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Abstract: Ascorbate pro-drug theory promising possible effective and 

nontoxic treatment is intensively examined and centered on the importance 

of both extracellular and intra-cellular effects of ascorbate. In this study, we 

sought to determine the in vitro cell responsiveness in a plasma free milieu 

with or without an extracellular catalyst and/or hydrogen peroxide. This 

project brought to light how ascorbic acid would react to in a Red Blood 

Cell (RBC) suspension by using the two anti-oxidant pathways. We 

demonstrated that while ascorbate doesn’t require an extracellular metal 

catalyst to induce cell damage via the lipid peroxidation pathway, the 

protein-centered metal pathway could be enhanced by a divalent cation, 

hydrogen peroxide or both. The current lack of understanding of ascorbate 

potential mechanism excites us to propose some insights for the vitamine C 

pharmacologic dose pro-oxidant activity.  

 

Keywords: Ascorbic Acid, Pharmacodynamics, Pro-Oxidant, Biochemical, 

Mechanical and Enzymatic Biomarkers, Intracellular and Extracellular 

Effects, Human Erythrocyte 

 

Introduction 

Ascorbic Acid (AA, vitamin C, ascorbate) is well 
known for its antioxidant activity, but its proposed pro-
oxidant activity at high concentrations that remains 
controversial (Wilson et al., 2014). To see whether 
ascorbate acts as a pro-oxidant, Suh et al. (2003) have 
conducted an experimental study using human plasma. 
They showed that even in the presence of redox-active 
iron or copper and hydrogen peroxide, ascorbate acts as 
an antioxidant to prevent lipid peroxidation and protein 
oxidation (Suh et al., 2003). However, Chen et al. (2007) 
has demonstrated in an animal model that H2O2 induced 
by Ascorbic Acid (AA) in presence of a divalent cation 
are strongly destroyed by the plasmatic defense although 
it still highly reactive in tissues (Chen et al., 2007). 
These two pilot studies have evoked more questions than 
answers and suggested that high doses of AA are pro-
oxidant but without any damage effects on human 
plasma because of plasmatic H2O2 scavengers. 
Consequently, the Pro-Drug Theory of ascorbate was 
born. Nevertheless, it is clear that method and timing of 
evaluation of such new concepts is hindered by our 
limited mechanistic understanding and the lack of 
specific biomarkers (Chen et al., 2005). Needless to 
reminder that erythrocytes as like as neutrophils are 
considered the main system of AA recycling in human. 

In this way, erythrocytes are more important because 
they have the particularity to be the first line of 
antioxidant defenses and are exposed to decreases of 
their antioxidant capacity (Chatterjee et al., 2008). 
Considering these points together, we have conducted an 
in vitro study to show the impact of the high doses of 
AA on human cells exempted from plasma milieu and to 
try to shed light onto the mechanistic sides. 

Research Design and Methods 

Ascorbic acid solutions: of 0 to 90 mM, 20 dilutions 

were prepared using a stock solution of 340 mM. 

Human cells: we have chosen the Red Blood Cell 

(RBC) for its well defined protein-centered metal, 

Hemoglobin and other features resumed below (Fig. 1). 

Preparation of erythrocytes suspension: Human 

blood from healthy donors, anti-coagulated with 

heparin, was stored at 4°C and used for experiment in 

the same day. Human erythrocytes were isolated by 

centrifugation (10 min, ×150 g); plasma and buffy-coat 

removed and the cells washed three times with isotonic 

saline (0.15 M NaCl) at room temperature. Washed 

erythrocytes were suspended in saline to reach a 

concentration of about 3×10
5
 cells mL

−1
.  
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Fig. 1. Characteristics of human RBC as cell based model of in vitro studying oxidative stress responsiveness 

 

 
 (A) 

 

 
 (B) 

 
Fig. 2. The current study experimental conditions. (A) Characteristics of the three different cell suspension models. (B) ORAC value 

for each ascorbate solution showed that ascorbate dilutions keep their antioxidant capacity in solution. PFEM: Plasma Free 

Erythrocyte model. ORAC: the referential antioxidant assay; the Oxygen Reactive Absorbance Capacity 

 

Three cell suspension models were used. Briefly, 

Model 0 contained Human RBC (50 µL) + Solutions of 

Ascorbic acid (50 µL); Model 1 consisting in incubation 

of human RBC (50 µL) + Solutions of Ascorbic acid (50 

µL) + Cu
++

SO4 (10 µL). Finally the model 2 contained 

human RBC (50 µL) + Solutions of Ascorbic acid (50 

µL) + Cu
++

SO4 (10 µL) + H2O2 10V (25 µL) (Fig. 2A). 

The incubation was performed at 8°C during 18 h. 

Quantitative methods (Hopkins and Tudhope, 1974; 

Stephen and Low, 1985; Beutler, 1982; Marklund and 

Marklund, 1974; Glatzle et al., 1974; Dodge et al., 1963; 

Winterbourn, 1990): Mechanical, biochemical and 

enzymatic assessment were performed for each cell 

suspension. First of all, the total antioxidant capacity of 

different AA dilutions was assessed by the Oxygen 

Reactive Absorbance Capacity (ORAC) assay as 
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described by Ou et al. (2002). The effects of the AA on 

the RBCs were assessed by counting the blit cells and 

osmotic fragility for the membrane deformability as 

described by Hopkins and Tudhope (1974); 

Malanodialdehyde and 4-HNE for the lipid peroxydation 

as described by Quintanilha et al. (1982) and Kinter 

(1996) respectively, Heinz bodies were measured by two 

assays; the colorometric assay of Winterbourn (1990) and 

the microscopic one of Stephen and Low (1985). Finally 

we have evaluated the activity of catalase, peroxydase and 

superoxide dismutase as described by Beutler (1982; 

Glatzle et al., 1974; Marklund and Marklund, 1974) 

respectively. RBC membrane was isolated according to 

the procedure of Dodge et al. (1963) The concentration of 

oxy-Hb and met-Hb were determined in by spectroscopy 

the haemolysate by measuring the absorbance at λ577nm 

and λ630nm as described by Winterbourn (1990) (OxyHb 

[µM] = 66 A577-80 A630; Met-Hb [µM] = 279 A630-3 A577). 

Statistical analysis: Logistic regression, odds ratio, 

Mann-Whitney U test, Spearman correlations and 

graphics were performed using SPSS (IBM software 

version 20.0 Chicago-USA).  

Results 

We first investigated whether pharmacologic 

concentrations of ascorbate keep their antioxidant 

capacity in solution or not. Obviously, a positive 

correlation was obtained between the different 

concentrations of AA and their antioxidant capacity 

assessed by ORAC index (Fig. 2B). Then, RBCs 

oxidative responsiveness was studied in detail to 

determine the different impacts of AA on their antioxidant 

defense. The roles of intracellular versus extracellular 

catalyst in causing cell oxidative damage were examined, 

using three models: (i) model 0: AA alone that cannot 

induce H2O2 generation unless in intracellular 

compartment via a Fenton reaction with the protein-

centered metal; (ii) model 1: Ascorbate with copper 

cations as a generator of H2O2; and finally (iii) model 2 

which is an Udenfriend system. Data from the three 

models together show that ascorbate induces Heinz body 

formation in a dose dependant manner and the high levels 

of these aggregates are noticed only when ascorbate was 

present simultaneously with copper and H2O2 (Fig. 3A).  

 

 
 
Fig.3. Mechanical cell damage following ascorbate exposure among the three RBC suspension models. (A) Hot-plot shows that 

Heinz bodies generation correlates positively with AA and figures out the comparison of Heinz bodies levels among the three 

cell suspension models. (B) Haemolysis among the three models shows that extracellular catalyst (copper ions in model 1) 

induces less impact in cell lysis than ascorbate alone. This graphic shows also that Udenfriend system (model 2) has the most 

heamolytic power. (C) Membrane deformability (assessed by percentage of blits cells) correlates significantly only with the 

earliest oxidative forms of the protein-centered metal (Met-Hb) 
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Moreover, cell sensitivity to AA+H2O2 exposure was 

greater by an increasing in cell damage, measured by 

RBC haemolysis (Fig. 4B). Interestingly, our statistical 

analysis highlights that the cell deformability was only 

associated with Met-hemoglobine (Fig. 3C). 

Our approach to investigate whether intracellular 

antioxidant enzymes activities are associated with 

membrane impairment and lipid peroxidation reveals 

that the most involved enzyme in the antioxidant 

defense against ascorbate oxidative attack is the 

peroxydase which is associated with high level of 

Malondialdehyde (MDA) (Fig. 5A). In a purpose to 

find an eventual link between the oxidative biochemical 

markers and the oxidative mechanical biomarkers, our 

data showed that cell osmotic fragility correlates 

significantly with MDA (Fig. 5C). Using the Receiver 

Operation Curves (ROC), an MDA threshold was 

obtained; when MDA increases up to it, AA may 

induce osmotic fragility (Fig. 5D). Concerning the 

peroxydase activity, its decreases was associated with a 

high level of MDA and a value less than 0.211 U/mlRBC 

may predict MDA generation (Fig. 5B). 

 

 
 (A) 

 

 
(B) 

 
Fig. 4. Malondialdehyde formation  under ascorbate oxidative attack (A) Comparison of MDA generation among the three models. 

(B) Parallel graphic shows the distrubution of MDA values and enzymatic activities accros the three cell suspension models  
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 (A) (B) 

 

       
 (C) (D) 

 
Fig.5. In vitro relationship between enzymatic defense, oxidative biochemical biomarker (MDA) and membrane fragility assessed 

by osmotic assay. MDA correlates with proxydase activity under a threshol of 0.211 U/mlRBC. Graphic (A) shows a negative 

correlation between MDA and peroxydase activity while the grpagic (B) shows the peroxydase activity cut-off calculated by 

the Receiver Operation Curve. Graphic (C) shows a positive correlation between MDA and mambrane fragility. Graphic (D) 

shows the MDA cut-off up to it mechanical damage is induced 

 

Discussion 

It is known that cells respond to OS by two different 

pathways; the protein centred-metal pathway and the 

lipide peroxydation one (Goldberg and Stern, 1977; 

Trotta et al., 1981). OS induces transition of the RBC 

metallo-proteine (hemoglobine) from oxy-Hblow spine to oxy-

Hbhigh spin, then to Met-Hb and after that to hemichrome 

followed by intracellular aggregation of denatured 

hemoglobin called Heinz Bodies (HB) (Stephen and Low, 

1985). The second pathway is the lipid peroxydation and 

depends mainly on the cell’s enzymatic defense, 

essentially superoxyde dismutase and peroxidases. 

Theroritically, each element of these two pathways can be 

used as biomarker to assesse cell reponsivenesse to any 

molecule that may induce OS (Fig. 6). 

Several arguments propose human RBC as a 

reliable model to study cell responsiveness to OS (Fig. 
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1). Obviously, while RBCs are the most important 

system of AA recycling in the body, they contain the 

same biochemical and enzymatic defenses machinery 

that nucleic cells perform against free radicals. 

Moreover, their inability to release inflammatory 

mediators or to perform apotosis or proliferation 

makes them a well model for studying the prooxidant 

activity of ascorbyl radical by the evaluation of only 

the OS biomarkers. Furthermore, in our study, 

precautions were taken to minimize endogenous 

production of ROS by making cell’s incubation at low 

temperature and empirically during 18H. On other 

hand, the oxidative effect of ascorbate is proposed 

essentially as a safe medical alternative to treat cancer 

but only at high plasmatic doses which cannot be 

obtained except by intravenous infusion (IV) (Chen et al., 

2008). Meanwhile, a large amount (mM) of ascorbate 

would be interacting with RBC. Basically, our data 

demonstrates the existence of a multitude of OS 

damage in RBC following incubation with AA at 

pharmacologic doses and that these effects occur in a 

dose dependant manner within the pharmacologic 

interval defined by Stephenson et al. (2013) (Fig. 3). 
The current study highlights that ascorbate should 

be associated with H2O2 and copper cations in the 
extracellular milieu to induce cell damage by 
haemolysis (Fig. 3B).  

However, we have discovered that this damage is not 

associated with lipid peroxidation (MDA) but with the 

first oxidative pathway that induces HB (Fig. 4). In this 

way, thanks to our models we confirm that HB is more 

involved in cell deformability than MDA. This latter is 

more involved in osmotic fragility (Fig. 5C and D). The 

present study explains the mystery noticed by Hopkins 

and Tudhope (1974) who has shown that there is no 

consistent relationship between mechanical fragility, 

glutathione peroxidase inhibition and HB formation 

(Hopkins and Tudhope (1974). The clinical relevance 

of these findings is that the pharmacologic doses of AA 

may involve heavily the first pathway of oxidative 

stress and make cells more sensitives to a physical 

attack like radiotherapy; this is of high interest in a 

cells with active metabolism like cancer cells (Fig. 6). 

This point is supported by several in vitro and in vivo 

data suggesting that vitamin C may overcome 

chemoresistance and improve chemosensitivity and cell 

fragility (Espey et al., 2011; Grad et al., 2001; 

Kurbacher et al., 1996; Song et al., 1995; Reddy et al., 

2001). Besides, the presence of metal catalyst like 

copper ions should induce lipid peroxidation according 

to the pro-drug theory, but in our study we demonstrate 

that the highest levels of MDA are obtained with 

ascorbate alone without copper neither in the Udenfriend 

system. This confirms that extracellular presence of 

catalyst or H2O2 is not necessary for lipid peroxydation 

and, in contrary, may block it (Fig.5). Based on these 

data, the most cogent explanation of ascorbate action in 

inducing lipid peroxydation is by its intracellular 

mechanisms. Several data highlight that the most 

common theory of cytotoxic effect of high dose of AA is 

the intracellular and extracellular induction of H2O2 

without demonstrating whether this will translate to a 

clinical benefit (Chen et al., 2007; 2005). Morever, despite 

the catalyst could not be identified; Deubzer et al. (2010) 

suggested that it could be a metallo-protein secreted by 

some tumor cells (Deubzer et al., 2010). Hereby, our 

data concord with this study’s conclusions in the protein 

centered metal but not with the extracellular Cu
++

 as a 

catalyst. Thus, we can hypothesize that this mechanism 

is more adapted to the intracellular theory than the 

extracellular one. The above discussion provides an 

insight into the role of metals capable of direct or 

indirect generation of free radicals through various 

mechanisms. Among these mechanisms, Fenton-and 

Haber-Weiss type reactions are most common and 

efficient into the formation of the superoxide and 

hydroxyl radicals (Fig. 6). On other hand, we have 

found that among the cell enzymatic defense, dismutase 

is more involved in OS and MDA generation, which is 

in agreement with several studies especially the work 

of Wilson et al. (2014). Furthermore, we confirme that 

peroxidase is also implicated in this process when its 

activity decreases under 0.211 U/mlRBC (Fig. 5A and 

B). Needless to say that the process of lipid 

peroxidation is catalyzed by iron and results in the 

formation of peroxyl radicals (ROO•). Once formed, 

peroxyl radicals can be rearranged via a cyclisation 

reaction to endoperoxides (precursors of 

malondialdehyde) with the final product of the 

peroxidation process being MDA (Fig. 6). Chen et al. 

(2008; 2007; 2005) suggested that ascorbate, at 

pharmacological concentrations, is a pro-drug for H2O2 

delivery to tissues with major therapeutic implications. 

However, such conclusions may be criticized viewing 

the limits of the experimental model and don’t concord 

with our data that showed that AA alone (model 0) has 

a low impact on the first oxidative pathway compared 

to PFEM+Cu
++ 

and PFEM+H2O2+Cu
++

. Thereby, we 

found that AA is necessary but not sufficient for 

prooxidative damage based activity by this way and 

necessitates the presence of copper cations and H2O2. 

Of note, meeting these three elements 

(AA+Cu
++

+H2O2) allows a highest degree of 

haemolysis (Fig. 3B). Data from the three models 

indicate that the protein centered metal is associated 

with the cell deformability which correlates 

significantly with met-Hb. Although the lack of 

understanding of its potential mechanism, we propose 

new insights in the pharmacodynamic theory of pro-

oxydant activity of Vitamine C on human cell. We 

concentrate essentially on the intracellular theory with 

focusing in the lipid peroxydation pathway (Fig. 6). 
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Fig.6. Proposed mechanistic insights of the two antioxidant pathways carried out by a cell under pharmacologic doses of ascorbate. 

While ascorbate enters to the cell by the glucose membrane transporters Glut 1 and 2, it faces two antioxidative pathways: the 

protein-centered metal one and the lipid peroxidation one. In the case of overwhelming these antioxidative resistance, toxic 

molecules will be generated and cause, among others, a multiple mechanical cell damage even in the absence of an 

extracellular catalyst or H2O2; Blue arrow: Physiological process, red arrow: Pathological process, decreased enzyme activity 

is shown by  

 

Finally, beside the principal purpose of this study, 

many other applications may have to be considered. 

For instance, several studies argued that AA is still a 

good potential blood storage additive even it interacts 

with oxy-Hb and produces met-Hb (Raval et al., 

2010). According to our findings, such conclusions 

lack in accuracy because these studies usually use a 

limited mechanical and fragility assays. We state that 

blood storage complications are most likely caused by 

the progressive of both structural and functional 

changes in RBCs. Besides, another application field is 

the in vitro modeling of OS damage. In contrary to 

Chen et al. (2007) who argued that the 

immunodeficient mice with a xenograft is the most 

characterized method of predicting potential activity of 

a given molecule in humans, we propose a simple cell-

based in vitro model (Chen et al., 2005). In fact, 

Chen’s in vivo model induces a high level of ROS after 

hypoxic ischemia and cold ischemia of the xenograft 

and stimulates endothelial cell which might up-regulate 

AA transporters. Finally, in addition to the enzymatic 

defenses defects against OS in cancer cell, we should 

remind that cancer cells have the particularity to express 

high amount of AA receptors allowing ascorbate 

accumulation and therefore a highly specific oxidative 

damage. In this way we have to consider our findings 

about cell mechanical changes like membrane 

deformability and osmotic fragility instead of the 

biochemical changes and the end products of lipid 

peroxidation like MDA that have been reported to 

mediate cell toxicity and apoptosis in cancer therapy. 

Conclusion 

Emerging knowledge suggests that the role of 

ascorbate in cancer treatment should be re-examined, but 

as far as we know the unique pharmacodynamic 

explanation is based on its pro-oxidant damage. Therefore, 

the evidence falls into two categories: Clinical data on 

dose concentration relationships and laboratory data 

describing potential cell toxicity at high concentrations of 

ascorbate in cell lines. The current study used a human 

cell based in vitro model to try to figure out some 

elements about the mechanistic cytotoxicity that include 

an accelerated pro-oxidant damage via the cell’s 

mechanical and biochemical impairment in a dose-

response manner. In the light of the recent discoveries like 

the evidence that MDA induces apoptotic signal, studies 

of the ascorbate pro-drug theory in a nucleic cell based in 

vitro model are required to improve our translational 

knowledge which is critical for future research. 
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