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Abstract 

In the presence of oxygen, ascorbic acid (AA) is unstable in aqueous media and 

oxidises to dehydroascorbate (DHA), generating reactive intermediates such as ascorbate 

free radical and H2O2. It is proposed that the cytotoxicity of AA is due to the extracellular 

production of H2O2 and that this is mediated by transition metal ions present in cell 

media. Here we investigate the role of extracellular H2O2 and metal ions in the 

genotoxicity of AA in cell culture models. Our preliminary results confirmed that 

physiological concentrations of AA were not toxic to confluent human fibroblasts, 

although they inhibited the proliferation of cells at low density. No inhibition was 

observed with ascorbic acid 2-phosphate (AA2P), a vitamin C derivative that remains 

stable in culture media. Furthermore, high concentrations of AA induced DNA strand 

breakage in a dose-dependent manner, whereas DHA and AA2P were not genotoxic. The 

genotoxic effect of AA was transient, required the formation of extracellular H2O2 and 

the presence of intracellular iron, but not of extracellular transition metal ions. These 

observations further clarify the pro-oxidant effect of AA solutions in cell culture models. 

The possibility that intravenous administration of high-dose AA may cause a similar 

genotoxic effect in vivo is discussed. 
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1. Introduction 

Vitamin C (ascorbic acid, AA) is an important antioxidant in human plasma. 

Ascorbate, the mono-anion form of AA and the predominant species at physiological pH, 

is an efficient electron donor in many biological redox reactions, capable of replacing 

potentially damaging, highly oxidising radicals by the poorly reactive ascorbate free 

radical (AFR). Furthermore, ascorbate can replenish other important antioxidant 

molecules (reviewed by May, 1999; Duarte and Lunec, 2005). However, AA has 

paradoxical effects on the viability of cell cultures. Whilst some studies showed that AA 

stimulates collagen synthesis (Blanck and Peterkofsky, 1975; Freiberger et al., 1980; 

Murad et al., 1981) and proliferation in human diploid fibroblasts (HDFs) (Hata et al., 

1988; Chan et al., 1990; Chepda et al., 2001), other studies reported a cytotoxic effect 

(Peterkofsky and Prather, 1977; Michiels et al., 1990; Peterszegi et al., 2002). The 

cytotoxicity of AA has been associated with the formation of H2O2 in the extracellular 

environment (Peterkofsky and Prather, 1977; Galloway and Painter, 1979; Prasad et al., 

1979; Peterszegi et al., 2002). The formation of H2O2 is thought to result from the aerobic 

‘auto-oxidation’ of ascorbate in the culture medium at physiological temperature and pH 

(Winkler, 1987). The observation that the oxidation of ascorbate at neutral pH is 

accelerated by copper or iron and slowed down in the presence of chelating agents 

prompted the proposition that the oxidation of AA depends on the presence of trace levels 

of catalytic transition metals in most solutions employed in laboratory research (Buettner, 

1988). Recently, it was proposed that intravenous administration of AA can be used as a 

way of delivering H2O2 to tissues, to selectively kill cancer cells, which are thought to 

have lower levels of endogenous antioxidant defences (Chen et al., 2005). However, 

transition metal ions are not usually available in human plasma (Miller et al., 1990), so it 

would be important to understand if the formation of H2O2 is transition metal ion-

dependent. 

Whilst H2O2 itself is a poorly reactive molecule, in the presence of transition 

metal ions it can be converted to the highly reactive hydroxyl radical (Halliwell and 

Gutteridge, 1999). The production of H2O2 in cell culture media is thus expected to 

damage cellular DNA. The genotoxic effects of AA on cell culture models have been 

recently assessed using the alkaline comet assay, a sensitive microelectrophoretic 
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technique for the direct detection of several types of DNA damage in single cells, 

including DNA strand breaks, alkali-labile sites and incomplete excision repair sites 

(Singh et al., 1988). Results were conflicting, with AA causing DNA damage in some 

studies (e.g. Anderson et al., 1994; Singh, 1997) but not in others (e.g. Szeto and Benzie, 

2002). Despite the inconsistent results, AA is commonly employed as a supposed 

antioxidant in order to counteract the genotoxic action of numerous agents (e.g. Re et al., 

1997; Blasiak et al., 2000, 2003; Wozniak and Blasiak, 2003, 2004; Blasiak and Kowalik, 

2001; Robichova and Slamenova, 2002). 

In this study, we investigated the pro-oxidant effect of vitamin C solutions in cell 

culture models. In particular, our aim was to clarify the mechanisms leading to the 

formation of DNA damage in HDFs, by assessing the involvement of extracellular H2O2 

and transition metal ions, and to relate these with cell viability endpoints. To circumvent 

the problems associated with AA auto-oxidation, we used ascorbic acid 2-phosphate 

(AA2P), a vitamin C derivative that remains stable in cell culture media at 37 ºC (Hata 

and Senoo, 1989). AA2P is hydrolysed by cellular phosphatases to AA, leading to an 

accumulation of intracellular ascorbate (Furumoto et al., 1998; Savini et al., 1999).  The 

current study helps addressing the contradictory findings of studies of the toxic effects of 

AA on cell culture models and the possible physiological relevance of the often-cited pro-

oxidant effect of AA solutions. 

 

2. Materials and Methods 

2.1. Reagents 

Minimal essential medium (MEM) with Earle’s salts and non-essential amino 

acids, foetal bovine serum (FBS) and Glutamax-I were purchased from Invitrogen 

(Paisley, UK). Magnesium L-ascorbate 2-phosphate (AA2P) was obtained from Wako 

Pure Chemical Industries (Neuss, Germany). Superoxide dismutase (SOD) from bovine 

liver was obtained from Merck (Darmstadt, Germany). All other chemicals and reagents 

were purchased from Sigma-Aldrich (Poole, UK) unless otherwise stated. 
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2.2. Cell lines and culture conditions 

GM5399 primary HDFs established from skin biopsy of an apparently healthy 

donor were purchased from the NIGMS Human Genetic Cell Repository (Coriell Institute 

for Medical Research, New Jersey, USA) and grown as a monolayer culture at 37 ºC, in a 

humidified atmosphere containing 5 % CO2. HDFs were grown in MEM with Earle’s 

salts supplemented with 2 mM Glutamax-I and 10 % (v/v) FBS, and routinely passaged 

by trypsinisation when nearly confluent. All experiments were performed at passage 

numbers 10-17 and cells were confirmed to be free of mycoplasma contamination. All 

solutions were freshly prepared and sterilised by passing through a 0.22 µm membrane 

immediately prior to the experiments. For DNA damage experiments, vitamin C solutions 

were prepared in low-serum medium (0.5 % FBS) and incubated at 37 °C in the dark for 

a certain period of time. Confluent HDFs were then incubated with these solutions for 30 

minutes on ice, in the dark. 

 

2.3. Single-cell gel electrophoresis (comet assay) 

 DNA damage was measured using the alkaline comet assay described by Singh 

et al. (1988) with modifications. HDFs were harvested by trypsinisation and suspended in 

0.6 % low melting point agarose. Eighty microliters of the agarose gel (containing 

approximately 3 × 104 cells) were dispensed onto glass microscope slides previously 

coated with 1% normal melting point agarose. The agarose was allowed to set on ice 

under a coverslip and the slides left overnight in ice-cold lysis buffer (100 mM disodium 

EDTA, 2.5 M NaCl, 10 mM Tris-HCl, pH 10 containing 1 % triton X-100 v/v added 

fresh). Slides were washed with distilled water and then placed in a horizontal 

electrophoresis tank containing ice-cold alkaline electrophoresis buffer (300 mM NaOH, 

1 mM disodium EDTA, pH ≥ 13) for 20 minutes and electrophoresed at 30 V (0.7 V/cm) 

and 300 mA for 20 minutes. Slides were neutralised with 0.4 M Tris-HCl, pH 7.5 for 20 

minutes and washed with double-distilled water, then allowed to dry. All procedures 

were carried out under subdued light to minimise background DNA damage. For 

staining, slides were re-hydrated in distilled water, incubated with a freshly made 

solution of 2.5 µg/mL propidium iodide for 20 minutes, washed again for 30 minutes and 

allowed to dry. Comets were visualised in the fluorescence microscope at a magnification 
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of 200×. Images were captured by an on-line CCD camera and analysed with the Komet 

Analysis software version 5.5 (Andor Bioimaging, Nottingham, UK). A total of 100 cells 

were analysed per sample, 50 per duplicate slide. The percentage of DNA in the tail of 

the comet (% tail DNA) was calculated for each cell by the Komet Analysis software.  

 

2.4. Cell viability assays 

Cell viability was routinely assessed by the trypan blue dye exclusion assay. In 

addition, cell viability was determined by the colorimetric MTT assay (Mosmann 1983). 

HDFs in 96-well plates were incubated with 50 µl of 0.5 mg/ml MTT at 37 ºC for 4 

hours. The MTT solution was then removed and the coloured formazan crystals formed 

by the cells were solubilised in 100 µl of DMSO. Plates were gently shaken for 5 minutes 

and the absorbance of the formazan product read at 544 nm in a FLUOstar Optima plate 

reader (BMG Labtechnologies, Offenburg, Germany). For proliferation studies, HDFs 

were seeded at a low density (0.33 × 104 cells/cm2) and left to adhere for approximately 

24 hours.  The culture medium was then replaced with 20, 100 or 500 µM solutions of 

either AA or AA2P dissolved in complete growth medium. Control cells were incubated 

with medium alone. The medium was changed daily and 0, 3, 5 or 7 days later cells were 

harvested by trypsinisation and counted using the CASY Cell Counter and Analyser 

System (Schärfe System GmbH, Germany). 

 

2.5. Measurement of AA concentration 

AA was added to low-serum medium to a final concentration of 100 µM. At 

regular intervals, a 0.5 ml aliquot was collected and added to 4.5 ml of ice-cold 10 % 

metaphosphoric acid. The solution was centrifuged at 1260 × g for 10 minutes at 4 °C to 

remove any debris and the supernatant kept at -70 °C until ready to analyse. AA was 

measured by high-performance liquid chromatography (HPLC) with UV detection (254 

nm). The HPLC included an isocratic LC pump 250 (Perkin Elmer, Norwalk, CT, USA), 

an auto-sampler model 542 (ESA) and a UV detector UVD340S (Dionex, Camberley, 

UK). AA was separated on a Luna 5u C18 (2) HPLC column (150 × 4.6 mm) 

(Phenomenex, Macclesfield, UK) with an injection volume of 50 µl. The mobile phase 

consisted of 15 mM phosphate buffer, pH 6. The flow rate was 0.4 ml per minute. The 
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retention time of AA was approximately 5 minutes. AA was quantified using a standard 

curve. 

 

3. Results 

The viability of confluent HDFs incubated with a physiological concentration 

(100 µM) of AA or AA2P for 24 hours was determined with the MTT assay. As depicted 

in Fig. 1A, none of the vitamin C supplements reduced the relative viable cell number 

when compared with control cells. Likewise, cell viability was > 95 % in all three groups, 

as judged by the ability to exclude trypan blue (data not shown). So, it can be concluded 

that AA or AA2P did not have an effect on the viability of confluent HDFs. For cell 

proliferation studies, HDFs were seeded at a low density (0.33 × 104 cells/cm2) and 

incubated with 20, 100 or 500 µM solutions of either AA or AAP or growth medium 

alone for up to 7 days. Medium was changed daily. In preliminary experiments, we 

observed that control HDFs divided exponentially for 5 days and started to plateau at 

around the seventh day in culture (data not shown). HDFs incubated with the two vitamin 

C derivatives were therefore harvested and counted at day 5. Notably, AA, but not AA2P, 

caused a dose-dependent reduction in the proliferation of HDFs seeded at low cell density 

(Fig. 1B). The highest concentration of AA caused cell death within a few hours, as 

indicated by cell shrinkage and membrane blebbing, followed by detachment (data not 

shown). 

The oxidation of AA in culture medium is well documented in the literature (e.g. 

Chepda et al., 2001) and was confirmed here. Results depicted in Fig. 2 show that AA 

was lost from culture medium in a time-dependent manner. AA loss was faster during the 

first 2 hours of incubation. 

For DNA damage studies, confluent HDFs were exposed to increasing 

concentrations of H2O2 or AA on ice to prevent any DNA repair. All treatments were 

carried out in medium with a minimal amount of serum (0.5 %) in order to avoid 

interference of the serum constituents (e.g. transition metal ions). H2O2 produced the 

anticipated dose-response relationship in the comet assay (Fig. 3A, top). Vitamin C 

solutions were prepared immediately before use and incubated at 37 °C for 1 hour in the 

dark to allow for auto-oxidation. Only then were the solutions added to cells and 



 

 7 

incubated on ice for 30 minutes, before processing them for the comet assay. AA caused 

DNA damage in a dose-dependent manner (Fig. 3A, bottom). An increase in DNA 

damage was detected with AA concentrations equal to or higher than 100 µM. In 

contrast, the oxidised form of vitamin C, DHA, and the stable AA derivative, AA2P, 

were not able to cause DNA damage at concentrations up to 1 mM (Fig. 3B). Although 

some AA may be released from AA2P as a consequence of the activity of serum 

phosphatases (Chepda et al., 2001), no DNA damage was observed here when AA2P was 

pre-incubated in complete growth medium (10 % FBS) (data not shown), which indicates 

that the contribution of serum phosphatases was insignificant. Overall, these experiments 

suggest that DNA damaging species are produced in the medium during the pre-

incubation at 37 °C when the free, reduced form of AA is present. To test this hypothesis, 

AA solutions (500 µM) were pre-incubated at 37 °C for different periods of time before 

adding to cells (Fig. 3C). Notably, no DNA damage was detected when AA solutions 

were prepared and immediately added to cells on ice. However, DNA damage levels were 

significantly elevated when AA solutions were pre-incubated for 1 or 2 hours at 37 °C. 

These results suggest that it is a product formed during AA auto-oxidation, rather than 

AA itself, that is responsible for DNA damage. Longer pre-incubation times (4-8 hours) 

decreased AA-induced DNA damage substantially, which indicates that the species 

responsible for DNA damage are only transiently produced and are not stable in solution 

for long. 

Previous reports have shown that AA auto-oxidation in culture medium in aerobic 

conditions leads to the formation of H2O2 (Clement et al., 2001; Wee et al., 2003). To test 

the hypothesis that the genotoxicity of AA is due to the formation of H2O2 in the culture 

medium, experiments were performed in which AA solutions were pre-incubated at 37 

°C in the presence or absence of the specific H2O2-degrading enzyme catalase (CAT; EC 

Number: 1.11.1.6). As depicted in Fig. 4, CAT completely abolished AA-induced DNA 

damage. As the solutions were added to cells on ice, the enzyme would have only been 

active during the pre-incubation time. Therefore, it can be concluded that the formation of 

H2O2 during the pre-incubation at 37 °C was essential for the ability of AA to damage the 

DNA. The addition of superoxide dismutase (200 U/ml; EC Number: 1.15.1.1) during 
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pre-incubation did not abolish the DNA damage elicited by AA solutions (data not 

shown). 

The oxidation of AA in solution is thought to be dependent on the presence of 

trace levels of transition metal ions (Buettner, 1988). The contribution of extracellular 

transition metal ions to AA genotoxicity was therefore investigated by pre-incubating AA 

at 37 °C in the presence of equimolar amounts of different metal chelators (Fig. 4). 

Addition of exogenous trivalent (diethylenetriaminepentaacetate, DTPA) and divalent 

(ferrozine, FZN) metal ion chelators did not seem to affect the AA-induced DNA damage 

levels, whereas two iron-specific chelating agents, apo-transferrin (apo-Tf) and 

desferrioxamine (DFO), augmented the damage. On the other hand, co-incubation with 

2,2’-bipyridyl (BIP) prevented DNA strand breakage completely. However, this was 

probably due to the ability of this metal chelator to permeate cells quickly and hence 

chelate intracellular reactive iron during the incubation with AA on ice. In fact, AA-

induced DNA damage was also completely abrogated when cells were pre-incubated with 

300 µM DFO for 14 hours, which allows for efficient intracellular accumulation of the 

chelator (Halliwell, 1989). Taken together, these results show that, whilst the DNA 

damage elicited by AA solutions is suppressed by effective chelation of intracellular iron, 

the formation of the damaging species (i.e. H2O2) in the medium during AA auto-

oxidation is not prevented by extracellular chelating agents. 

 

4. Discussion 

The effects of AA on cell proliferation are controversial. However, careful 

analysis of the literature reveals that the studies reporting that AA stimulates the 

proliferation of cultured HDFs were generally performed with confluent cells (Hata et al., 

1988; Chan et al., 1990; Chepda et al., 2001), whereas the studies showing a cytotoxic 

effect used cells at low density and/or high (millimolar) concentrations of AA 

(Peterkofsky and Prather, 1977; Michiels et al., 1990; Peterszegi et al., 2002). The current 

study confirms that physiological concentrations of AA are not toxic to confluent HDFs, 

although they inhibit the proliferation of cells treated at low density in a dose-dependent 

manner. We also confirm that the stable vitamin C derivative, AA2P, is not cytotoxic, 

even if supplied at a high concentration (500 µM). Our results thus agree with previous 
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evidence that the cytotoxic activity of AA is exclusive of those vitamin C derivatives that 

auto-oxidise in culture medium (e.g. L-AA and sodium-L-ascorbate), whereas stable AA 

derivatives (e.g. L-AA2P magnesium salt and L-ascorbic acid 2-sulfate) are not toxic 

(reviewed by Sakagami and Satoh, 1997). 

To date, the studies that have addressed the genotoxicity of AA by employing the 

alkaline comet assay have produced conflicting results. Whilst ex vivo exposure of human 

lymphocytes to AA concentrations of up to 200 µM failed to induce any DNA damage in 

one study (Szeto and Benzie, 2002), a dose-dependent increase in DNA damage was 

observed in another study between 200-5000 µM (Anderson et al., 1994). Furthermore, 

sodium ascorbate (25-100 µM) caused DNA strand breakage in HDFs and lymphocytes 

(Singh, 1997). Our study showed that AA causes DNA damage in a dose-dependent 

manner at concentrations ≥ 100 µM. Higher AA concentrations were required in our 

study, which is probably due to the fact that Singh (1997) treated HDFs at low density 

and we worked with confluent monolayers. In fact, H2O2-induced DNA damage is 

reduced in confluent cell cultures (Duthie and Collins 1997). 

It is worth noting that several studies have recently employed AA as a supposed 

antioxidant in order to clarify the genotoxic action of numerous agents (e.g. Re et al., 

1997; Blasiak et al., 2000, 2003; Wozniak and Blasiak, 2003, 2004; Blasiak and Kowalik, 

2001; Robichova and Slamenova, 2002). Typically, cells were pre-incubated with AA for 

a short period of time (less than an hour) before exposure to the test agent or co-incubated 

with the test agent for a similar period of time. At least in some cases, vitamin C per se 

appeared to increase DNA damage (Blasiak et al., 2000, 2003). On the basis of our 

findings, the use of AA in genotoxicity tests needs to be considered with caution. 

To clarify their genotoxic activity in cell culture models, we have incubated 

vitamin C solutions in aerobic conditions at 37 °C for different periods of time before 

adding them to cells. HDFs were incubated with these solutions at 0 °C, which suppresses 

AA accumulation (Butler et al., 1991). Consequently, any genotoxic effects could be 

attributed to a product of AA auto-oxidation capable of entering cells by passive 

diffusion, rather than to AA itself. Using this different approach, we could show that only 

when vitamin C solutions were incubated at 37 °C to allow for auto-oxidation before 

adding to cells, AA, but not the oxidised form of the vitamin (DHA) or a stable derivative 
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(AA2P), was able to damage the DNA. The effect was maximal within the first 2 hours of 

AA incubation and diminished at longer incubation times. Taken together, our results 

show that DNA damage is not caused by AA itself but rather by products of its oxidation 

formed during the first two hours of incubation. Experiments where CAT was present 

during the pre-incubation period confirmed extracellular H2O2 as the mediator of DNA 

damage formation. Regression analysis of the dose-response curves of DNA damage 

formation induced by AA or H2O2 indicates that, under the experimental conditions 

employed herein, 1 mM AA induced an amount of DNA damage equivalent to that 

induced by 56 µM H2O2. This is in good agreement with the study of Wee et al. (2003), 

who observed that approximately 60 µM of H2O2 were generated from 1 mM AA within 

one hour of incubation in cell medium at 37 ºC. H2O2 is poorly reactive and it can easily 

reach the nuclear compartment where, in the presence of intracellular reactive iron, it can 

yield highly reactive oxygen species that damage the DNA (Halliwell and Gutteridge, 

1999). The formation of extracellular H2O2 may explain the loss of cell viability observed 

at low cell density, especially following exposure to high (millimolar) concentrations of 

AA. However, low concentrations of H2O2 are reasonably well tolerated by cells, so we 

would expect the pro-oxidant effect to be minimal when AA is supplied to confluent cells 

at physiologic concentrations (i.e. ≤ 100 µM). AA2P, on the other hand, did not have a 

pro-oxidant effect and did not affect cell viability, even when HDFs were treated at a low 

cell density. Therefore, studies of the intracellular effects of vitamin C that require the 

use of cells at low density would benefit from the use of a stable vitamin C derivative like 

AA2P. 

It has recently been proposed that high (grams) intravenous concentrations of AA 

may be a clinically useful way to deliver H2O2 to tissues and thereby selectively kill cells 

with reduced levels of endogenous antioxidant defences, as may be the case of cancer 

cells (Chen et al., 2005). This is supported by pharmacokinetics studies with human 

volunteers showing that plasma AA levels can reach millimolar concentrations 

immediately after the intravenous administration of such high doses of vitamin C 

(Padayatty et al., 2004). A rapid decrease in plasma AA is observed thereafter. AA 

disappearance is thought to occur mainly by efficient renal filtration and excretion, but 

AA oxidation may also have a significant contribution, as supported by the presence of 
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AFR in the circulating blood of rats (Wang et al., 1992) and humans (Galley et al., 1996) 

given a high intravenous dose of AA. In theory, the oxidation of AA in the presence of 

oxygen can either occur spontaneously or be catalysed by transition metal ions. The 

former involves the one-electron oxidation of ascorbate anion by molecular oxygen, 

whereas the latter involves the reaction of oxygen with a metal-ascorbate complex (Khan 

and Martell, 1967). Chelating agents were shown to slow the oxidation of AA catalysed 

by iron (DTPA or DFO) or copper (DTPA) in phosphate buffers at neutral pH. Therefore, 

it was proposed that the auto-oxidation of AA in solution is a consequence of trace levels 

of transition metal ion (iron and to a lower extent copper) contamination in most 

solutions employed for research (Buettner, 1988) and would be of limited physiological 

significance, as transition metals are efficiently sequestered in biological fluids from 

healthy individuals (Miller et al., 1990). However, our results showed that the 

genotoxicity of AA could not be blocked by the addition of the metal chelators apo-Tf, 

DFO, FZN or DTPA. It is worth noting that the endocytosis of DFO and apo-Tf is 

inhibited at 0 °C and likewise FZN and DTPA are not expected to enter cells during the 

short incubation on ice due to their hydrophilic nature (Porter, 1989; Parkes et al., 1997). 

Therefore, these agents would only account for the chelation of extracellular metals in 

our experimental conditions. Our results suggest that the genotoxicity of AA solutions is 

due to AA’s spontaneous, rather than metal-catalysed, oxidation. 

Intriguingly, the addition of apo-Tf and DFO lead to an increase in AA-mediated 

DNA damage. A possible explanation is that, in the absence of the chelators, some of the 

H2O2 formed from AA auto-oxidation would be lost before entering cells by reacting with 

iron present in the medium. An excess of apo-Tf or DFO would inhibit the availability of 

ferric iron and thus spare H2O2 loss in the medium. As a consequence, more H2O2 would 

enter cells and damage the DNA in the presence of intracellular reactive iron. A similar 

effect was reported by Byrnes (1996), who observed that chelation of extracellular iron 

with non-permeant chelators increased H2O2-induced DNA strand breakage in HL-60 

cells. This is further supported by the work of Sakagami et al. (1997), who reported that a 

1-hour exposure to high (millimolar) concentrations of AA was toxic to HL-60 cells. The 

addition of micromolar to millimolar concentrations of DFO during the 1-hour exposure 

did not inhibit but rather enhanced the cytotoxic activity of AA in a dose-dependent way. 



 

 12 

Taken together, the two studies mentioned above and our own results show that high 

concentrations of AA can be toxic even in iron-deficient medium and that iron chelation 

may enhance the cytotoxicity and genotoxicity of AA. 

To summarise, physiological concentrations of AA (≤ 100 µM) inhibited the 

proliferation of HDFs at low-density but were not toxic to confluent cells. On the other 

hand, at concentrations ≥ 100 µM, AA caused DNA strand breakage in confluent HDFs 

in a dose-dependent manner. With our experimental design, we could clearly show that 

the genotoxic mechanism of AA does not require its intracellular accumulation. Instead, 

it involves the transient production of H2O2 in the cell medium from AA auto-oxidation, 

the passive diffusion of H2O2 through the cell membrane and its reaction with 

intracellular labile iron, to generate more reactive oxygen species and ultimately damage 

the DNA. Importantly, the genotoxic effect of AA was independent of the presence of 

extracellular catalytically active metal ions. Consequently, we anticipate that the pro-

oxidant effect of AA described above may occur in vivo immediately after intravenous 

administration of high-dose vitamin C. 
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Fig. 1. Effects of AA and AA2P on the viability and proliferation of HDFs. A, Confluent 

HDFs were incubated with 100 µM AA or AA2P for 24 hours and viability determined 

with the MTT assay. Results are the mean ± SD from 18 replicate wells. The experiment 

was replicated 3 times with identical results. B, HDFs seeded at low-density were 

incubated in the presence or absence of 20, 100 or 500 µM AA or AA2P for 5 days. 

Medium was changed daily and viable cell number compared with that of control cells. 

Each value represents the mean ± SD from 3 independent experiments. Differences 

between the treated groups and the control group were compared by two-tailed one-way 

analysis of variance with post-hoc Dunnett’s test. * p < 0.05, ** p < 0.005, *** p < 0.001 

versus control; NS, not significant versus control. 

 

Fig. 2. Measurement of AA concentration in cell culture medium. AA (100 µM) was 

added to low-serum medium (0.5 % FBS) and the concentration of AA was determined at 

0, 2, 6, 12 or 24 hours of incubation at 37 °C by HPLC. Results are the mean ± SD from 

3 independent experiments. 

 

Fig. 3. H2O2- and AA-mediated formation of DNA damage in HDFs. A, Cells were 

incubated with different concentrations of H2O2 in low-serum medium for 30 minutes on 

ice and then processed for the comet assay (top). AA solutions were prepared in low-

serum medium and incubated at 37 °C in the dark for 1 hour. Confluent cells were then 

incubated with these solutions for 30 minutes on ice and subsequently processed for the 

comet assay (bottom). Each value represents the mean ± SD from 3 independent 

experiments. B, AA, DHA or AA2P solutions were incubated at 37 °C in the dark for 1 

hour. Confluent HDFs were then incubated with these solutions for 30 minutes on ice and 

subsequently processed for the comet assay. Each value represents the mean ± SD from 

3-7 independent experiments. C, AA solutions (500 µM) were incubated at 37 °C in the 

dark for different periods of time. Confluent HDFs were then incubated with these 

solutions for 30 minutes on ice and subsequently processed for the comet assay.  Each 

value represents the mean ± SD from 3 independent experiments.  
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Fig. 4. Effects of CAT and metal ion chelators on AA-induced DNA damage. AA 

solutions (500 µM) were incubated at 37 °C in the dark for 1 hour in the presence or 

absence of 200 U/ml CAT, 50 µg/ml apo-Tf or 500 µM DTPA, FZN, DFO or BIP. 

Confluent HDFs were then incubated with these solutions for 30 minutes on ice and 

subsequently processed for the comet assay. The last treatment refers to cells that were 

pre-loaded with 300 µM DFO for 14 hours and thoroughly washed before exposure to 

AA. Each value represents the mean ± SD from 3-10 independent experiments. 
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