Western blot and the 

stimulation with H2O2 is performed.  

At least 24h before stimulation, MCF7 are transiently transfected to overexpress TKT. 

Plasmids purchased from Addgene (72419) are inserted in the cell according to the FuGENE HD 

transfection reagent protocol (Promega). To monitor the sensitivity to oxidative stress in the new 

metabolic conditions, the cells are exposed for 1 h to 100 µM of external H2O2. Their ability to 

adapt is quantified monitoring changes in NAD(P)H fluorescence. 

The changes in glutathione potential while modulating the PPP flux are quantified in 

cellular cytoplasm using Grx1-roGFP2 probe. The parameters of adaptation as the initial Grx1-

roGFP2 ratio R0, adaptation index αadd, and minimum variation of Grx1-roGFP2 ratio following 

H2O2 addition Radd or removal Rrmv are displayed on cumulative density function (CDF, Figure 

3.18 A). CDF is an integral representation of the corresponding histogram and represents the 
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probability to find a cell with a shape parameter. Its numerical value is between 0 and 1. The 

corresponding mean data of the defined adaptation parameters are represented below CDF 

(Figure 3.18 B-E).  

Small variations of basal glutathione redox potential level are observed when 

overexpressing or reducing the G6PDH activity (Figure 3.18 B). No direct correlation with the 

basal expression level and H2O2 stress response is observed. However, the PPP flux is clearly 

regulating the maximum variation of Grx1-roGFP2 ratio (Rmax) following H2O2 addition. In 

consequence, any PPP modulation is decreasing the amplitude of cellular response at 100 µM 

H2O2 stress, thus favoring significantly the adaptation process (Figure 3.18 C, D). Interestingly, 

short time PPP inhibition of 1h leads to stress resistance comparing to longer modulation time of 

24h (Figure 3.18 D). Removing the stimulus, similar recovery patterns are noticed (Figure 3.18 

E). 

PPP is the main NADPH producer in the cell. While noticing signs of a negative 

feedback processing the EGSH signal changes, one can expect that the NADPH pool to be also 

disturbed. For this purpose here the NAD(P)H auto-fluorescence is followed in various 

metabolic condition, when modulating the PPP flux. As previewsly done while monitoring Grx1-

roGFP2 dynamics, here single cells have been imaged 30 minutes pre-stimulation, 1h under 100 

µM H2O2 and 1h after stimulation. The adaptation parameters are extracted and their mean is 

thus represented (Figure 3.19).  

No basal NAD(P)H change is noticed when overexpressing the G6PD activity. However, 

modulating GAPDH or TKT expression in the cell, the basal NAD(P)H level is significantly 

reduced in both overexpression and silencing. The effective fluorescence drift rate shortly and 

longer time during stimulation is significantly reduced, confirming PPP as main negative 

feedback noticed previously. While shortly after stimulation the NAD(P)H fluorescence is also 

reduced when GAPDH and TKT are overexpressed in cell, longer time during stimulation the 

kinetics increases comparing to control (wild type cels). This behavior is suggesting that the 

feedback is not strong in these metabolic conditions, GAPDH and TKT not participating as main 

regulators in redox homeostasis. 
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Figure 3.19: NADPH variation during 100 µM H2O2 stimulation on MCF7 cells in 

various metabolic condition: overexpression (OV) of G6PDH, GAPDH or TKT, knock 

down (KD) of GAPDH activity. Wild type (WT) is the reference control 
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How GAPDH modulation can influence the flux of G6P to oxidative PPP? GAPDH is 

controlling both the upper and lower glycolysis flux, connecting the reversible reaction between 

the two. It has a crucial role in regulating the amount of energy necessary for cell function. 

Moreover, it is involved in recycling the carbon source to support the scavenging system. It has 

been reported that H2O2 has inhibitory effect on GAPDH activity. In this scenario GAPDH will 

mediate the G3P production which will be converted to G6P. It will be used in PPP oxidative 

phase, increasing in consequence the NADPH amount. This way the antioxidants can be 

maintained in their active form, thus protecting biomolecules against external stress. However, 

varying the glucose import or the gatekeepers enzymes into PPP and lower glycolysis, G6PDH 

respectively GAPDH levels does not allow observing the complete system involved in the 

negative feedback orchestrated in cell cytosol.  

Transketolase enzymes are involved in carbon shuffling reactions thus maintaining also 

the reducing power of the cell. They are converting pentose into hexoses by recycling carbons 

process. The reversibility of reactions involved in non-oxidative PPP is providing independency 

by glycolysis flux and is connected with glycolysis via F6P and G3P sugars. They can be 

directed to lower or upper glycolysis, depending by the cellular metabolic needs. 

Overexpressing GAPDH enzymatic activity leads, most probably, to the inhibition of 

lower glycolysis, thus promoting the antioxidant creation in oxidative PPP branch. The decrease 

of basal H2O2 level is suggesting the particular glycolysis rerouting and the antioxidant role that 

GAPDH plays in cytosol [170]. Interestingly, the basal level of NAD(P)H is lowered in both 

GAPDH overexpression and silencing. H2O2 has inhibitory effect on GAPDH activity [137]. 

Under stress conditions, the glucose metabolism is directed to produce NADPH. While more 

carbon source is needed in the oxidative PPP, it will be distributed in the opposite direction of 

upper glycolysis, being recycled as G6P. This reaction product will be than after used as 

substrate in NADPH production. It is used by glutathione and thioredoxins as reduction agent 

after H2O2 decomposition in nontoxic compounds. Interestingly, higher GAPDH amount 

improves the adaptation behavior under stress conditions, as can be observed in the NAD(P)H 

signals.  

Previously has been described the main possible route of glucose metabolism as an 

interplay between glycolysis and oxidative PPP. This way the cell is able to produce energy and 
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building blocks, maintaining an active antioxidant pool. In oxidative stress conditions, the flux 

through oxidative PPP can be increased also by recycling the carbons. Using the transketolase 

enzymes substrates of G6PDH and GAPDH can be increased. However, the main negative 

feedback in redox homeostasis perturbation is regulated by PPP via G6PDH modulation.  

 

3.7 Conclusions and discussions 

 

The aim of our study is to link molecular architecture of redox homeostasis and 

adaptation properties. The cell death is a consequence of cell incapacity to maintain the redox 

homeostasis during stress (see Chapter 2). Under small extracellular changes, the cell is 

regulating the internal pathways maintaining the homeostasis. However, under mild stimuli, 

adaptation process occurs, shifting the cellular homeostasis permanently to a new level often by 

changing a certain intracellular function [171]. Evidences have been reporting rapid re-routing of 

metabolic fluxes upon external ROS perturbation as a first defense to oxidative stress. In the 

adaptation of H2O2 degradation rate to H2O2 excess the glucose metabolism is directly involved. 

Negative regulatory feedback as response to H2O2 stress is often observed in cellular cytoplasm. 

Increasing the NAD(P)H production rate for ROS scavenging, the glucose flux from downstream 

glycolysis is rerouted to Pentose Phosphate Pathway. The redox homeostasis plasticity allows 

thus perfect adaptation or adaptive hormesis to occur [125,137,141]. 

In a first step a fast regulation process is observed by monitoring the NAD(P)H kinetics 

during H2O2 stimulation. The 10 minutes timescales of NAD(P)H restoring have been already 

noticed in another studies where endpoint measurements have been performed [125]. The 

response is here monitored in mammalian living cells and statistically processed by following the 

molecular dynamics in single cells. Visualizing the glutathione redox potential variation using 

Grx1-roGFP2, a slower regulation mechanism occurring in 20-30 min is for the first time here 

noticed to occur during stress. One hypothesis is that after 30 min, the cell trying to adapt to the 

stressful condition initiating de novo synthesis of antioxidants, thus increasing the scavenging 

pool in cell cytoplasm. Similar timescales are noticed with HyPer when monitoring both the 

H2O2 and pH dynamics in the same stress conditions. Interestingly, after removing the stimulus, 
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HyPer is showing a specific gap restoring in time. In perspective, the HyPer signal will be 

quantified, trying to distinguish the pH by H2O2 dynamics.  

The cell is a reacting system, initiating defensive mechanisms to protect its vital 

functions. Both adaptations kinetic identified are coherent with the PPP rerouting flux process in 

a negative feedback. Modulating the glucose input and exposing the cells to H2O2 stimulation is 

noticed that the defensive main source in cell is supported by carbon sources. The two conditions 

experienced by MCF7 cells, G+ and G-, confirmed that the glucose is involved in the regulation 

of a negative feedback dependent pentose phosphate pathway metabolic flux. 

To identify the main metabolic routes involved in redox homeostasis restoring process, 

the PPP flux is monitored when modulating the input and output of it. Perfect adaptation signs 

are observed when modulating the G6PDH activity. Increasing the GAPDH amount, the 

adaptation features are improved, comparing to wild type conditions but they are not able to 

maintain during stress. The TKT modulation is not key regulator in oxidative stress defense. The 

results are highlighting that the PPP is the main soil feedback, but not the only one. Together 

with pH modulation, we do observe signs of alternative routes activated during the external H2O2 

stimulation which are involved in the negative feedback. Despite of low experimental 

reproduction of data in PPP modulation, we did notice that on higher amplitude of redox 

homeostasis perturbation, the negative feedback regulated in cell cytoplasm is stronger. 
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Conclusions and Perspectives 
 

Cellular stress response is the framework of this study, focusing, in particular, on 

identifying the link between molecular architecture of redox homeostasis and adaptive 

properties. Redox adaptation dynamics have been already studied in unicellular organisms 

[137,141,172,173] and plants [174]. It has been noticed occurring at different timescales, 

maintaining the change even over generations [172]. Few studies have been made to observe this 

adaptation in mammalian cells and recently the short time adaptation under acute H2O2 

stimulation (10 min) has been observed [125,137]. Here we present a single cell approach, where 

the dynamics of redox is monitored, during pre-stimulus, stress and post-stimulation conditions, 

following it in cytoplasm of the same cell. Longer mechanism occurring 30 min during acute 

stimulation has been observed, controlled by the enzymatic system of the cell involved in H2O2 

scavenging.  

The motivation of our work comes from the fact that cellular adaptive response to stress 

can favor metabolic dysregulations leading to diseases progression as cancer [175]. One of 

anticancer therapies strategies is to kill cancer cells, without damaging the normal ones around 

tumor, by increasing the intracellular level of ROS [6]. The main assumption of this strategy is 

that cancerous cells divide faster than non-cancerous ones, thus having a higher ROS level 

regulating cellular processes. This mechanism might be an adaptation of a non-cancerous cell to 

a new metabolic state, which, upon prolonged stress, becomes genetically controlled, leading to 

pathophysiological consequences [175]. Quantifying the redox balance restoring in temporal 

scales from minutes to hours, days to generations is a starting point for understanding how cells 

regulate networks and initiate transcriptions to adapt to changes and how those processes are 

influencing the cellular fate decisions.  

Our study presents an experimental approach where the interplay between metabolic flux 

and oxidative stress is studied in short time-scales, during a one hour perturbation of redox 

homeostasis. In a first step, we are interested on controlling the H2O2 stimulus that will be used 

as a tool to modulate intracellular redox homeostasis. We want to apply stabile concentration of 

H2O2 on breast cancer (MCF7) cells during one hour. The addition and the removal of the stress 

have to occur in short timescales in order to observe adaptive behaviors. The most common 

technique used in oxidative stress experiments is bolus addition. Dose response experiments 
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highlighted that this method has significant drawbacks that are not compatible with the 

observation of adaptation behavior we are targeting here. Moreover, cellular consumption of 

H2O2 in a bolus delivery leads to gradual stimulation, not to a steady state temporal pattern. A 

new stimulation system has been thus designed, allowing creating controlled temporal stress on 

mammalian cells. It consists of a rectangular seeding place for adherent cells, maintaining 

physiological conditions. It is assembled as a fluidic chamber with parallel plates whose design 

is inspired form Ibidi [176]. The pre/post-stimulus and stimulus are delivered to cells under flow 

constantly maintained by a syringe pump. Cells are attached by glass transparent bottom and can 

be monitored in a time-lapse microscopy experiment. 

Defining the delivery dose as the integral of stimulus concentration times duration, 

corrections have been suggested for results found in literature where stimulation is performed by 

bolus addition. The corrected dose responses are overlapping our data, obtained by quantifying 

cell death and survival of cell populations. Modulating the duration of stress exposure, we notice 

that longer exposure is increasing the lethality of cells. However, when the metabolic conditions 

of cells are changed, the death behavior changes too [177]. While in glucose starvation 

conditions the cells seem to be more resistant to oxidative stress [178], inhibiting pentose 

phosphate pathway leads to increased vulnerability to lower doses [179]. Those results motivate 

us to exploit the cellular sensitivity by modulating the PPP flux controlling enzymes, thus 

perturbing the main scavenging power in the cell. 

In a second step, external H2O2 stimulation is applied on living cells, therefore disturbing 

their internal redox balance. For this purpose, experiments have been designed and performed 

using macrofluidics, following the molecular dynamics at the single cell level. The cellular 

response to stress is quantified by targeting key molecules regulating the redox homeostasis. 

Given that, the dynamics of NADPH and glutathione potential are visualized using time-lapse 

fluorescence microscopy in cellular cytoplasm of living cells. The limitations and specificity of 

fluorescent probes have been discussed. Here we conclude that pH is a key parameter, changing 

during metabolic modulation and observed while using two different H2O2 sensitive probes, 

HyPer and Grx1-roGFP2. Monitoring single cells is observed the cell-to-cell variability of 

response upon H2O2 stimulation, which could be attributed to the cell line heterogeneity or 

different cell-cycle phases [180,181].  
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Upon H2O2 stimulation, various adaptation features are identified. Controlled temporal 

stimulation (cells for 1h under 100 µM H2O2) allowed observation of two adaptive mechanisms. 

The first one is concerning the fast recovery of NADPH upon stimulation and have been already 

reported [125,137]. Here we do observe the same behavior: in the first 10 minutes during stress, 

NADPH level is disturbed, fast restoring to the basal level, during stimulation. This suggests a 

rapid metabolic response, favoring the increase of G6PDH activity in PPP, thus producing 

increased amount of NADPH. It is necessary to restore the GSH which in turn is contributing to 

convert the oxidized Grx into reduced form. Grx is directly responsible of protecting the proteins 

by oxidation. The second mechanism is for the first time reported during such a stimulation and 

is highlighting that Grx1-roGFP2 is slowly recovering, process occurring in the first 30 min 

during stimulation. One can ask why this behavior has not been observed in other studies? Few 

experimental particularities might contribute to the detection of this degradation process. First of 

all, controlling the H2O2 stimulation method plays an important role in our study. Another 

studies where we suspect that this mechanism could be detected [125], used bolus method, which 

present some drawbacks when making this kind of study. We note that, depending by the cell 

type and by the permeability of cell membrane, H2O2 can be faster or slower consumed by cells, 

an important inconvenience while performing bolus stimulation. In lack of details to compare the 

2 methods we can only speculate that, in case that H2O2 stimulus is not at steady state performed 

during 1h, this mechanism could not be observed, perhaps due to gradual stimulation leading to 

gradual adaptation also. Another aspect to consider is that this adaptation pattern is detected 

following the redox potential dynamics in cytoplasm of single cells. We notice first this behavior 

using a pH sensitive probe, HyPer, which gives us the advantage of noticing a stronger change in 

the signal highlighting the sign of the second adaptation pattern. This change has not confirmed 

an adaptation behavior while using a more specific probe, Grx1-roGFP2. Taking in account the 

cell-to-cell variability we observe, we speculate that endpoint detection on cell population might 

hide this longer adaptation pattern. Single cell detection allows indeed the observation of longer 

adaptation mechanism. Although the mean response to stress is showing signs of this negative 

feedback, near perfect adaptation can be observed only in some single cell. Population analysis 

can therefore hide this mechanism, its detection being biased by the response of most of the cells. 

As pointed in Chapter 2 (see section Cell death), the cellular response to stress is 

depending on the cell type. MCF7 cancerous cells exhibit high activity of PPP, comparing with 
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their non-cancerous counterparts MCF10A [182]. We do not have information concerning the 

heterogeneity between the cell lines used in the two studies to compare the response of our study 

with another where different cell types have been used (skin keratinocytes and fibroblasts vs. 

breast cancer cells). 

We note that one important consequence of this study is that the way to stimulate is very 

important. Import rate of external H2O2 is regulated by the nutritional apport existing in external 

cell culture medium leading to faster H2O2 consumption in a rich medium when static 

stimulation is performed. The complexity and direct implication of glucose metabolism in 

restoring the redox homeostasis is noticed when modulating the glucose input. Faster import rate 

of H2O2 is observed when cells have access to external glucose sources. The lack of glucose is 

limiting the external H2O2 consumption, highlighting not only the role of glucose in supporting 

cellular scavenging systems, but also the possible role in promoting the active process of H2O2 

diffusion inside the cell. In presence of glucose, cells are able to show adaptation signs on both 

short and long term, while in lack of glucose no long-term adaptation is observed. Interestingly, 

higher amplitude of NADPH restoring is observed in lack of glucose, suggesting that the redox 

balance in more perturbed when glucose source is limited.  

Moreover, modulating the concentration of H2O2 exposure during 1h, we notice that the 

negative feedback supported by PPP becomes stronger with the increase of stimulus intensity. 

Perfect or near perfect adaptation patterns have been noticed in NADPH dynamics during 

stimulations lower than 100 µM H2O2, but NADPH cytosolic pool is not able to regenerate up to 

it whereas it has not been observed in Grx1-roGFP2 fluorescence ratio where stronger 

stimulation implies stronger response. 

All those results are pointing the direct link between oxidative stress and metabolism. 

However, one standing question remains: how the dynamics of adaptation response is regulated 

by cellular metabolism? To answer this question, PPP gatekeepers have been modulated to 

observe their role in adaptation upon H2O2 stress. Increasing the G6P flux toward PPP by 

overexpressing the G6PDH, strong evidence favoring adaptation mechanism is provided. 

NADPH pool is faster restored, allowing the glutathione regeneration thus increasing the cellular 

resistance to H2O2 stress. Varying the expression of GAPDH and TKT evidences of allosteric 

regulation are not clearly observed. The adaptation is not improved, thus their role in fueling the 
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oxidative PPP by reverse recycling towards G6P is not supported by our experiments. Moreover, 

their overexpression is decreasing the basal NADPH cytoplasmic level suggesting a downstream 

to glycolytic activity. We conclude that the G6PDH is a key regulator favoring rapid flux 

rerouting into oxidative PPP. This mechanism is strongly involved in cellular adaptation upon 

oxidative stress, regulating the cellular homeostasis via negative feedback. G6P is thus 

controlling the reserve flux capacity sensitive to oxidative stress. Signs of alternative metabolic 

routes involved in cytosolic defense are observed.  

In this work we do confirm the short time regulation of metabolic activity, favoring 

negative feedback regulation in PPP [125,137]. However, our study is targeting the redox 

homeostasis dynamics in cytosol being interested to observe short time scales adaptation patterns 

during 1h stimulation. For longer adaptation patterns as transcription, epigenetics and genomics, 

molecular dynamics in other compartments as mitochondria should be taken into account. 

Mitochondria are regulating longer time scales of adaptation which are of interest in tumor 

progression. Cytoplasmic function is of interest in initiation of tumor genesis, while 

mitochondria is concerning later stages [175].  

Monitoring molecular dynamics in single living cells, targeting a specific compartment 

and using ratio-metric pH insensitive probes have been possible by creating a new system, 

starting from wild type cells. The glutathione potential was monitored integrating via permanent 

transfection an unknown number of plasmids producing fluorescent Grx, thus increasing the 

antioxidant capacity in the cell cytoplasm. We do not have noticed significant cell-to-cell 

variability when comparing the pre-stimulus basal glutathione potential. However, the 

transformation of the system using transfection can change the sensitivity of cell to stress.  

 The impact of redox homeostasis regulation just started to be appreciated in mammalian 

cells. PPP regulation is observed in short timescales of minutes during acute stress. NADPH 

dynamics and G6P are involved in this rapid metabolic rerouting process. The main perspective 

of this work would be to study adaptation on longer timescales: . Chronic stimulation can indeed 

lead to longer adaptation timescales, thus observing the intracellular redox homeostasis 

regulation by transcription factors. However, for chronic stimulation, our H2O2 delivery protocol 

has to be improved, cells needing a complex medium to be maintained longer than few hours. 

Anticancer therapies are exploiting redox homeostasis vulnerability to remove tumors. For this 
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purpose, estimating intracellular ROS thresholds can provide advantages in removing cancer 

cells. Knowing that ROS are regulating networks, therapies are exploiting alternative networks 

regulating redox homeostasis. The impact of other stresses regulating adaptation processes as 

hypoxia, other ROS, metabolic stress is of interest in this context. Upon stress exposure, 

adaptation on different timescales can be studied to improve anticancer therapy strategies but 

also to observe conservation of mechanistic regulation between species and the impact of cellular 

stress response on cellular fate [137]. 
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