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Abstract-The effect of the pyoverdin Pf (an iron chelating agent isolated and purified from Pseudomonas 
fiuorescens CCM 2798) was studied on iron overloaded rat hepatocyte cultures. Iron overload was 
obtained by addition of 5-80 @I ferric nit~lot~acetate to the culture medium. Twenty-four hours after 
iron treatment, a signi~cant increase in aspartate aminotransfera~ and lactate dehydrogenase in the 
culture medium was observed. This corresponded to intracelIular decrease in the activity of these two 
enzymes and correlated with a decrease in albumin secretion and an increase in total free malon- 
dialdehyde production. The iron toxicity was inhibited by desferrioxamine B. Pyoverdin Pf added to 
the hepatocyte cultures served as an effective agent to prevent iron toxicity induced in overload. The 
observed effect of the pyoverdin Pf was as potent as that of desferrioxamine B. 

Genetic as well as secondary hemochromatosis cause 
iron overload leading to hepatotoxicity. The major 
clinical outward sign of chronic iron overload in the 
human is the development of hepatic fibrosis. This 
depends on combined effects of hepatic iron 
concentration and duration of iron overload [I]. 
After many years of excess iron deposit, cirrhosis 
may occur [Z, 3] and about 10-E% of the cirrhotic 
patients develop a hepatocellular carcinoma [4]. 
Desferrioxamine B (DFO?) or Desferal, a sid- 
erophore isolated from Streptomyces pilosus, is 
currently used in the case of secondary hemo- 
chromatosis because of its high specificity for Fe3+ 
and for its ability to facilitate the removal of this 
metal under a non toxic form. In secondary 
hemochromatosis, iron chelation therapy has been 
reported to achieve negative iron balance [5] as well 
as decreased liver fibrosis [6]. However, DFO half- 
life is very short and this iron chelator is ineffective 
when administered orally. Thus there is a need for 
a better iron chelator. The present work was 
undertaken to study the effect on iron overloaded 
hepatocyte cell cultures of the pyoverdin Pf, 
a bacterial iron chelating agent isolated from 
Pseudomonas fruorescens CCM 2798. 

This substance is a chromopeptide having a 
chromophore derived from 2,3-diamino-6,7-di- 
hydroxyquinoline. Pyoverdin Pf possesses a linear 
peptide chain, SerCTHPMD-Gly-(L)-Ser-(D)-threo- 
OHAsp-(L)-Ala-Gly-(D)-Ala-Gly-(L)-OHOrn (cyc- 
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lit), which contains an unusual natural amino acid, 
a cyclic amidine derived due to the condensation of 
one mole of serine and one mole of 2,4- 
diaminobutyric acid ((7,8]; Structure 1). Pyoverdin 
Pf possesses three bidentate groups which bind iron 
(III) firmly giving very stable octahedral complexes 
(K,,, = 1032) 19, lo]. 

Since the hepatocytes are a major target of iron 
overload toxicity, we have employed cultured 
hepatocytes for assessing pyoverdin Pf effects. 

In thispaperweclearly demonstrate that pyoverdin 
Pf could effectively prevent the iron toxicity produced 
by iron overload in hepatocyte cultures. 

MATERIALS AND METHODS 

Ferric nitrilotriacetate solution 

A ferric nitrilotriacetate solution was prepared 
according to the method of White and Jacobs fll]. 
To 47 mg nitrilotriacetic acid disodium salt (Sigma) 
dissolved in 10 mL sterile water, was added 
fer~ammonium citrate (20mg) (Merck). The final 
concentration of ferric ion was 10 mM and the molar 
ratio nitrilotriacetic acid/ferric ion was 2:l. The 
solution was sterilized before use by filtration on a 
0.22 pm filter. 

Cell culture 

Adult rat hepatocytes were isolated from 2-month- 
old Sprague-Dawley male rats by cannulating the 
portal vein and perfusing the liver with a collagenase 
solution, as previously described [12]. Cells were 
collected in Leibovitz medium containing 2mg 
bovine serum albumin/mL. Cell suspensions were 
filtered on gauze and allowed to sediment for 20 min 
in order to remove cell debris, blood and sinusoidal 
cells. The cells were washed three times by 
centrifugation at 5Og, tested for viability and 
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Structure 1. 

counted. The hepatocytes were suspended in a 
mixture of 75% Eagle’s minimum essential medium 
and 25% medium 199 with Hank’s salts, sup- 
plemented with 10% fetal calf serum and containing 
(per mL): streptomycin (50 pg), penicillin (7.5 IU), 
bovine insulin (5 pg), bovine serum albumin (1 mg). 
Usually, 2 x lo5 hepatocytes were suspended in 
1 mL of medium in Multiwell tissue culture plates. 
The medium was changed 3-4 hr later. The effects 
of iron and iron chelators were studied in cultures 
maintained in bovine serum albumin and fetal calf 
serum free medium. For experimental purposes, the 
cultures were maintained for 24 hr in the control 
conditions (neither iron nor chelators), in the 
presence of iron alone or iron plus chelators 
(desferrioxamine B or pyoverdin Pf). Iron or 
chelators were added on day 1 of culture; the culture 
medium and the hepatocytes were collected on day 
2. 

Iron chelators 

DFO was purchased from Ciba-Geigy. Pyoverdin 
Pf was isolated from Pseudomonas fluorescens [7]. 

Enzyme assays 

Lactate dehydrogenase (LDH) and aspartate 
aminotransferase (AST) activities were measured in 
the culture medium and intracellularly as an index 
of cytotoxicity, employing LDH and AST kits 
(Roche or Boehringer), adapted to the Cobasbio 
analyzer. 

The enzyme activity was expressed in mIU/well. 
Inter- and intra-assay variations did not exceed 10%. 

Protein assay 

In order to determine the total protein per well, 
the media were decanted and the cell cultures were 
rinsed with a phosphate-buffered saline. Cells were 
sonicated for 3 x 5 sec. The protein content was 
determined according to the method of Bradford 
[13] employing bovine serum albumin as standard. 

Albumin assay 

Standard rat albumin and the antiserum were 
obtained from Cappel Laboratories (Cochranville, 
PA, U.S.A.). 

The media from the culture dishes at the end of 
the treatment were withdrawn and stored at -80”. 
Albumin was quantified by immunonephelemetry 
[14]. Standard albumin solution and incubation 
media were mixed with an appropriate dilution of 
antiserum against albumin in 0.9% NaCl containing 
4% polyethylene glycol and incubated at room 
temperature for 2 hr. Absorbance was determined 
at 700nm. The limit of sensitivity of the assay was 

2 hg/mL. 

Free malondialdehyde (MDA) evaluation 

HPLC procedure. MDA quantification was 
performed according to a HPLC method described 
previously [15]. The HPLC system (LDC Milton 
Roy) was equipped with a Spherogel-TSK GlOOO 
PW size exclusion column 7.5 mm i.d./30cm 
(Cluzeau. France). The eluant was composed of 
0.1 M disodium phosphate buffer, pH 8 at a flow 
rate of 1 ml/mitt. The absorbance was monitored 
at 267 nm. The injections (250 pL) were performed 
by an autosampling injector (Promis, LDC) and 
the data were recorded and treated using a 
chromatography software (Thermochrom, LDC). 

Preparation offree MDA standard. Five microlitres 
of 1,1,3,3-tetramethoxypropane (Sigma) were hydro- 
lysed in 5 mL of 0.1 N HCI for 5 min in boiling 
water. This solution was then diluted 1000 times in 
0.01 M NaHzP04 buffer pH 7.45, corresponding to 
a 6 PM MDA solution. The concentration of MDA 
in samples was calculated using a standard curve of 
free MDA. 

Preparation of the samples for HPLC analysis. 
After 24 hr of incubation, culture media were 
collected and hepatocytes were washed twice with 
0.01 M phosphate buffer, pH7.45 before being 
resuspended in 1 mL of the same buffer. Cells were 
sonicated for 3 x 5 sec. The protein content of the 
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Fig. 1. Releases of AST (a) and LDH (b) m rat hepatocyte cultures maintained for 24 hr in the presence 
of increasing concentrations of iron. Each point is the mean f SEM of quadrupiicate cultures. 

cell lysate was determined by the method of 
Bradford 1131. The samples (culture media and 
cell homogenates) were filtered through 500Da 
membrane ultrafilter (Amicon, U.S.A.) in a 10 mL 
Amicon cell pressurized at 4 bars with nitrogen gas. 
The filtrate was used for HPLC procedure. Free 
MDA was quantified separately in culture media 
and in cell homogenates and then was expressed as 
total MDA present in each culture sample (MDA 
in the cells + MDA in the culture medium). 

Fe55 mobilization from hepatocyte cultures 

Rat labelled hepatocytes were obtained by 
maintainin the cultures during 1 day in the presence 
of 1 ,uM Fe 9 5 ferric chloride (sp. act. 1.5 mCi/mg Fe; 
Radiochemical Center, Amersham). In order to 
demonstrate that the chelators were able to remove 
iron from the cells, 100 PM of desferrioxamine B or 
pyoverdin Pf were added on 1 day to the culture 
medium. The iron chelator effects were compared 
with that of a culture control which consists of 
culture medium without addition of chelators. 

Statistics 

Experimental values are means +SEM. Sig- 
nificance was assessed using Student’s t-test at the 
level of 0.05. 

RESULTS 

Evaluation of iron toxicity in rat hepatocyte cultures 

In the cultures containing iron ranging from 5 to 
80pM, a significant increase in AST and LDH 
release was observed (Fig. la and b). These enzyme 
releases could be seen with 5 PM iron and a highly 
significant level (P < 0.001) was obtained with 80 PM 
iron. The enzyme activity determined in the culture 
medium was accountable for the disappearance of 
the corresponding activity from the cells (Fig. 2a 
and b). The cellular decline in activity was statistically 
significant (P < 0.001). 

Under similar conditions secretion of albumin was 
decreased as compared to the control (P < 0.001, 
Fig. 3). 

It appeared clearly that iron overload, particularly 
at concentrations as high as 80 PM, was highly toxic 

for rat hepatocyte cultures. This toxic effect was also 
confirmed by the increase observed in total free 
MDA production of the cultures treated with 80 PM 
of iron (P < 0.001; Fig. 4). 

Protective effect of desferrioxamine B and pyoverdin 

Pf 
In the cultures treated with 80 PM of iron, a highly 

significant release (P < 0.001) of AST and LDH was 
observed (Fig. 5a and b). 

To circumvent this enzyme release due to iron 
overload, DFO (100 PM) and pyoverdin Pf (100 PM) 
were effective (P < 0.001; Fig. 5a and b). This 
protective effect of DFO and pyoverdin Pf was 
concomitantly seen on the decrease in the albumin 
secretion (P < 0.001; Fig. 6) as well as on the total 
free MDA production (P < 0.001; Fig. 4). 

Effect of desferrioxamine B and pyoverdin Pf on 
Fe55 mobilization from raf hepatocyte cultures 

After the cultures have been maintained for 1 day 
in a culture medium containing 1 PM of Fe55, the 
hepatocytes were treated for 1 more day with either 
control medium or medium plus 100 ,uM of DFO or 
pyoverdin Pf. A significant increase of the 
intracellular iron concentration was observed 
(P < 0.001; Fig. 7a) in the cultures incubated with 
Fes5. The addition of the chelators was followed by 
a decrease in the intracellular iron level (P < 0.001; 
Fig. 7a) which was well correlated to an increase of 
the iron concentration in the culture medium 
accountable to a release from the hepatocytes 
(P < 0.001; Fig. 7b). 

DISCUSSION 

In the present study we have demonstrated that 
the iron overload was toxic for rat hepatocyte 
cultures. This toxic effect was inhibited by 
desferrioxamine B and by pyoverdin Pf. It 
appeared that the bacterial siderophore isolated from 
Pseudomonas puorescens proved to be as effective 
as desferrioxamine in protecting toxic effect of iron 
overload as well as removing iron from the loaded 
hepatocytes. 

In this work iron overload in rat hepatocyte 
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Fig. 2. Intracellular levels of AST (a) and LDH (b) in rat hepatocyte cultures maintained for 24 hr in 
the presence of increasing concentrations of iron. Each point is the mean + SEM of quadruplicate 

cultures. 
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Fig. 3. Albumin secretion in rat hepatocyte cultures 
maintained for 24 hr in the presence of increasing 
concentrations of iron. Each point is the mean k SEM of 

quadruplicate cultures. 
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Fig. 4. Total free MDA production in rat hepatocyte 
cultures maintained for 24 hr in the control conditions (C), 
in the presence of 80 ,uM of iron (Fe) or 80 PM of iron plus 
100 PM of desferrioxamine B or pyoverdin Pf (Fe + DFO 
or Pf). Each point is the mean f SEM of triplicate cultures 
and is expressed in per cent of total free MDA measured 

in the control cultures. 

cultures was produced due to iron uptake in a non- 
transferrin bound form. Indeed, in genetic or 
secondary hemochromatosis, this form of iron is 
increased in the serum, possibly reflecting the 
saturation of transferrin binding capacity [16, 171. 
Moreover, the hepatic process for this form of iron 
is efficient and is regulated either by a membrane 
carrier or by some rate-limiting metabolic step 
[l&19]. Therefore, high plasma levels of non- 
transferrin iron may play an important role in 
hepatic toxicity during primary or secondary 
hemochromatosis. In the present study, ferric 
nitrilotriacetate was used to obtain iron overload. 
Indeed, we have demonstrated previously that iron 
under its complexed form with nitrilotriacetic acid 
was able to penetrate into the rat hepatocytes in 
culture. Labelled iron entered the hepatocytes within 
the first hour of its treatment. Progressive increase 
of iron in the cells was obtained, almost doubling its 
concentration in 3 hr, and was about four times 
higher after 24 hr [15]. These findings were in 
agreement with those obtained previously on cell 
pellets where iron concentration was measured by 
flameless atomic spectrophotometry [20]. However, 
it is well established that ferric nitrilotriacetate, due 
to its favorable configuration, reacts rapidly with 
transferrin to fill all the sites [21]. Therefore, in 
these experimental conditions it is possible that a 
part of the iron entering hepatocytes may be in a 
transferrin-bound form. 

The present study provides evidence that iron 
overload was toxic for cultured rat hepatocytes since 
the release of LDH or AST in the culture medium 
and the production of total free MDA were 
increased. This toxicity was also confirmed by a 
decrease in the albumin secretion. 

We have demonstrated that the toxic effect of iron 
overload was inhibited by desferrioxamine B since 
this chelator was able to block the increase observed 
in enzyme leakage and in the production of total 
free MDA. Moreover, in our experimental model, 
desferrioxamine B appeared also to be able to 
remove iron from the hepatocytes. It is well known 
that iron induces lipid peroxidation [22] by a 
mechanism involving formation of oxygen free 
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Fig 5. Releases of AST (a) and LDH (b) in rat hepatocyte cultures maintained for 24 hr in the control 
conditions (C), in the presence of 80 PM of iron (Fe) or 80 PM of iron plus 100 PM of desferrioxamine 

I3 or pyoverdin Pf (Fe f DFO or Pf). Each point is the mean f SEM of quadruplicate cultures. 
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Fig. 6. Albumin secretion in rat hepatocyte cultures 
maintained for 24 hr in the control conditions (C), in the 
presence of 80gM of iron (Fe) or 80.~M of iron plus 
100 PM of desferrioxamine B or pyoverdin Pf (Fe + DFO 
or Pf). Each point is the mean + SEM of quadruplicate 

cultures. 
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radical species such as hydroxyl radical OH’ or 
superoxide anion 0~ (231. Desferrioxamine B, the 
powerful chelator of Fe(III), inhibits iron-dependent 
lipid peroxidation by blocking the generation of 
highly reactive oxygen species involved in mediating 
tissue injury observed in human diseases 1241. in 
vitro studies have shown that oxygen radical 
generation promoted by low levels of iron (5 PM) can 
be inhibited by desferrioxamine B at concentrations 
equimolar to those of iron [25]. More recently, 
Schwarz [26] has also demonstrated that des- 
ferrioxamine B markedly inhibited malondialdehyde 
production as well as the rise of LDH in a human 
hepatoblastoma cell line (HepGz) maintained in the 
presence of various concentrations of iron ascorbate. 

The present data show also that pyoverdin Pf was 
as effective as desfer~oxamine B in the protection 
of hepatocyte cultures against the toxic effect of iron 
overload by decreasing the enzyme leakage and the 
MDA production and removing the iron from the 
cells. There was no significant difference between 
the efficiency of the two types of chelators. Indeed, 
in the cultures maintained in the presence of iron 
plus desferrioxamine I3 or pyoverdin Pf, the enzyme 

o . 
c Fe DFO Pf 
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Fig 7. Intracellular level (a) and release (b) of Fe*’ in rat hepatocyte cultures maintained for 24 hr in 
a culture medium containing 1 frM Fess and treated I day more with either the control medium (Fe) 
or medium plus IOO~M DFO or pyoverdin Pf (DFO or Pf). C: cultures maintained in the control 
medium during the experimental procedure. Each point is the mean rt SEM of quadruplicate cultures. 
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release as well as the MDA production and the 
albumin secretion were at the same levels as in the 
controls. This indicates that pyoverdin Pf is a 
valuable substance for preventing iron toxicity in 
hepatocyte cultures. The putative mechanism by 
which pyoverdin Pf may act is very clearly related 
to its powerful ability to chelate iron. 

Thus, in the present study a cellular model has 
been used which may prove useful in the study of 
the effect of drugs similar to those employed here. 
The use of such a peptidic siderophore seems to 
have advantages over compounds like DFO since 
the latter is subject to protease degradation unlike 
pyoverdin [27]. 

In conclusion, our work highlights the iron 
chelating properties of pyoverdin Pf in a biological 
model. 
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