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Exposure of 3T3 fibroblasts to Fell reveals a
concentration-dependent inhibition of cell prolifera-
tion compared to control cells, the apparent threshold
for this iron-mediated effect being 5 uM Fe'. The
inhibition of cell proliferation was accompanied by an
enhancement of total malondialdehyde (MDA) levels
(as detected directly by hplc) in the cells at higher iron
concentrations. The co-supplementation of Fell with
varying concentrations of ascorbic acid over the range
5 uM to 240 uM had no significant effect on the thresh-
old for iron toxicity or lipid peroxidation. These results
show that there is neither a significant exacerbation of
the pro-oxidant effect of Fe™ nor any protective effect
of ascorbate when cultures of 3T3 mouse fibroblasts
are exposed to co-supplementation regimes of iron
with ascorbic acid.
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INTRODUCTION
Vitamin C has been claimed to have many anti-

oxidant properties in vitro'™ and has been de-
scribed as ‘the most effective aqueous phase
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antioxidant in human plasma’.4 However, experi-
ments have shown that in some in vitro systems
vitamin C can have strong pro-oxidant properties
particularly in the presence of transition metals;
for example, iron/ascorbate mixtures readily pro-
duce hydroxyl radicals.’

The ability of iron to exist in two redox states
has given this transition metal a critical status in
living systems. In cells and tissues, iron is usually
sequestered with enzymes and proteins and its
availability tightly regulated. However, iron non-
specifically bound to low-molecular-weight
ligands is potentially toxic, capable of catalysing
the generation of free radicals.” There are, how-
ever, situations in which the iron status can
change, either locally, as, for example, in ischae-
mic tissue, or systemically as with idiopathic
haemochromatosis or transfusional iron overload.
In these circumstances, abnormal levels of iron
may promote toxicity.

One potential mechanism by which iron can be
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released from the storage protein, ferritin, is
through the action of reducing agents such as
superoxide radical or ascorbic acid. In view of the
dual pro-oxidant/antioxidant behaviour of ascor-
bic acid, it is not known to what extent additional
supplementation with ascorbic acid in iron-
loaded systems might alter the potential for iron-
mediated free radical reactions and, in particular,
whether and under what conditions such supple-
mentation might display pro-oxidant or protect-
ive effects.

The objective of these experiments was to in-
vestigate the effects and toxicity of various con-
centrations of Fe'" on the growth of fibroblasts and
the effects on iron toxicity of co-supplementation
with various amounts of ascorbic acid.

MATERIALS AND METHODS

Tissue Culture and Cell Techniques

Mouse 3T3 fibroblasts were cultured in
Dulbecco’s Modified Eagles Medium supple-
mented with 10% foetal calf serum, 50 IU/ml
penicillin and 50 mg/ml streptomycin. They were
incubated at 37°C in humid air gassed with 5%
CO,. Under these conditions the cells became con-
fluent in 72-96 h. The iron (as ferrous sulphate,
Sigma Chemicals) and ascorbic acid (L-ascorbic
acid, Sigma Chemicals) supplements were pre-
pared as concentrated stock solutions in ultrapure
water immediately before use. Aliquots of these
solutions were added to the culture medium 3 h
after seeding to allow time for cell adhesion. The
volume of aliquot added was adjusted to bring the
final concentration of the supplement in the me-
dium to the required final level and was less than
1% of the total volume of the medium in each
replicate. The supplements added were in addi-
tion to the iron contained in Dulbecco’s Modified
Eagles Medium (0.1 mg/l as Fe(NOs)s. 9H:0), as
well as the total iron (1.98 ug/ml) and vitamin C
(14 pg/ml) contained in foetal calf serum (Life
Technologies, Private Communication).

Cells were counted on a Coulter Counter
Model Dn and protein assessed by the method of
Bradford.

In the initial experiments the cells were har-
vested at 24 h intervals and growth curves con-
structed. Since confluence was usually reached in
72-96 h, in later experiments the cells were har-
vested only after this longer period. In each
experiment 4-8 replicates for each treatment were
prepared and each experiment was repeated 2—4
times. The data presented is from one typical
experiment of the series unless otherwise stated.

Total Iron

Total iron was measured by inductively coupled
plasma optical emission spectrometry following
digestion of the samples with nitric acid using a
low flow microconcentric nebuliser with a con-
ventional Scott-type double pass spray chamber
(Jobin Yvon 24).

Transferrin Iron

The iron-saturation status of the transferrin was
determined using 6M-urea-polyacrylamide gel
electrophoresis (6M-urea-PAGE).® Tissue culture
medium samples were treated with rivanol, be-
fore and after the addition of excess iron
nitrilotriacetate (FENTA) to saturate any iron-free
sites on the transferrin. Samples were analysed by
6M-urea-PAGE, alongside samples of rivanol-
treated human serum transferrin (+/— FeNTA)
and samples of ‘pure’ iron-free bovine transferrin
(Sigma) which had been loaded with increasing
amounts of iron.

Ascorbic Acid

When cells were harvested, samples were diluted
1:1 in 10% metaphosphoric acid, centrifuged and
the supernatant stored at ~70°C. Ascorbic acid
was measured using a modified hplc assay,’ using
a Lichrosorb amino acid phase column
(250%4.8 mm, Hichrom U.K.) and UV detection at
254 nm. The mobile phase consisted of 83.9% v /v
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acetonitrile, 16% v/v potassium dihydrogen
phosphate (15 mM) and 0.1% v/v glacial acetic
acid at a flow rate of 2.0 ml/min. Ascorbic acid-
containing samples were injected using a
Rheodyne syringe loading injector with a loop
volume of 20 pl.

Malondialdehyde

Total MDA (free and bound) was measured ap-
plying a modified hplc assay, '’ using a Spherisorb
amino acid phase column (250x4.8 mm, Hichrom
U.K.). The mobile phase consisted of 60% acetoni-
trile and 40% tris buffer (0.03 M, pH 7.0) at a flow
rate of 1.0 ml/min. MDA containing samples were
injected using a Rheodyne syringe loading injec-
tor with a loop volume of 20 ul. MDA was detected
and quantified by reference tostandards at 267 nm
using a Varian UV-50 variable wavelength detec-
tor. The MDA standard solutions were prepared
by hydrolysis of 1,1,3,3-tetra-ethoxypropane and
the concentration confirmed by uv. spectroscopy
at 245 mm (g=13,700). Bound MDA was released
by a modification of the alkaline hydrolysis
system."

Statistics

Data were compared using a Students t test, p
values <0.05 were considered significant.

RESULTS

Iron Supplementation and Fibroblast
Proliferation

The approach was to determine the time-
dependency of the effects of supplemental Fe" (as
ferrous sulphate) on the growth of 3T3 fibroblasts.
The supplements added were in addition to the
pre-existing levels in the medium and serum, as
defined in the Materials and Methods section.
Initially the fibroblasts were cultured and har-
vested at 24 h intervals over a period of 96 h in the
medium alone, or medium supplemented with
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FIGURE 1 The effects of Fe'' (20 uM) on the growth of 3T3
mouse fibroblasts. Mean and s.d. shown from 5 replicates of a
typical experiment.

iron alone (20 uM) (Figure 1). Fe'" at this concen-
tration slowed the proliferation of the fibroblasts,
as manifested in the population level of cells con-
taining this level of iron (being 45% of the control
cells).

Other experiments were performed to com-
pare the effects of different concentrations of Fe"
with the view to establishing the threshold level
for iron-mediated effects on cell growth. The cells
were allowed to grow for 96 h before harvesting
(Figure 2). Lower concentrations of Fe" (5uM) had
no significant effect on cell growth compared with
control cells. At higher concentrations, however,
there was a concentration-dependentinhibition of
fibroblast growth when expressed both in terms
of cell number and cell protein, with increasing
levels of iron having a plateau of cell death at
50 uM.

Ascorbic Acid Supplementation and Fibroblast
Proliferation

Supplementation of the growth medium with
varying concentrations of ascorbic alone had no
significance on fibroblast growth (Figure 3).

Ascorbic acid status

Analysis of cellular ascorbic acid levels demon-
strated that cells supplemented with ascorbic acid
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FIGURE 2 The effects of varying concentrations of Fe' on 313
fibroblast growth after 96 h expressed as; A. Total cell count and
B. Total Protein Mean and s.d. shown from 5 replicates of a typical
experiment. *p<0.05 significantly different vs Control, Students t
test.

contained a significantly higher level of ascorbic
acid compared with the non-supplemented con-
trol (p<0.01) but the uptake was not proportional
to the added concentration (Figure 4).

Iron with Ascorbic Acid Co-Supplementation

Ascorbic acid did not display a deleterious effect
on cell growth when added exogenously to the
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FIGURE3 The effects of varying concentrations of ascorbic acid
on 3T3 fibroblast growth after 96 h. Mean and s.d. shown from 5
replicates of a typical experiment.
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FIGURE4 The effects of varying concentrations of ascorbic acid
on 3T3 fibroblast ascorbic acid content after 72 h. Mean and s.d.
shown from 8-10 replicates from 3 experiments. *p<0.05 signifi-
cantly different vs Control, Students t test.

growth medium in the presence of added 5 uM
iron, in the molar ratios of 1:1, 1:8, 1:16, 1:48 excess
of ascorbate over iron (Figure 5). Further experi-
ments were carried out to observe whether ascor-
bic acid supplementation at a high and a low
molar ratio to iron (20 pM) displayed any signifi-
cant enhancement or inhibition of proliferation
compared to the effects of iron alone. No attenua-
tion or exacerbation of the growth inhibitory
effects of 20 pM Fe was observed with the molar
ratios 1:0.5 and 1:12 (Figure 6).
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FIGURES The effects of varying concentrations of ascorbic acid
co-supplementation with 5 uM Fe' on 3T3 fibroblast growth after
96 h Mean and s.d. shown from 5 replicates of a typical
experiment.
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FIGURE 6 The effects of high (240 pM) and low (10 pM) con-
centrations of ascorbic acid co-supplementation with 20 uM Fe
on 3T3 fibroblast growth after 96 h Mean and s.d. shown from 5
replicates of a typical experiment. *p<0.05 significantly different
vs Control, Students t test.

Iron Status

Iron levels and transferrin

Gel electrophoresis was carried out to separate
apotransferrin, the two forms of monoferric trans-
ferrin and diferric transferrin. Samples analysed
included the tissue culture medium alone, me-
dium in which cells had been grown in varying
concentrations of iron alone and iron in combina-
tion with vitamin C and the cells themselves. This
analysis revealed that the transferrin in the me-
dium alone was already fully saturated with dif-
erric transferrin and the levels of iron and ascorbic
acid used, 20 uM and 80 uM respectively, did not
alter this saturation status. The cell samples stud-
ied contained insufficient transferrin to be detect-
able by the urea-PAGE analysis.

Total iron levels

The total iron levels of the fibroblasts were an-
alysed by atomic absorption spectroscopy. Cells
grown in medium supplemented with 20 pM iron
alone and with ascorbic acid supplementation all
showed a significant uptake of iron (Figure 7). The
level of iron in the cells decreased significantly
(p<0.05) with ascorbic acid supplementation at the
240 uM level compared with cells supplemented
with iron alone.
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FIGURE 7 Total iron levels of mouse 3T3 fibroblasts grown in
the presence of high (240 uM) and low (10 uM) concentrations of
ascorbic acid co-supplemented with 20 pM Fe ! after 96 h. Mean
and s.d. shown from 8 replicates from 2 experiments. *p<0.05
significantly different vs Control & ** vs 20 uM Fe, Students t test.

Lipid Peroxidation Products
(Malondialdehyde, MDA)

The MDA levels measured in the fibroblasts were
significantly increased in the presence of increas-
ing concentrations of iron (Figure 8A). This was
not affected by the presence of high or low levels
of added ascorbic acid (10 or 240 uM) (Figure 8B).

DISCUSSION

The results of these experiments reveal a
concentration-dependent effect of Fe" on 3T3
fibroblasts as manifested in a slower rate of cell
proliferation compared to control cells. Varying
the concentration of added iron revealed that,
under these conditions, the cells in culture can
accommodate up to 5 pM supplemental iron as
judged by the lack of influence on cell growth
and on markers of oxidative damage; further-
more, addition of varying concentrations of
ascorbic acid over the range 10 to 240 uM had no
significant modulatory effect. In those cell cul-
tures exposed to iron, MDA levels were signifi-
cantly higher suggesting that these effects are
mediated by free radicals.
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A. Malondiaidehyde Levels with Varying iron Concentrations
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FIGURE 8 Malondialdehyde (MDA) levels of mouse 3T3 fibro-
blasts grown in the presence of A. increasing concentrations of
Fe' and B. high (240 pM) and low (10 uM) concentrations of
ascorbic acid co-supplementation with 20 uM Fe'' after 96 h.
Mean and s.d. shown from 8 replicates from 2 experiments.
*p<0.05 significantly different vs Control, Students t test.

The effects and fate of ascorbic acid alone and
in combination with iron in the culture medium
are complex, and there are conflicting views on
the stimulatory and inhibitory actions on cell pro-
liferation. Ascorbic acid is contained in small
quantities in foetal calf serum.” In culture me-
dium alone, without cells and in the presence of
transition metals, ascorbic acid is capable of autox-
idation” and has been reported as decreasing in
concentration by about 10% every 2 h'** or com-
pletely after 10 h.'”* However, in the presence of
cells, approximately 10% of the initial concentra-

tion of ascorbate remained after 24 h incubation in
the case of HL-60 cells” and 20% with 3T6 cells."”
One possible explanation may relate to the nature
of ascorbic acid uptake. In human skin fibroblasts
exposed to 500 uM added ascorbic acid for 1 h,
uptake of ascorbic acid has been shown to be
dependent on cell density'® with proportionally
less accumulation (2.04+ 2.6 pmol/pg cell protein;
mean t s.d.) in high density cultures (182.1 5.6

ug cell protein/well) compared to the content (204
1 0.036 pmol/ug cell protein) of low density cul-
tures (54.3  pg cell protein/well). A similar den-
sity-dependent response was also seen in cells
exposed to a tenfold lower level of ascorbic acid.
However, when comparing the two groups of
cells exposed to high and low concentrations of
ascorbic acid, the tenfold increase in external
ascorbic acid concentration resulted in only a two-
fold increase in intracellular concentration. These
observations might suggest that in longer term
cultures the levels of ascorbic acid in the culture
medium may initially drop principally because of
the autoxidation of ascorbate and, to a lesser ex-
tent, by cellular uptake. It should be noted that
some cells, eg activated neutrophils, will preferen-
tially take up dehydroascorbic acid.”

Zheng and Zheng” investigated the effects of
different concentrations of Fe'/vitamin C on the
human fibroblast 2BS line. They used combina-
tions of Fe'/vitamin C molar ratios 1:25 at iron
levels 5, 10 and 20 uM and reported increasing
levels of MDA with time and concentration; a re-
duced rate of proliferation compared to the control
was also described with the exception of the 20 yM
Fe'/500 puM vitamin C combination. Their inter-
pretation was that a certain level of lipid peroxida-
tion products could increase the life span, decrease
the subculture interval and increase DNA synthe-
sis. Concentrations above or below this specific
level of Fe"/ascorbate did nothave the same effect.

In the experiments reported here, ascorbic acid
alone in concentrations ranging from 5-240 uM
had no significant effect on cell proliferation.
Ascorbic acid (50 pg/ml, 286 uM) has been
reported as having a small stimulatory effect on
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3Té fibroblast proliferation (8% * 4)”' after 7 days.
Contrariwise, ascorbic acid has been reported to
inhibit cell adhesion” and display toxicity at con-
centrations above 0.3 mM by inducing hydrogen
peroxide production.” The highest concentration
applied in the studies described here was 240 uM
and, consistent with the foregoing, no toxic effects
were observed.

It is of interest to note that while the transfer-
rin in the culture medium to which our cells were
exposed was found to be saturated with iron,
enhanced supplemental iron levels up to 5 pM
posed no adverse effects on cell proliferation nor
on cell membrane oxidation under these condi-
tions. It might be anticipated from the known
chemistry of iron/ascorbate/oxygen systems
that co-supplementation of iron with ascorbate
in these cell cultures might promote pro-oxidant
effects at these levels. This was not found to be
the case. Furthermore, the responses of the in-
creased levels of iron which promoted cell mem-
brane oxidation and decreased cell growth were
neither exacerbated nor attenuated by co-
supplementation with ascorbic acid. A recent
report” has suggested that co-supplementation
of iron with vitamin C in humans may have toxic
effects through hydroxyl radical-mediated dam-
age. This is not supported by the results of the
cultured fibroblast model described here.
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