
INTRODUCTION

VITAMIN C (ASCORBIC ACID), an essential water-soluble vit-
amin, is well known for its antiscorbutic and antioxidant

functions in humans (16, 41, 42, 47). Apart from its essential
role in human nutrition, vitamin C has occupied an important
place in preventive medicine to safeguard health from several
pathological conditions, such as cancer, infections, viral res-
piratory illnesses, common cold, and above all, cardiovas-

cular diseases. Vitamin C, as an electron donor and a redox-
active compound, participates as a cofactor in many enzy-
matic reactions, including the hydroxylation of collagen, syn-
thesis of carnitine, synthesis of noradrenaline, metabolism of
tyrosine, and nitric oxide synthesis (17, 41). Also, vitamin C
is a powerful antioxidant that participates in many nonenzy-
matic reactions, thus preventing oxidation of low-density
lipoproteins, alleviates oxidative stress in the stomach, and
increases iron absorption (47). Oxidative stress has been im-
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ABSTRACT

Recent clinical trials have shown that vitamin C, at pharmacological concentrations (milligram to approxi-
mately gram), upon infusion into circulation, modulates vasodilation and vascular tone in humans. This also
results in the elevated concentrations of vitamin C in circulation in the millimolar range. Here, it was hypoth-
esized that vitamin C at pharmacological concentrations (millimolar) would induce oxidative stress and cause
loss of redox-dependent cell viability in vascular endothelial cells (ECs). To test the hypothesis, bovine lung
microvascular ECs (BLMVECs) in monolayer cultures were exposed to vitamin C (0–10 mM) for different
time periods (0–2 h). Electron paramagnetic resonance spectroscopy revealed the intracellular formation of
ascorbate free radical in a dose- and time-dependent fashion. Vitamin C also induced formation of intracellu-
lar reactive oxygen species in a dose-dependent fashion. It was observed that vitamin C induced morphologi-
cal alterations and loss of cell viability in a dose- and time-dependent fashion, as measured by light mi-
croscopy and Alamar Blue redox cell viability assay, respectively. Vitamin C analogues failed to induce such
changes. Vitamin C depleted cellular GSH levels in a dose-dependent fashion, suggesting that vitamin C al-
tered thiol-redox status in BLMVECs. Antioxidants, intracellular iron chelator, and catalase protected cells
against vitamin C-induced loss of redox-dependent cell viability, confirming the role of hydrogen peroxide
and iron during redox cycling of vitamin C. These results, for the first time in detail, established that vitamin
C at pharmacological doses induced oxidative stress and loss of redox-dependent cell viability in microvascu-
lar ECs. Antioxid. Redox Signal. 7, 287–300.
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plicated in several diseases, including cardiovascular dis-
eases, and antioxidant intervention (nutritional supplementa-
tion) has been shown to alleviate those pathological condi-
tions (12). A correlation has been established between low
vitamin C concentrations in the serum and peripheral arterial
disease that is associated with inflammation and severity of
atherosclerosis (39). Vitamin C has been called “A Cure for
Miracles,” and subclinical deficiency of the vitamin may be
of common occurrence in humans (35). Thus, a deficiency of
vitamin C in humans with cardiovascular disorders necessi-
tates a proper vitamin C supplemental intervention in those
patients.

Recent clinical trials have provided compelling evidence
that vitamin C at pharmacological concentrations, upon infu-
sion into circulation, modulates vasodilation and vascular
tone in humans. Alternate therapy practitioners and some
clinicians are in favor of vitamin C infusion at megadoses
(~grams) into circulation to treat cancer in humans (46). In-
fusion of pharmacological concentrations (milligrams to
gram) of vitamin C raises the circulating levels of the vita-
min to millimolar levels in humans, and the use of supra-
physiological doses of vitamin C in clinical trials as a thera-
peutic agent to treat cardiovascular diseases is gaining
attention (6, 26, 29, 32, 34, 35, 70). Vitamin C, in addition to
functioning as an antioxidant, acts as a prooxidant and gen-
erates ascorbate free radical (AFR) and reactive oxygen
species (ROS) in biological systems in the presence of tran-
sition metal ions (Fe2+) (1, 10, 18, 21, 27, 28). The endothe-
lium, a semipermeable barrier that plays a pivotal role in the
maintenance of vascular integrity and function, is a prime
target for the high levels of circulating prooxidant vitamin C,
presumably leading to altered integrity of the endothelium
and ultimately of the vessel. It has been reported that vitamin
C, upon infusion into blood at a dose of 10 mg/min for 120
min, improved the impairment of endothelial function in
smokers (32). Cigarette smoke products have been impli-
cated in the alterations of pulmonary vascular endothelium,
leading to pulmonary hypertension in chronic obstructive
pulmonary disease (5). Hence, in the current study, we have
chosen to use the bovine lung microvascular endothelial cells
(BLMVECs) as the most appropriate model endothelial cell
(EC) system. Although the vasomodulatory therapeutic ef-
fects of vitamin C have been advocated, the adverse effects
of this molecule on vascular endothelium, at pharmacologi-
cal doses, have not been well studied. Therefore, in the cur-
rent study, we have investigated vitamin C-induced oxidative
stress and the associated alterations in redox-dependent cell
viability in the BLMVECs.

The results of the current study, for the first time, revealed
(a) formation of intracellular AFR and ROS in a dose- and
time-dependent fashion, (b) morphological alterations and
loss of redox-dependent cell viability, (c) depletion of cellular
thiols [glutathione(GSH)], and (d) protection against loss of
redox-dependent cell viability by chelation of intracellular
iron, antioxidants, and catalase in BLMVECs exposed to
pharmacological doses of vitamin C. These results further es-
tablished that vitamin C at pharmacological doses induced
oxidative stress and loss of redox-dependent cell viability in
the lung microvascular ECs in culture.
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MATERIALS AND METHODS

Reagents

Minimum essential medium (MEM), L-ascorbic acid, L-
ascorbyl-2-phosphate, L-ascorbyl-2-sulfate, nonessential amino
acids, trypsin-EDTA, Na2-EDTA, diethylenetriaminepenta-
acetic acid (DTPA), N-acetylcysteine (NAC), �-gluconolac-
tone, penicillin–streptomycin, fetal bovine serum (FBS),
bovine liver catalase, bovine erythrocyte superoxide dismu-
tase (SOD), and propyl gallate were obtained from the Sigma
Chemical Co. (St. Louis, MO, U.S.A.). Dehydroascorbic acid,
SOD mimetics (MnTBAP and MnTMPyP), and desferal
were obtained from Calbiochem (San Diego, CA, U.S.A.).
BLMVECs (passage 4) were purchased from Cell Systems
(Kirkland, WA, U.S.A.). Cell growth supplement was ob-
tained from Upstate Biotechnology (Lake Placid, NY,
U.S.A.). Alamar Blue™ reagent was obtained from Biosource
International (Camarillo, CA, U.S.A.). 6-Carboxy-2�,7�-
dichlorodihydroxyfluorescein diacetate dicarboxy methyl
ester (DCFDA) and Amplex Red kit were purchased from
Molecular Probes (Eugene, OR, U.S.A.). Hanks’ buffer con-
taining potassium phosphate (0.44 mM), potassium chloride
(5.37 mM), dibasic sodium phosphate (0.34 mM), sodium
chloride (136.89 mM), and D-glucose (5.55 mM) was pur-
chased from GIBCO (Carlsbad, CA, U.S.A.). 5,5-Dimethyl-
1-pyrroline-N-oxide (DMPO) spin trap was obtained from
Dojindo Laboratories (Gaithersburg, MD, U.S.A.).

EC culture

BLMVECs were cultured in MEM containing FBS (10%),
antibiotics (1%), nonessential amino acids (1%), and endo-
thelial growth supplement, maintained at 37°C in a humidi-
fied atmosphere of 95% air/5% CO2, and grown to contact-
inhibited monolayers with typical cobblestone morphology
(45). Cells from each primary flask were detached with
0.05% trypsin, resuspended in fresh medium, and subcultured
in 35-mm and 60-mm sterile dishes in complete medium to
~95% confluence under 95% air/5% CO2 for exposure to
vitamin C (L-ascorbic acid) and desired pharmacological
agents. MEM containing vitamin C and other pharmacologi-
cal agents was carefully adjusted to pH 7.4 for cellular treat-
ments. The cells from passages 6–13 were used in all the ex-
periments.

Detection of intracellular ROS generation

Intracellular generation of ROS was detected by fluores-
cence microscopy based on the oxidation of DCFDA (52).
The assay is based on the principle of passive diffusion of the
nonpolar and nonfluorescent dye into the cells followed by
hydrolysis by intracellular esterases to a nonfluorescent de-
rivative, dichlorofluorescein, and subsequent oxidation into a
fluorescent dye by the intracellular ROS. BLMVECs (~95%
confluence) were grown on cover slips and loaded with
DCFDA (10 µM) for 30 min, following which the medium
containing DCFDA was removed and the cells were treated
with vitamin C (0–10 mM) for 120 min in MEM under a hu-
midified atmosphere of 95% air/5% CO2 at 37°C. At the end



of the incubation period, the cells were washed with phos-
phate-buffered saline (PBS; 37°C) and examined under a
Nikon Eclipse TE 300 microscope with excitation and emis-
sion set at 490 and 530 nm, respectively. Fluorescence of oxi-
dized DCFDA in cells was captured with a Sony digital DKC
5000 camera.

Assay of endothelial injury and cytotoxicity

The morphology of BLMVECs following the exposure to
vitamin C was assessed by light microscopy (52). Vitamin C-
induced loss of cell viability was assayed by the Alamar Blue
reduction method utilizing the Alamar Blue cell viability
assay reagent (Biosource) as per the manufacturer’s recom-
mendations. In principle, this method is based on the spec-
trophotometric assay of bioreduction of the active ingredient,
resazurin, a redox-sensitive dye present in Alamar Blue
reagent. BLMVECs, cultured in 35-mm dishes (~95% conflu-
ence), were exposed to vitamin C (0–10 mM) for different
time periods in the absence and presence of antioxidants and
pharmacological inhibitors wherever desired, following which
the medium was removed; the cells were washed once with
1.0 ml of PBS (37°C) and incubated with 1 ml of fresh MEM
containing 100 µl of Alamar Blue reagent for 3 h under hu-
midified 95% air/5% CO2 atmosphere at 37°C. The metabolic
reduction of redox probe (resazurin) of Alamar Blue by cells
was measured spectrophotometrically at 570 and 600 nm on a
Molecular Devices Spectra Max 190 UV-visible plate reader
according to the manufacturer’s instructions. Vitamin C alone,
at any tested concentration, did not show any effect on the ex-
tent of cellular metabolic reduction of Alamar Blue reagent.
The extent of Alamar Blue reduction was normalized to the
corresponding untreated control cells and expressed as per-
cent cell viability.

Determination of hydrogen peroxide (H2O2) 
by Amplex Red assay

The formation of H2O2 in the medium and cells was deter-
mined by fluorescence method (52) using the Amplex Red
H2O2 assay kit (Molecular Probes). BLMVECs grown in 35-
mm dishes (~95% confluence) were exposed to vitamin C
(0–10 mM) under a humidified atmosphere of 95% air/5%
CO2 for 120 min in 1.0 ml of Hanks’ buffer without phenol
red. Phenol red-containing medium (MEM) was not chosen
for this assay to avoid the interference caused by phenol red
in the fluorimetric assay of H2O2. At the end of incubation,
the medium was removed from the cells and centrifuged at
4,000 g for 5 min to remove any floating cells. The cells at-
tached to the substratum were detached with a cell scraper in
500 µl of Hanks’ buffer and sonicated three times with a
probe sonicator at a setting of 5 on ice. Fluorescence of the
medium and cell lysates was measured with appropriate
blanks on a fluorescence plate reader (Molecular Devices,
Spectra Max Gemini XS) with excitation and emission set at
560 and 590 nm, respectively. The concentrations of H2O2

generated in the medium and cells were calculated from the
standard curve prepared with known concentrations of H2O2

and were expressed as micromolar per milligram of protein.
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Electron paramagnetic 
resonance (EPR) spectroscopy

BLMVECs grown in 35-mm dishes (~95% confluence)
were exposed to different concentrations of vitamin C (0–10
mM) in the absence and presence of 50 mM DMPO in MEM
under a humidified atmosphere of 95% air/5% CO2 at 37°C
for the required lengths of time (0–120 min). At the end of
incubation, the medium containing vitamin C was removed,
cells were washed twice with PBS, scraped in 1 ml of PBS,
and transferred into a flat cell. Removal of incubation me-
dium and washing cells with PBS will ensure only the detec-
tion of intracellular radicals. EPR spectra were recorded in
flat cells at room temperature with a Bruker ER 300 spec-
trometer with a TM-110 cavity operating at X-band (9.78
GHz) using the following parameters: microwave power, 20
mW; modulation amplitude, 0.5 G; modulation frequency,
100 kHz; receiver gain, 5 � 105; after loading the samples
into the TM-110 cavity (78).

GSH determination

Intracellular concentrations of GSH in BLMVECs grown
in 60-mm dishes (~95% confluence), following exposure to
vitamin C (0–10 mM) in MEM under a humidified atmo-
sphere of 95% air/5% CO2 at 37°C for 120 min, were deter-
mined by the 5,5�-dithio-bis(2-nitrobenzoic acid) (DTNB)-
coupled spectrophotometric assay of the cell lysates (51). The
levels of GSH were calculated from a standard curve pre-
pared with GSH and expressed as micrograms per milligram
of cellular protein.

Statistical analysis

All experiments were done in triplicate. Data are ex-
pressed as means ± SD. Statistical analysis was carried out by
ANOVA using SigmaStat (Jandel). The level of statistical sig-
nificance was taken as p < 0.05.

RESULTS

AFR formation in vitamin C-treated BLMVECs

Vitamin C undergoes oxidation and generates AFR in
physiological milieu (55), which has been used as an index of
oxidative stress in biological systems (10, 13, 61). As shown
in Fig. 1A, exposure of BLMVECs to 3–7 mM vitamin C for
120 min, compared with cells exposed to 1 mM vitamin C or
vehicle alone, generated AFR as detected by EPR. Although
BLMVECs exposed to 5 and 7 mM vitamin C for 120 min
showed a striking generation of the AFR, the amplitude of the
radical was not greater in those cells as compared with cells
exposed to 3 mM vitamin C (Fig. 1A). The formation of
AFR in BLMVECs treated with vitamin C was also time-
dependent. BLMVECs exposed to 5 mM vitamin C clearly re-
vealed the formation of AFR as early as 30 min of incubation,
and further exposure of the cells to the same concentration of
vitamin C at 60 and 120 min resulted in an increase in the am-
plitude of AFR (Fig. 1B). Attempts to detect the ROS [super-



oxide anion radical (O2
�•) and hydroxyl radical (•OH)] gener-

ated by vitamin C in BLMVECs by EPR spectroscopy using
the DMPO spin trap were unsuccessful. This may indicate
that the level of O2

�• generated in the system was below the
detection sensitivity of the spin trap. These data showed that
exposure of BLMVECs to vitamin C led to the formation of
AFR in a dose- and time-dependent fashion.

Vitamin C induces generation of intra- 
and extracellular ROS

Earlier studies have shown that vitamin C, a redox-active
prooxidant, induces oxidative stress in several systems (71);
however, no data are available on vitamin C-mediated pro-
duction of ROS in vascular ECs. Fluorescence microscopic
examination of BLMVECs loaded with the ROS fluorophore,
DCFDA, following exposure to vitamin C (5 mM) for 120
min showed a marked generation of the intracellular ROS at
15 min, which increased with time up to 120 min (Fig.
2A–F). Cells preloaded with DCFDA and incubated for 120
min in the absence of vitamin C did not exhibit noticeable
fluorescence (Fig. 2G). Next, we quantified levels of H2O2

formed upon exposure of BLMVECs to vitamin C using Am-
plex Red assay. As shown in Fig. 3, exposure of BLMVECs to
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vitamin C increased the formation of extracellular and intra-
cellular H2O2, in a dose-dependent manner, as compared with
cells treated with vehicle alone. When BLMVECs were ex-
posed to 1 mM vitamin C for 120 min, the levels of H2O2

formed in the medium and cells were induced six-fold (0.565
µM/mg of protein) and 10-fold (11.31 µM/mg of protein), re-
spectively, as compared with their corresponding controls,
which yielded 0.05 µM/mg of protein and 1.86 µM/mg of pro-
tein H2O2 in the medium and cells, respectively (Fig. 3).
BLMVECs exposed to 3 mM vitamin C showed an eight-fold
(1.03 µM/mg of protein) and 10-fold (18.12 µM/mg of pro-
tein) formation of H2O2 in the medium and cells, respectively
as compared with their corresponding controls (Fig. 3). The
data revealed both the extracellular and intracellular forma-
tion of H2O2 following exposure of BLMVECs to vitamin C,
wherein the formation of H2O2 in the cells was higher than
that observed in the medium. 

Effect of vitamin C on redox-dependent 
loss of cell viability and morphology

As oxidative stress causes alterations in the cellular redox
status and loss of cell viability (23), the redox-dependent cell
viability in BLMVECs upon exposure to vitamin C was in-
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FIG. 1. AFR formation in vitamin C-treated BLMVECs. BLMVECs (~95% confluence) grown in 35-mm dishes were
treated with different concentrations of vitamin C (0–7 mM) for 120 min for the dose-response study (A) and with 5 mM vitamin
C for different periods of time (0–120 min) for the time-course study (B) in MEM under a humidified atmosphere of 95% air/5%
CO2 at 37°C. EPR spectra were recorded as described in Materials and Methods. Each spectrum presented is a representative of
three individual spectra obtained under similar conditions.
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vestigated using the cell viability indicator (Alamar Blue
reagent) that contains a cellular redox indicator, resazurin,
which is metabolized solely by the redox-dependent enzymes
(64, 72). As shown in Fig 4, vitamin C in a dose-dependent
manner induced a significant loss of cell viability in
BLMVECs. At 3, 5, 7, and 10 mM concentrations of vitamin
C, the index of redox-dependent cell viability (% Alamar
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Blue reduction) was 80%, 55%, 44%, and 22%, respectively
(Fig. 4). Furthermore, vitamin C at 3, 5, and 10 mM concen-
trations caused a significant loss in the redox-dependent cell
viability in a time-dependent fashion. At 120 min of incuba-
tion of BLMVECs with 3, 5, and 10 mM vitamin C, the
redox-dependent cell viability was 50%, 41%, and 45%, re-
spectively. Vitamin C at 1 mM concentration did not appear to

FIG. 2. Vitamin C induces generation of intracellular ROS. BLMVECs (~95% confluence) grown on cover slips were
loaded with 10 µM DCFDA for 30 min in complete medium and treated with vitamin C (5 mM) for 120 min for different lengths
of time (0–120 min) in MEM under a humidified atmosphere of 95% air/5% CO2 at 37°C (A–F). Cells preloaded with DCFDA as
described before were incubated for 120 min in the absence of vitamin C, which served as control (G). At the end of incubation,
the formation of ROS in cells was examined under a fluorescence microscope as described in Materials and Methods. Each panel
is a representative of three individual experiments conducted under similar conditions.
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FIG. 3. Vitamin C induces extracellular and intracellular formation of H2O2. BLMVECs (~95% confluence) grown in 35-
mm dishes were treated with different concentrations of vitamin C (0–10 mM) for 120 min in MEM under a humidified atmo-
sphere of 95% air/5% CO2 at 37°C. At the end of exposure, the formation of H2O2 in the medium (A) and cells (B) was determined
fluorimetrically using the Amplex Red H2O2 assay kit (Molecular Probes) as described in Materials and Methods. Results are ex-
pressed as means ± SD from three individual experiments in triplicate. *Significantly different at p < 0.05 as compared with vehi-
cle-treated controls.
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cause a significant and marked loss of redox-dependent cell
viability from 0–120 min of exposure (Fig. 5). These results
confirmed that vitamin C caused a marked and significant (a)
decrease in the cellular redox activity and (b) loss of redox-
dependent cell viability in a dose- and time-dependent fash-
ion in BLMVECs. The data further suggested the involve-
ment of cellular redox status and oxidative stress in the
vitamin C-induced loss of cell viability in BLMVECs.

Vitamin C alters cell morphology

Earlier studies have reported that oxidative stress causes
alterations in the cell morphology (7). Therefore, the vitamin
C-induced alterations of cellular morphology were studied by
light microscopy. BLMVECs treated with vitamin C at 5, 7,
and 10 mM concentrations for 120 min exhibited marked al-
terations in their cell morphology with considerable gaps be-
tween cells and formation of filopodia and lamellipodia (Fig.
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6). At concentrations of 3 mM or less, vitamin C did not alter
the cell morphology or shape in BLMVECs. These results
demonstrated that vitamin C at pharmacological doses caused
alterations in the cell morphology in BLMVECs.

Analogues of vitamin C fail to cause loss of redox-
dependent cell viability

Next we investigated the potencies of vitamin C and its
analogues (Fig. 7) in causing the loss of redox-dependent cell
viability in BLMVECs. As shown in Fig. 8, BLMVECs ex-
posed to vitamin C (5 mM) for 120 min showed a significant
loss in redox-dependent cell viability (decrease in cellular
redox), whereas all the other chosen analogues of vitamin C
failed to cause such a loss of cellular viability. The results
showed that (a) none of the tested analogues of vitamin C
caused the loss of redox-dependent cell viability, (b) �-glu-
conolactone (also known as D-gluconic acid lactone, the pre-
cursor of vitamin C with similar molecular weight) did not
cause any loss of redox-dependent cell viability, (c) L-ascor-
byl-2-sulfate and L-ascorbyl-2-phosphate did not induce any
loss of redox-dependent cell viability, and (d) the ene-diol na-
ture of vitamin C was necessary to induce the loss of redox-
dependent cell viability in BLMVECs (Fig. 8). Both vitamin
C-2-sulfate and vitamin C-2-phosphate derivatives have been
shown to be nontoxic to the P388D1 murine leukemia cells
(57). Our results are in agreement with these findings and
further suggested that the lack of cytotoxicity-inducing effect
of those two derivatives in BLMVECs may be attributed to
the low activity or absence of the exofacial phosphatases and
sulfatases in the cell (43), which hydrolyze the phosphate and
sulfate moieties in those derivatives, rendering ascorbic acid
physiologically active. This study also established that vita-
min C-induced loss of redox-dependent cell viability in
BLMVECs was not due to the osmotic shock exerted by vita-
min C at pharmacological doses tested as no such toxic
response was observed when the cells were treated with the
iso-structural molecules such as �-gluconolactone, dehy-
droascorbic acid, and other analogues of vitamin C at the
same concentrations as vitamin C. 
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FIG. 4. Vitamin C induces loss of redox-dependent cell vi-
ability in a dose-dependent fashion. BLMVECs (~95% con-
fluence) grown in 35-mm dishes were treated with different
concentrations of vitamin C (0–10 mM) for 120 min in MEM
under a humidified atmosphere of 95% air/5% CO2 at 37°C. At
the end of exposure, the redox-dependent cell viability was
determined spectrophotometrically using the Alamar Blue
reagent as outlined in Materials and Methods. Results are ex-
pressed as means ± SD from three individual experiments in
triplicate. *Significantly different at p < 0.05 as compared with
vehicle-treated controls.
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FIG. 5. Vitamin C induces loss of redox-dependent cell viability in a time-dependent manner. BLMVECs (~95% conflu-
ence) grown in 35-mm dishes were treated with different concentrations of vitamin C (1–10 mM) for different periods of time
(0–120 min) in MEM under a humidified atmosphere of 95% air/5% CO2 at 37°C. At the end of exposure, the redox-dependent
cell viability was determined spectrophotometrically using the Alamar Blue reagent as outlined in Materials and Methods. Results
are expressed as means ± SD from three individual experiments in triplicate. *Significantly different at p < 0.05 as compared with
the cells incubated for 0 min.



Vitamin C depletes cellular GSH

Oxidants and oxidative stress are known to deplete the cel-
lular thiol-redox pools, including GSH (25), another useful
and accepted index of oxidative stress. Hence, the levels of
GSH in BLMVECs following exposure to vitamin C (0–10
mM) at 120 min were determined. Vitamin C caused a signif-
icant depletion of GSH (50% depletion) even at 1 mM con-
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FIG. 6. Vitamin C alters cell morphology. BLMVECs (~80% confluence) grown on cover slips were exposed to vitamin C
(0–10 mM) for 120 min in MEM under a humidified atmosphere of 95% air/5% CO2 at 37°C. At the end of exposure, the cell
morphology was examined under a light microscope.
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FIG. 8. Analogues of vitamin C fail to cause loss of cell vi-
ability. BLMVECs (~95% confluence) grown in 35-mm dishes
were treated with 5 mM concentrations of vitamin C (AA) and
its analogues (dehydroascorbic acid, DHA; ascorbyl-2-phos-
phate, AA-PO4; ascorbyl-2-sulfate, AA-SO4; �-gluconolac-
tone, DGL) for 120 min in MEM under a humidified atmo-
sphere of 95% air/5% CO2 at 37°C. At the end of exposure, the
redox-dependent cell viability was determined spectrophoto-
metrically using the Alamar Blue reagent as outlined in Materi-
als and Methods. Results are expressed as means ± SD from
three individual experiments in triplicate. *Significantly differ-
ent at p < 0.05 as compared with the vehicle-treated cells;
**significantly different at p < 0.05 as compared with the vita-
min C-treated cells.
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centration, and at 3, 5, and 10 mM concentrations of vitamin
C, further depletion of intracellular GSH to 64%, 72%, and
80% in BLMVECs at 120 min of exposure was observed
(Fig. 9). These results demonstrated that vitamin C at phar-
macological doses caused a significant depletion of the cellu-
lar GSH in BLMVECs.

Antioxidants protect against vitamin C-induced
loss of redox-dependent cell viability

Antioxidants are known to protect against the cytotoxicity
induced by oxidants and oxidative stress (44). As the preced-
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ing results of the current study established that vitamin C at
pharmacological doses induced the generation of ROS and
AFR, caused the loss of redox-dependent cell viability, and
depleted the cellular GSH, the two well established water-
soluble antioxidants, propyl gallate and NAC, were tested
for their protective effects against loss of cell viability in
BLMVECs. As shown in Figs. 10 and 11, propyl gallate
(1 mM) and NAC (10 mM) offered a significant protec-
tion against the loss of redox-dependent cell viability in
BLMVECs exposed to vitamin C (5 mM) for 120 min. Even
100 µM propyl gallate was effective in offering almost a com-
plete protection against the vitamin C-induced loss of redox-
dependent cell viability (data not shown). These results suggest
that antioxidants and thiol-replenishing agents significantly pro-
tected against the vitamin C-induced loss of redox-dependent
cell viability in BLMVECs.

Iron chelator protects BLMVECs against vitamin
C-induced loss of redox-dependent cell viability

The role of iron in oxidant-mediated and especially in vit-
amin C-induced oxidative stress has been well established (4,
38). Hence, the role of iron in vitamin C-induced loss of
redox-dependent cell viability in BLMVECs was investigated
in the present study. As shown in Fig. 12, the common extra-
cellular iron chelators, EDTA (1.0 mM) and DTPA (1.0 mM),
failed to offer a significant protection against the loss of
redox-dependent cell viability in BLMVECs exposed to vita-
min C (5 mM) for 120 min. On the other hand, desferal, an
intracellular iron (Fe3+) chelator (33), offered a marked and
significant protection (2.4-fold at 1.0 mM) against the vita-
min C-induced loss of redox-dependent cell viability in
BLMVECs (Fig. 12). Desferal, even at a concentration of 0.5
mM, significantly offered a two-fold protection against the
vitamin C-induced loss of redox-dependent cell viability in
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FIG. 9. Vitamin C depletes cellular GSH. BLMVECs
(~95% confluence) grown in 60-mm dishes were treated with
different concentrations of vitamin C (0–10 mM) for 120 min
in MEM under a humidified atmosphere of 95% air/5% CO2 at
37°C. At the end of exposure, the cellular GSH levels were de-
termined spectrophotometrically as described in Materials and
Methods. Results are expressed as means ± SD from three indi-
vidual experiments in triplicate. *Significantly different at p <
0.05 as compared with the vehicle-treated cells.
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FIG. 10. Propyl gallate protects against vitamin C-in-
duced loss of cell viability. BLMVECs (~95% confluence)
grown in 35-mm dishes were pretreated with propyl gallate (1
mM) for 2 h to assure uptake of the antioxidant by the cells and
then exposed to vitamin C (5 mM) for 120 min in MEM under
a humidified atmosphere of 95% air/5% CO2 at 37°C. At the
end of exposure, the redox-dependent cell viability was deter-
mined spectrophotometrically using the Alamar Blue reagent
as outlined in Materials and Methods. Results are expressed as
means ± SD from three individual experiments in triplicate.
*Significantly different at p < 0.05 as compared with the vehi-
cle-treated cells; **significantly different at p < 0.05 as com-
pared with the vitamin C-treated cells.
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FIG. 11. NAC protects against vitamin C-induced loss of
cell viability. BLMVECs (~95% confluence) grown in 35-mm
dishes were pretreated with NAC (10 mM) for 2 h to assure up-
take of the antioxidant by the cells and then exposed to vitamin
C (5 mM) for 120 min in MEM under a humidified atmosphere
of 95% air/5% CO2 at 37°C. At the end of exposure, the redox-
dependent cell viability was determined spectrophotometri-
cally using the Alamar Blue reagent as outlined in Materials
and Methods. Results are expressed as means ± SD from three
individual experiments in triplicate. *Significantly different at
p < 0.05 as compared with the vehicle-treated cells; **signifi-
cantly different at p < 0.05 as compared with the vitamin C-
treated cells.



BLMVECs (data not shown). These results suggested the in-
volvement of intracellular iron (Fe3+) in the vitamin C-in-
duced loss of redox-dependent cell viability in BLMVECs.

Catalase protects against vitamin C-induced loss
of cell viability

Our results suggest that vitamin C induced generation of
extra- and intracellular H2O2 in BLMVECs, which may be in-
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volved in loss of cell viability. Therefore, the effect of SOD,
SOD mimetics, and catalase on the vitamin C-induced loss of
redox-dependent cell viability in BLMVECs was studied. Ad-
dition of catalase (300 µg/ml) to the medium offered a signif-
icant protection (85%) and almost a complete protection at
500 µg/ml against the loss of redox-dependent cell viability
in BLMVECs exposed to vitamin C (5 mM) for 120 min (Fig.
13). However, SOD and SOD mimetics, when present in the
medium, failed to offer similar protection (data not shown).
These results confirmed the involvement of H2O2 in the vita-
min C-induced loss of redox-dependent cell viability in
BLMVECs.

DISCUSSION

Infusion of pharmacological doses of vitamin C (mil-
ligrams to grams) is emerging as a therapeutic intervention
against certain types of cancer and cardiovascular diseases (6,
26, 29, 32, 34, 35, 70). As the prooxidant nature of vitamin C
has been well established (1, 10, 18, 21, 27, 28) and the ad-
verse effects of the vitamin at pharmacological doses on the
vascular endothelium have not been thoroughly understood,
here we investigated the oxidative stress and associated loss
of redox-dependent cell viability induced by vitamin C at
millimolar concentrations in cultured BLMVECs. The cur-
rent study, for the first time, comprehensively demonstrated
the (a) formation of intracellular AFR in a dose- and time-
dependent fashion, (b) formation of intracellular ROS in a
dose-dependent fashion as detected by the increase in DCFDA
fluorescence, (c) formation of elevated levels of H2O2 in the
medium and cells, (d) morphological alterations and loss of
redox-dependent cell viability in a dose- and time-dependent
fashion, (e) depletion of cellular thiols (GSH) in a dose-
dependent fashion, and (f) protection against loss of redox-
dependent cell viability by intracellular iron chelator, antioxi-
dants, and catalase in BLMVECs exposed to pharmacological
concentrations (1–10 mM) of vitamin C. 

In the extracellular environment such as plasma, vitamin C
undergoes one-electron oxidation to AFR followed by sponta-
neous disproportionation to dehydroascorbic acid and ascor-
bic acid (Fig. 14) (2, 10, 42, 47). Alternatively, the AFR may
recycle to ascorbic acid by the action of membrane-localized
NADH-semidehydroascorbate reductase (AFR reductase)
(2). Dehydroascrobic acid is transported into the cell by glu-
cose transporters (GLUT1, GLUT3, and GLUT4) and is con-
verted back to ascorbic acid by thioredoxin reductase or
glutaredoxin, involving NADPH and GSH, whereas ascorbic
acid is taken up into the cell by sodium-dependent vitamin C
transporters (SVCT1 and SVCT2) (Fig. 15) (42, 47). Vitamin
C has been shown to undergo autoxidation in the presence of
transition metal ions (copper and iron) forming AFR and de-
hydroascorbic acid via two successive one-electron oxida-
tions along with the generation of ROS (O2

�•, H2O2, and •OH)
(Fig. 14) (68). The formation of AFR, as detected by EPR
spectroscopy, has been used as a reliable indicator of the free
radical-mediated myocardial ischemic and postischemic in-
jury and a marker for the oxidative stress in cells (13, 14, 54,
59–63). Vitamin C has also been shown to generate radicals
and cause oxidative stress (50, 55, 71). It has been reported
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FIG. 12. Intracellular iron chelator protects against vita-
min C-induced loss of cell viability. To study the role of intra-
cellular iron in vitamin C-induced loss of cell viability,
BLMVECs (~95% confluence) grown in 35-mm dishes were
pretreated with desferal (1.0 mM) for 2 h to assure sequestra-
tion of intracellular iron by the chelator and then exposed to vi-
tamin C (5 mM) for 120 min in MEM under a humidified at-
mosphere of 95% air/5% CO2 at 37°C. To investigate the role
of extracellular iron in vitamin C-induced loss of cell viability,
cells were treated with the extracellular iron chelators EDTA
(1.0 mM) and DTPA (1.0 mM) in the presence of vitamin C (5
mM) for 120 min in MEM under a humidified atmosphere of
95% air/5% CO2 at 37°C. At the end of exposure, the redox-de-
pendent cell viability was determined spectrophotometrically
using the Alamar Blue reagent as outlined in Materials and
Methods. Results are expressed as means ± SD from three indi-
vidual experiments in triplicate. *Significantly different at p <
0.05 as compared with the vehicle-treated cells; **signifi-
cantly different at p < 0.05 as compared with the vitamin C-
treated cells.
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FIG. 13. Catalase protects against vitamin C-induced loss
of cell viability. BLMVECs (~95% confluence) grown in 35-
mm dishes were exposed to vitamin C (5 mM) in the presence
of catalase (0, 300, and 500 µg) for 120 min in MEM under a
humidified atmosphere of 95% air/5% CO2 at 37°C. At the end
of exposure, the redox-dependent cell viability was determined
spectrophotometrically using the Alamar Blue reagent as out-
lined in Materials and Methods. Results are expressed as
means ± SD from three individual experiments in triplicate.
*Significantly different at p < 0.05 as compared with the vehi-
cle-treated cells; **significantly different at p < 0.05 as com-
pared with the vitamin C-treated cells.



that vitamin C, at 1 mM concentration, induces generation of
H2O2 in two different types of tissue culture media, Dul-
becco’s modified Eagle’s medium and RPMI 1640 (21).
These studies by others support our current findings that vita-
min C at pharmacological doses acted as prooxidant, gener-
ated oxidants, and induced oxidative stress in BLMVECs.

Vitamin C-induced morphological alterations have been
observed in the rabbit corneal and bovine aortic ECs (67, 77).
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Vitamin C has been shown to induce morphological changes
in the human prostatic carcinoma cells (DU145), including
membranous blebs and aberrant microvillar morphology (36).
Morphological changes induced by H2O2 in bovine pulmo-
nary artery ECs (BPAECs) and human umbilical vein ECs
have been documented (11, 31). Earlier, we have shown that
oxidants, including H2O2 and diperoxovanadate, cause cy-
toskeletal remodeling in BPAECs (75, 76). The cytoskeletal
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ing in the formation of AFR (AA•) and dehy-
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changes may very well be responsible for the oxidant-induced
morphological changes in the cells. These studies support our
current findings that vitamin C at pharmacological doses in-
duced the alterations in cell morphology in BLMVECs
wherein oxidative stress might have been involved. The pre-
cise mechanisms underlying the morphological alterations in-
duced by vitamin C in BLMVECs are currently under investi-
gation in our laboratory. 

Oxidative stress-mediated cytotoxicity of vitamin C has
been shown in different cultured cell systems (18, 20, 61).
The vitamin C-induced cytotoxicity has been observed in the
bovine aortic ECs (30). Antioxidants, including propyl gal-
late, have been shown to offer protection against oxidative
stress and associated cytotoxicity in ECs and other cells (37,
58, 73). It has been established that oxidative stress causes a
decrease or loss of the cellular thiol (GSH) pools (25). A
dose-dependent depletion of the GSH levels in L929 fibro-
blast cells has been observed following exposure to vitamin C
(66). The thiol protectants and replenishing agents such as
cysteine, NAC, and GSH have been shown to reduce the radi-
cal intensity and cytotoxicity of ascorbate (65). It has been
also reported that NAC protects against the vitamin C-in-
duced loss of cell viability in the bovine aortic ECs (30). Ear-
lier, we have also shown that oxidants including diamide,
diperoxovanadate, and H2O2 deplete cellular thiols (GSH) in
BLMVECs and BPAECs, which can be replenished by NAC
(51, 75). These reports support our current findings that vita-
min C caused alterations in the thiol redox leading to the ob-
served loss of cell viability in BLMVECs. 

The role of iron and other transition metals in oxidant-me-
diated injury and oxidative stress has been established (15). It
has been shown that iron and other transition metals enhance
the AFR intensity and cytotoxicity of vitamin C in human
glioblastoma T98G cells (65). Vitamin C, at pharmacological
doses, has been shown to enhance the release of iron from
ferritin in neuroblastoma cells, which acts as a Fenton agent
in propagating the cytotoxicity of vitamin C (3). It has been
established that vitamin C reacts with transition metals result-
ing in the formation of H2O2, which subsequently undergoes
Fenton reaction leading to the generation of the highly reac-
tive •OH (Fig. 14) (22). Desferal inhibition of ROS-induced
cytotoxicity and the role of cellular stored iron have been
shown in bovine aortic ECs (33). Our findings are in agree-
ment with those of others and suggest the participation of in-
tracellular iron in the vitamin C-induced loss of redox-depen-
dent cell viability in BLMVECs. 

Reports have been made on the cytotoxicity of H2O2 to
porcine pulmonary artery ECs, BPAECs, and bovine carotid
artery ECs (9, 19, 40). Cytotoxicity of vitamin C to the fi-
broblasts has been shown to be due to the formation of H2O2

(53). Catalase has been shown to attenuate the vitamin C-in-
duced cytotoxicity in the human squamous carcinoma HSC-4
cells (63). It has been also suggested that vitamin C plays a
dual role in both the generation of H2O2 and maintenance of
iron in the Fe2+ state for efficient catalysis of the Fenton reac-
tion (56). Cell death in the U937 cells induced by vitamin C
at pharmacological doses is protected by the addition of cata-
lase or the intracellular iron chelator, o-phenanthroline, to the
medium, suggesting that H2O2 is solely responsible for the vi-
tamin C-induced cell killing (69). Catalase when present in
the culture medium also has been shown to protect against the
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vitamin C-induced reduction of cell viability in the bovine
aortic ECs, further suggesting the role of H2O2 in the vitamin
C-induced cytotoxicity (30). These studies support our cur-
rent findings that vitamin C-induced loss of redox-dependent
cell viability in BLMVECs was mediated by oxidative stress
wherein H2O2 was crucially involved in the generation of the
toxic •OH species by the iron-mediated Fenton reaction.

The pharmacokinetic behavior of vitamin C in humans per-
tinent to its absorption, concentrations in blood plasma, and
levels in urine has been thoroughly investigated and estab-
lished (47). The concentrations of vitamin C in the plasma of
unsupplemented humans are between 30 and 60 µM and may
double upon oral supplementation (42). Upon oral consump-
tion of vitamin C, the plasma concentrations are tightly con-
trolled and excess vitamin C is excreted (48). At a daily dose
of 400 mg of oral vitamin C supplementation in humans,
plasma is saturated attaining a steady-state concentration of
80 µM of the vitamin (48). Unlike the tight control of plasma
concentrations of vitamin C following oral supplementation,
intravenous administration bypasses that tight control and re-
sults in high plasma (30–70-fold) and urine concentrations of
vitamin C (48). Pharmacokinetic modeling shows that intra-
venous infusion of 50 g of vitamin C in healthy men can raise
the plasma concentrations of vitamin C up to 13,400 µmol/L
(49). It has been shown that ECs and leukocytes accumulate
~3–8 mM vitamin C (8, 24). Although the role of vitamin C in
the EC function and integrity is not known in detail, it has
been advocated that high concentrations of vitamin C accu-
mulated in the ECs may offer protection against oxidative
stress. The paradoxical nature of the dual-acting vitamin C
may very well force the vitamin to act as a prooxidant at phar-
macological doses in the physiological iron-containing envi-
ronments, thus causing oxidative stress and toxicity. Based
on the findings of the present study, it is concluded that vita-
min C, at pharmacological concentrations, induces oxidative
stress in the lung microvascular ECs by generating ROS
wherein H2O2 and intracellular iron play a critical role, thus
leading to depletion of GSH and loss of redox-dependent cell
viability (Fig. 15). Although the modest vasodilatory effects
are noticed at supraphysiological plasma concentrations of
vitamin C, the clinical significance of these findings is un-
clear (48). The antioxidant and prooxidant actions of vitamin
C at pharmacological doses in the vascular endothelium,
upon infusion in vivo, warrant a thorough investigation for
the use of this antioxidant in therapy of cancers and vascular
disorders.
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5,5-dimethy-1-pyrroline-N-oxide; DTPA, diethylenetriamine-
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transporter; GSH, �-glutamylcysteinylglycine, glutathione;
H2O2, hydrogen peroxide; MEM, minimal essential medium;
MnTBAP, manganese(III) tetrakis(4-benzoic acid)porphyrin;
MnTMPyP, manganese(III) tetrakis(1-methyl-4-pyridyl)por-
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ROS, reactive oxygen species, SOD, superoxide dismutase;
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