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SUMMARY 

Effects of nonchelating and chelating agents at 10 n~l//on the serum-free culture of rat dennal fibroblasts were investi- 
gated. A strong iron-chelating agent, iminodiacetic acid (IDA). and a weak one, dihydroxyethylglycine (DHEG), decreased 
iron permeation into preconfluent fibroblasts. A weak iron-chelating agent, glycylglycine (GG), a nonchelating agent, N- 
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPESk and human apotransferrin (10 pg/ml) increased the perme- 
ation with time. Iron may be essential for survival of fibroblasts because subcontinent fibroblasts exposed to 100 pM FeSO 4 
in combination with transferrin, HEPES, or GG signifcantly decreased to release lactate dehydrogenase into the medium. 
Superoxide disnmtase and dimethyl sulfoxide blocked the enzyme release, suggesting that superoxide and hydroxyl radical 
induce cellular danlage but hydrogen peroxide (H202) generated by superoxide dismutation does not. GG significantly 
reduced H20~ cytotoxicity. DHEG acted as a potent promoter of the iron-stimulated celMar damage if ascorbate or H20 ~ 
was added to the medium. FeSO~ and FeC13 (50 to 100 pM) individually combined with IDA maximally promoted fibroblast 
proliferation. Ascorbate increased formation of thiobarbituric acid-reactive substances from deoxyribose in the medium 
supplemented with FeSQ and either IDA or DHEG. Conversely, ascorbate demeased the formation in the medium with 
FeSO4 and with or without other agents. Fibroblast proliferation may thus be stimulated through the active oxygen generation 
mediated by a redox-cyeling between Fe 3+ and Fe 2~, which are dissolved in the medium at a high concentration, rather 
than through delivery of iron into the ceils. 
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INTRODUCTION 

It has been reported that iron is an essential trace element for 
growth, development, and survival of living organisms through me- 
tabolism controlled by various iron-loading proteins as well as 
iron-associated enzymes. Aerobic cells need oxygen for maintaining 
a variety of cellular functions. Nonetheless, active oxygen species 
derived from oxygen metabolites including hydroxyl radical (OH), 
superoxide anion radical (Q- ) ,  and hydrogen peroxide (H20_~) are 
known to be eytotoxic (5,10,11). These species are usually generated 
in aerobic living organisms (10,11). The formation of OH from Oz- 
and H202 is catalyzed by some transition metals such as iron and 
copper (3,4,16). 

The toxicity most frequently appears not only in the degradation 
process of biomolecules such as carbohydrates, amino acids, nucleic 
acids, and lipids at the cellular level but also in the ahernation 
process at the tissue, organ, and individual levels (7,19,41). These 
noxious phenomena are presumably mediated by active oxygen spe- 
cies. In addition, continuous oxidative stress much affects aging by 
reducing the inherent antioxidant defense system (18,36). 

Some chelating agents at 5- to 10-raM levels greatly promote pro- 
liferation of mouse-to-mouse hybridoma cells in serum-free medium 
when much higher concentrations of FeSQ or FeCI3 (greater than 2 
gM) are present (44). These chelating agents include iminodiacetie 

acid (IDA). glycylglycine (GG). dihydroxyethylglycine (DHEG), eth- 
ylenediamine-N~N-dipropionic acid, hydroxyethylimindiacetie acid, 
and nitrilotripropionic acid. All of them preferential)~y combine with 
Fe ~* and Fe 2+ more firmly than with Ca 2. and Mg 2+. Accordingly, 
these compounds may have potential as iron-chelating agents. 

The aims of our study were to investigate the ability of chelating 
agents such as IDA. GG. and DHEG in the presence of iron to dam- 
age diploid fibroblasts, which are thought to be more sensitive to the 
oxidative stress than hybridoma cells, and effects on cell prolifera- 
tion. A nonchelating agent N-2-hydroxyethylpiperazine-N'-2-eth- 
anesulfonie acid (HEPES). which has been traditionally used as a 
buffer component (27.37), and iron-binding protein transfemn (Tf) 
(1.30) were used for comparison. 

Serum contains a ~ariety of antioxidative molecules including pro- 
reins and vitamins (13,40.42). For this reason, cultured cells must 
be protected from the cytotoxicity mediated with active oxygen spe- 
cies. The protection is needed particularly when the cells are in 
contact with iron in the absence of serum. We had already developed 
serum-free NYSF-404 medium for culturing mouse-to-mouse hybrid- 
oma cells (44). NYSF medimn may be inadequate for use in an op- 
timal fibroblast culture even if the medium is further supplemented 
with epidermal growth factor (EGF). Nonetheless, use of NYSF me- 
dium would at least facilitate the stud?, when the effects of iron che- 
lates on fibroblasts are examined. 
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MATERIALS AND METHODS 

Materials. RPMI 1640 medium, Eagle's minimum essential medium 
(MEM), and C£ +- and Mge~-free Dulbecco's phosphate-buffered saline 
(PBS) as a &5." powder were purchased from Nissui Pharmaceutical Co.. To- 
kyo, Japan. DHEG, IDA, and dimethyl sulfoxide (DMSO) were from Dojindo 
Laboratories Co., Kumamoto, Japan. Bovine erythroeyte superoxide dismu- 
tase (SOD). bovine serum albumin, 2-deoxy-D-ribose, GG, human apotrans- 
ferrin (apoTt), D-mamfitol, sodium salt of pyruvic acid. 1,1.3.3-tetraethoxv- 
propane, and 2-thiobarbiturie acid (TBA) were from Sigma Chenfieal Co.. St. 
Louis, MO. S"FeCla (specific activity 3 to 20 mCi/mg iron) was from Amersham 
International, Amersham Place, UK. EGK isolated from mouse submaxillma 
gland, was fi'mn Toyobo Co., Osaka. Japan. Fetal bovine ~erum (FBS) was 
from Flow Laboratories, North Ryde, Australia. A diagnostic determination 
kit for serum lactate dehydrogenase (LDH) was from Kyokuto Pharmaceutical 
Industries Co., Tokyo, Japan. Other chemicals including t-aseorbie acid. 
FeC13'6H20. FeSO4'7H:O, and polyoxyethylene (20) sorbitan monolaurate 
(Tween 20) were from Wako Pure Chemical Industries Co.. Osaka. Japan. A 
reagent grade of deionized water was purified from distilled water with Milli- 
Q water purification apparatus (Millipore Corp., Bedford. MA). 

Serum-free media. A double concentrate of NYSF-404 medimn (44) emn- 
posed of a 1:1 mixture of RPMI 1640 medium and MEM was prepared on 
one day before assay: however, DHEG, holoTL and pyrm~ate were omitted 
from the original medium fornmlation. The concentrated medium was sup- 
plemented with 20 Itg of EGF per litm; FeCla'6H20 and FeSO4.7H20 were 
individually dissolved in deionized water and 1 mM HCI. respectively, to 
make a 100-fold final concentration on the day of assay. On the basis of the 
data of previous experiments, the concentration of HEPES. IDA. GG. and 
DHEG used in the present study was established as 10 raM. Twenty micro- 
jnmles of these agents ",,,ere prepared by adjusting pH to 7.4 with NaOH. The 
iron solutions were diluted 50 times with either the agent solutions or deion- 
ized water. The mixtures were combined with an equal volume of the con- 
centrated medium to make the actual medium. Agent withdrawal medium 
was divided into two parts. One was supplemented with 10 mg of human 
apoTf per liter. The serum-free media were thus supplemented with various 
concentrations of iron (0 to 100 ItM, unless otherwise stated) and with or 
without a constant concentration of agents (10 n~14 each) including apoTf. 

Iron content of the original medium NYSF-404 formulated without DHEG 
and holoTf was quantified with a multielement sequential inductively coupled 
plasnm emission spectrometer (model SPS 1200A; Seiko Instruments Inc.. 
Tokyo, Japan). The iron level was taken as 0.055 ppln (corresponding to 0.06 
ItM Fe). 

Fibroblasts and their maintenance. Skin fi'agments were aseptically excised 
from a male Wistar strain rat weighing about 100 g and minced into approx- 
imately l-ram a pieces. The pieces were placed on 6-em pearl dishes and 
cultured in MEM supplemented with 10% FBS (FBS-eontaining medium) in 
a humidified atnmsphere containing 5% CO e at 37 ° C. Fibroblasts were de- 
tached by tlwptie digestion and successfully subeuhured at a 1:3 split ratio 
when confluence was achieved. The culture was fed twice weekly. Fibroblasts 
were routinely used between Passages 3 and 6 for each experiment. 

OH measurement. Generation of OH" was assessed by measuring the for- 
mation of TBA-reactive substances according to the eolorimetric method of 
Aruoma and Halliwell (2). Briefly, 1 ml of various media were individually 
mixed with an equal volume of potassium phosphate buffer (PPB: 14 mlI 
K2HPO 4. 6 n~I KH2PO ~. 10 mM NaC1; pH 7.4). Reaction was initiated by 
addition of 40 Ill of 200 mM deoxyribose dissolved in PPB. The reaction 
mixtures were left for 30 rain at 37 ° C in a CO2 incubator. After the incubation. 
the mixtures were combined with a series of 1 ml of 1% TBA dissolved in 
50 mM NaOH and 1 ml glacial acetic acid. The final mixtures were boiled 
at 95 ° C for 15 rain in a water bath and cooled to room temperature. They 
were centrifuged and insoluble substances were removed. The yield of 
TBA-reaetive substm~ces in clarified reaction mixtures was given in terms of 
absorbanee at 532 nm (ODsa e) from which blank values produced by the 
clarified reaction mixtures without deoxyribose were subtracted. 

S'JFe permeation assa). Fibroblasts were grown to preconfluenee (50 to 70c~ 
of confluence) in 2-cm 2 (16-mm diameter) wells of Falcon 24-well culture 
plates (Beeton Dickinson & Co., Lincoln Park, NJ) with 0.5 ml of FBS-enn- 
raining medium per well. Fibroblasts were washed twice with 1 ml of PBS 
per well and once with an equal volume of the serum-fl'ee medium without 
iron and any agent. All cultures were incubated for 1 h at 37 ° C in a CO, 
incubator. The cultures were shifted into various serun>free media that were 
supplemented with 1 ItCi of S°FeCla per ml (roughly estimated as 5.4 g:P/Fe 

on a mCi/mg iron basisl substituted for nonisotopic iron. Incubation was 
continued for the indicated period. Fibroblasts were washed three times with 
1 ml of chilled PBS per welh Whole cellular contents were lysed by incu- 
bation in 1 ml of 0.5 M NaOH per well for 30 min at 37 ° C. The radioactivity 
of an aliquot (0.5 nail of the ceil lysates was counted to determine the amount 
of ;r'Fe permeating into fihroblasts. The permeation data were expressed as a 
percentage of tile radioactN it; to the total ~°Fe actp,'itv added to the culture. 

LDH release assaa: Measurement of the release of a c~ tosoiic enzwne LDH 
into incubation medium is based on the reaction in which LDH eatalyzes 
NAD-dependent conversion of lactate to pyruvate. The validity of the LDH 
measurement had been preliminaril.~ examined b~ monitoring LDH activity 
of FBS to which abe following ~ubstances were individuall?, added: each agent 
(10 m J//. SOD (10 ~tg/ml). mannitol (10 tar'l/), DMSO (10 ~1/). pyruvate (10 
raM). ascorbate (1 nrll). H202 (100 g3I). and FeSO4 (100 pM). These sub- 
stances at the indicated final concentrations decreased the serum LDH ac- 
tivity: however, the decrease did not exceed 5~ of the native enzyme aetivitv. 
The resuhs therehy confirlued availability of the kit. 

After fibroblasts were grown to subconfluence (80 to 90% of confluence) 
in 2-era ~ wells distributed with 0.5 ml of FBS-containing medimn per well, 
they were washed twice with 1 ml of PBS per well and once with an equal 
volume of the serum-free medium without iron and any agent. The cnhures 
were shifted into various serum-free media. When the effect of antioxidants 
or aeti;e oxygen species on LDH release ~as anal;zed, the cuhures were 
loaded with SOD (10 ~g/ml). mannitol (10 raM). DMSO {10 raM). pyruvate 
(10 re_IlL ascorbate/J nrltL m" H_,O 2 {kip to 100 It.~r}. Incubation was contin- 
ued fat another 24 h at 37 ° C in a CUe incubator; Cuhure .-upernatant fluids 
were collected and depleted of cell debris by eentrifugation. An aliquot (100 
p.l) of tile clarified supernatant fluids was assessed for extracellular LDH 
activit;. After withdrawal of the spent medium, the ceil layers were washed 
twice with 1 ml of PBS per well and once with an equal volume of tbe media 
that bad the same formulation as those used for the 24-h incubation. Fibro- 
blasts were disrupted by being incubated further for 30 min at 37 ° C in the 
presence of 0.1'7 Tween 20. An aliquot (100 p.1) of the cell lvsates was 
assessed for intracellular LDH aetivit?. The LDH release data were expressed 
as the ratio of the extracellular LDH acti~it?, to the sum of tbe extracellular 
activit~ plus the intracellular aeti;itv in each culture well. 

Lipid peroxidation assa~: Fibroblasts were grown to subconfluence in Fal- 
c,m 25-cm e cuhnre flasks distributed with 5 ml of FBS-contaiaing medium 
per flask. Fibroblasts were wasbed twice with 10 ml of PBS per flask and 
once with an equal ;olnme of the sermn-free medium without iron and an?, 
agent. The cultm'es ~ere shifted into ~arious serum-free media. Incubation 
was continued for another 24 h at 37 ° C in a CO2 ineubatol; The cell layers 
~ere washed three times with 10 ml of chilled PBS pet" flask. Fibrublasts 
~ere harvested with a rubher serapm: suspended in 2.5 ml of PBS per flask. 
and disrupted b~ three cycles of fl'eezing and thanking. Malondiahlehyde 
(MDA). a product of lipid peroxidation (9}, in the disrupted cell suspensions 
was quantified. In brief, an aliquot (1 ml) of the suspensions was combined 
with a series of 1 ml of 1"7c TBA dissolved in 50 mM NaOH and 1 ml glacial 
acetic acid. The mixtures were boiled at 95 ° C for 15 rain in a water bath 
and cooled to room temperature. Absorbance of the chromogen de;eloping 
was measured at 532 nnL The measurement was calibrated with a tetra- 
ethox?propane solution prepared in 10 roll HC] (20). Protein content in the 
cell lvsates was also measured according to the medaod of Lowry et ah (25) 
witb bovine serum albumin as a ~tandard. The extent of lipid peroxidation 
was universalized as ,aM MDA per mg protein in each culture flask. 

Cell proliferation assa): Fibroblasts were harvested from the stock euhure 
in FBS-containing medium by tq ptic digestion and washed in the serum-free 
medium without iron and an) agent. Tile?- were plated at 1 X 104 eell~/em 2 
onto 2-tin e wells containing 0.5 ml of various serum-fi'ee media per ;veil. 
When the effect of antioxidants or active ox? gen speeies on fibroblast prolif- 
eration was analyzed, the cultures were loaded with SOD (10 p.g/ml), DMSO 
(10 nrl/-t, p? ruvate (5 m.'l'/'), or H202 (20 ItM). Fibroblasts ~ere cultured for 4 
d at 37 ° C in a COe incubator. After culture, the cells were detached by 
t optic digestion. Tbe number of cells was then counted by a hemacvtometer. 
Tile assay ;~as also done by euhuring fibroblasts in FBS-containing medium. 

Statistics. Replicate determination data were summarized as the mean + 
one standard deviation (SD). Student'b t-test for unpaired determinations was 
used to analyze statistical differenee.-,. The criterion of significance was set 
at P < 0.05. 
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FIG. 1. Dose effect of fen'ous iron on the formation of TBA-reactive substances in various media and changes in wactivitv when 
ascorbate was added to the media. Left: various concentrations of FeSOa (0. 0.1.0.2. 0.5. and 1 raM) were assessed for their ability to 
stimulate the formation of TBA-reaetive substances in the media supplemented with or without the indicated agents (at. agent withdrawal: 
D. HEPES: O, GG; ©, IDA; I.  DHEG). Right: similar determinations were made by adding 1 ~1I ascorbate to the media. Data points 
represent the average of duplicate determinations. 

RESULTS 

Ferrous iron-stimulated formation of TBA-reactive substances in 
various serum-free media. The effect of FeS04 (0, 0.1, 0.2.0.5,  and 
1 n~4) in combination with or without agents on the formation of 
TBA-reactive substances in the media was analyzed first. FeSOa 
stimulated the formation of TBA-reactive substances irrespective of 
the presence or absence of any agent (Fig. 1, left). The response 
depended on the concentration of FeS04 up to at least 1 nvll. Agents 
such as HEPES, GG, and IDA augmented the formation of the sub- 
stances stimulated with FeSOs compared to the agent withdrawal 
control. DHEG was found to slightly depress the response. 

An additional set of experiments was conducted to analyze how 
agents affected the formation of TBA-reaetive substances stimulated 
with FeS04 when 1 nvl,/ascorbate was added to the media. Ascorbate 
greatly changed the TBA response (Fig. 1, right). The yield of 
TBA-reactive substances increased with the concentrations of FeSO 4 
up to 0.1 mM, leveled off between 0.1 and 0.5 raM, and then resumed 
increasing at more than 0.5 mM in either the presence or absence of 

any agent. The reaction profile could be clearly divided into two 
groups. One included the agent withdrawal control, GG, and HEPES 
where aseorbate greatly inhibited the formation of the substances. 
Another included IDA and DHEG where ascorbate augmented for- 
mation of the substances, particularly in the presence of 0.1 to 0.2 
ngl//FeSO 4. 

Permeation of agFe into preconfluent fibroblasts incubated in the 
serum-free media. Permeation of a~Fe during various incubation pe- 
riods (3, 8, and 24 h) was assessed on preconfluent fibroblasts. After 
3 h of incubation in the agent withdrawal medium or in the medium 
supplemented with apoT£ HEPES, or GG, g to 6% of Fe permeated 
into fibroblasts (Fig. 2). Permeation increased with time, reaching 10 

to 12% of total 59Fe after 24 h of incubation. In comparison, iron 

pet~neation was comparatively less in the presence of IDA or DHEG. 

Only 3% of ~"Fe permeated into fibroblasts. Permeation did not in- 
crease even after fibroblasts were incubated for 24 h. 

Ferrous iron-stimulated LDH release from subconfluent fibroblasts. 
To analvze the effect of FeSO 4 (0, 20, 50, and 100 It.M) in combination 
with or without agents on the destruction of cell membranes of sub- 
confluent fibroblasts, the LDH release assay was performed. The 
level of LDH release did not change in tile agent withdrawal medium 

or in the medium supplemented ~dth IDA although FeSQ increased 
to 100 It3//(Fig. 3). The release level did not change even in the 
presence of FeSO~ up to 50 ItM but significantly decreased in the 
presence of 100 It_lit FeSO~ when fibroblasts were incubated in the 
medium supplemented with apoT£ HEPES. or GG. In comparison, 
LDH release greatly increased in the medium with DHEG as the 

concentration of F e S O  4 increased. 
Colloidal aggregates formed when F e S O  4 or  FeCI:~ at the final con- 

centrations of more than 20 ItM was nfixed with deionized water or 
each of the stock solutions containing agents except IDA and then 
diluted with the concentrated serum-free medium. Cytotoxieity was 
assessed before and after aggregates were removed by centrifugation 

to analyze effect of iron aggregates on cellular damage. Removal of 
aggregates flom such serum-free media did not essentially affect 

LDH release (data not shmvn). 
Effect of antioxidants on the ferrous iron-stimulated LDH release. 

To clarify whether FeSO 4 (100 Itel'D in combination with or without 
agents induced oxidative cellular damage, antioxidants such as SOD 
(10 lag/ml), mannitol (10 n~ll). DMSO (10 n~I/), pyruvate (10 mM), 
and ascorbate (1 m_'ff) were assessed for their effect on LDH release 
from subconfluent fibroblasts. Unless iron was provided, fibroblasts 
spontaneously released 15 to 20% of total intracellular LDH in var- 

ious media irrespective of either the presence or absence of agents 
(Fig. 4). Exposure of fihroblasts to SOD or DMSO in the presence of 

FeSOs decreased LDH release to below the spontaneous release lev- 

els achieved under the conditions ~dthout iron and antioxidants. This 
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FIG. 2. S~Fe permeation into preconfluent fibroblasts was assessed in the media supplemented with 1 pCi/ml 5°FeC13 in~tead of 
nonisotopic iron and with or without the indicated agents. The cells were incubated fur 3 h (open columns). 8 h (hatched columnsl, or 24 
h (closed columns). Columns and error bars denote the mean percentage and SD. respectively, for flour culture wells. 
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FIG. 3. Augmentation and inhibition of LDH release from subeonfluent fibroblasts b~ ferrous iron. LDH release ~as assessed by 
incubating fibroblasts in the media supplemented with ~arious concentrations of FeSQ (~pen columns. 0 gll: shaded columns. 20 gM: 
hatched columns, 50 gM: closed columns, 100 p.M) and with or without the indicated agents. Columns and error bars denote the mean 
percentage and SD, respectively, for four culture wells. A signifcant influence of FeS04 on LDH release is indicated with an asterisk. 

occurred whether or not agents were present. Pyruvate and inannitol 
were ineffective in decreasing enzyme release from fibroblasts. As- 
corbate was also ineffective if fibroblasts were incubated in the ab- 
sence of DHEG. A combination of FeSQ with DHEG augmented 
LDH release to 90% of the total enzyme activity. LDH release from 
fibroblasts exposed to antioxidants in the presence of 20 ,aM FeSQ 
was at the same level as was achieved in the presence of 100 t.tM 
FeS04 (data not shown). 

Cytotoxicity of exogenously added tt.202. LDH release from sub- 
confluent fibroblasts exposed to various concentrations of H20_~ (0, 
20, 50, and 100/aM) in various media supplemented whh 100 p.M 
FeSO¢ was rnonitored. As shown in Fig. 5. 20 pM H~O:~ tended to 
decrease LDH release from fibroblasts incubated in the media with- 
out IDA or DHEG. By increasing the concentration of H202 to more 

than 50 ,aM, the extenl of LDH release increased when fibroblasts 
were incubated in the media irrespective of either the presence or 
absence of agents. Interestingly, however, the increase in H202-de- 
pendent LDH release only in the presence of GG was the smallest 
of all incubation conditions. This tendency was apparent when fibre- 
blasts were exposed to 100 l.tM H202. On the contrary, H202-depen- 
dent LDH release was mostly promoted with DHEG. The H202-de- 
pendent dose-response described above similarly occurred in the 
presence of 20 ,a_~/FeSQ (data not shown). 

Ferrous iron-stimulated lipid peroxidation. Decomposition of cel- 
lular lipids was analyzed by incubating subconfluent fibroblasts in 
the media supplemented with various concentrations of FeSQ (0, 20, 
and 100 p_M). Twenty micromoles of FeS04 with or without agents 
except DHEG did not significantly stimulate lipid peroxidation (Fig. 
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FIG. 5. H~O2~dependent LDH release from subconfluent fibroblasts incubated with ferrous iron. LDH release was assessed by exposing 
fibroblasts to various concentrations of H20e (open columns. 0 p.M: shaded columns, 20 btM; hatched columns, 50 raM: closed columns, 100 
pM) in the media supplemented with 100 p.M FeS04 and with or without tile indicated agents. Columns and error bars denote the mean 
percentage and SD, respectively, for four culture wells. 

6). By increasing the concentration of Fe$O~ up to 100 ~M, peroxi- 
dation increased two to three times. On the other hand, peroxidation 
increased 10-fold when the concentration of FeSO 4 was increased up 
to 100 ~tM in the presence of DHEG. 

Remov-al of iron aggregates by centrifugation from the media sup- 
plementcd with 100 luM FcSO 4 and with or without iron aggregate- 
inducible agents except DHEG decreased lipid peroxidation to levels 
comparable to those achieved under conditions without iron, The 
level of cellular lipid peroxidation remained noticeably elevated even 

after the removal of iron aggregates from the medium supplemented 
with 100 pM FeSQ and DHEG. Lipid peroxidation did not decrease 
when fibroblasts were incubated in the clarifed supernatant fluid of 
the medium supplemented with 100/aM FeS04 and an aggregate- 
noninducible agent IDA. 

lron-stimulatedfibroblast proliferation. Fibroblasts proliferated 1.5 
times the initial inoculum cell density when cultured in the media 
supplemented with only chelating agents but without iron (Fig. 7). 
On the other hand, the apparent proliferation-stimulating effect of 
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FIG. 6. Augmentation of lipid peroxidation by ferrous iron. Lipid peroxidation was assessed I)y incubating fibrohlasts in the media 
supplemented with various concentrations of FeSO.~ (open columns. 0 bull: hatched columns. 20 p.3I: closed columns. 100 btM) aud with or 
without the indicated agents. The FeSO4-supplemented media were clarified by eentrifugation (shaded columns}. Columns aud error bars 
denote the mean percentage and SD, respectively, for four euhure flasks. The lipid peroxidation-slimulating effect of iron ",~as significant 
where indicated with an asterisk. 

iron was noted at a concentration of 20 taM and occurred irrespective 
of either the presence or absence of agents. Fifty mieromoles of 
FeSO 4 at which colloidal aggregates formed in the media supple- 
mented without IDA inhibited fibroblasts from attaching to the cul- 
ture substratum and surviving. This inhibition was virtually due to 
the presence of iron aggregates (Table 1). The yield of iron aggregates 
derived from FeS04 was larger than that derived from FeCla so that 
the toxic effect of FeSO4 was greater than that of FeC13 under the 
iron aggregate-inducible culture conditions. A hundred micromoles 
of either species of iron in combination with an aggregate-nonindu- 
cible agent IDA still provided the great proliferation stimulus for 
fibroblasts (data not shown). 

Effect of exogenous H20 e on fibroblast proliferation. Effect of ex- 
ogenously added H20z on fibroblast proliferation was analyzed. The 
concentrations of FeSQ at 20 l.tM and H202 at 20 I.tM were chosen 
because both concentrations were found not so toxic to subconfluent 
fibroblasts (Fig. 3 and Fig. 5, respectively). Table 2 shows that H202 
was very toxic to growing fibroblasts in the agent withdrawal medimn 
or in the medium supplemented with apoTf, HEPES. or DHEG. In 
comparison, HeOz was not toxic to growing fibroblasts cultured in the 
presence of GG or IDA. Addition of 5 mM pyruvate abolished the 
toxic eft~ct of HeO2 almost completely. 

Effect o f  antioxidants on fibroblast proliferation. The final step of 
this report was to evaluate effect of antioxidants such as SOD and 
DMSO, which could eliminate LDH release from subconfluent fibro- 
blasts as shown in Fig. 4. on the proliferation of fibroblasts. Prolif- 
eration was assessed by exposing fibroblasts to these antioxidants in 
the media at the injurious concentration of FeSOa (50 uM) shown in 
Fig. 7. Fibroblasts tended to adhere and spread on the culture sub- 
stratum when SOD or DMSO were added to the media. No effect of 
these antioxidants was observed if IDA was present (Table 3). 

DISCUSSION 

Inspection with a SgFeCla probe verified that iron permeation into 
preeonfluent fibroblasts was not associated with iron-chelating ability 

of agents. A preliminary experiment confirmed that ~'Fe remained in 
a supernatant fraction of lhe serum-free medimn supplemented with 
IDA 100 and 14 times, at least, more than in the supernatant frac- 
tions of the media supplemented with GG and DHEG. respectively. 
if 100 I.tM FeCl~ was present (data not shown). This demonstrates 
thai the iron-chelating activity of IDA is strong. Unexpectedly. how- 
ever. the most strong iron-chelating agent. IDA, used in the present 
study was found to have very poor ability to allow iron to permeate 
into preconfluent fibroblasts. A similar phenomenon has been re- 
cently reported: transport of iron into human intestinal Caco-2 cells 
is greatly reduced if iron is combined with a membrane-penneable 
chelating agent, t.2-dimethyI-3 hydroxypyridin-4-one (17). Even in 
the absence of chelating agents, ferric iron could penneate into fi- 
broblasts with time. These resuhs postulate that chelating agents do 
not alwa',s act as an iron carrier in the serum-free culture of dermal 

fibroblasts. 
Our results clearly show that the different toxic effects of iron 

appeared depending on not only confluence of fibroblasts but also 
species of chelating agents added to the culture medium. Subcon- 
fluent fibroblasts were not damaged by FeSO, at a concentration as 
high as 100 laM. as proven by the LDH release assay in which fi- 
b,oblasts were incubated for 24 h in the serum-fi'ee media, unless 
DHEG was added. Astonishingly. 100 p.M Fe804 significantl) de- 
creased the extent of cellular damage when subconfluent fibrohlasts 
were incubated ira the medium supplemented with apoTL HEPES. or 
GG. A similar effect of FeSO 4 was found ira the absence of any agent 
ahhough the effeet was not significant. We cannot explain why the 
damage was depressed even ira the presence of 100 pM FeSO~. Prob- 
ably. tsub)confluent fibroblasts require an adequate amount of iron 
for survival. That subconfluent fibmblasts incubated in the ,nedium 
supplemented with 100 ,u.M FeSO¢ and IDA did not decrease to re- 
lease LDH may be due to the poor ability of IDA to support iron 
permeation into fibroblasts. In contrast to these incubation condi- 
tions, LDH release fiom subconfluent fibroblasts incubated in the 
medium with DHEG. which had also poorly supported iron perme- 
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FIG. 7. Augmentation and inhibition of fibroblast proliferation b~ iron. 
Proliferation was assessed by culturing fibroblasts (1 × 10 ~ cells/cm-) in 
media supplemented with various concentrations of FeSO~ or FeClz (open 
columns, 0 gM; hatched columns, 20 p_M: closed columns, 50 pM) with or 
without the indicated agents, Columns and error bars denote the mean per- 
centage and SD, respectively, for four culture wells, The proliferation-pro- 
moting effect of iron was significant where indicated with an asterisk. NA: not 
adherent (fibroblasts did not adhere to the culture substratum and failed to 
proliferate). The culture in FBS-eontaining medium yielded (4,73 -- 0.54) 
× 104 cells/cm 2. 

TABLE 1 

INFLUENCE OF COLLOIDAL AGGREGATES ON FIBROBLAST 
PROLIFERATION 

Clarification of the media" 

Agents, Without iron No Ye~, 

None 0,73 _+ 0.15 " NA d 0_79 -+ 0.26 
apoTf 0.65 +_ 0.26 NA 0.93 + 0.22 
HEPES 0.62 _+ 0.19 NA 0.84 -+- 0.29 
GG 1.55 _+ 0.23 NA 1,78 .+ 0.36 
IDA 1.58 ± 0.18 2.77 ± 0.27 2.51 _+ 0.48 
DHEG 1.43 + 0.21 NA 1.25 + 0.32 

"The media were supplemented with or without 50/aM FeSO~ and with or 
without the indicated agents. 

aThe media supplemented with FeSO~ were divided into two paas. One 
was clarified by eentrifugation to remove iron aggregates. Another was not 
centrifuged. 

Walues express the mean cell number _+ SD for four culture wells. 
aNA; not adherent. Fibroblasts did not adhere to the culture substratum. 

Accordingly, fibroblasts failed to proliferate. 

TABLE 2 

EFFECT OF H~O_~ AND PYRLVATE ON FIBROBLAST 
PROLIFERATION 

-~dditi~es 

3.gents ~ None H:O, P?.ruxate HaO, + p~,ruvate 

None 
apoTf 
HEPES 
GG 
IDA 
DHEG 

1.38 + 0.2& NA' 1.76 .+ 0.13 1.62 _+ 0.19 
2.09 _+ 0.27 NA 2.31 _+ 0,20 2.11 _+ 0.25 
1.44 _+ 0.22 NA 2.26 + 0.24 t.72 _+ 0.21 
2.51 _+ 0.21 225 _+ 0.21 2.93 _+ 0.27 2.74 _+ 0.32 
2.77 _+ 0.25 1.08 _+ 0.12 2.61 -+ 0.31 2.16 _+ 0.26 
2.13 _+ 0.27 NA 2.02 +_ 022 1.93 _+ 0.15 

"The media ~ere supplemented with 20 pM FeSO~ and with or without the 
indicated agents. Fibroblasts were plated at 1 × 10 ~ cells/em 2. loaded with 
or without the indicated additives (20 g}l H_~O~ and 5 irLM pyruvate), and 
cultured for 4 d in these media. 

"Values express the mean cell number .+ SD for four cuhure ~ells. 
'NA: not adherent. Fibroblasts did not adhere to the cuhure substratum. 

Accordingly, fibroblasts failed to proliferate. 

TABLE 3 

FIBROBLAST SURVIVAL 1X-HEN ANTIOXIDANTS ARE ADDED TO 
THE SERUM-FREE MEDIA S(PPLE~,IENTED WITH THE INJURIOUS 

CONCENTRATION OF FeSO~ 

Anuoxidanl, 

Agents ° None SOD DMSO 

None NA u AD' 1.72 +_ 0.19 d 
apoTf NA AD 1.21 _+ 0.23 
HEPES NA AD 0.92 + 0.14 
GG NA AD 1.36 _+ 0.20 
IDA 2.04 + 0.31 2.19 + 0,25 2.33 +_ 0.28 
DHEG NA AD 1.58 _+ 0.21 

JThe media were supplemented with 50 pM FeSO~ and with or without the 
indicated agents. Fibroblasts were plated at 1 × 104 cells/era e. loaded with 
or without 10 btg/ml SOD m" 10 mS/DMSO, and cultured for 4 d in these 
media. 

hNA: not adherent. Fibroblasts did not adhere to the culture substratum. 
Accordingly, fibroblasts failed to proliferate. 

' AD: adherent. Fibroblasts adhered to the culture subsu'atum; however, the 
number of eells could not be determined, owing to low cell density. 

'~Values express the mean cell number + SD for four culture wells. 

ation, increased with the concentration of FeSO~. This suggests  that 

DHEG affects fibroblast culture by different mechanisms .  

The deleterious effect of iron on lipid peroxidation of p lasma mem-  

branes has been clarified. The literatm'e reports that extreme per- 

oxidation of unsatura ted lipids breaks down membrane  integrity 

(14.19.33). Some chelat ing agents  including ethylenediaminetetra-  

acetic acid (EDTA) are known to inhibit induction of i ron-mediated 

lipid peroxidation (8,22.23). FeSO~ concentrat ions as high as 100 

btM induced the decomposit ion of lipids of fibroblasts. The LDH 

release assay, however, showed that such high concentrat ion of FeSOa 

did not induce destruction of membranes  unless  the medium was 

supplemented  with DHEG, as jus t  mentioned.  

OH is thought to be a major causat ive species  responsible  for 

LDH release from subconfluent  fibroblasts into incubation med ium 

because  DMSO as a scavenger  of  O H  (39) blocked enzyme release 

almost completely. Failure of mannitol  as a scavenger  of O H  (29) to 
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decrease LDH release was probably due to its low membrane per- 
meability (17,35) or low reactivity with OH, or both. Failure of as- 
corbate to decrease LDH release suggests that ascorbate did not 
merely act as a scavenger of Oe- in the (sub)confluent fibroblast 
culture. SOD was found to block LDH release to a similar extent as 
DMSO. It is noteworthy that SOD increases the level of a membrane- 
permeable oxidant, H202, through 02- dismutation (10,15). If the 
destruction of membranes was caused by H202, pyruvate known as 
a scavenger of H202 (32) would eliminate H202 cytotoxicity. In con- 
trast to above assumption, pyruvate did not decrease LDH release. 
It is therefore suggested that H202 generated through 02- dismuta- 
tion is not a major causative speeies inducing the destruction of 
membranes. The experiment dealing with the effect of H202 on sub- 
confluent fibroblast culture revealed that H202 at 20 gM did not raise 
the level of LDH release unless DHEG was added to the medium. 
Particularly, subconfluent fibroblasts were more resistant to the ey- 
totoxicity of H202 at 20 to 100 gM if GG was added. Although the 
precise mechanism(s) by which GG can control cytotoxicity is not 
defined at present, we do not rule out the possibility that 
(sub)confluent fibrob|asts are stimulated to produce stress proteins 
to oxidants such as H202 (21,26,34). 

There is an exception to emphasize: FeSO 4 up to 100 gM is not 
toxic to subeonfluent fibroblasts, as mentioned earlier. A combination 
of FeS04 and DHEG greatly increased cellular alterations such as 
the breakdown and destruction of membranes to a greater extent than 
did FeS04 alone. Williams et al. (43) reported that DHEG can cross 
cell membranes to sweep out excess intraeellular iron. Kukielka and 
Cederbaum (24) have recently reported that iron mobilized from fer- 
ritin by chelating agents such as EDTA and ATP has the potential 
to catalyze the formation of active oxygen species if an appropriate 
in vivo reducing agent is present. These observations by others may 
partially resolve the question of why subeonfluent fibroblasts exposed 
to aseorbate were greatly damaged in the presence of both FeSO 4 
and DHEG. Fibroblast damage induced with FeSQ in the presence 
of DHEG but in the absence of an exogenous reducing agent may 
also be influenced by in vivo reducing agents generated by fibroblast 
metabolism. 

A permeable amount of iron (approximately 1 gM) as a contami- 
nant dissolved in the medium did not stimulate fibroblast prolifera- 
tion. Meanwhile, fibroblasts were stimulated to proliferate if they 
were cultured in the medium supplemented with any chelating agent 
but without exogenous iron. It is unclear why chelating agents such 
as GG, IDA, and DHEG stimulate fibroblast proliferation. A possible 
explanation is that chelating agents adsorb trace elements, which 
contaminate the medium and are toxic to fibroblasts. 

Comparatively higher concentrations of FeSO, and FeCI z (20 gM 
or more) promptly stimulated fibroblast proliferation only when IDA 
was added to the medium. Such a requirement for iron may be due 
to the poor ability of IDA to support iron permeation into fibroblasts. 
IDA strongly induced the decomposition of membrane lipids in con- 
centrations of FeSO~ as high as 100 gM but such decomposition may 
not bring on the subsequent destruction of membranes. It is therefore 
likely that iron-mediated lipid decomposition occurs at extracellular 
sites on cell membranes owing to the poor iron permeation in the 
presence of IDA. Murrel et al. (31) reported that human fibroblasts 
are stimulated to proliferate in response to low concentrations of 
active oxygen species such as 02 and H202. We also cannot exclude 
the possibility that the proliferation stimulus is provided by active 

oxygen species, which were generated in the medium at a level less 
than that which could destroy cell membranes. 

Our data show that IDA is the strongest promoter of the formation 
of ferrous iron-stimulated, ascorbate-dependent, TBA-reactive sub- 
stances from deoxvribose. It has been established that the formation 
of TBA-reactive substances from deoxvribose is induced with OH 
(15). Once FeSO~ was mixed with culture medium, Fe 2+ was oxidized 
with time. The elevated level of OH generation by adding ascorbate 
to the medium supplemented with FeSO~ and IDA is therefore 
thought to result from reduction of Fe "~+, which is the oxidized form 
of FeSO,. Probabb, IDA does not inhibit the cellular redox-cycling 
between Fe e+ and Fe a*. In short, IDA does not impair the redox 
activity of iron that is essential for the living cells. 

Fibroblasts were apparently inhibited from proliferating by satu- 
rated colloidal aggregates (38) that formed when iron was combined 
with or without agents except IDA at physiological pH values and 
were subsequently diluted in the serum-free medium or when iron 
was directly diluted in the medium. Removal of the aggregates from 
the media greatly reduced the deoxyribose-dependent TBA response 
(data not shown). Although iron aggregates are thought to be nontoxic 
to subconfluent fibroblasts because of a lack of ability to raise the 
level of LDH release, they raised the level of lipid peroxidation. 
Furthermore. SOD and DMSO enabled fibroblasts to adhere to the 
culture substratum and to survive even in the presence of iron ag- 
gregates. These results suggest that iron aggregates act as a generator 
of active oxygen species toxic to growing fibroblasts. 

Although Tf is believed to act as an antioxidant (2,13), it is re- 
ported that Tf and its fragments have the potential to injure cultured 
ceils by generating active oxygen species depending on its iron-sat- 
urating status (6.12.28). Concentrations of FeS04 aud FeC1 a greater 
than 20 ~31 are estimated to be too high for 10 lag apoTf per ml 
(corresponding to roughly 0.125 g.ll) to trap iron because apoTf binds 
ferric iron at a 1:2 molecular ratio in the presenee of H C Q -  (1). In 
the fibroblast culture, 10 mg of human apoTf per liter did not serve 
as an antioxidant. This was clearly shown when growing fibroblasts 
were exposed to 20 gel//He02. 

In conclusion, a potent stimulus of fibroblast proliferation in se- 
rum-free medium was provided by the extracellular high concentra- 
tion of solubilized iron ~ithout eliminating the redox-cycling activity 
of iron ions. Tf may have little ability to provide such proliferation 
stimulus. 
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