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This text serves as the extended version of the publication [1] and therefore provides 
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ABBREVIATIONS 

2-APB  2-aminoethyl diphenylborinate 

Asc  Ascorbic acid 

CPZ  Capsazepine 

GABA  Gamma-aminobutyric acid 

GPCR  G protein-coupled receptor 

H2O2  Hydrogen peroxide 

La3+  Lanthanum-III-chloride 

NAC  N-acetylcysteine 

NOMPC No mechanoreceptor potential C 

PTX  Pertussis toxin 

RB  Retinoblastoma 

ROS  Reactive oxygen species 

TRPs  Transient receptor potential channels 

TRPA1 Transient receptor potential ankyrin 1 

TRPC5 Transient receptor potential canonical 5 

TRPM2 Transient receptor potential melastatin 2 

TRPM7 Transient receptor potential melastatin 7 

TRPM8 Transient receptor potential melastatin 8 

TRPV1 Transient receptor potential vanilloid 1 

TRPV4 Transient receptor potential vanilloid 4 

WERI-Rb1 Wills Eye Research Institute-Retinoblastoma-1 (human retinoblastoma 

  cell line) 

%e-r/e-s  A percentage of control in the etoposide-resistant / etoposide-sensitive 

group of cells 
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ABSTRACT IN ENGLISH 

Introduction: Cell viability and survival are both dependent on cellular mechanisms 

maintaining Ca2+ homeostasis. Intracellular Ca2+ is substantially regulated by 

transient receptor potential channels (TRPs), which are overexpressed in various 

tumors. Ascorbic acid (Asc) administered in high doses (1 mM) is reported to reduce 

tumor cell survival, through promoting prooxidative responses. This study was 

undertaken to investigate whether high doses of Asc have cytotoxic effects through 

perturbing intracellular Ca2+ regulation by stimulating Ca2+ influx through augmenting 

TRPs activity in retinoblastoma (RB) cells. 

Methods: An etoposide-resistant and etoposide-sensitive RB cell lines (WERI-Rb1) 

were used and cultivated in RPMI-1640 Medium. For measuring the intracellular Ca2+ 

concentration and whole-cell currents, fluorescence Ca2+ imaging and the planar 

patch-clamp technique were used. Unspecific and specific TRP channel blockers 

were used as tools for characterizing TRPs involved in Asc-mediated Ca2+ influx. In 

addition, Trypan Blue staining was performed to determine the ability of RB cells to 

survive exposure to Asc.  

Results: Extracellular application of 1 mM Asc induced increases in the fluorescence 

ratio f340/f380, which is proportional to a rise in intracellular Ca2+ concentration ([Ca2+]i). 

Interestingly, this effect reached higher levels in the etoposide-resistant WERI-Rb1 

cells compared to their etoposide-sensitive counterpart. The Asc-induced increases 

of f340/f380 could be clearly suppressed in the presence of different TRP channel 

blockers such as La3+ (500 µM), 2-APB (100 µM), Capsazepine (CPZ) (100 µM) and 

the broad-spectrum blocker N-Acetylcysteine (NAC) (10 mM). These results are in 

line with the corresponding rises in the whole-cell currents. Preincubation of the RB 
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cells with pertussis toxin (PTX) (50 ng/ml), an uncoupler of Gi/o binding proteins to 

their cognate GPCR coupled receptor, suppressed the Asc-induced Ca2+ influx. 

Microscopic analyses revealed that 1 mM Asc treatment reduced cell viability by 

almost 94 % in both WERI Rb1 cell lines. 

Conclusions: The effects of pharmacological doses of Asc on TRP channel-

modulated Ca2+ homeostasis are described for the first time on RB cells. Therefore, it 

is assumed that 1 mM Asc acting as a prooxidant reduces etoposide-resistant and -

sensitive WERI-Rb1 cell survival through altering intracellular Ca2+ regulation as a 

consequence of stimulation of a Gi/o-protein-mediated pathway linked to TRP 

channel activity. Based on the cytotoxic effects of Asc, on both etoposide-resistant 

and etoposide-sensitive RB cells, the development of TRP modulating drugs could be 

a possible approach to treat even cytostatic resistant tumor cells. Moreover, the 

results suggest that Asc should be evaluated as an adjuvant to improve therapeutic 

management of retinoblastoma cures. 

 

ABSTRACT IN GERMAN 

Einleitung: Das Überleben von Zellen hängt von Mechanismen zur 

Aufrechterhaltung der Calciumhomöostase ab. Intrazelluläres Ca2+ wird im 

Wesentlichen durch transient receptor potential channels (TRPs) reguliert, die in 

verschiedenen Tumoren überexprimiert sind. Es wird berichtet, dass in hohen Dosen 

(1 mM) verabreichte Ascorbinsäure (Asc) das Überleben von Tumorzellen durch 

Förderung prooxidativer Reaktionen verringert. Diese Studie untersucht, ob hohe 

Asc-Dosen zytotoxische Wirkungen haben, indem sie die intrazelluläre Ca2+-

Regulation durch Stimulierung des Ca2+-Einstroms und Erhöhung der Aktivität des 

TRPs in Retinoblastomzellen (RB) beeinflussen. 
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Methoden: Eine Etoposid-resistente und Etoposid-sensitive WERI-Rb1-Zelllinie 

wurde verwendet und in RPMI-1640-Medium kultiviert. Zur Messung der 

intrazellulären Ca2+-Konzentration und der Ganzzellströme wurden Fluoreszenz-

Ca2+-Imaging und die planare Patch-Clamp-Technik verwendet. Unspezifische und 

spezifische TRP-Blocker wurden zur Charakterisierung von TRPs verwendet, die am 

Asc-vermittelten Ca2+-Einstrom beteiligt sind. Zusätzlich wurde eine Trypanblau-

Färbung durchgeführt, um die Überlebensfähigkeit von RB-Zellen gegenüber Asc zu 

bestimmen. 

Ergebnisse: Die extrazelluläre Zugabe von 1 mM Asc induzierte einen Anstieg des 

Fluoreszenzverhältnisses f340/f380, das proportional zu einem Anstieg der 

intrazellulären Ca2+-Konzentration ist. Interessanterweise erreichte dieser Effekt in 

den Etoposid-resistenten WERI-Rb1-Zellen höhere Werte. Die Asc-induzierten 

Anstiege von f340/f380 konnten in Gegenwart verschiedener TRP-Blocker wie z.B. La3+ 

(500 µM), 2-APB (100 µM), Capsazepine (CPZ) (100 µM) und N-Acetylcystein (NAC) 

(10 mM) deutlich unterdrückt werden. Diese Ergebnisse stimmen mit den 

entsprechenden Anstiegen der Ganzzellenströme überein. Die Vorinkubation der RB-

Zellen mit dem GPCR-Blocker Pertussis-Toxin (PTX) (50 ng/ml) unterdrückte den 

Asc-induzierten Ca2+-Einstrom. 

Mikroskopische Analysen zeigten, dass eine 1 mM Asc-Behandlung das Überleben 

der Zellen in beiden RB-Zelllinien um fast 94 % verringerte. 

Schlussfolgerungen: Die Auswirkungen pharmakologischer Dosen von Asc auf die 

TRP-modulierte Ca2+-Homöostase wurden erstmals in RB-Zellen beschrieben. Daher 

wird angenommen, dass 1 mM Asc als Prooxidationsmittel das Überleben von 

Etoposid-resistenten und -sensitiven WERI-Rb1-Zellen durch Veränderung der 
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intrazellulären Ca2+-Regulierung verringert. Dies geschieht als Folge der Stimulation 

eines Gi/o-Protein-vermittelten Weges, der mit der TRP-Aktivität verbunden ist. 

Basierend auf den zytotoxischen Effekten von Asc sowohl auf Etoposid-resistente als 

auch Etoposid-sensitive RB-Zellen, könnte die Entwicklung von TRP-modulierenden 

Medikamenten ein möglicher Ansatz sein, um auch Zytostatika-resistente 

Tumorzellen zu behandeln. Darüber hinaus könnte Asc als eine mögliche adjuvante 

Therapie evaluiert werden, um das Gesamtkonzept für die Behandlung von 

Retinoblastomen zu verbessern. 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

1 INTRODUCTION 

More than two decades ago, ascorbic acid (Asc) was already identified as a cytotoxic 

agent which supports anti-tumor treatment [2-4]. Intravenously administrated 

pharmacological doses of Asc (i.e. 1-20 mM) are reported to have some therapeutic 

effects. It was demonstrated that Asc reduced tumor cell survival in more than 40 

different cell lines, e.g. lung, ovarian, breast cancer as well as Y-79 RB cell line [5, 6]. 

Despite controversies, using ascorbate in therapies is becoming more popular due to 

its favorable effects in different groups of patients [7-11]. Knowing that the millimolar 

levels of extracellular ascorbate, administrated as an adjuvant, selectively kill tumor 

cells [12, 13], this clinical approach seems to be safe since reported pharmacological 

doses of Asc did not affect the viability of healthy cells [4, 14]. It minimizes the 

possibility of side effects in case of therapeutic failure. 

 

1.1 Ascorbic acid at pharmacological doses 

Asc is present in supplements, food, medicines and also in different body tissues 

such as the brain, eyes, adrenal glands and leukocytes [15]. Notably, Asc has 

antioxidative properties at physiological, micromolar concentration (similar to its 

reported value in plasma [15]). Nonetheless, Asc has prooxidative effects at 

millimolar, pharmacological doses. It is able to generate reactive oxygen species 

(ROS), hydrogen peroxide (H2O2) and hydroxyl radicals [5, 11, 16]. 

As already mentioned, Asc is reported to be present at high millimolar levels in the 

eye. It is hypothesized to have a protective function in reducing the damaging effects 

of short wavelength solar radiation [17]. Notably, several studies reported that Asc is 

present at high intracellular concentration in different cell types and fluids in the 
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humans eye: aqueous humour: 0.4 - 1.1 mM; retina > 1 mM; lens: 2.5 to 3.4 mM; 

corneal epithelium ~12.5 mM [1, 18, 19]. Using the Asc in form of intravenous 

administrated therapy, it may be able to reach much higher doses at the external 

retina side. This property is important since the previous report suggests that not the 

intra- but rather the extracellular concentration of Asc impacts the cell death [12].  

Furthermore, Asc is also known for modulation of cellular redox systems [13, 18], 

GABA receptors [20] or even tumor growth [21]. 

In this study, the same concentration of Asc (1 mM) was used as tested by Uetaki et 

al. in their previous report [11]. 

 

1.2 Role of TRP channels and Ca2+ in maintaining cell viability 

As pharmacological doses of Asc have prooxidative properties, their effects on 

modulating physiological responses through oxidation-sensitive TRPs warranted 

consideration [5, 22-28]. In mammals, TRPs constitute a heterogeneous superfamily 

of more than 28 genes. They encode seven subfamilies: TRPA (ankyrin), TRPC 

(canonical), TRPM (melastatin), TRPML (mycolipin), TRPN (NOMPC), TRPP 

(polycyclin) and TRPV (vanilloid), [29, 30]. Through being regulated by different 

extra- and intracellular stimuli, they function as transducers and biosensors. 

Specifically, they can be activated by variety of environmental factors, e.g. 

anisoosmolarity [31], different ligands (capsaicin [32]), pH decrease [33], temperature 

[34], UV-light [35] and others [1, 36]. Moreover, TRPs can be stimulated by the 

activation of other cell surface proteins - G protein-coupled receptors (GPCRs) [37]. 

They function as a unit, composing a signaling axis [38, 39]. 

Relationships among TRPs and tumors were already widely described at different 

levels: diagnostic, progression, therapy. Multiple studies suggest a correlation 
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between TRP channel expression/function and malignant transformation [40]. 

Specifically, e.g. TRPM8 is overexpressed in different tumors such as prostate, 

breast, lung or colon compared to health tissues [41, 42]; time dependent increases 

in expression of TRPM1 is a diagnostic indicator of melanoma [43]; TRPV2 can serve 

as therapeutic target in bladder cancer [44]. Taken together, these representative 

findings form the basis for defining the roles of TRP functional modulation in 

tumorigenesis [45-47]. 

As it is well known that cell viability is linked to the homeostatic regulation of 

intracellular Ca2+ levels, much interest has been dedicated to characterizing the role 

of TRPs in this process. Modulation of their activity may lead to an uncompromised 

imbalance in Ca2+ homeostasis. Intracellular Ca2+ levels above 100 nM were reported 

to suppress the tumorigenesis by increasing the apoptosis rates, decreasing the cell 

proliferation or stimulating the autophagy [48-51]. 

Demonstrating a contribution by TRPs in mediating pathological responses resulting 

from an accumulation of cytotoxic levels of Ca2+ may indicate a crucial focal point for 

possible drug targeting therapies in mediating selective increases in cytotoxic effects 

in tumor cells. 

 

1.3 Retinoblastoma 

The neoplastic properties of Retinoblastoma (RB) cells are dependent on the 

expression of cellular mechanisms that mediate control of Ca2+ influx. Changes in the 

expression levels of voltage-operated Ca2+ channels [52, 53] and TRPs [54, 55] in 

these cells are indicative of this relationship. RB is the most common primary eye 

neoplasm in childhood [56]. Mutations in both RB1 alleles cause the RB protein 

(pRB) to lose its tumor suppression functions, which induces increases in the 
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proliferation of these cancer cells [57, 58]. RB survivability varies among different 

social groups. The survival rate in lower-income countries is less than 50%, while in 

developed countries it has significantly improved to over 90% [59, 60]. There are 

several therapeutic methods that provide some temporary alleviation of the 

symptomology but none of them provide a cure since frequently a diagnosis is only 

made after incurable metastasis has already occurred. One therapy that has been 

applied is etoposide treatment, but in the worst cases the primary option is 

enucleation [58]. Unfortunately, due to some complex and not fully understood 

factors RB cells can develop a resistance to etoposide, which is an antineoplastic 

agent. Etoposide-resistant cells behave more aggressively than their etoposide-

sensitive counterpart and present a greater risk for local relapse [61]. 

Overall, it is unclear whether some new or already existing approaches can be 

developed and improved to treat different forms of this tumor. Therefore, we probed 

for a relationship between Asc-induced toxicity and TRPs activation in both 

etoposide-resistant and -sensitive WERI-Rb1 cells. 

 

1.4 Aim of study 

This study was conducted to determine if presumed prooxidative effects of a 

pharmacological dose (1 mM) of Asc can explain why its administration has unique 

cytotoxic effects on both etoposide-resistant and etoposide-sensitive WERI-Rb1cell 

lines. This evaluation entailed comparing the genetic and functional expression of 

certain TRPs in Asc-dependent Ca2+ modulation since the control of intracellular Ca2+ 

levels is a critical determinant of cell viability. 
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2 MATERIALS AND METHODS 

2.1 Materials 

In this study, materials are specified as previously described [1]. In brief, patch-clamp 

solutions were purchased from Nanion Company (Munich, Germany). Capsazepine 

was provided by Cayman Chemical Company (Ann Arbor, Mi, USA), but all other 

reagents (including Ascorbic acid) were obtained from Sigma-Aldrich (Deisenhofen, 

Germany). Culture medium and its supplements were provided by Biochrom AG 

(Berlin, Germany) or GIBCO Invitrogen (Karlsruhe, Germany) and the fluorescence 

dye Fura2/AM was obtained from PromoCell (Heidelberg, Germany). 

 

2.2 Cell culture and cultivation 

Established etoposide-resistant and -sensitive WERI-Rb1 cells were used [61, 62]. 

The human RB cell lines were obtained from Dr. Stephan (University Children's 

Hospital in Essen, Germany) [63]. Cells were incubated in culture flasks in medium 

containing: RPMI-1640 [64], 100 IU/ml penicillin/streptomycin and 10% fetal bovine 

serum (FBS), at 37°C in 80% humidity and 5% CO2, as previously described [54, 65, 

66]. For the experiments, the 12-well culture plates with cell-seeded coverslips were 

prepared 48-72 hours before measurements (Fig. 1A). Poly-L-lysine was used to 

ensure the cell adherence on the coverslips since fixed cells are necessary 

specifically for the fluorescence-optic measurements. The cultivation of both tumor 

cell types proceeded in the same way, with regular medium exchange [1]. 
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Fig. 1. Various microscopic images 

of etoposide-resistant WERI-Rb1 

cells. a) Light microscopic view of 

freshly diluted cell culture. b) Calcium 

imaging; microscopic image at 510 nm 

emitted wavelength (colored by the 

software). Multiple circumscribed zones 

present the cells selected for the 

measurement - regions of interest 

(ROIs). c) Fluorescence microscopic 

image (510 nm) of chain-structured cell 

groups. d) Light microscopic image: 

single-cell suspension diluted for patch-

clamp measurements. 

Photos taken by J. Oronowicz. Figure  

                     by Oronowicz et al. [1]. 

 

2.3 Microscopic analyses of cell density and viability 

In order to determine the effects of 1 mM Asc on WERI-Rb1 cell culture density, two 

sets of experiments were designed [1]: 

1) 1 mM Asc was added to the freshly centrifuged cells on the first day and then the 

Asc concentration was diluted with RPMI-1640 medium four days later. The cell 

density was determined on the first, the fifth and also on the seventh day (two 

days after medium dilution). 

2) Cell density was evaluated on the fifth day after culturing the RB cells in RPMI-

1640 medium (without Asc). Thereafter, 1 mM Asc was added and WERI-Rb1 

cultures were reassessed after another four days. 

To investigate whether RB cell density corresponds with their viability, the 0,4% 

Trypan Blue dye exclusion experiments were conducted, using the fact that only 
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dead cells are stainable with this dye [67]. At first, Trypan Blue was added to the cell 

suspension (diluted 1:1). Afterwards, dead cells were counted using the Neubauer 

counting chamber (A. Hartenstein GmbH, Wuerzburg, Germany). Their quantity is 

presented as a percentage of all visible cells. 

  

2.4 Fura-2/AM  

Fura-2/AM is a Ca2+-sensitive fluorescence dye that was used to measure the 

intracellular Ca2+ concentration ([Ca2+]i) [68]. Its fluorescence output at 510 nm 

resulting from alternate excitation at 340 and 380 nm changes depends on variations 

in intracellular free Ca2+ levels and provides a direct measure of its variability. The 

fluorescence intensity at the excitation wavelength of 340 nm is directly proportional 

with an increasing [Ca2+]i whereas the 380 nm fluorescence signals are inversely 

proportional to [Ca2+]i (Fig. 2) [68]. The isobestic point (at which fluorescence 

intensity is independent from Ca2+ concentration) is at about 360 nm excitation 

wavelength. 

With the aforementioned two fluorescence signals, there is a direct relationship 

between increases in the fluorescent ratio f340/f380 and rises in [Ca2+]i) [68].  

 

Fig. 2. Excitation spectral changes of Fura-2/AM 

fluorescence in solutions with a different free Ca2+ 

concentration covering a range from < 1 nM up to > 

10 μM. The wavelengths between 300 nm and 400 nm 

excite the largest fluorescence intensity of the dye (at 510 

nm - emission maximum).  

Figure derived from Grynkiewicz et al. [68]. 
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2.5 Fluorescence calcium imaging 

To detect very small changes in cytosolic Ca2+, this method, first used by Tsien et al, 

is one of the most sensitive procedures for this purpose [68]. For the experiments, 

the sterile cell-seeded coverslips were prepared and preincubated with 1 µM Fura-

2/AM (diluted in culture medium) at 37°C and 5% CO2. Additionally, to delineate the 

channel subtypes modulated by exposure to Asc, following TRP channel antagonists 

were used: 10 mM N-Acetylcysteine (NAC) as a broad spectrum blocker that 

suppresses TRPV1, TRPM2 and TRPA1 [69-72]; 500 µM Lanthanum-III-chloride 

(La3+) as a nonselective TRP channel antagonist [73]; 100 µM 2-aminoethyl 

diphenylborinate (2-APB) as a blocker of TRPM2, TRPC5 and also store operated 

Ca2+ channels [74-76]; 100 µM capsazepine (CPZ) that suppresses TRPM8 and 

TRPV1 [73]. The cells were pretreated with NAC for up to 5 days (longest possible 

time without affecting the cell viability and measuring conditions [69]), whereas with 

other blockers the exposure time was only 20 - 30 min. They were also loaded with 

Gi/o inhibitor – pertussis toxin (PTX) (for 18 h) to determine if TRP activation by Asc 

is induced through the activation of a Gi/o GPCRs [1]. If the drugs were dissolved in 

dimethyl sulfoxide (DMSO), its concentration was kept below 0.1% which is reported 

to be non-cytotoxic [77]. Before each measurement, in order to stop Fura-2/AM 

uptake, RB cells were washed with a Ringer-like solution (containing in mM: 150 

NaCl, 6 CsCl, 1 MgCl2, 10 HEPES acid, 10 glucose and 1.5 CaCl2 at pH ~ 7.35) and 

after that placed in a chamber of the inverted microscope containing the same 

solution. All experiments were performed at room temperature ~ 20 – 23°C. 

Adaptation of the cells lasted long enough to reach a certain stability level (data not 

shown). Drugs were applied by exchanging the bath contents by alternate additions 

with a pipette and removal with a suction pump. Fura-2/AM fluorescence was 
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measured in a setup composed of: a LED light source (LED-Hub by Omikron, 

Rodgau-Dudenhoven, Germany), an inverted microscope (Olympus BX50WJ) and a 

digital imaging system (Olympus Europa Holding GmbH, Hamburg, Germany) with a 

camera (Olympus XM-10). The imaging software (cellSens, Olympus Europa Holding 

GmbH, Hamburg, Germany) (Fig. 1B/C) was used to calculate the fluorescence ratio 

f340/f380 (described in paragraph before) as a relative index of intracellular Ca2+ levels 

[68]. Results were normalized, control value was set to 0.1. Possible bleaching 

effects were compensated by drift correction using the TIDA-software (HEKA, 

Lampertheim, Germany) [1]. 

 

2.6 pH Measurements 

All pH measurements in this study were performed with the pH-meter "Lab 850" (Si 

Analytics Gmbh, Mainz, Germany), with solutions, which had a room temperature  

20 - 23°C or 37°C if needed. For certain experiments, the pH value of the Ringer-like 

solution was reduced using HCl instead of Asc. 

 

2.7 Planar patch-clamp recordings 

For the patch-clamp recordings, a setup of planar patch-clamp (Port-a-Patch®, 

Nanion, Munich, Germany) in combination with an EPC 10 amplifier (HEKA, 

Lamprecht, Germany) and PatchMaster v2x90.1 for Windows (HEKA, Lamprecht, 

Germany) was used [1]. With this setup, high-throughput measurements were 

possible compared to conventional patch-clamping. Both WERI-Rb1 cell types were 

prepared in the same way. At first, for improving the seal quality by removing any cell 

debris and remaining culture medium, a cell suspension was washed out with 
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phosphate buffer saline (PBS) [78]. Afterwards, cells were diluted in the external 

patch-clamp solution containing (in mM): 140 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 5 D-

glucose monohydrate and 10 HEPES (pH ≈ 7.4; osmolarity ≈ 298 mOsM) (Fig. 1D). 

At the beginning of every experiment, the intracellular solution was applied to the 

inside of the microchip with a mean resistance of 3 - 5 MOhm (Nanion, Munich, 

Germany) [79]. To avoid interference by potassium channel currents, this solution 

contains (in mM): 50 CsCl, 10 NaCl, 60 CsF, 20 EGTA, and 10 HEPES (pH ≈ 7.2 and 

≈ 288 mOsM). Next, the aforementioned external solution was applied to the outer 

side of the microchip. All measurements were performed at room temperature ~ 20 – 

23°C. Finally, the software-controlled pump (Suction Control Pro, Nanion, Munich, 

Germany) was started and the cell suspension was pipetted onto the upper side of 

the chip to establish cell contact and sealing. Pump suction was applied to break into 

and to maintain whole-cell configuration. Before starting each experiment, the cells 

were kept in the whole-cell mode for ~ 10 min to offset substantial resulting leak 

currents, which ensures the stability of recordings. Currents were measured every 5 s 

over a voltage range of −60 to +130 mV without steps, each protocol for 500 ms. 

Mean access resistance was 26 ± 3 MΩ and mean membrane capacitance was 8 ± 2 

pF for both etoposide-resistant (n = 16) and -sensitive (n = 19) WERI-Rb1 cells [1]. 

The liquid junction potential was calculated and corrected by the software (≈ 3.8 mV) 

[80]. To eliminate any possible contribution of voltage-dependent Ca2+ and Na+ 

channels, the holding potential (HP) was set to 0 mV. Leak currents were subtracted 

from all recordings and only those below 100 pA were analyzed. 
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2.8 Data analyses and statistics 

To determine whether a parametric or non-parametric statistical test should be used, 

a normality test was performed to ascertain if there is a Gaussian distribution of 

tested values. Thereafter, Student's-t-tests were used as parametric tests. 

Alternatively, for paired tested values the non-parametric Wilcoxon test and for 

unpaired tested values the Mann-Whitney-U test were used. For all tests a p value < 

0.05 was considered as statistically significant. Data are shown by means/ 

percentage of control ± standard error mean (SEM). For the creation of diagrams and 

statistical evaluation, SigmaPlot version 12.5 for Windows (Systat Software, Inc., 

Point Richmond, California USA) and GraphPad Prism software version 5.00 for 

Windows (La Jolla, California, USA) were used [1]. 

 

This study was conducted in accordance to the guidelines of „Grundsätze der Charité 

zur Sicherung guter wissenschaftlicher Praxis” of the Charité, Universitätsmedizin 

Berlin. 

 

3 RESULTS 

3.1 Asc-induced Ca2+ influx is larger in etoposide-resistant WERI-Rb1 than in 

etoposide-sensitive WERI-Rb1 cells 

1 mM Asc induced significant increases in intracellular Ca2+ levels in both WERI-Rb1 

cell lines. The fluorescence ratio corresponds to intracellular Ca2+ concentration. At t 

= 300 s, this ratio was set to 100% as a positive control. Interestingly, the Asc-

mediated increase in the f340/f380 ratio was greater in the etoposide-resistant group of 

cells. Specifically, the ratio rose from 0.1008 ± 0.0002 (t = 60 s; n = 91) to 0.3446 ± 
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0.0048 (100%e-r) (t = 300 s; n = 91; p < 0.0001) (Fig. 3). Instead, the fluorescence 

ratio increased from 0.0998 ± 0.0001 (t = 60 s; n = 57) to only 0.1135 ± 0.0008 

(100%e-s) (t = 300 s; n = 57; p < 0.0001) in an etoposide-sensitive WERI-Rb1 group 

(Fig. 3) [1].  
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Fig. 3. 1mM Asc induces a larger Ca2+ influx in etoposide-resistant WERI-Rb1 cells than in etoposide-sensitive 

counterpart. Notably, medium acidification does not impact the Ca2+ regulation. 1 mM Asc increased intracellular 

Ca2+ influx in both etoposide-resistant (n = 91) and etoposide-sensitive (n = 57) WERI-Rb1 cells. The untreated control groups 

maintained a constant Ca2+ baseline (etoposide-resistant: n = 26; etoposide-sensitive n = 23). pH reduction (i.e., from 7.35 to 

7.15) did not significantly increase the intracellular Ca2+ level (etoposide-resistant: n = 39; etoposide-sensitive n = 37). Figure 

modified after Oronowicz et al. [1]. 

 

3.2 Asc-induced Ca2+ influx is suppressed by TRP channel antagonists 

To determine whether TRPs mediate Asc-induced increases in intracellular Ca2+ 

influx in RB cells, both WERI-Rb1 cell lines were preincubated with different TRP 

channel antagonists. The measurement duration was 5 minutes. 1 mM Asc was 
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added after 120 s and the fluorescence ratio f340/f380 was evaluated at t = 300 s. The 

Asc-induced increases in Ca2+ influx could be clearly suppressed in the presence of 

TRP channel blockers in both cell lines. As shown in Fig. 4A, the tested TRP blockers 

suppressed the fluorescence ratio f340/f380 as follows: NAC to ~ 54.9 ± 4.2 %e-r (n = 

56; p < 0.0001); La3+ to ~ 22.6 ± 5.8 %e-r (n = 15; p < 0.0001); 2-APB to ~ 18.7 ± 2.9 

%e-r (n = 63; p < 0.0001); and CPZ to ~ 11.4 ± 1.1 %e-r (n = 43; p < 0.0001), in the 

etoposide-resistant WERI-Rb1. Similar results were obtained in etoposide-sensitive 

cells where CPZ was also the most efficient TRP inhibitor. In this cell group, the 

aforementioned blockers suppressed the fluorescence f340/f380 ratio respectively: La3+ 

to ~ 76.9 ± 5.0 %e-s (n = 65, p < 0.005); 2-APB to ~ 72.5 ± 6.7 %e-s (n = 15; p < 0.05); 

NAC to ~ 50.3 ± 8.9 %e-s (n = 38; p < 0.0001); and CPZ to ~ 26.7 ± 3.0 %e-s (n = 45; p 

< 0.0001) (Fig. 4B). Since each of these TRP channel blockers reduced the Asc-

induced Ca2+ influx, these effects indicate that Asc increased TRP channel activity 

[1]. 

    A        Etoposide-resistant WERI-Rb1          B        Etoposide-sensitive WERI-Rb1 

 

Fig. 4. TRP-channel inhibitors (NAC, La3+, 2-APB, and CPZ) and Gi/o blocker (PTX) suppress Asc-mediated Ca2+ influx 

in WERI-Rb1 cell lines (results at t = 300 s). a) Summary of the inhibitory effects of: 10 mM NAC, 500 µM La3+, 100 µM 2-APB, 

100 µM CPZ and 50 ng/ml PTX in etoposide-resistant WERI-Rb1 cells presented as percentage of control (without blocker). The 
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hashtags (#) indicate significant differences in percentages of fluorescence ratios (f340/380) (unpaired tested). b) The same 

summary as in (a) but with etoposide-sensitive WERI-Rb1 cells. Figure modified after Oronowicz et al. [1]. 

3.3 TRP-mediated rises in Ca2+ influx are suppressed by PTX  

Asc is a modulator of aminergic GPCRs [81]. Owing to the fact that GPCRs and 

TRPs are on a linked signaling pathway axis [38], the effect was investigated of PTX, 

which is a GPCR blocker, on Asc-induced influx of Ca2+. To suppress GPCRs, cells 

were preincubated with PTX (50 ng/ml) for 18 hours [81-83]. 

 

Fig. 5. PTX effect on TRP channels - 

schematic depiction. Co-expressed 

GPCRs (blue) and TRPs (green) can 

be described as a functional GPCR-

TRP axis. Accordingly, GPCRs can 

impact the responses of TRPs and vice 

versa [38]. a) Asc is a well-known 

aminergic GPCR modulator [81] and 

can enhance the activity of these receptors, triggering the TRP channel activity. b) PTX is an GPCR inhibitor. Specifically, it can 

ribosylate the Gi/o proteins [83], leading to the suppression of TRP channel activity. Figure by Oronowicz et al. [1]. 

 

Like the TRP channel blockers, PTX was even more effective than any of them at 

suppressing the Asc-induced increases in Ca2+ influx (Fig. 4A-B). More specifically, 

the f340/f380 fluorescence ratio in etopoiside-resistant WERI-Rb1 cells was suppressed 

to 1.55 ± 0.1 %e-r (0.1038 ± 0.0003) (t = 300 s; n = 107; p < 0.0001) (Fig. 4A), while in 

etoposide-sensitive counterpart to 20.4 ± 1.4 %e-s (0.1027 ± 0.0002) (t = 300 s; n = 

39; p < 0.0001) (Fig. 4B). These large inhibitory effects of PTX are supportive of the 

involvement of GPCR-TRP signaling axis in mediating Asc-induced increases in Ca2+ 

influx in both cell types [1, 38]. 
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3.4 Dependence of Asc-induced intracellular Ca2+ level increases on rises in 

plasma membrane Ca2+ influx 

The source was determined of Asc-induced rises in intracellular Ca2+ levels by 

evaluating the effect of Asc on this response in a Ca2+-free conditions (in a bathing 

solution containing 1 mM EGTA). The procedure included two phases. Specifically 

the Ca2+-containing bathing solution was substituted with the Ca2+-free bathing 

solution. In the second step, 1 mM Asc was added. Interestingly, in both WERI-Rb1 

groups of cells similar changes occurred. In the etoposide-resistant RB cells, the 

f340/f380 ratio decreased after the first step to 0.0865 ± 0.0018 (t = 60 s before Asc 

addition; n = 11), as expected. Extracellular application of Asc (1 mM) did not show 

any effect on the Ca2+ increase (0.0766 ± 0.0021 at t = 180 s after Asc addition; n = 

11; p < 0.0001) (Fig. 6A). Similar results were obtained in the etoposide-sensitive 

counterpart. After the first stage, the f340/f380 ratio decreased to 0.0924 ± 0.0013 (t = 

60 s before Asc addition; n = 12). Furthermore, it was lowered to 0.0909 ± 0.0014 (t = 

180 s after Asc addition; n = 12; p < 0.0001), after 1 mM Asc supplementation (Fig. 

6B). To sum up, Asc had no effect in a Ca2+-free external measuring solution 

suggesting that the Asc-induced Ca2+ increase is solely attributable to the activation 

of plasma membrane delimited pathways and Ca2+ influx, regardless of possible 

intracellular Ca2+ stores modulation [1]. 
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    A        Etoposide-resistant WERI-Rb1          B        Etoposide-sensitive WERI-Rb1 

 

 

Fig. 6. Extracellular Ca2+ is needed for Asc-induced intracellular Ca2+ increase. a/b) 1 mM Asc supplementation under 

Ca2+-free external conditions had no effect on Ca2+ regulation in etoposide-resistant and-sensitive WERI-Rb1 cells. Figure by 

Oronowicz et al. [1]. 

 

3.5 Asc leads to whole-cell currents increases in WERI-Rb1 cells 

Whole-cell currents were measured to ascertain whether TRPs activity on the cell 

membrane corresponds with Ca2+ influx. Accordingly, a voltage stimulation ramp from 

−60 to +130 mV was used to monitor current responses with and without Asc (1 mM) 

in both RB cell lines. 

Interestingly, the results presented in Figure 7 were very similar to one another in 

both WERI-Rb1 cells. The inward current density (pA/pF) increased respectively: in 

etoposide-resistant WERI-Rb1 from -25 ± 2 pA/pF to -81 ± 8 pA/pF (n = 16; p < 

0.0005) and in the etoposide-sensitive counterpart from -24 ± 2 pA/pF to -66 ± 4 

pA/pF (n = 19; p < 0.0001). An analogous trend could be observed regarding the 

outward current densities, which also rose: in the etoposide-resistant WERI-Rb1 cells 
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from 397 ± 38 pA/pF to 529 ± 51 pA/pF (n = 16; p < 0.0001) and in the etoposide-

sensitive cell line from 309 ± 23 pA/pF to 464 ± 34 pA/pF (n = 19; p < 0.0005). 

In summary, the correspondence between the Asc-mediated whole-cell currents 

increases and Ca2+ influx confirm that increases in plasma membrane ionic currents 

underlie these responses [1]. 

 

    A        Etoposide-resistant WERI-Rb1          B        Etoposide-sensitive WERI-Rb1 

 

 

Fig. 7. Increases in whole-cell currents induced by 1 mM Asc supplementation in both etoposide-resistant and -

sensitive WERI-Rb1 cells. a) Summarized patch-clamp control experiments with 1 mM Asc addition in etoposide-resistant 

WERI-Rb1 cells (n = 16). Asc led to an increase of whole-cell currents (filled columns) compared to control currents (open 

columns). The asterisks (*) indicate statistical significance of whole-cell currents increase after supplementation with 1 mM Asc 

(paired tested). b) Summary corresponding to (a) but in the etoposide-sensitive WERI-Rb1 cell line (n = 19). Figure by 

Oronowicz et al. [1]. 

 

3.6 Asc-induced whole-cell currents increases are suppressed by TRP channel 

inhibitors 

The effects of three different broad spectrum Ca2+ channel inhibitors on Asc (1 mM)-

induced rises in whole-cell currents in both types of WERI-Rb1 cells were evaluated. 
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A    B 

Fig. 8. Asc-mediated increases in whole-cell currents 

are inhibited by NAC. Representative 

electrophysiological measurement in etoposide-

resistant WERI-Rb1 cells (1/2). a) Time course recording of 

the whole-cell currents changes (Asc-triggered increase and 

NAC-mediated decrease). b) Current/voltage plot (I-V plot) 

under control conditions (black trace labeled as A), during 

1 mM Asc application (green trace labeled as B) and 

following 10 mM NAC addition (red trace labeled as C). The current densities were normalized by dividing the currents by the 

membrane capacitance (pA/pF). The recordings were selected from the traces shown in (a). Figure by Oronowicz et al. [1]. 

 

The inward currents in etoposide-resistant WERI-Rb1 were decreased by: CPZ to 

31.9 ± 10.4 %e-r (n = 5; p < 0.05), La3+ to 27.8 ± 7.2 %e-r (n = 4; p < 0.05) and NAC to 

22.2 ± 11.2 %e-r (n = 5; p < 0.05) (Fig. 8/9/10A). Comparable effects were observed 

in etoposide-sensitive RB cells. The inward currents were lowered by: CPZ to 43.3 ± 

6.6 %e-s (n = 6; p < 0.005), La3+ to 34.3 ± 8.4 %e-s (n = 7; p < 0.0005) and NAC to 

11.5 ± 3.6 %e-s (n = 5; p < 0.0005) (Fig. 10B). 

 

  A           B 

 

Fig. 9. Asc-mediated increases in whole-cell currents are inhibited by NAC. Representative electrophysiological 

measurement in etoposide-resistant WERI-Rb1 cells (2/2). a) Inward currents measured after a voltage stimulation from 

0 mV to −60 mV without steps before supplementation of drugs (control set to 100%) and in the presence of Asc/NAC. NAC was 

able to suppress the Asc-induced increase of whole-cell inward currents. b) Identical diagram as in (a) but the outward currents 
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after a voltage stimulation from 0 mV to +130 mV are presented. The asterisks (*) indicate significantly increased inward/outward 

currents after 1 mM Asc addition and suppressed inward/outward currents after the supplementation of 10 mM NAC (paired 

tested). Figure by Oronowicz et al. [1]. 

 

The outward currents were also suppressed with similar efficacy of all TRP blockers. 

In etoposide-resistant WERI-Rb1, these currents were inhibited by: CPZ to 51.0 ± 

13.6 %e-r (n = 5; p > 0.05), La3+ to 48.5 ± 9.7 %e-r (n = 4; p < 0.05) and NAC to 29.5 ± 

11.7 %e-r (n = 5; p < 0.05) (Fig. 8/9/10A). Similar effects were obtained in the 

etoposide-sensitive RB cells, in which the outward currents were diminished by: CPZ 

to 70.5 ± 7.3 %e-s (n = 6; p > 0.05), by La3+ to 52.9 ± 7.3 %e-s (n = 7; p < 0.005) and 

by NAC to 24.6 ± 4.1 %e-s (n = 5; p < 0.005) (Fig. 10B). Overall, the TRP blockers-

mediated suppression of Ca2+ influxes indicates that the obtained Asc-induced 

effects are due to the TRPs activation on the cell membrane [1].  

 

    A        Etoposide-resistant WERI-Rb1          B        Etoposide-sensitive WERI-Rb1 

  

 

Fig. 10. Asc-mediated increase in whole-cell currents are suppressed by different TRP channel blockers (CPZ, LA3+, 

NAC) in both etoposide-resistant and -sensitive WERI-Rb1 cells. a) Summarized patch-clamp measurements after 

extracellular application of 1 mM Asc and TRP channel antagonists (100 µM CPZ, 500 µM La3+, 10 mM NAC) in etoposide-

resistant WERI-Rb1. The hashtags (#) indicate significance of the whole-cell current decreases after antagonist 

supplementation (unpaired tested). ns - not significant (unpaired tested). b) Summary corresponding to (a) but in the etoposide-

sensitive WERI-Rb1 cell line. Figure modified after Oronowicz et al. [1]. 
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3.7 Medium acidification leads to a minor Asc-mediated Ca2+ increase 

As Asc is a weak acid in solution, it lowered the pH of a bathing solution at room 

temperature ~ 20 – 23°C from ~7.35 to ~7.15. Since the activity of different TRPs 

could be pH sensitive, we determined whether this slight acidification accounts for the 

effects of Asc-stimulated Ca2+ influx. Accordingly, the effect of medium acidification 

with HCl was used to mimic the Asc-induced pH decline. As a result, a slight increase 

of the f340/f380 ratio in both groups of WERI-Rb1 cells could be observed. More 

specifically, the fluorescence ratio in etoposide-resistant WERI-Rb1 cells increased 

from 0.1004 ± 0.0001 to 0.1073 ± 0.0008 (t = 300 s; n = 39; p < 0.0001), while in 

etoposide-sensitive counterpart it rose from 0.0999 ± 0.0001 to 0.1033 ± 0.0004 (t = 

300 s; n = 37; p < 0.0001) (Fig. 3). These effects of HCl on the f340/f380 ratio did not 

mimic the much larger increases induced by Asc suggesting that Asc does not induce 

this response as a consequence of medium acidification [1]. 

 

3.8 Asc inhibits the viability of WERI-Rb1 cells  

As pharmacological doses of Asc induce cytotoxicity through acting as an oxidant, we 

evaluated its effects on both etoposide-resistant and etoposide-sensitive WERI-

Rb1cell viability. One approach was to compare the effects of exposure to 1 mM Asc 

on cell density. The density of initially confluent layers had declined (Fig. 11A/B; 

11F/G) compared to untreated cells (Fig. 11B vs D; 11G vs I) by the fifth day after 

Asc incubation, in both WERI-Rb1 cell lines. A partial recovery was observed after 

lowering the medium Asc concentration through dilution. Nevertheless, these revived 

cell populations lost their ability to expand by forming clusters as they normally do in 

an untreated cell culture (Fig. 11C vs D; 11H vs I). A following set of experiments 
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shows the impact of 1 mM Asc on already grown culture (four days after 

centrifugation). The confluent RB cultures, treated with Asc, fell apart while the cell 

density continuously declined in both WERI-Rb1 cell lines (Fig. 11D/E; 11I/J). 

 

 

Fig. 11. 1 mM Asc decreases the growth and density of RB cell culture (a–e - etoposide-resistant WERI-Rb1 cells; f–j - 

etoposide-sensitive WERI-Rb1 cells). Light microscopic images. Asc was added to the new-passaged (a) group of 

etoposide-resistant RB cells. After four days, a reduced cell density was observed (b) and the medium was diluted with RPMI-

1640. On the seventh day, an increase of cell density could be observed (c). The second set of experiments in this group 

presents the cells, which were cultured for four days without 1mM Asc (d). Asc was supplemented after the evaluation of cell 

culture and the reduced cell density was observed after another four days (e). f–j) present the etoposide-sensitive WERI-Rb1 

cells which underwent the same observations as their etoposide-resistant counterpart (a–e). Similarly, treatment with 1 mM Asc 

led to decreases in cell density that was partially recoverable following medium dilution. Figure by Oronowicz et al. [1]. 

 

These observations regarding Asc-induced cytotoxicity prompted us to determine the 

dependence of changes in cell density and viability. The cytotoxic effects were 



31 
 

evaluated on viability based on the results of the Trypan Blue dye exclusion of freshly 

diluted WERI-Rb1 cells after four days of 1 mM Asc incubation (Fig. 12). This high 

dose of ascorbate decreased the survivability of both groups of WERI-Rb1 cells. The 

percentage of dead cells rose from 6.1 ± 0.6% (n = 8) (Fig. 12A) (in the untreated 

group) to 93.7 ± 1.5% (n = 16) (p = 0.0001) in the group supplied with 1 mM Asc (Fig. 

12B). The percentage of dead cells in the etoposide-sensitive counterpart also rose 

from 5.8 ± 1.0% (n = 8) to 93.9 ± 1.3% (n = 16) (p = 0.0001), respectively (Fig. 12C 

vs D). 

Overall, 1 mM Asc had cytotoxic effects in both etoposide-resistant and -sensitive 

WERI-Rb1 cell lines [1].  
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Fig. 12. RB cell viability can be suppressed by 1 mM Asc. The comparison of cytotoxic effects of Asc in both WERI-Rb1 cell 

lines, using Trypan Blue dye exclusion method. Neubauer counting chamber (divided into equal fields) can be seen in the 

background. Light microscopic images. a) The etoposide-resistant WERI-Rb1 control group of cells can be seen. Large majority 

of the cells seem bright (e.g., marked with an arrow)—viable cells that were not stained with the Trypan Blue dye. b) The 

etoposide-resistant WERI-Rb1 cells after four days of 1 mM Asc treatment. Most visible cells seem dark (e.g., marked with an 

arrow)—dead cells stained with the Trypan Blue dye. c/d) present the etoposide-sensitive WERI-Rb1 cells which underwent the 

same experiment as their etoposide-resistant counterpart (a, b). Figure by Oronowicz et al. [1]. 

 

4 DISCUSSION 

This study demonstrates the cytotoxic effects of 1 mM Asc on etoposide-resistant 

and -sensitive WERI-Rb1 cells. Irrespective of a difference in etoposide sensitivity, a 

pharmacological dose of Asc decreased cell viability in both cell lines. It was 

presumably due to GPCR-dependent activation of TRPs followed by increases in 

intracellular Ca2+ influx from the external bathing solution suggesting the involvement 

of a so-called GPCR-TRP signaling pathways axis in mediating this response [38]. 

Notably, the prooxidative effects of Asc could be responsible for its cytotoxicity since 

millimolar doses of this agent were reported to reduce cell viability [2, 18]. 

Furthermore, this study agrees with some other analyses which described the 

oxidation-dependent cytotoxic effects of pharmacological doses of Asc in different 

cell lines [5, 9, 13]. 

 

4.1 Role of TRP channels 

Based on the assumption that Asc (1 mM) treatment induces cell death through 

creating oxidative stress, the involvement was evaluated of the different TRP 

subtypes known to be oxidation-sensitive. Therefore, this study was undertaken to 

investigate the following oxidative stress sensitive TRP subtype channels: TRPA1 
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[22, 23]; TRPC5 [24, 25]; TRPM2 [26]; TRPM7 [28]; TRPV4 [1, 27]. These TRPs are 

important not only because of their sensitivity to oxidative stress but also due to some 

other properties which allow them to play a significant role in cell growth processes 

(in RB: TRPM7) [55]. Furthermore, TRPV1 and TRPM8 were considered as 

important factors in tumorigenesis [84]. Both genetic and functional expression levels 

of aforementioned channels were investigated in etoposide-resistant and -sensitive 

WERI-Rb1 cells. qRT-PCR data were kindly provided by Jacqueline Reinhard-Recht 

from Ruhr University Bochum-Germany. The results revealed a TRP channel gene 

expression pattern similar to those identified in previous reports [54, 55]. A 

downregulation in gene expression levels of TRPV1, TRPV4, TRPM8, TRPM2, 

TRPC5 and TRPA1could be observed in the etoposide-resistant WERI-Rb1 cells. 

Besides, the gene expression levels of TRPM7 were similar in both RB cell lines [1]. 

To determine the pathways of Asc-mediated effects, selective TRP channel inhibitors 

and broad spectrum Ca2+ channel blockers were used (already characterized in 

methods).  

 

4.2 Possible mechanisms of TRP channel activation by Asc 

Various tumor cells are escaping sensitivity to pharmacological treatment through 

spontaneous mutations, gaining resistances. This study was undertaken to 

investigate whether the pharmacological doses of Asc can trigger any TRP-

dependent cytotoxic effects and if these responses are different in etoposide-

resistant and -sensitive WERI-Rb1 cells. Surprisingly, the results of control 

measurements clarified that the etoposide-resistant cells are more sensitive to 1 mM 

Asc than their etoposide-sensitive counterpart (Fig. 3). The contribution of TRPs to 

these effects was demonstrated, showing that extracellular application of different 
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TRP/Ca2+ channel blockers inhibited the Asc-mediated increases in Ca2+ influx (Fig. 

4). Knowing that Asc can trigger aminergic GPCRs [81], the RB cells were pretreated 

with PTX, a widely-used Gi/o blocker, to verify whether Asc interaction with GPCR 

accounts for the TRP-mediated Ca2+ responses. This hypothesis was confirmed 

since Asc did not induce a significant intracellular Ca2+ increase in the presence of 

the aforementioned blocker (Fig. 4). Therefore, inhibition of the GPCR-TRP signaling 

pathway axis accounts for how Asc induces responses in etoposide-resistance and -

sensitive WERI-Rb1 cell lines [38]. 

Intracellular Ca2+ increase can arise from increases in plasma membrane Ca2+ influx 

as well as the release of Ca2+ from intracellular stores. In the current study, Asc-

induced increases in intracellular Ca2+ influx are solely ascribable to increases from 

the external medium since Ca2+ omission from the bathing solution blocked Asc-

induced rises in intracellular Ca2+ levels (Fig. 6). 

To support this conclusion, patch-clamp experiments were performed. Whole-cell 

currents were measured in the presence of Asc and Ca2+ channel antagonists. 

Outward and inward currents increased after 1 mM Asc application and were 

suppressed after supplementation with different TRP channel blockers in both WERI-

Rb1 cell groups, similarly. The relation between the effects of channel blockers on 

whole-cell currents and intracellular Ca2+ transients confirms that increases in Ca2+ 

influx across TRPs on the plasma membrane accounts for the currents induced by 

Asc (Fig. 7-10).  

Most of our findings suggest the involvement of TRPs in Asc-induced intracellular 

Ca2+ increases. However, certain mechanisms are not clear. Therefore, it is 

suggested that one of the trigger factors which activate TRPs could be the increased 
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generation of H2O2, which is caused by the oxidation-mediated mechanisms of high 

Asc doses, as suggested by other authors [85-88]. 

Medium acidification by Asc was ruled out as a mediator of Asc -induced intracellular 

Ca2+ transients since mimicking the Asc medium acidification from ~7.35 to ~7.15 

failed to mimic the larger increases in intracellular Ca2+ influx induced by Asc. 

Nevertheless, this pH decline had a relatively negligible impact on the Ca2+ influx in 

both WERI-Rb1 cell groups. The observed results were minimal in comparison to 

Asc-induced effects (Fig. 3). Furthermore, knowing that the reported values of 

medium pH which triggered TRP-induced currents were below 6.0, it is unlikely that 

the obtained increases in Ca2+ influx were caused by a slight pH acidification [89-91]. 

These observations are consistent with the results of Garrity et al., who reported that 

primary reason for pH-dependent TRP responses were not extracellular pH changes 

[92]. 

The lack of correspondence between the functional and genetic TRP expression 

levels in both WERI-Rb1 cell lines was obtained. Such discrepancy may be 

attributable to variability in mRNA turnover caused by modulation of other factors. It is 

conceivable that instead a closer correlation between protein functional activity and 

expression levels exists. This supposition can be supported because the level of 

mRNA expression frequently occurs quicker than protein expression turnover. 

 

4.3 Cytotoxic effects of Asc lead to reduced RB cell viability 

Cytotoxicity induced by 1 mM Asc was confirmed based on decreases in Trypan Blue 

exclusion experiments in etoposide-resistant and -sensitive WERI-Rb1 cells. Such 

declines in cell viability of almost 94% after 4 days were consistent with similar falls in 

cell density (Fig. 11/12). The current study focused only on the roles of Ca2+-
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dependent pathways in mediating Asc-induced cytotoxicity. Even though they 

contribute to controlling tumorigenesis there are other possible cytotoxicity-inducing 

mechanisms that should be considered. In any case, the observed effects are similar 

to those obtained by Chen et al., who described the reduction of cell viability in 

ascorbate-treated cells [5]. 

Asc-generated H2O2 was reported to be the main factor that compromises cell 

viability [2, 18]. It should be considered as the central redox agent modulating 

oxidative pathways [13, 93, 94]. Other studies support this thesis by showing that 

primarily the extracellular concentration of H2O2 led to cell death [12].  

This could explain why a high intracellular concentration of Asc does not protect the 

cells from tumorigenic processes. Although oxidative stress could be the main factor 

that limited cell viability, other supportive mechanisms such as glutathione depletion 

should be considered [18]. Most of the Asc-mediated oxidative-dependent effects can 

result from disruption of mitochondrial function [26]. H2O2-induced response was 

observed in podocytes [95] and Asc-dependent ROS-modulated cell death was 

reported in thyroid cancer cells [96]. Analogous but oxidative stress-independent 

effects were obtained in retinal ganglion or breast cancer cells [97, 98]. One of the 

pathways that can lead to cell apoptosis regardless of H2O2 levels is autophagy-

associated caspase-independent axis [99]. 

However, the mechanisms affecting the viability of RB cells are not elucidated so far. 

Follow-up studies may determine if other viability decreasing mechanisms described 

in different tumor cells can also underlie the Asc-induced cytotoxicity in WERI-Rb1 

cell lines. 
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4.4 Clinical relevance 

Nowadays, the number of patients afflicted with hardly curable tumors is still 

increasing [100]. Therefore, the development of multiple kinds of anti-cancer cures 

becomes even more important. Accordingly, one of the effective methods can be a 

supportive usage of pharmacological doses of Asc, as reported in many studies that 

dealt with different tumorigenic cell types [5, 9, 11-13, 18, 99, 101].  

At this point, Riordan et al. conducted one of the most meaningful clinical studies up 

until now. They developed a method of high dosage Asc intravenous administration - 

"Riordan therapy" [2]. It delimited the relationship between peak- and average Asc 

plasma concentration and assigned a target level which should result in anti-cancer 

effects. Primarily, the prooxidative effects of Asc followed by an increase in H2O2 

levels are responsible for reducing the expansion of cancer cells [2, 18]. H2O2-

dependent cell death is the central point in most of the aforementioned studies. So 

far, none of them described any involvement of TRP-related pathways. The possible 

contribution of TRPs is important since they are associated with many oncogenic 

mechanisms [102, 103]. Moreover, the role of the Ca2+-permeable channels seems to 

be crucial as they are responsible for maintaining the Ca2+ homeostasis, an important 

factor which controls different cellular processes i.e. apoptosis [48, 51, 104]. This 

study shows that Asc-induced cytotoxicity in WERI-Rb1 cells could be mediated by 

GPCR-TRP-related pathways, resulting in increased transmembrane Ca2+ influx [1].  

Investigating the interaction between Asc and TRPs is reasonable since they both 

were reported to play a role in anti-tumor therapies. High doses of ascorbate can 

sensitize the cells to radio/chemotherapeutic agents or have synergistic effects with 

them [105-107]. On the other hand, modulating certain TRPs can be used in imaging 

or therapies [108, 109]. Therefore, our description of a dependence of Asc-induced 
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cytotoxicity on TRPs activation suggests novel targets for improved therapeutic 

management of tumorigenesis. 

Since the obtained effects of 1 mM Asc in RB cells were significant in the etoposide-

resistant WERI-Rb1 cell line, Asc could be considered as a possible adjuvant to 

develop numerous cures of tumors resistant to common therapies [1]. 

 

4.5 Outlook and Limitations 

Improving the efficacy of anti-cancer therapies and understanding their mechanisms 

of action is an ongoing challenge. The impact of this study may be far reaching if 

follow-up studies are undertaken to clarify the dependence between genetic and 

functional expression of TRPs in tumor cells. Future experiments should also focus 

on the efficacious Asc concentration ranges, to provide more desirable therapeutic 

management of tumorgenesis without any side effects. The effects of 

pharmacological concentration of Asc should also be investigated in other types of 

RB cell lines to determine if ascorbate is able to overcome different resistances. We 

cannot ignore the possible incongruence between our in vitro and eventual future in 

vivo studies. Such inconsistency in effects of Asc was already observed in other cells 

[110]. 

In order to ensure the highest possible level of significance every effort has been 

undertaken but some limitations that occurred during this study should be mentioned. 

One of them was cell cultivation itself, since we cannot exclude that minor differences 

in a cell passage characteristics could have an impact on how the RB cells reacted 

during different experiments. Furthermore, the measurements included different 

number of cells, because of their density, vitality and growth phase. Moreover, some 

data were scattered, which may have been due to the difficulties in the calibration of 
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signal-noise ratio of the calcium imaging set-up. Many effects of Asc were 

unambiguous, but there were also some outliers. This variance could have many 

reasons. One of them could be a polymodal TRP channel characteristics, which 

means that they are sensitive to lot of different environmental stimuli. Pipetting, pump 

suction and room temperature could influence either mechano- or thermosensitive 

activation [111]. 

The temperature could impact not only TRP channel activation but also affect Fura-

2/AM properties. Besides, this dye is also vulnerable to the high light exposure, which 

could lead to dye bleaching. Therefore, all measurements were performed in a 

darkened room, at a constant room temperature ~ 20 – 23°C. Another limitation was 

a concentration of the dye since it is known that the interaction of Fura-2/AM with 

Ca2+ can have an impact on cell metabolism [112]. 

Moreover, we have to mention the ability of RB cells to group/sediment rapidly, which 

interfered with patch-clamp measurements stability.  

A minor limitation occurred by counting the cells in dye exclusion viability 

experiments. The cells were counted only by one person but multiple times. 

The last limitation was the cell type. All experiments were performed with only one 

validated RB (WERI-Rb1) cell line. Although the relationship between Asc and the 

viability of another group of RB cells (Y-79) was reported, the measurements should 

be repeated with some different cell lines to obtain more definitive results [6].  
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