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Abstract Iron is the major alloy component for a large
variety of cardiovascular devices such as stents. In recent
studies it has been shown that biodegradable iron or iron
based stents exhibit good mechanical features with no
pronounced neointimal proliferation. Whole genome gene
profiling using DNA chip technology revealed that genes
involved in cholesterol and fatty acid metabolism (low-
density lipoprotein receptor, LDL-R; 3-hydroxy-3-
methylglutaryl-Coenzyme A synthase 1 (HMGCSI1) and
fatty acid desaturase 1 (FADSI1) are up-regulated after
exposure of vascular smooth muscle cells with soluble
ferrous iron. To analyze the effects of iron on these genes
in detail we co-incubated human vascular smooth muscle
cells for 12 and 24 h with different concentrations of fer-
rous (soluble iron(II)-gluconate) and ferric iron (soluble
iron(IIl)-chloride), Ferrlecit™, a commercially available
drug (ferric iron-gluconate complex) and solid iron coils.
The expression of LDL-R, HMGCS1 and FADSI was
analyzed using TagMan® Real-time PCR. After 24 h, all
forms of iron led to a significant up-regulation of the
examined genes. At high concentrations the expression
rates declined, probably as a result of reduced metabolic
activity. The most prominent effects were observed after
co-incubation with Ferrlecit'™, probably caused by an
increased bioavailability of the iron gluconate complex.
We postulate that both, bi- and trivalent forms of iron
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induce the expression of LDL-R, HMGCS1 and FADS1 by
generation of highly reactive oxygen species. Further ani-
mal experiments using tissues from iron-stented vessels
may lead to a more profound insight into iron induced
expression of cholesterol- and fatty acid metabolism rela-
ted genes.

1 Introduction

Iron is an important component of various biomedical
alloys used for cardiovascular applications [1-3]. For a
long time biomedical implants produced from a variety of
metals including AISI (American Iron and Steel Institute)
316-L, Nitinol and tungsten were considered to be non-
corrosive. Recently it has been shown, that corrosion of
biomedical implants is abundant in physiological environ-
ments [4-7].

Cardiovascular stents are used to avoid the recoil of
obstructed vessels or to treat vessel dissections that occur
during angioplasty. A variety of indications for the
implantation of cardiovascular stents exist. These include
coarctation or re-coarctation of the aorta, peripheral pul-
monary stenoses, systemic venous stenoses and ductal
stenting. The use of stents in pediatric patients however, is
limited by the growth of the vessels adjacent to the stent.
Growth-related re-stenosis at the implantation site may
therefore necessitate further interventions to adapt the stent
diameter to the diameter of the vessel adjacent to the
implantation site. The use of biodegradable stents could
overcome these limitations [8]. Recently, magnesium-
based alloys have been introduced which exhibit adequate
short-term biocompatibility. However, the use was com-
plicated by the lack of radiopacity, inferior mechanical
properties in comparison to currently available stents and
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significant calcifications in the vessel wall due to the rapid
degradation process [9]. Therefore, efforts are made to
reduce the corrosion rate by modification of the composi-
tion of magnesium-based alloys or surface treatments [10].

Although medical stainless steel alloys (e.g. AISI 316-
L) corrode under in vivo conditions [7] their degradation
rate is low. Complete degradation can not be expected to
occur within a normal life expectancy of a patient, even if
treated at a very young age [11]. With the intention to use a
more rapid corrosion as a concept of biodegradation, pure
iron was used for the first bio-corrodible iron stent in 2001
[12]. Pure iron has a lot of beneficial properties compared
with other metals or alloys. Since iron is an essential part of
several enzymes and sophisticated transport systems for the
iron homeostasis exist, the clearance of iron and its cor-
rosion products is ensured so that systemic toxicity is
unlikely to occur [13]. Furthermore, in vivo studies using
minipigs have shown that biodegradation of iron stents was
not associated with an increased neointimal proliferation or
inflammation of the stented vessel [1]. In vitro, these
results were confirmed by cell culture experiments using
human vascular smooth muscle cells (SMC) co-incubated
with soluble iron(II) [14]. Furthermore, gene expression
profiling (Affymetrix Chip technology) suggested, that
soluble iron(Il) ions induce the expression of cell cycle
derived genes as well as genes involved in cholesterol and
lipid metabolism.

The gene expression profiles obtained from Affymetrix
chip analysis are predominantly of qualitative nature.
Although fold changes related to control samples can be
calculated their quantitative significance is rather poor.
Therefore, the aim of this study, was to confirm and quan-
tify the data derived from the Affymetrix gene expression
experiments by TagMan® Real-time PCR. We focussed on
selected genes involved in the synthesis of cholesterol
fatty acid metabolism: low density lipoprotein receptor
(LDL-R), 3-hydroxy-3-methylglutaryl-Coenzyme A syn-
thase 1 (HMGCSI1) and fatty acid desaturase 1 (FADS1).

Besides soluble iron(II) and iron(IIl) ions, the influence
of particle-based forms of iron on gene expression was also
investigated. For this purpose SMCs were also co-incu-
bated with Fe(Ill) in a Fe,O3 gluconate-complex (com-
mercial available as Ferrlecit™, used for the treatment of
iron-deficiency diseases), as well as solid iron in form of
coils prepared from twisted wires.

2 Materials and methods
2.1 Isolation and cultivation of primary cells

Primary human vascular smooth muscle cells (SMCs) were
isolated from umbilical veins according to standard
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protocols [15]. The purity of the SMCs was assessed by
immunohistochemistry, using a primary mouse anti-human
antibody (Dako M0851, Dako, Hamburg, Germany) and a
secondary dye-labelled goat anti-mouse antibody (Alexa
488, Invitrogen, Karlsruhe, Germany). The cells from
several individuals were pooled to account for unavoidable
variations in geno- and phenotype. Reproducibility was
ensured by storing cell culture aliquots in liquid nitrogen
until use. After thawing the SMCs were cultivated in
SmGM medium (SmGM-2-Bulletkit, orderID#CC-3182,
Lonza, Switzerland), containing 5% FBS (fetal bovine
serum), gentamicin-sulphate, amphotericin B, hFGF-f
(human fibroblast growth factor-f) and hEGF (human
epidermal growth factor), at 37°C in a humidified 5% CO,
atmosphere. For cell culture experiments the SMCs were
used up to passage 10.

2.2 Determination of metabolic competence

For the detection of metabolic competence, SMCs
(5 x 10° each well) were incubated with iron(Il) gluco-
nate, iron(IlI) chloride and Ferrlecit™ (Sanofi-Aventis,
Germany). Metabolic activity of the exposed cells was
measured using the WST-1 test (Roche, Germany orde-
rID#1644807). The principle of this test depends on the
cleavage of the tetrazolium salt (4-[3-(4-lodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) to
formazan, by mitochondrial dehydrogenases. The increase
of enzyme activity leads to an increase in the amount of
formazan dye formed, which correlates with the number of
metabolically active cells in the culture. After 24, 72, 144
and 240 h the cell culture medium was removed and
replaced by 100 pl medium containing 10% of the WST-1
reagent. After an incubation period of 2 h (37°C, humidi-
fied 5% CO, atmosphere) the optical density (OD) at
440 nm was determined relative to a reference OD at
650 nm using an ELISA multiplate reader (Sunrise,
Tecan). The background was adjusted using 100 pl of each
medium, containing 10% WST-1 reagent without cells.

2.3 Cell count

Cells were incubated in duplicates on 96-well plates
(5 x 10® each) and stimulated with iron(II)-gluconate,
iron(III)-chloride and Ferrlecit™. After each time point (6
and 24 h) cells were washed with Dulbeccos PBS (1x) to
remove non adherent dead or metabolic limited cells,
trypsinized with 50 pl trypsin (PAA, Austria) and then
pooled. The undiluted cell suspension was counted in a
Neubauer chamber. Results, obtained as the mean value of
the four major squares, were expressed as the “relative
number of metabolically active cells”.
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Table 1 Target genes and TagMan® assays used for quantitative Real-time-PCR

Gene

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
Low-density lipoprotein receptor (LDL-R)
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (HMGCS1)
Fatty acid desaturase 1 (FADSI1)

ID#* RefSeq Amplicon
lengths (bp)
Hs99999905_m1 NM_002046.3 122
Hs00181192_ml NM_000527.3 61
Hs00266810_m1 NM_002130.6 120
Hs00203685_m1 NM_013402.4 77

* The extension m1 of the ID numbers denotes, that the assays have exon—intron boundaries and are specific for cDNA amplification

2.4 Gene expression analysis

For quantitative gene expression experiments 4 x 10°
SMCs per 3 ml medium were seeded in 6-well cell culture
plates (Corning, Netherlands) and incubated for 12 and
24 h with different concentrations (30, 50, 100, 500
1000 pg/ml) of the iron(Il)-chloride, iron(IIl)-chloride or
Ferrlecit™ (Sanofi-Aventis, Germany) under standard
conditions. Beside these “soluble” iron compounds the
SMCs were also incubated with solid iron. For this purpose
iron coils prepared of twisted tempered iron wires (length:
6 cm, diameter: 0.25 mm, approx. 46 mg, Goodfellow,
Cambridge, UK) were placed carefully onto the cells layers
(also 6-well plates).

After 12 or 24 h, the cells were harvested and total RNA
was isolated (RNeasy Mini Kit, Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Quantity and
quality of RNA were determined using the Nanodrop tech-
nology (Nanodrop ND-1000, Peqlab, Erlangen, Germany)
with OD,40/ODsg ratios of 1.9-2.1. Additionally, RNA
quality was analyzed on an Agilent 2100 Bio analyzer
(Agilent, Boblingen, Germany) with respect to 18S and 28S
ribosomal RNA (Lab-on-a-chip RNA 6000 Nano kit). An
additional on-column DNAse digestion was not performed,
because all used TagMan® gene-expression assays were
designed with exon—intron boundaries, amplifying only
cDNA. 1 pg of total RNA was used for reverse transcrip-
tion with Maloney murine leukemia virus transcriptase
in a final volume of 20 pl using the “ABI High capacity
cDNA transcription Kit (Applied Biosystems, Darmstadt,
Germany) according to the manufacturers instructions.

Real-time PCR for gene expression analysis was per-
formed on an ABI 7500 Sequence Detection System
(Applied Biosystems, Darmstadt, Germany), using a 2-step
PCR protocol and a reaction volume of 10 pl performed as
triplicates. After an initial denaturating step (95°C, 10 min)
the cDNA was amplified with 40 cycles. Cycle parameters
were 95°C for 15 s and 60°C for 1 min. TagMan® primer/
probes sets for the genes to be analyzed were obtained as 20-
fold concentrated, ready to use, solutions (ABI, Darmstadt,
Germany). The ID-numbers, reference sequences, context
sequences of the probes and amplicon lengths of the used

gene expression assays are summarized in Table 1.
Expression data were generated by relative quantification
(AAC, method). For this purpose, the cDNA was amplified
with the appropriate primers and probes for the target genes
as well as for the housekeeping gene GAPDH which is
expressed constitutively in exposed as well as in control
cells, and is used to normalize different amounts of RNA.
One assumption of the AAC, method is that all PCR reactions
(GAPDH and the targets) have the same efficiency.

The C; values of GAPDH were subtracted from the C,’s
of the gene targets (AC,). To refer samples incubated with
bi- and trivalent iron ions, Ferrlecit™ or solid iron to the
control cells the AC; value of the control was subtracted
from all other samples, also from itself (AAC,). AAC,
values <0 represent up-regulation, AAC, values >0 down-
regulation of gene expression.

2.5 Analysis of data

Determination of metabolic activity was performed in
quintuplicates. From five independent readings the median
was calculated with the corresponding standard deviation.
The cell count experiments were performed in duplicates.

For gene expression analysis the cell culture experi-
ments were repeated three times. TagMan® Real-Time
PCR was carried out in triplicates with an accepted stan-
dard deviation of 0.15 C; values. All data were analyzed
using standard statistical software. P value of less than 0.05
were regarded as significant.

3 Results

In a first set of experiments the toxicity potential of iron(II)
gluconate, iron(IIl) chloride and Ferrlecit™ on smooth
muscle cells was investigated. Therefore the metabolic
activity, a key parameter of cell viability, was analyzed
using the colometric WST-1 test. The influence of iron(IT)
gluconate on smooth muscle cells is displayed in Fig. la
for 6 and 24 h (lower set of graphs, left y-axis). The data
indicate, that iron(II) gluconate leads to a decrease in
metabolic activity of SMCs in a dose-dependent fashion
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down to a minimal 25% at a Fe(II) concentration of 1 mg/ml.
The relative number of metabolically active cells decreased
dose-dependently for all time points (upper set of graphs,
right y-axis).

The co-incubation of SMCs with iron(IIl) chloride
showed the same pattern as the incubation with iron(Il)
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«Fig. 1 Human vascular smooth muscle cells (5 x 10® each) were
incubated with iron(Il) gluconate (a), iron(Ill) chloride (b) and
Ferrlecit™ (c) in a concentration range from 0.1 to 1,000 pg/ml. The
metabolic activity was measured after 6 and 24 h using the colorimetric
WST-1 test (lower part of the figure, left y-axis). The data were
calculated as percentage related to control cells. The upper part of the
figure displays the relative number of metabolically active cells, (grey
lines, right y-axis). With regard to metabolic activity all indicated data
points are mean values of five independent measurements

gluconate, displayed in Fig. 1b for 6 and 24 h. A down-
regulation was observed for both time points, dose-depen-
dently down to 30%. Also the co-incubation with iron(III)
chloride led to a decrease of the relative number of meta-
bolically active cells (upper part of the figures, right y-axis).

The influence of Ferrlecit™ on human smooth muscle
cells is displayed in Fig. 1c for 6 and 24 h. The metabolic
activity decreased in a concentration range from 0.1 to
100 pg/ml time dependently below 75%. As shown for
iron(IT)-gluconate and iron(IIl)-chloride, Ferrlecit™ led to
a decrease of vital cells dose-dependently for all indicated
time points (upper graphs, right y-axis). Ferrlecit'™ con-
centrations >100 pg/ml led to a strong increase of
absorption at a wavelength of 450 nm. This increase
depends on the strong brown colour and not of any cellular
effects as control experiments without cells showed. Thus
the values for metabolic activity obtained from concen-
trations more than 100 pg/ml are not valid and are there-
fore not depicted in Fig. lc.

In a second set of experiments we analyzed the influence
of soluble ferrous iron on the expression of LDL-R,
HMGCSI1 and FADSI1 in human vascular smooth muscle
cells using TagMan® Real-time PCR. SMCs were
co-incubated with iron(I) gluconate for 12 and 24 h at
different concentrations (30, 50 100, 500 and 1000 pg/ml).
As shown in Fig. 2a Fe(Il) led to an increase of mRNA
expression for LDL-R, HMGCS1 and FADSI1 in a con-
centration dependent way after 12 and 24 h. Concentrations
>500 pg/ml decreased gene expression for both time
points, probably as a result of reduced metabolic activity
as shown above. The most prominent effects were observed
at a concentration of 500 pg/ml: LDL-R: —AAC,: 1.33 +
033 (12h), 2.33 £0.25 (24 h); HMGCS1: —AAC:
1.81 £ 0.26 (12 h), 3.57 & 3.36 (24 h); FADS1: —AAC;:
1.23 £ 0.09 (12 h), 2.34 + 0.30 (24 h). In this context
HMGCS1 exhibited the strongest effects. These gene
expression data confirmed the data obtained by Affymetrix
analysis.

Furthermore, we analyzed the effects of soluble ferric
iron (iron(III) chloride) towards the genes mentioned above.
After 12 h no effects were detectable. The 24 h experiments
gave evidence that concentrations of Fe(III) chloride greater
than 100 pg/ml led to toxic effects as shown also by the
metabolic data in Fig. 1b, resulting in low amounts of poor
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quality RNA which was not sufficient for gene expression
analysis. Reliable results were obtained only at concentra-
tions from 30 to 100 pg/ml. Within this concentration range
a significant up-regulation was observed for LDL-R
(—AAC: 0.86 + 0.32 (50 pg/ml), —AAC: 1.19 £ 0.12
(100 pg/ml); HMGCS1 (—AAC;: 0.96 £ 0.18 (30 pg/ml),
—AAC: 1.51 £0.11 (50 pg/ml), —AAC;: 2.50 £ 0.09
(100 pg/ml) and FADS1 (—AAC,: 0.85 £ 0.08 (50 pg/ml),
—AAC: —1.35 £ 0.12 (100 pg/ml) as depicted in Fig. 2b.

In addition to soluble iron(IIl) we analyzed the influence
of iron(IIl) in form of solid Fe,O3 in a gluconate complex
(Ferrlecit™). Cell culture experiments using size-defined
Fe,;O3 micro-and nano-particles were not evaluable, since
these particles agglutinate in aqueous environments. To
rule out effects resulting from the preservative benzyl
alcohol in the pharmaceutical formulation of Ferrlecit™
we co-incubated vascular smooth muscle cells with benzyl
alcohol up to a 10-fold increase compared to its concen-
tration in the drug. No influence on the expression of all
three genes was observed.

The iron(Ill) concentration in the Fe,Os;—gluconate
complex is 12.5 mg/ml. As for the experiments with sol-
uble iron, we evaluated the effects of Ferrlecit™ in a
concentration range from 30 to 1,000 pg/ml (Fig. 2c). For
the LDL-R a dose dependent up-regulation was observed
after 24 h with a maximum at 100 pg/ml (—AAC:
2.6 £ 0.28). Higher concentrations resulted in a down-
regulation (-AAC: 1.82 + 0.36) for 500 pg/ml, and
(—AAC: 1.69 £ 0.28) for 1000 pg/ml, respectively. For
HMGCS1 the most prominent effects after 12 h were
observed for 100 pg/ml (—AAC;: 3.0 £ 0.09). After 24 h
the maximum of expression was measured at a concen-
tration of 100 pg/ml (—AAC;: 4.0 &+ 0.40), followed by
a decrease to (-AAC: 3.34 £ 0.24) for 500 pg/ml and
(—AAC: 2.85 £ 0.15) for 1,000 pg/ml. For FADS1 a dose-
dependent up-regulation was observed for 12 and 24 h. The
most prominent effects were measured for 1,000 pg/ml
(—AAC;: 2.15 £ 0.27 (12 h) and 2.88 £ 0.17 (24 h)).

To confirm the hypothesis that iron corrosion products
cause the up-regulation of LDL-R, HMGCS1 and FADSI,
SMCs were exposed to solid iron in form of twisted coils.
After 24 h strong signs of solid corrosion products were
observed as depicted in Fig. 3a. As shown in Fig. 3b the
expression of all three genes was upregulated: LDL-R
(—AAC: 1.37 £ 0.39), HMGCS1 (—AAC;: 3.30 £+ 0.34),
FADS1 (—AAC;: 3.63 £+ 0.49).

4 Discussion

Biodegradable stents are desirable for the treatment of
obstructed vessels in growing pediatric patients and
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FADS1

LDL-R HMGCS1

Fig. 3 Human vascular smooth muscle cells (4 x 10° each) were
incubated with a twisted iron coil (6 cm lengths) for 24 h. The image
(a) was recorded with 4x magnification. The gene expression of
LDL-R, HMGCS1 and FADS1 was determined using TaqMan® Real-
time-PCR (b). All indicated data points are significant (P < 0.05)

patients with peripheral or coronary artery disease [1].
Whereas polymeric stents have been evaluated with
increased inflammatory and proliferative vascular respon-
ses, corrodible stents produced from iron and magnesium
are promising candidates for biodegradable stents. In
contrast to stents produced from magnesium alloys, iron
stents exhibit excellent mechanical properties, little neo-
intimal proliferation and little inflammation [1, 12].

In a novel approach of temporary stenting the first cor-
rodible iron stent was introduced in 2001 using a rabbit
model. Explanted iron stented vessels exhibited clearly
visible signs of rust, although the mechanical integrity did
not significantly decrease even after 24 months [12]. Rust
was also found in surrounding tissues at the implantation
site.

The corrosion of iron is a complex process, already
outside physiological environments. The liberation of sol-
uble ferrous iron is the first step of iron decomposition. In a
multi step process iron(Il) is oxidized to iron(IIl) (ferric
form) in form of hydroxides and oxides.
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Fe — Fe?* 4+ 2e~

H,0 + 150, +2 e~ — 20H™

2 Fe* + 40H™ + 150, + Hy0 — 2Fe(OH);,
Fe(OH),— FeO(OH) x H,0

2FeO(OH) — Fe,03 + H,0

Theoretically the initially generated bi- and trivalent iron
species react by partial deprivation of water to a mixture of
iron(IT)-oxide, iron(Ill)-oxide and crystal water, which is
generally called rust.

xFe''O - yFel'O; - z HyO(x,y,z = positive ratios)

The respective composition of rust depends on several
parameters, like pH values and salt concentrations. How-
ever, apart from theoretical considerations, the situation in
vivo is much more complex. Since water is present in all
biological environments the status of the equilibria
(hydroxides—oxides) is not completely on the oxides side,
so that the observed brown-coloured corrosion products in
histological samples are composed of a mixture of highly
non-soluble iron-hydroxides and oxides.

Systemic cytotoxic effects of iron are very unlikely
because the amounts of iron in a typical stent (40 mg) are
rather small in contrast to the whole-body iron load of 400—
500 mg/l. Besides hemosiderin, ferritin is an important iron
store. Approximately 20% of the total iron are bound in the
bivalent form [13]. However, local iron concentrations may
be higher and might interact with biological processes of
the vasculature at the implantation site. Previous gene
expression profiling studies demonstrated that gene clusters
belonging to cell cycle regulation and cholesterol- and
lipid-metabolism were up-regulated by soluble ferrous iron
in human vascular smooth muscle cells [14]. This study
focussed on genes related to cholesterol- and lipid-metab-
olism. We were able to confirm and extend these results by
quantitative TagMan® Real-time-PCR analysis over a wide
concentration range for ferrous and ferric iron species.

The cellular functions of LDL-R, HMGCS1 and FADS1
are closely linked. The LDL-R gene family consists of cell
surface proteins which are involved in receptor-mediated
endocytosis of membrane bound low density lipoprotein
(LDL) which is degradated in lysosomes [16]. The liberated
cholesterol acts as a repressor for microsomal 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMG-CoA), the
rate-limiting step in cholesterol synthesis. This enzyme is
regulated by a negative feedback mechanism mediated
by sterol and non-sterol metabolites derived from mevalo-
nate, the reaction product catalyzed by the reductase [17].
HMG-CoA is also the target of the widely available cho-
lesterol lowering drugs known collectively as statins [18].
HMGCST1 is responsible for the condensation of acetyl

coenzyme A (Ac-CoA) with acetoacetyl coenzyme A to
3-hydroxy-methylglutaryl-coenzyme A (HMG-CoA) which
is than reduced to mevalonate by HMG-CoA reductase.
This reaction pathway is essential for cholesterol and pre-
noid synthesis in mammals [19].

FADSI belongs to the family of fatty acid desaturases
(FADS). The unsaturation of fatty acids is performed by
introduction of double bounds between well defined carbon
atoms of the fatty acid acyl chain [20]. The reasons for
the iron mediated up-regulation of genes involved in the
cholesterol and lipid metabolism is not yet clear. All used
iron-reagents induced gene expression within a broad con-
centration range, partially in a dose-dependent fashion, but it
was obvious that the most prominent effects were observed
after incubation with Ferrlecit™ [21], a commercially avail-
able drug used for the treatment of iron-deficiency, followed
by iron(II)-gluconate and iron(IIl)-chloride. Also the incu-
bation of smooth muscle cells with pure iron in form of
twisted coils led to the induction of all three genes caused by
bi- or trivalent corrosion products.

The effects of Fe(Il) can be explained by its capability to
replace other metal ions or by its reducing power. Fe(Il) is
oxidized to Fe(Ill) by cellular peroxides resulting in the
formation of highly aggressive hydroxyl-radical species
(Fenton reaction) [22, 23]. These radicals may react with a
large group of biomolecules, e.g. membrane components
[24, 25]. Disturbances in cellular membranes may lead to
an increased cellular synthesis, since membrane bound
cholesterol determines membrane fluidity and is a key
factor for the function of membrane proteins [26, 27].

Under normal physiological conditions more than 99%
of ferric iron is bound to the store proteins hemosiderin and
ferritin—accumulation occurs mainly in secondary lyso-
somes. In acid environments or in the presence of reducing
agents, e.g. ascorbic acid, NADPH, glutathione, free or
bound ferric iron is reduced whereby formation of oxygen
radicals and peroxidation of unsaturated fatty acids may
occur.

The iron in form of the drug Ferrlecit™ can be con-
sidered as ferric (Fe,03) “particles” in a gluconate com-
plex embedded in a sucrose matrix with the stochiometrical
formulation [NaFe,03(CsH;107)(C12H2011)s], = 200 [28].
Several clinical studies showed that intravenously admin-
istered Ferrlecit™ leads to an increase of oxidative stress
in form of reactive oxygen species [29, 30].

We attempted to perform cell culture experiments using
Fe,O5 micro- and nanoparticles of different sizes (<50 pm
and <50 nm), however, due to the limited bioavailability of
the nanoparticles caused by aggregation in aqueous envi-
ronments, these experiments were abandoned. SMC cell
cultures exposed to solid iron coils exhibited clearly visible
brown coloured corrosion products, probably rust compo-
nents as Fe(OH)s/Fe,O;. Gene expressions of LDL-R,
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HMGCS1 and FADSI in these experiments were also
significantly up-regulated. It can be speculated, that the
Fe,Os—gluconate complex of the Ferrlecit™ formulation
acts in the same way as the rust components. The increased
bioavailability of iron in the Ferrlecit™ formulation,
however, leads to a pronounced effect.

Our data show, that soluble and insoluble iron species
both in ferrous as well as in ferric forms lead to an induction
of genes involved in cholesterol- and fatty acid metabolism.
The most prominent effects, especially for HMGCSI, the
precursor in cholesterol synthesis, were detected for the
sucrose embedded Fe,O;—gluconate (FerrlecitTM) complex.

Cholesterol is known to be involved in the development
of atherosclerotic plaques [31]. A currently published case
report dealing with stented coronary vessels revealed that
cholesterol containing atherosclerotic plaques also occur-
red within the boundaries of two bare metal stents even
after 9 years [32]. These plaques may have a natural origin
like plaques in unstented vessels. Since cholesterol in its
different forms is abundant in the body there is actually no
evidence that the plaques are related to corrosion products
from the stents.

From the presented data it is not possible to determine
the inducing agent for the expression of LDL-R, HMGCS1
and FADS1.We assume that ferrous as well as ferric iron
act by the generation of highly reactive oxygen species.
Although systemic effects from corrosion products in vivo
can be excluded [1, 12], local effects at the implantation
site are possible. The detected effects on the expression of
genes related to the cholesterol synthesis may raise ques-
tions on the increased development of atherosclerotic pla-
ques at implantation site of the iron stent. However, these
effects were not observed after the implantation of slowly
corroding iron stents into the aorta of New Zealand white
rabbits and minipigs [1, 12]. More rapidly corroding iron-
based alloys, however, may exhibit more pronounced
effects on atherosclerosis and have to be observed for the
occurrence of plaque formation after their implantation into
the vasculature.

5 Conclusion

We investigated the effects of soluble bi- and trivalent iron
compounds on the expression of genes involved in the
cholesterol synthesis and fatty acid metabolism in human
smooth muscle cells. It could be shown by quantitative
TagMan® Real-time PCR that soluble and solid forms of
bi- and trivalent iron led to an induction of cholesterol- and
fatty acid metabolism related genes, probably caused by
iron related generation of highly reactive oxygen species.
Further experiments will determine, whether expression of
the described genes induced by the implantation of

@ Springer

corrodible iron stents may lead to the generation of ath-
erosclerotic plaques within the stent.
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