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Abstract

Arterial media calcification is a severe cardiovascular complication commonly manifesting in patients with chronic
kidney disease (CKD). Patients with CKD frequently undergo intravenous iron therapy to address iron deficiency. Iron
is suggested to be sequestered in vascular cells, potentially leading to oxidative (lipid) stress and cell death, which are
recognized as key contributors to arterial calcification. The objective of this study was to investigate the effect of
intravenous iron administration on CKD-induced arterial media calcification. Therefore, adenine-induced CKD rats
were treated intravenously with iron and checked for arterial iron deposition and calcification, as well as for ferritin
and lipid peroxidation markers. Additionally, arterial sections from patients with CKD who were dialysis dependent
were analyzed for these parameters. This study showed that intravenous iron administration in CKD rats led to arterial
iron deposition and a lipid peroxidation signature. CKD-induced arterial calcification was increased upon iron
treatment and correlated with arterial iron accumulation and lipid peroxidation markers. Patients with CKD who
were dialysis dependent showed arterial iron accumulation and elevated lipid peroxidation, but a direct correlation
with arterial calcification was lacking. Taken together, iron treatment is suggested as a potential contributor to the
calcification process, instead of being a predominant factor, thereby emphasizing the complexity of arterial
calcification as a multifactorial disease.
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Introduction

Arterial media calcification is a common complication in
patients with chronic kidney disease (CKD) for which no
effective therapy is available [1]. It is characterized by
the pathological accumulation of calcium phosphate
crystals in the medial layer of the vessel wall. Arterial
calcification places patients at high risk of developing
serious cardiovascular complications and mortality [2,3],
imposing a large burden on both healthcare and the
economy [4]. Of note, the risk of dying of cardiovascular
disease in patients with early-stage CKD surpasses the
risk of progressing to end-stage renal disease [5].

Aside from arterial calcification, many patients with
CKD have absolute and functional iron deficiency [6].
Absolute iron deficiency results from malnutrition or
gastrointestinal bleeding, blood requirements for lab-
oratory tests and blood retention during hemodialysis

therapy [6,7]. Functional iron deficiency is character-
ized by low circulating iron concentrations despite
adequate body iron stores. The primary culprit behind
this deficiency is increased hepcidin levels. Hepcidin
acts as a key regulator of iron homeostasis by control-
ling intestinal iron absorption by enterocytes and iron
release from macrophages and hepatocytes [8,9]. Hepcidin
achieves this via degradation of ferroportin, a transmem-
brane protein responsible for cellular iron excretion [10],
eventually leading to cellular iron sequestration [11].
Circulating hepcidin levels in patients with CKD are
increased because of impaired renal clearance and elevated
hepatic synthesis, triggered by inflammation and alterations
in iron status [12,13].

To alleviate iron deficiency in patients with CKD, iron
supplementation is commonly used as a key component
of their treatment regimen. Intravenous (i.v.) iron is
preferred over the oral route due to limited effectiveness
of oral administration (caused by hepcidin-induced
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blockade of gastrointestinal absorption [14]) and the
ease of using the existing vascular access in patients
receiving dialysis [15]. However, since ferroportin
expression is also present in arterial cells [16-18],
i.v. iron can potentially be sequestered in arterial cells
due to increased serum hepcidin levels. In this context, it
is interesting to mention that a direct calcification aggra-
vating effect of iron was observed in vitro in calcifying
vascular smooth muscle cells (VSMCs) [19].

Cellular iron excess can readily elevate the risk of
oxidative stress. Iron promotes the generation of reactive
hydroxyl radicals via the Fenton reaction [20]. These
radicals are capable of causing oxidative stress, a recog-
nized contributor to the development of arterial calcifi-
cation [21,22], and can also react with polyunsaturated
fatty acid containing phospholipids in the cell membrane.
This leads to the accumulation of toxic lipid hydroperox-
ides and membrane damage (i.e. lipid peroxidation), ulti-
mately triggering ferroptotic cell death [23-25]. A critical
defense mechanism against lipid peroxidation/ferroptosis
is mediated by glutathione peroxidase 4 (Gpx4), an
enzyme that reduces toxic lipid hydroperoxides to lipid
alcohols [26]. The role of Gpx4 is crucial because its
impairment can lead to excessive lipid peroxidation and
increased ferroptotic cell death, which goes along with the
formation of harmful by-products such as 4-hydroxy-
2-nonenal (4HNE). 4HNE is a highly reactive aldehyde
that not only exacerbates cellular oxidative damage but
also serves as a specific marker of lipid peroxidation [27].
Interestingly, an important role for cell death in arterial
calcification development has been described in the past,
where dead VSMCs serve as an excellent nidus for calcium
phosphate crystal deposition [28,29].

Although lipid peroxidation/ferroptosis has been impli-
cated in several cardiovascular diseases [30,31], its role in
the development of arterial media calcification remains
unclear. Recent publications have illustrated a contribution
of lipid peroxidation/ferroptosis to arterial calcifica-
tion, while inhibition of ferroptosis attenuated arterial
calcification [32-34]. Considering this, investigating
the effect of i.v. iron treatment on arterial calcification
in a CKD context is warranted. Therefore, this study inves-
tigated whether i.v. iron sucrose administration induces
arterial iron accumulation, thereby altering the development
of arterial media calcification in a rat model of adenine-
induced CKD, with a special focus on lipid peroxidation/
ferroptosis as underlying mechanisms. Arterial tissue of
patients receiving dialysis was analyzed to provide a more
comprehensive insight into this hypothesis.

Materials and methods

Animals

Experimental procedures were approved by the Antwerp
University Ethics Committee (ECD code 2021-73). Fifty
male Wistar Han rats (225-250 g; Charles River, Beerse,
Belgium) were housed at the Antwerp University ani-
mal facility under constant environmental conditions
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(12/12 h light/dark cycles) with ad libitum access to
food and water. To induce stable CKD, animals were
exposed to adenine via oral gavage for nine consecutive
days (600 mg/kg/day; Acros Organics, Geel, Belgium)
and fed a phosphate-enriched diet for the entire study
(1.2% Pi-1.06% Ca; SSNIFF Spezialdidten, Soest,
Germany). CKD rats were randomly assigned to receive
(1) vehicle (0.9% NaCl; n = 11), (i) 3 mg/kg/dose iron
(n = 10) or (iii) 10 mg/kg/dose iron (n = 11). Iron was
administered as iron sucrose (Venofer; CSL Vifor,
Glattbrugg, Switzerland). The 3 mg/kg dose closely mir-
rors the therapeutic dosage of iron sucrose administered to
patients receiving hemodialysis (100-200 mg/dialysis
session for adult patients at an average 70 kg), while
the 10 mg/kg dose was included in the study as a
supratherapeutic dose to investigate dose dependency.
Vehicle and iron were administered i.v. via the tail vein
three times a week starting after CKD induction for a
4-week treatment period. Control rats with normal renal
function, treated with vehicle or the (supra)therapeutic
iron dose, were also included (n = 6 each).

After the 4-week treatment with vehicle/iron, rats were
sacrificed by exsanguination after anesthesia with intraper-
itoneal administration of 80 mg/kg ketamine (Ketalar;
Pfizer, New York, NY, USA) and 10 mg/kg xylazine
(Rompun; Dechra Pharmaceuticals, Northwich, UK).

Serum analyses

Blood samples were collected via the tail vein at inter-
mediate time points and at sacrifice from the retro-orbital
plexus. To assess renal function, serum phosphorus and
creatinine levels were quantified. Phosphorus levels
were determined by the molybdate method using the
Ecoline S Phosphate kit (Diasys Diagnostic Systems,
Holzheim, Germany). Creatinine levels were measured
according to the Jaffé method. Serum hepcidin levels
were measured using a commercially available ELISA kit
(Cusabio, Houston, TX, USA). Serum iron concentrations
were determined via electrothermal atomic absorption
spectroscopy (ETAAS; PerkinElmer, Shelton, CT, USA).
For sample preparation, 0.3 M hydrochloric acid was
added, and the samples were incubated for 1 h at room
temperature. Subsequently, a 20% solution of trichloro-
acetic acid was introduced into the samples. The superna-
tant obtained after centrifugation was used to determine the
serum iron levels.

Arterial iron accumulation

Iron levels were quantified via ETAAS (PerkinElmer) in
two parts of the thoracic aorta. The thoracic aorta was
harvested at sacrifice, rinsed with 0.9% NaCl, stripped
from adherent tissue and subdivided as follows: (1) the
aortic arch, comprising aortic tissue above the heart
(including the thoracic ascending aorta and a part of
the thoracic descending aorta); and (2) the thoracic aorta,
defined as the segment of the thoracic descending aorta
extending from below the aortic arch to the diaphragm.
Tissues were wet-weighed on a precision balance and
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digested in 65% nitric acid at 60 C overnight, after
which the iron levels were determined.

The diaminobenzidine (DAB)-enhanced Turnbull
blue staining method (Hametner ef al [35]) was used to
detect iron in paraffin-embedded thoracic aorta sections.
These were incubated for 90 min in 2% ammonium
sulfide and immersed in 10% potassium ferricya-
nide/0.5% hydrochloric acid for 15 min, followed by
several washes with distilled water. Next, endogenous
peroxidase activity was blocked with 0.01 M sodium
azide and 0.3% hydrogen peroxide, followed by a wash-
ing step with 0.1 M phosphate buffer. Finally, iron
staining was amplified with DAB (ImmPACT DAB
substrate kit, SK-4105, Vector Laboratories, Newark,
CA, USA) to visualize iron as brown dots. Sections were
counterstained with hematoxylin. Images were taken
using a Leica DMR microscope (Leica Microsystems,
Wetzlar, Germany). Fiji image analysis software was
used to assess the percentage iron-positive area relative
to the total area. Due to the inherent hardness of calcified
tissue, fracturing is an unavoidable limitation during
tissue sectioning. These tissue fractures were excluded
from total tissue area during quantitative analysis.
Additionally, these fractures were also observed in other
staining procedures described later in this manuscript
and were similarly excluded from analysis.

Evaluation of arterial calcification

Arterial calcification degree was evaluated by measure-
ment of the calcium content in the aortic arch and tho-
racic aorta, and quantifying the percentage calcified area
on Von Kossa-stained sections. Calcium content was
determined in the same tissue digestion liquid as used
for iron measurement by flame atomic absorption spec-
trometry (PerkinElmer). The samples were first diluted
with 0.1% lanthanum nitrate to eliminate chemical
interference.

To visualize/quantify calcification in the arterial wall,
thoracic aorta sections were stained with Von Kossa and
counterstained with hematoxylin/eosin. Von Kossa
positivity is seen as black deposits. Using Fiji image
analysis software, the percentage calcified area was
defined, calculated as the ratio of Von Kossa-positive area
to the total tissue area. In addition to Von Kossa staining,
which identifies phosphate, Alizarin red staining was
performed, followed by fast green counterstaining, to visu-
alize calcium deposits.

Immunohistochemical staining of arterial tissue

Thoracic aorta sections were immunohistochemically
stained for ferritin, Gpx4 and 4HNE, and hematoxylin
counterstained. Sections were decalcified with 1% acetic
acid and heat-mediated epitope retrieval was performed
using a citrate-based antigen unmasking solution (H-3300,
Vector Laboratories). Blocking of non-specific binding
sites with normal goat serum (P30-1001, Pan Biotech,
Aidenbach, Germany) for 20 min (20% in TBST) was
followed by overnight incubation with primary antibodies
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for ferritin (10727-1-AP, 1/1000, Proteintech Group,
Rosemont, IL, USA), Gpx4 (ab125066, 1/500, Abcam,
Cambridge, UK) and 4HNE (ab46545, 1/500, Abcam).
Endogenous peroxidase activity was suppressed via a 3%
hydrogen peroxide solution and biotinylated goat-anti
rabbit (PK-4001, Vector Laboratories) was used as
secondary antibody. Subsequently, avidin/biotinylated
peroxidase complex (VECTASTAIN ABC kit, Vector
Laboratories) was added as signal amplifier using DAB
(Vector Laboratories) as substrate, producing a brown
color. Ferritin, Gpx4 and 4HNE positivity (% positive
area) relative to the total tissue area was quantified.
Negative controls (omission of primary antibody) were
performed concurrently.

Staining of human arterial tissue

Part of the epigastric artery was harvested from patients
with end-stage kidney disease at the time of kidney
transplantation surgery (n = 40). Informed consent was
obtained and the procedure was approved by the ethical
committee of the University Hospital Leuven. Iron treat-
ment was in accordance with the international KDIGO
guidelines. Arterial sections were stained with (1) Von
Kossa, (2) DAB-enhanced Turnbull, and (3) immunobhis-
tochemical staining of ferritin (10727-1-AP, 1/2000,
Proteintech), Gpx4 (ab125066, 1/500, Abcam) and
4HNE (ab46545, 1/500, Abcam). Staining intensities
were subjected to a scoring system ranging from — to
++++: — = no staining, + = weak staining, ++ = mild
staining, +++ = moderate staining and ++++ = strong
staining. The scoring of the stained samples was
performed independently by two individuals.

Statistical analysis

Statistical comparisons were performed by non-parametric
testing using GraphPad Prism software (Graphpad Software,
version 10.1.2, San Diego, CA, USA). Statistical differences
between multiple groups were assessed by the Kruskal—
Wallis test, followed by Dunn’s multiple comparison test
when significant. The comparison between two groups
(CKD group versus its corresponding non-CKD group)
was performed using a two-tailed Mann—Whitney U-test.
To investigate the relationship between numerical vari-
ables, a Spearman p univariate correlation analysis was
performed and Fisher’s exact test for categorical variables.
Data in the text are presented as median [interquartile range
(IQR)]. Results were considered significant when the
adjusted p value was <0.05.

Results

Induction of stable, severe CKD

Stable and severe CKD was induced in all CKD groups
after adenine administration, evidenced by significantly
elevated serum creatinine (Table 1) and phosphorus
(Table 2) levels compared with non-CKD vehicle rats.
Importantly, no significant differences were observed
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Table 1. Serum creatinine levels.

Creatinine (mg/dl)

Group Start i.v.
Non-CKD vehicle 1.18 (0.14)
Non-CKD 3 mg/kg iron 1.21 (0.72)
Non-CKD 10 mg/kg iron 1.08 (0.41)
CKD vehicle 6.06 (2.98)**
CKD 3 mg/kg iron 6.94 (2.81)**
CKD 10 mg/kg iron 7.03 (2.57)***

2-week treatment Sacrifice
1.60 (0.31) 1.51 (0.71)
1.45 (0.61) 1.39 (0.27)
1.45 (0.46) 1.20 (0.17)
5.30 (1.70)** 6.05 (4.53)**
5.77 (3.26)* 6.42 (1.67)*
5.17 (1.31)** 591 (3.51)*

Data are presented as median (interquartile range). Start i.v. = after the induction of CKD and prior to the start of i.v. treatment. Two-tailed Mann-Whitney U-tests (each
CKD group versus non-CKD vehicle) at the same time point. Significance versus non-CKD vehicle at the same time point: *p < 0.01; **p < 0.001.

CKD, chronic kidney disease.

Table 2. Serum phosphorus levels.

Group Start i.v.
Non-CKD vehicle 10.90 (5.23)
Non-CKD 3 mg/kg iron 8.12 (3.85)
Non-CKD 10 mg/kg iron 8.61(3.61)
CKD vehicle 21.62 (6.64)**
CKD 3 mg/kg iron 23.56 (4.14)**
CKD 10 mg/kg iron 24.75 (3.48)**

Phosphorus (mg/dI)

2-week treatment Sacrifice
9.70 (1.65) 10.29 (3.55)
9.36 (2.63) 8.36 (3.46)
7.96 (2.94) 7.21 (3.03)

27.38 (11.99)**
24.14 (7.80)*
20.72 (12.03)**

26.05 (18.34)**
20.49 (6.64)
17.20 (12.16)*

Data are presented as median (interquartile range). Start i.v. = after the induction of CKD and prior to the start of i.v. treatment. Two-tailed Mann-Whitney U-tests (each
CKD group versus non-CKD vehicle) at the same time point. Significance versus non-CKD vehicle at the same time point: **p < 0.01; **p < 0.001.

CKD, chronic kidney disease.

between creatinine and phosphate levels of the different
CKD groups.

CKD groups experienced mortality before the planned
sacrifice: two rats in the vehicle-treated group (two in
week 2), three rats in the therapeutic (two in week 2,
one in week 3) and five rats in the supratherapeutic (one
in week 1, two in week 2, two in week 3) iron-treated
groups. Animals that did not reach the planned sacrifice
point were also included for analysis.

Iron accumulates in arteries of iron-treated animals
with chronic kidney disease and correlates with
arterial ferritin expression

Iron treatment led to increased arterial iron levels in
CKD rats, including both the thoracic aorta and aortic
arch (Figure 1A,B). For the supratherapeutic iron-treated
CKD group, this increase was significant in the thoracic
aorta (p = 0.025) in comparison to vehicle-treated CKD
animals. The presence of arterial iron depositions in
iron-treated CKD rats was visually confirmed on Turnbull-
stained arterial sections (Figure 1C,D). Iron did not accu-
mulate in rats with normal renal function, regardless of
their treatment (supplementary material, Figure S1A).
Arterial sections were also stained to detect ferritin
expression (Figure 1E). In the iron-treated CKD groups,
the arterial ferritin levels were significantly higher than in
vehicle-treated CKD animals (therapeutic iron: p = 0.020,
supratherapeutic iron: p < 0.0001) (Figure 1F), whereas
no arterial ferritin expression was present in rats with
normal renal function (supplementary material,
Figure S1B). Moreover, arterial ferritin expression
shows a strong positive correlation with iron
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deposition in the CKD iron-treated groups (p = 0.69,
p = 0.0005) (Figure 1G). In summary, these data show
that iron treatment in CKD rats leads to arterial iron accu-
mulation, which correlates with arterial ferritin expression.

Arterial iron accumulation correlates with calcium
deposition in iron-treated animals with chronic
kidney disease

Adenine-induced CKD triggered the development of
arterial media calcification as evidenced by significantly
increased calcium content in the thoracic aorta (p = 0.020)
and aortic arch (p = 0.0031) of vehicle-treated CKD rats
versus non-CKD vehicle-treated rats [thoracic: non-
CKD = 0.29 (IQR 0.17) mg/g tissue, CKD = 0.43
(3.16) mg/g tissue; arch: non-CKD = 0.25 (0.23) mg/g
tissue, CKD = 1.02 (23.63) mg/g tissue]. Interestingly,
administration of the supratherapeutic iron dose to CKD
rats significantly aggravated the arterial calcium content
(thoracic: p = 0.0097; arch: p = 0.025) compared with
vehicle-treated CKD rats (Figure 2A,B). Microscopic
confirmation of crystal deposition in the medial arterial
layer of CKD animals was obtained after Von Kossa
staining (detecting phosphate) of tissue sections
(Figure 2C,D). The calcium-detecting Alizarin red
staining method revealed equal patterns of crystal
deposition, but appeared to be less sensitive compared
with the Von Kossa staining as the smallest calcified
spots could only be detected by the Von Kossa method
(supplementary material, Figure S2). Consequently, Von
Kossa-stained sections were selected for quantification. A
significantly increased percentage of calcified tissue area
was found in supratherapeutic iron-treated CKD rats
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(p = 0.0025) compared with vehicle-treated CKD rats. Furthermore, there is a strong positive relationship
Total calcium levels and percentage calcified area of ther-  between arterial calcification and iron deposition, as
apeutic dose iron-treated CKD rats were not significantly =~ evidenced by significant correlations between calcium
different from CKD vehicle animals. Non-CKD animals, and iron levels in the thoracic aorta (p = 0.74,
either treated with vehicle or iron, did not develop arterial ~ p = 0.0001) and aortic arch (p = 0.84, p < 0.0001)
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No significant correlations were found between arterial
calcification and iron accumulation in the CKD vehicle-

treated group (Figure 2E,F, lower part). Arterial cal-

cification also significantly correlated with arterial
ferritin expression in iron-treated CKD animals
(p = 0.85, p <0.0001), but not in the CKD vehicle
group (Figure 2G). Altogether, iron treatment of CKD
rats aggravates arterial calcification, which also shows
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a significant correlation with arterial iron deposition
and ferritin expression.

Iron dyshomeostasis and ferroptosis signature as
reaction on iron treatment

Serum iron concentrations were significantly increased in
non-CKD animals after treatment with the supratherapeutic
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iron dose (p = 0.0024) compared with vehicle-treated
non-CKD animals [vehicle = 1,034 (114.2) pg/l,
supratherapeutic iron = 1,566 (632.0) pg/l], whereas
this increase was not present within the CKD groups.
Remarkably, serum iron levels were significantly
decreased in the iron-treated CKD animals (therapeutic
iron: p = 0.0046, supratherapeutic iron: p = 0.0031),
as well as the vehicle CKD group (p = 0.0048) in
comparison to their corresponding non-CKD group
(Figure 3A). Serum hepcidin levels were significantly
elevated in all CKD groups compared with their respec-
tive non-CKD group (vehicle: p = 0.0002, therapeutic
iron: p = 0.0002, supratherapeutic iron: p = 0.0002)
(Figure 3B).

Immunohistochemical staining of arterial sections was
performed to visualize and quantify the presence of Gpx4
(Figure 4A,B) and 4HNE (Figure 4C,D), respectively a
critical suppressor and marker of lipid peroxidation/
ferroptosis. No Gpx4 or 4HNE could be detected in the
arteries of non-CKD rats (supplementary material,
Figure S1D,E). Contrastingly, CKD vehicle-treated
animals showed significantly elevated levels of Gpx4
(p = 0.0046) and 4HNE (p = 0.0048) compared with
non-CKD vehicle-treated rats [Gpx4: non-CKD = 0.003%
(0.033%), CKD = 0.100% (0.324%); 4HNE: non-
CKD = 0.055% (0.104%), CKD = 1.124% (2.996%)].
In addition, iron administration in CKD rats increased
Gpx4 and 4HNE positivity compared with vehicle-treated

A 3500—
it
>250— " #
=2 u]
S o o
£ 1,500 °
3 3 E’: #' " d 8
s 8o
= 500 & °°
| |

T \
Veh 3 10Veh 3 10 mg/kg Fe

Non-CKD CKD

B #itt
—~ 400 3
= #itt
>
£
£
2
(O]

n
[
5
Q
o
(]
I

Veh 3 10Veh 3 10 mg/kg Fe
Non-CKD CKD

Figure 3. Serum (A) iron and (B) hepcidin levels. Data are presented
as individual values (dots) and median (line). Serum iron and
hepcidin levels were measured at the latest timepoint at which
blood was collected from each individual animal, including animals
that died before planned sacrifice. Two-tailed Mann-Whitney U-
tests between CKD groups and their corresponding non-CKD group.
Significance versus corresponding non-CKD group: *#p < 0.01,
###b < 0.001. CKD, chronic kidney disease; Fe, iron; veh, vehicle.
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CKD rats, which was significant for Gpx4 in the animals
treated with the supratherapeutic iron dose (p = 0.049).
Remarkably, the relationship between Gpx4 expression
(p =0.85, p<0.0001) and 4HNE presence (p = 0.76,
p <0.0001) versus arterial calcification (on Von Kossa-
stained sections) was strongly positive in iron-treated CKD
animals (Figure 4E,F, left column). No significant correla-
tions were observed in the CKD vehicle-treated group
(Figure 4E,F, right column). In addition, Gpx4 expression
correlated with arterial ferritin expression (p = 0.79,
p <0.0001) and iron deposition on iron-stained aortic
sections (p = 0.74, p = 0.0001) in iron-treated CKD
animals. These findings highlight the effect of iron sup-
plementation on altering the iron homeostasis and
increasing biomarkers of lipid peroxidation/ferroptosis.

Association of lipid peroxidation markers and ferritin
expression in calcified human arterial tissue, though
not with arterial calcification

Arterial calcification was present among all samples,
albeit with varying degrees ranging from weak to strong
staining (Figure SA). Turnbull staining showed no detect-
able iron accumulation in any of the samples (images not
shown). Across all samples, varying levels of ferritin,
Gpx4 and 4HNE were observed (Figure 5B-D and
supplementary material, Figure S3). Ferritin expression
and lipid peroxidation markers were not associated with
calcification (Figure SE-G), though ferritin showed a
significant association with the presence of Gpx4
(p = 0.0089) (Figure 5H), not 4HNE (Figure 5I).
The consistent results of the second independent observer
can be found in supplementary material, Figure S4
(no average score of the two analyses could be calcu-
lated due to the categorical nature of the classifica-
tion). Thus, human calcified arteries show a lipid
peroxidation signature associated with ferritin, but
not with arterial calcification.

Discussion

Conlflicting clinical data have been published about iron
supplementation and cardiovascular-related events
in patients receiving hemodialysis [36-38]. Also,
conflicting results have been reported in animal stud-
ies about the association between iron overload and
arterial calcification [39,40]. To shine light on the
potential impact of i.v. iron administration on the
progression of arterial media calcification, the effect
of iron sucrose administration was evaluated in an
experimental rat model of adenine-induced CKD.
Iron accumulated in the medial layer of the vessel wall
in the CKD groups upon iron treatment. Moreover, iron
exposure aggravated the degree of arterial calcification.
This is further supported by the strong positive
correlation between arterial iron and calcium levels
in iron-treated CKD rats, suggesting direct involvement of
iron accumulation in arterial calcification. Also important
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to mention, however, is that a subset of iron-exposed  was highly expressed in arterial tissue of iron-treated

CKD rats did not manifest significant arterial calcifica-  CKD rats and its expression significantly correlated with
tions. This divergence could be attributed to their poten-  the level of arterial iron accumulation and calcification.
tial capacity to hinder iron accumulation, as indicated by =~ Remarkably, iron/ferritin accumulated in close proximity
the positive arterial iron—calcium correlation. to spots of calcification. Interestingly, the co-localization

Although concerns have been raised in the literature  of iron/ferritin and calcium has been reported earlier in
regarding potential nephrotoxicity of parenteral iron  diseased human cardiovascular tissue [44,45].
administration [41,42], iron exposure did not worsen Intracellular iron excess may have triggered pero-
renal function in CKD animals, aligning with the find-  xidative lipid stress in arteries of iron-treated CKD ani-
ings of Nuhu et al [43]. This suggests that iron treatment ~ mals. This is in line with (1) clinical data showing that
triggers the progression of arterial media calcification  iron therapy in patients with CKD increased oxidative
via direct deleterious effects on the vessel wall. stress and lipid peroxidation [46,47]; and (2) the fact

Serum iron levels were significantly decreased in the  that Gpx4 expression and 4HNE presence were also
CKD groups compared with their respective non-CKD  (significantly) increased in animals treated with the
groups, probably due to markedly elevated serum  highest iron dose. Furthermore, the strong positive
hepcidin levels measured in the CKD groups. Hepcidin ~ correlation between arterial calcification and 4HNE
is a circulating hormone, facilitating intracellular iron =~ presence/Gpx4 expression, as found in the present
accumulation. In this way, during CKD, iron can get  study, is of particular interest. 4HNE is a toxic lipid
trapped in cells, including vascular cells, as suggested by ~ peroxidation product, indicative of increased cellular
the increased arterial iron levels observed in this study. damage due to oxidative stress and lipid peroxidation.
Moreover, the intracellular iron storage protein ferritin ~ On the other hand, Gpx4 plays a crucial role in reducing
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toxic lipid peroxides. The upregulation of Gpx4 could
represent a protective mechanism to counteract elevated
oxidative stress and lipid peroxidation. In this situation,
the increase in the amount of Gpx4 might not be sufficient
to fully counteract the wave of oxidative cellular
stress. The presence of both Gpx4 and 4HNE in the
calcified vessels of iron-treated CKD rats provides
compelling evidence for a role of lipid peroxidation
and possibly ferroptosis in the development of arterial
calcification.

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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Moreover, ferritin/Gpx4/4HNE being present in calci-
fied human arteries underlines the clinical relevance of
our findings. The observation of clear ferritin expression
in the human arteries implies accumulation of iron. The
significant association between the expression of ferritin
and Gpx4, which was also observed in iron-treated CKD
rats, further substantiates this finding. This is particularly
relevant as arterial iron accumulation correlates with both
ferritin and Gpx4 expression in iron-treated CKD rats,
and Gpx4 expression is a well known consequence of
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intracellular iron-induced oxidative stress. The fact that
no significant relationship was seen with 4HNE
suggests that, in contrast to our observations in rats,
the Gpx4-induced protective mechanism was suffi-
cient to prevent excessive lipid peroxidation. This is
also in line with the fact that iron accumulation in
human tissue was not as pronounced as the iron accu-
mulation seen in iron-treated CKD rats (no positive
Turnbull staining). Thus, not surprisingly, arterial cal-
cification was not associated with ferritin and Gpx4
expression/4HNE presence in human arteries.

In addition to arterial media calcification, patients with
CKD often experience other cardiovascular diseases,
including atherosclerosis. While the contribution of iron
overload to arterial media calcification remains to be fur-
ther elucidated, its potential causal role in atherosclerosis is
also debated [48—-50]. Although the rat model used in this
study does not develop atherosclerosis, we observed sev-
eral human arteries exhibiting signs of atherosclerosis
(as evidenced by intimal fibrosis), which however did
not show any association with the presence of iron (ferritin
expression) in the arteries (results not shown).

Seemingly, i.v. iron treatment in the examined human
cohort does not cause sufficient iron accumulation to be
identified as a primary cause of arterial calcification.
This observation aligns with the finding that the most
pronounced effects of iron in the in vivo study were
obtained after treatment with the highest iron dose
(versus therapeutic dose). Furthermore, these results
underscore the complexity of arterial calcification as a
multifactorial disease wherein inducing factors like
inflammation, uremic toxins, altered levels of calcifica-
tion inhibitors (e.g. pyrophosphate and fetuin-A) and
elevated serum phosphate levels may be of greater sig-
nificance than iron accumulation. The findings of this
study, however, recommend a careful approach to iron
dosing in patients with CKD, tightly regulated with
respect to the individual iron status of each patient.

The strengths of this study are linked to the inclusion
of human arterial tissue alongside access to in vivo
material, enhancing the relevance and applicability of
the study findings. However, certain limitations need to
be acknowledged. Alternative pathways underlying
ferroptosis have not been further investigated, limiting
the view of the broader scope of underlying mechanisms.
Furthermore, access to human tissue was exclusively in
the form of paraffin-embedded specimens, which leaves a
gap in the variety of experiments that can be conducted,
such as elemental calcium and iron analysis. Another
limitation is the absence of an analysis of the effect of
iron administration on arterial calcification in muscular
arteries (e.g. femoral artery) next to elastic arteries (i.e.
aorta in this study). Due to functional and morphological
heterogeneity in the arterial tree, elastic and muscular
arteries exhibit different susceptibilities to calcifica-
tion [51]. Elastic arteries contain a relatively higher elastin
content, making them more prone to elastin fragmenta-
tion [52]. These fractured elastic fibers form a nucleation
scaffold for the deposition of calcium phosphate crystals
and are involved in the induction of phenotypic switching

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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of VSMCs [53,54]. However, despite these differ-
ences, previous publications from our team using the
same adenine-induced CKD rat model demonstrated
similar levels of calcification in both elastic and mus-
cular arteries, suggesting a good correlation between
both types of arterial tissue [55]. A fourth limitation is
that we did not further delve into specific cell
populations overlapping with the various signals.
Given that arterial walls are composed of various cell
populations next to VSMCs (e.g. macrophages and
endothelial cells), investigating their individual role
in this context could provide valuable insights [56,57].

In summary, i.v. iron treated CKD rats showed arterial
iron sequestration, ferritin expression, lipid peroxidation
and aggravated arterial calcification. Furthermore, arte-
rial calcification correlated with arterial iron, ferritin and
lipid peroxidation. Iron accumulated in the calcified
arteries of patients receiving dialysis, which was accom-
panied by a lipid peroxidation/ferroptosis signature.
However, the absence of a direct correlation with arterial
calcification suggests that while iron loading may have
contributed to the calcification process, it was not the
predominant factor, highlighting the multifactorial
nature of arterial calcification.
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Figure S1. Images of stained arterial tissue of non-CKD rats treated with vehicle, 3 or 10 mg/kg iron stained for (A) iron, (B) ferritin, (C) Von Kossa,
(D) Gpx4 and (E) 4HNE. 4HNE, 4-hydroxy-2-nonenal; CKD, chronic kidney disease; Gpx4, glutathione peroxidase 4

Figure S2. Von Kossa (upper panel) and Alizarin red staining (lower panel) show (A) equal patterns of calcification in calcified aortas of CKD rats and
(B) no staining in non-CKD animals. (C) As indicated by the arrows, smaller calcified spots could only be detected by Von Kossa staining, not by
Alizarin red staining. CKD, chronic kidney disease

Figure S3. Overview of representative images of human arterial tissue stained for (A) ferritin, (B) Gpx4 and (C) 4HNE and each category (+, ++, +++
and ++++). 4HNE, 4-hydroxy-2-nonenal; Gpx4, glutathione peroxidase 4

Figure S4. Classification of human arterial tissue stained for Von Kossa, ferritin, Gpx4 and 4HNE performed by the second observer
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