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ORIGINAL ARTICLE

Effect of angiotensin Il on iron-transporting protein
expression and subsequent intracellular labile iron
concentration in human glomerular endothelial cells

Soichiro Tajimal, Koichiro Tsuchiyaz, Yuya Horinouchi!, Keisuke Ishizawa!, Yasumasa Ikeda!,
Yoshitaka Kihiral, Masayuki Shono?, Kazuyoshi Kawazoe?, Shuhei Tomita! and Toshiaki Tamaki!

Angiotensin Il (Ang Il)-induced endothelial injury, which is associated with atherosclerosis, is believed to be mediated by

intracellular reactive oxygen species (ROS) through stimulation of nicotinamide adenine dinucleotide phosphate oxidase (NOX).

Iron is essential for the amplification of oxidative stress. In this study, we investigated whether Ang Il altered iron metabolism

and whether the Ang ll-induced endothelial injury is attributable to changes in iron metabolism of human glomerular endothelial

cells (HGECs). When 90% iron-saturated human transferrin (90% Tf) was applied to HGECs without Ang Il, the labile ferrous
iron level was same as the effect of control in spite of a significant increase in the total cellular iron concentration. Treatment

with Ang Il and 30% Tf or 90% Tf significantly (P<0.01) increased the intracellular iron concentration, as well as labile ferrous
iron and protein oxidation levels, compared with the effect of separate administration of each compound. Ang Il treatment
facilitated the protein expression of the Tf receptor, divalent metal transporter 1, and ferroportin 1 in a dose- and time-
dependent manner. It was also found that simultaneous exposure of HGECs to Ang Il and 90% Tf accelerated hydroxyl radical
production, as shown by using an electron paramagnetic resonance spectrometer. These results suggest that Ang Il not only
induces production of ROS by NOX activation but also iron incorporation followed by an increase in labile iron in HGECs. Both
of these events may participate in the progression of oxidative stress because of endothelial cell dysfunction through ferrous

iron-mediated ROS generation.
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INTRODUCTION
The renin—angiotensin system is an enzymatic cascade that results in
the formation of angiotensin II (Ang II). Ang II is a critical peptide in
blood pressure control, sodium and water homeostasis, and cardio-
vascular function and structure, and it has been implicated in the
pathophysiology of hypertension, congestive heart failure, diabetic
nephropathy and vascular diseases, including atherosclerosis.!
In addition, Ishizaka et al? reported that 7-day Ang II infusion
with an osmotic minipump-induced mRNA expression of iron
metabolism-related genes, including transferrin receptor (TfR), diva-
lent metal transporter 1 (DMT1), ferroportin 1 (FPN1) and hepcidin,
in the rat kidney.

Recent identification of the iron transport proteins TfR, DMT1 and
FPNI has enabled more rigorous studies of intracellular iron regula-
tion. TfR localizes to the plasma membrane, traps diferric Tf3 and

then internalizes it by receptor-mediated endocytosis.* Ferric iron
(Fe>™) is released from Tf into an acidic compartment in endosomes.’
Iron is then bound by its membrane acceptor, DMTI1, and is
translocated to the cytosolic side of the plasma membrane in
the ferrous iron (Fe**) form.%” FPNI exports iron across the cell
membrane and donates the metal to Tf after oxidation by a mem-
brane-bound ferroxidase.® Under non-pathological conditions,
intracellular iron levels are primarily regulated by these transporters
and iron-binding proteins, including lactoferrin and ferritin, by tightly
sequestering iron,” and free iron catalyzes the formation of reactive
oxygen species (ROS).

Nevertheless, a small amount of iron (< 5% of total cellular iron) is
evidently free within the cytoplasm and is designated as the labile iron
pool (LIP).!1® The LIP is defined as a low-molecular-weight pool of
weakly chelated iron that rapidly passes through cells.!! The LIP
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consists of both ferrous iron and ferric iron and a variety of small
molecules, including organic anions, polypeptides and phospholipids
as ligands, and comprises a transit pool that keeps iron available for
the synthesis of iron-containing proteins.12 However, at the same time,
the LIP also promotes the formation of ROS'3 because of the presence
of redox-active irons through Fenton and Harber—Weiss reactions.
Furthermore, it is well recognized that Ang II is a representative
stimulator of nicotinamide adenine dinucleotide phosphate oxidase
(NOX), a heteromeric enzyme complex broadly distributed through-
out cardiovascular and other tissues.'*1> Once activated, NOX uses
intracellular nicotinamide adenine dinucleotide phosphate and nico-
tinamide adenine dinucleotide as electron donors to catalyze the single
electron reduction of extracellular molecular oxygen to superoxide
anion (O,*7). This radical in turn is rapidly converted by superoxide
dismutase to hydrogen peroxide (H,O,), a more stable, membrane-
permeant ROS that widely participates in signaling'®!> and is a
mediator of tissue injury'®!” not only in phagocytes but also in
nonphagocytic cells including mesangial cells,!®!° vascular smooth
muscle cells?® and vascular endothelial cells.?!

In addition, the existence of trace amounts of labile irons can
catalyze the reaction of O,*~ and H,0, as follows:

ferrous iron participates in the Fenton reaction:

H,0,+Fe?* - Fe’*+~OH+*OH (Fenton reaction).

ferric iron is reduced by O,®~ and is then changed to ferrous iron:

0, +Fe*™ - Fe?t+0,.

Overall, iron catalyzes the production of the hydroxyl radical
(*OH), the most powerful oxidant within cells.

H,0,+0,* —Fe— "OH+*0OH+0, (Harber—Weiss reaction).??

Iron-dependent generation of oxygen-derived free radicals is
known to induce oxidation of proteins, lipids and lipoproteins,
nucleic acids, carbohydrates and other cellular components.!l?
The ®*OH radical is recognized as the main source of oxidative damage
to cells.2»?

Furthermore, O,*~ oxidizes and (4Fe-4S) clusters of dehydratases,
such as aconitases and fumarase A and B, and this oxidation process
facilitates iron release in the ferrous form, and then the liberated
ferrous iron participates in the Fenton reaction.?> Similarly, ferritin®®
and Tf release ferrous iron by O,°~.

It has been established that Ang II-induced oxidative stress depends
on the generation of O,*~ by activation of NADP(H) oxidases
through the Ang II type 1 (AT;) receptor.?®? However, we hypothe-
sized that Ang II induces not only O,*~ production but also iron
incorporation into cells and facilitates ferrous iron formation. These in
turn interact with each other to promote cell dysfunctions through the
iron-mediated ROS generation system. In clinical practice, certain
organ dysfunctions such as hepatitis C infection, non-alcoholic
steatohepatitis, and chronic kidney disease are associated with iron
overload,®3! and it has been reported that an AT, receptor blocker
attenuated non-alcoholic steatohepatitis progression®? and abnormal
iron deposition in the kidney.’!

To address our hypothesis, we analyzed whether Ang II treatment
modulates iron transport proteins so as to increase the intracellular
ferrous iron content followed by oxidative stress and whether the AT,
receptor blocker olmesartan reduces both intracellular iron content
and ferrous iron in human glomerular endothelial cells (HGECs).

METHODS
Materials
Ang II, 30% iron-saturated human Tf (30% Tf), which is the mean value of

healthy individuals,>® and 1,10-phenanthroline were purchased from Sigma-
Aldrich (St Louis, MO, USA). Olmesartan was provided by Daiichi-Sankyo
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Pharmaceutical (Tokyo, Japan). Phen Green SK diacetate (PG SK) was
purchased from Molecular Probes Europe BV (Leiden, The Netherlands).
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from Labotech
(Tokyo, Japan). Phosphate-buffered saline (PBS: phosphate 1mm, NaCl
150 mM, pH 7.4) was deionized with chelex-100 (Bio-Rad, Hercules, CA,
USA). All other chemicals were of reagent grade and obtained from commercial
sources, and were used without further purification.

Endothelial cell culture

HGECs were purchased from Cell Systems (Kirkland, WA, USA), and stored
under cryopreservation. HGECs were plated in 75-cm? type collagen-coated
flasks (Becton Dickinson Labware, Lincoln Park, NJ, USA) after thawing, and
cultured in 10% serum CSC complete medium (Cell Systems) without
antibiotics. The cells were grown in a humidified atmosphere in 5% CO,
and 95% air at 37 °C. The medium was changed every 2 days. The cells were
subcultured after reaching confluency by 0.25 mgml™! trypsin/ethylenediamine
tetraacetic acid. Passages 4-6 were used for experiments. All experiments,
except as noted, were performed under the above culture conditions after cells
had reached confluence, as judged by phase-contrast microscopy.

Preparation of 90% iron-saturated human Tf (90% Tf)

Ninety percent Tf was prepared by the method of Ponka with slight modifica-
tions.>* Tf (0.75mol) and ferric citrate (1 mol) were dissolved in 0.1m
NaHCOj3, pH 7.4, and the solution was maintained at room temperature for
3 h, and then dialyzed against a large excess of PBS. As excess iron was removed
during dialysis, the value of the Tf saturation was estimated using a molar
absorption coefficient of 4620 at 470 nm.>>

Measurement of the intracellular total iron concentration

HGECs were cultured in 60 mm collagen IV-coated culture dishes (IWAKI,
Tokyo, Japan). Culture medium was removed by vacuum suction, and the cells
were then rinsed twice with ice-cold PBS. Excess PBS was removed from the
dishes by vacuum suction, and the culture dishes with attached cells were
placed in an —80 °C freezer to promote membrane disruption. After freezing
and thawing, cells were harvested by scraping with 500 pl of 2% Triton X-100.
The cell milieu from each dish was transferred by plastic transfer pipette into a
micro-centrifuge tube, and cells were lysed by keeping them at room tempera-
ture for 1h with intermittent vortex mixing, and then centrifugation at
14000x g for 20 min at 4 °C. The supernatant fraction was dissolved five times
with 2% Triton X-100 and aliquots were taken for determination of the protein
concentration, and the remaining sample was then subjected to a polarized
zeeman atomic absorption spectrophotometer (Z-5710 Polarized Zeeman,
Hitachi, Tokyo, Japan) opening in graphite furnace mode, using a Fe hollow
cathode lamp for iron concentration measurement at a wavelength of 302.1 nm
with a 0.2nm slit width and 15mA lamp current. The following times and
temperatures were used for the iron measurement: drying at 140 °C for 40s;
ashing at 1050 °C for 20 s and atomization at 2400 °C for 5. Calibration curves
were obtained by using standard iron solutions (Wako, Tokyo, Japan).

Protein determination
Protein determination was performed according to the method of Bradford using
a Bio-Rad protein assay kit (Bio-Rad) with bovine serum albumin as standard.>

Preparation of cell lysate and western blotting
After the experimental treatments outlined in the figure legends, cells were
washed twice with PBS and lysed with cell lysis buffer (20 mm Tris-HCI, pH7.4,
150mm NaCl, 1mm ethylenediamine tetraacetic acid, 1 mm ethyleneglycol
tetraacetic acid, 1% Triton X-100, 2.5mMm sodium pyrophosphate, 1mm
B-glycerophosphate, 1 mm sodium orthovanadate, 1pgml™! leupeptin and
I mm phenylmethylsulfonyl fluoride). After freeze-thawing, lysed cells were
transferred to microcentrifuge tubes, sonicated (Handy Sonic UR-20 P; Tomy
Seiko, Tokyo, Japan) on ice, and centrifuged at 20000xg for 20 min at 4°C
then stored at —80 °C until immunoblotting.

For western blotting, cell lysates were subjected to sodium dodecylsulfate—
polyacrylamide gel electrophoresis, and proteins were transferred to nitrocellu-
lose membranes. The membranes were blocked for 1h at room temperature



with 5% bovine serum albumin. The blots were then incubated for 12 h with
antihuman Tf receptor antibody (1:1000, Zymed, San Francisco, CA, USA),
anti-mouse DMT1 (+IRE) antibody (1:1000, Alpha Diagnostics, San Antonio,
TX, USA) or anti-mouse FPN antibody (1:1000, Alpha Diagnostics), followed
by incubation for 1h with a secondary antibody (horseradish peroxidase-
conjugated antibody). Immunoreactive bands were visualized using enhanced
chemiluminescence (ECL; Amersham Pharmacia Biotech, Piscataway, NJ, USA)
and were quantified by densitometry in the linear range of film exposure using
a UMAX Astra 2200 scanner (UMAX Technologies, Fremont, CA, USA) and
image J 1.31v software (National Institutes of Health, Bethesda, MD, USA) for
quantification.

Measurement of intracellular labile ferrous iron

The intracellular chelatable or labile ferrous iron was determined using the
fluorescent probe, PG SK,%7 with slight modifications. HGECs were cultured in
10% serum CSC complete medium on a collagen-coated glass bottom dish
(MATSUNAMI, Osaka, Japan) at 70% confluence. To introduce the probe,
culture media was removed and washed twice with PBS containing 2 mm CaCl,
and 0.5 mm MgCl, (defined as PBS(+)), then replaced with 1 ml PBS(+) along
with 20 pm PG SK diacetate for 20 min at 37 °C. The cells were then washed
with PBS(+) twice, green fluorescence was examined in the presence of 1 ml
PBS(+) using a Leica fluorescence microscope (ZEISS Axiovert 200 M, ZEISS,
Oberkochen, Germany) with a digital CCD camera (Ex: BP470/400, Em:
BP520/550) for the initial fluorescence measurement. Immediately after the
measurement of the initial fluorescence, 2 mm 1,10-phenanthroline was added
and incubated for 10 min at 37 °C, then a second fluorescence was obtained
under the same conditions. The average fluorescence intensity of each cell was
calculated using image J, and the intracellular chelatable or labile ferrous iron
level was expressed as the difference of the fluorescence intensity between the
second and initial measurements.

Electron paramagnetic resonance (EPR) measurements of ROS
generation in HGECs

EPR-spin trapping technique was adopted to clarify the ROS production from
HGECs as described previously, with a slight modification.®® HGECs were
seeded (1x10°cellscm™2) and grown to subconfluence in 60-mm culture
dishes in CSC growth medium-10% fetal bovine serum. Cells were pretreated
with or without 90% Tf (50 ptm) for 5 min, then treated with or without Ang IT
(1nm) for 6h at 37 °C, and then cells were washed twice with PBS. Each sample
was incubated with 100 mm DMPO for 5 min at 37 °C, then transferred to three
sections of glass capillary (10 ul, Drummond, Broomall, PA, USA) and set into
the EPR cavity for the measurements. A JEOL EPR spectrometer (JES-TE 300,
JEOL, Tokyo, Japan) with an X-band cavity was used to collect all EPR spectra.
Hyperfine coupling constants were obtained with the computer program
Winsim.>® Typical instrument conditions were: 20 mW microwave power,
1.25 Gauss modulation amplitude, 0.3s time constant, 100 kHz modulation
frequency, 100 Gauss scan range and 2 min sweep time.

Protein carbonyl detection by immunoblotting

To quantify the oxidative protein modification, we introduced an enzyme-
linked immunosorbent assay according to the method of Buss et al,*’ with
slight modifications. Derivatization for detection of protein carbonyls was
performed by mixing one volume of cell lysate with the same volume of 12%
sodium dodecylsulfate for solubilization, then treated with two volumes of
20mm 2,4-dinitrophenylhydrazine dissolved in 10% trifluoroacetic acid. Sub-
sequently, the samples were incubated for 15min at room temperature and
then neutralized by adding 1.5 volumes of 2Mm Tris base dissolved in 30%
glycerol. The carbonyl-derivatized samples were loaded directly onto a 12% gel
for sodium dodecylsulfate— polyacrylamide gel electrophoresis. Proteins were
then transferred onto nitrocellulose membranes and the 2,4-dinitrophenyl
moiety was detected by rabbit anti-2,4-dinitrophenyl antibody (Chemicon
Oxyblot Kit, Millipore, Billerica, MA, USA). Bands containing carbonyl groups
were visualized a luminol-enhanced chemoluminescence system and exposure
to X-ray film.
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Statistical analysis

Values are reported as the means +s.d. from experiments performed on five
different occasions. Two-way analysis of variance was used to determine the
significance among groups, after which a modified ¢-test along with Bonferro-
ni’s post hoc test was used for comparison between individual groups. A value of
P<0.05 was considered to be statistically significant.

RESULTS

Effect of Ang II on intracellular total iron concentration in HGECs
We first examined the effect of 1 nm Ang II on intracellular total iron
concentration in HGECs. As shown in Figure la, co-treatment with
InM Ang II and 50 pum 30% Tf for 24h resulted in a significant
increase in intracellular iron concentration (control: 0.52 + 0.10 pmol
Fe pg™! protein, 1 nm Ang 11+30% Tf: 1.00 £ 0.18 pmol Fe pug™! protein,
P<0.05). Neither 1 nm Ang II nor 50 pm 30% Tf alone stimulated iron
uptake into HGECs. In contrast, 1 uM olmesartan, a potent Ang II
type 1 receptor blocker, inhibited the iron uptake stimulated by the
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Figure 1 Effect of Ang Il on intracellular total iron concentration in HGECs.
Cells were treated with Ang Il (1nm) for 24h with or without 30% Tf
(50 pum; a) or 90% Tf (50um; b) for 24 h. For olmesartan treatment, 1um
olmesartan was added 30min before the Ang Il stimulation. Total iron
concentration was expressed as pmol of iron per mg of protein. Data for
three individual experiments are expressed as means*s.d. "P<0.01 vs. the
non-stimulated control cells, 7P<0.01 vs. 90% Tf (50 um) without Ang II.

Hypertension Research



pg)

Effect of Ang Il on iron-transporting protein
S Tajima et al

716

combination of 1 nm Ang IT and 30% Tf to the control level. Treatment
of HGECs with 50 um 90% Tf (Figure 1b) for 24h resulted in a
significant increase in cellular iron concentration compared with the
control (control: 0.52+ 0.10 pmol Fepg™ protein, 90% Tf: 6.90 +
0.70 pmol Fepg™! protein, P<0.05). The iron uptake stimulated by
50 uM 90% Tf was further increased by the addition of 1nm Ang II,
and this Ang II-induced elevation was completely suppressed by
treatment with 1 pum olmesartan.

Time course for the protein expression of TfR, DMT1 and FPNI1 in
HGECs stimulated by Ang II

As administration of Ang II to rats increased TfR, DMT1 and FPN1
mRNA levels in the kidnfey,2 we examined the effect of 1 nm Ang IT on
iron metabolism-related protein levels in HGECs. As shown in
Figure 2a, bands representing TfR, DMT1 and FPNI proteins were
recognized at 95kDa, 65kDa and 60 kDa, respectively. TfR gradually
increased (peaking at 12h) and then decreased. DMT1 showed a
gradual increase after Ang II treatment with a peak at 6h and then
declined. FPN1 was constant until 6 h and then slowly increased until
the end of the experiment (24 h). These are summarized in the lower
panel of Figure 2a.

Concentration response curves for the expression of TfR, DMT1
and FPN1 proteins in HGECs stimulated by Ang II

Next, we determined the dependence of TfR, DMT1 and FPN1
protein expression levels in HGECs on concentration of Ang II
(0.1-100 nm). TR, DMT1 and FPN1 expression levels were deter-
mined for incubation periods of 12h, 6h and 24h, respectively. The
protein expression levels of these three samples were significantly

increased in a concentration-dependent manner. The results are
summarized in the lower panel of Figure 2b.

Effect of olmesartan on Ang II-induced TfR, DMT1 and FPN1
expression in HGECs

To clarify the role of AT receptor in the upregulation of TR,
DMT1 and FPNI1 proteins by Ang II, we examined the effect
of olmesartan, a potent AT receptor blocker, on Ang II-induced
iron metabolism-related protein expression in HGECs. The cells
were pretreated with 1pm olmesartan for 30min. After the cells
had been washed, they were then treated with 1nm Ang II for
12h (TfR), 6h (DMT1) and 24h (FPN1). All three proteins
were significantly upregulated by Ang II treatment as shown in
Figure 2b, and these increases were completely abolished by pretreat-
ment with olmesartan (Figure 2c).

Effect of Ang II on labile iron level in HGECs

We then measured labile ferrous iron by using PG SK. Intracellular
fluorescence under control conditions (Figure 3a) was dependent
on intracellular free PG SK, whereas the fluorescence after 1,10-
phenanthroline treatment (Figure 3e) depicted total (=free plus ferrous
iron-chelated PG SK) PG SK concentration, so the difference between
the two figures indicated the amount of intracellular basal labile
ferrous iron levels.*!

HGECs were treated with or without 1 nm Ang I in the presence or
absence of Tf (30 and 90%) for 24 h. Then 20 um PG SK was added
and initial fluorescence was measured (Figures 3a—d). The second
fluorescence measurement was carried out after treatment with 2 mm
1,10-phenanthroline (Figures 3e-h) as described in Methods section.
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Figure 2 Effects of Ang Il on TfR, DMT1 and FPN1 protein levels in HGECs. (a) Time courses of Ang Il-induced expression of TfR, DMT1 and FPN1 protein
levels. Cells were treated with Ang Il (1 nm) for the indicated periods of time. Western blot analysis was performed as described in ‘Methods’ section. Upper
panel shows representative blots of three proteins. Lower curve shows results of densitometric analysis. Values were normalized by arbitrarily setting the
densitometry of control cells (time=0, without Ang Il) to 1.0 (values are meansts.d., n=5, *P<0.01 vs. control cells at each time point).
(b) Ang Il induces a concentration-dependent increase in TfR, DMT1 and FPN1 protein levels in HGECs. Cells were treated with the indicated concentration
of Ang Il for 12h for TfR, 6h for DMT1 and 24 h for FPN1. Upper panel shows representative blots of three proteins. Lower graph shows the results of
densitometric analysis. Values were normalized by arbitrarily setting the densitometry of control cells (without Ang Il) to 1.0 (values are means £s.d., n=>5,
*P<0.01 vs. control cells.). (c) Effect of olmesartan on Ang ll-induced expression of TfR, DMT1 and FPN1. Cells were pretreated with or without olmesartan
(1 pm) for 30 min followed by treatment with or without Ang Il (1 nwm) for 12 h for TfR, 6 h for DMT1 and 24 h for FPN1. Upper panel shows representative
blots of three proteins. Lower graph shows the results of densitometric analysis. Values were normalized by arbitrarily setting the densitometry of control cells

(without Ang I1) to 1.0 (values are means £s.d., n=>5, *P<0.01 vs. control).
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Figure 3 Ang Il-induced changes in labile ferrous iron in HGECs. Cells were treated with (a, €) PBS (control), (b, f) 1 nm Ang Il with 50 um 30% Tf, (c, g)
1nm Ang Il with 50um 90% Tf, (d, h) 1 nm Ang Il with 50 um 90% Tf and 1 um olmesartan (30-min pretreatment). After the addition of Ang Il, cells were
loaded with PG SK for 20min and washed with PBS (+), and the fluorescence measurement was performed (a—d). Cells were then incubated with 1,10-
phenanthroline for 5min and imaged (e-h) under the same exposure conditions as those in a—d. (i) Densitometric analysis of the increase in PG SK
fluorescence of HGECs. Data for five individual experiments are expressed as means +s.d. *P<0.01 vs. control cells.

Neither 1 nM Ang II nor 50 um 90% Tf alone stimulated labile ferrous
iron levels in HGECs (Figure 3i). Interestingly, when 90% Tf was
added to the HGECs, labile iron level was the same as that in the
control (Figure 3i) in spite of a significant increase in total iron
accumulation (Figure 1b). HGECs treated with Ang II and 30% Tf
showed a significant increase in cytosolic fluorescence by 1,10-phe-
nanthroline treatment (Figures 3b, f and i), indicating an increase in
labile ferrous iron compared to the control. In addition, treatment
with Ang II and 90% Tf resulted in a greater increase in cytosolic
fluorescence (Figures 3c, g and i). These increases were completely
suppressed by pretreatment with 1 pm AT receptor blocker (Figures
3d, h and i). The labile ferrous iron levels in HGECs treated with Ang
II and 90% Tf gradually increased with time, peaked at 6 h, and then
declined (Figure 4).

EPR measurements of Ang II and 90% Tf-induced DMPO/*OH
generation in HGECs

As shown in Figures 5b and ¢, neither 1 nm Ang II nor 50 um 90% Tf
stimulation for 6 h generated detectable levels of DMPO spin adducts.
However, HGECs treated with Ang II and 90% Tf for 6h showed
1:2:2:1 quartet EPR signals with hyperfine coupling constants of

aN=aH=1.49 mT (Figure 5d), which were consistent with the reported

values for the DMPO/*OH spin adduct.’®42 These findings indicated
that Ang II and 90% Tf facilitated *OH generation in HGECs.

Override effect of Ang II and Tf on carbonylation of proteins in
HGECs

Next, we analyzed the effect of Ang II and/or Tf on protein oxidative
modifications in HGECs. HGECs were treated with or without 50 pm
Tf for 5min before Ang II treatment and then incubated for 6 h in the
presence or absence of 1 nm Ang II, followed by carbonyl detection
with 2,4-dinitrophenylhydrazine as described in Methods section. As
shown in Figure 6, protein oxidation occurred in the order of Ang IT
and 90% Tf> Ang II and 30% Tf> Ang II1>90% Tf=control, suggest-
ing that both iron and Ang II-stimulated protein oxidation in HGECs.

DISCUSSION

This study showed that Ang II induced not only production of ROS as
reported previously but also iron incorporation followed by an
increase in labile ferrous iron in HGECs, which participated in the
production of ROS including ®*OH, resulting in protein oxidation. We
also showed that the labile ferrous iron level was the same as that in
the control in spite of a significant increase in total iron accumulation
when 90% Tf was applied to the HGECs without Ang II.
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presence of 90% Tf in HGECs. Cells were treated with (a, e) PBS (control) or

1nm Ang Il with 90% Tf for 3h (b, f), 6h (c, g) and 12h (d, h). Cells were treated as described in the legend of Figure 3. (i) Densitometric analysis of the

increase in PG SK fluorescence of HGECs at different times after Ang Il
means s.d. *P<0.01 vs. control cells.

Iron is an essential metal for hemoglobin synthesis in erythrocytes,
oxidation-reduction reactions, and cellular proliferation. It is well
known that excess iron accumulation causes organ dysfunction
through the production of ROS.4* Body iron metabolism is a semi-
closed system and is regulated by a number of molecules, including
DMT]1, hemoxygenase-1 (HO-1), FPNI1, hephaestin, TfR, Tf, ferritin,
hemosiderin, ZIP14 and hepcidin.44 Within cells, iron is stored in the
proteins ferritin or hemosiderin. In addition to these proteins,
approximately 5% of free iron is present in the form of the LIP within
cells.!? The LIP consists of both ferrous iron and ferric iron, and these
irons promote the formation of ROS!? through Fenton and Harber—
Weiss reactions.

In 2007, Ishizaka et al. reported that 7-day Ang II infusion induced
the mRNA expression of iron metabolism-related genes, including
TR, DMT1, FPN1 and hepcidin, in the rat kidney.2 In addition, it is
known that Ang II produces O,®~ by the activation of NOX?%?° and
that the O,®~ can participate in *OH formation by way of Fenton
and Habor—Weiss reactions using iron as a catalyst.?> These phenom-
ena leave little doubt that Ang II induces not only O,®~ production
but also iron incorporation into cells and facilitates ferrous iron
formation, which in turn interact with each other to facilitate iron-
mediated generation of ROS. However, it is still unclear whether there
is an interaction between iron metabolism and oxidative stress in cells.

In this study, we used HGECs because the expression of iron
metabolism-related genes was reported in the kidney? and because
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and Tf treatment. Data for three individual experiments are expressed as

glomerular endothelial cells come into contact with the bloodstream,
which contains ~ 50 um Tf,*> as well as i.p. injection of iron into rats
and mice resulted in iron-induced free radical injury and cancer in the
kidney.*® Renal tissue Ang II concentration has been reported to be
5.8 nmol kg™! kidney wt,*” which is two orders higher than the serum
Ang 1II level. First, we analyzed whether Ang II treatment increases
intracellular iron concentration. When HGECs were stimulated with
1 nm Ang II or with 30% Tf, neither the intracellular iron concentra-
tion (Figure 1a) nor the intracellular labile ferrous iron concentration
(Figure 3) was changed. If Tf uptake were only by TfR, the total iron
concentration in 90% Tf-stimulated cells would be three times higher
than that in 30% Tf-stimulated cells. However, treatment with 90% Tf
(Figure 1b) increased intracellular iron to a level 10 times higher than
that in 30% Tf-stimulated cells (Figure 1a), suggesting the existence of
a Tf receptor-independent pathway, as reported previously.*4*8 Co-
treatment with 1 nm Ang IT and 50 pm 30 or 90% Tf for 24 h resulted
in a significant increase in intracellular iron concentration compared
with that in the case of Tf treatments (Figures la and b), and this
increase was repressed by olmesartan, suggesting that Ang II facilitated
iron incorporation into HGECs through the AT receptor, as reported
in cardiac cells.*

Next, we analyzed the effects of Ang II on iron-metabolism
proteins. In 2007, Ishizaka et al. reported upregulation of
iron-metabolism-related mRNA, including TfR, DMT1 and FPNI,
in rats treated with Ang IL? but it is still unclear whether these
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Figure 5 EPR spectra of 1nm Ang Il and 90% Tf-treated HGECs with
DMPO. (a) HGECs (1x10%cells mI~1) with 100 mm DMPO, (b) same as (a)
but with 1 nm Ang I1, (c) same as (a) but with 50 pm 90% Tf, (d) same as (a)
but with 50um 90% Tf and 1 nm Ang Il stimulation. Each experiment was
repeated at least twice, and the results were similar.

proteins are actually upregulated. When HGECs were treated with
1 nm Ang II, these three proteins were increased in a time- and Ang II
concentration-dependent manner, and these upregulation events were
completely abolished in the presence of olmesartan (Figures 2a—c),
indicating that the AT receptor contributed to the regulation of these
proteins. These results were in good agreement with the results of iron
incorporation into cells induced by Ang II (Figure 1). In addition, it is
worth mentioning that even 0.1 nmM Ang I, a concentration similar to
that normally found in healthy human individuals,* slightly stimu-
lated these iron-regulating proteins. It has been reported that TfR,
DMT1 and FPN1 are controlled by iron regulatory protein and iron
responsive element systems®! and that the iron regulatory protein was
stimulated by ROS.>? In addition, FPN1 is regulated by intracellular
iron at the transcriptional level.>> The present data indicate that these
proteins are upregulated in a sequential manner, that is, DMT1
protein was first to reach a peak at 6h and then TfR protein reached
a peak at 12h, but FPN1 protein level remained constant while TfR
and DMT1 proteins were being upregulated (Figure 2a). These
phenomena may be interpreted in light of the fact that iron regulatory
protein transiently facilitates replenishment of cytosolic iron in cells by
increasing iron uptake through TfR and DMT1 while simultaneously
decreasing iron sequestration in ferritin and suppressing iron export
through FPN1°! followed by stimulation of FRN1 expression by
increased cytosolic iron.>?

Next, we analyzed the state of iron in HGECs induced by Ang II by
using a ferrous iron-specific fluorescence indicator, PG SK. Within
cells, iron is stored in the protein ferritin or hemosiderin. Ferritin is a
cytoplasmic protein consisting of 25 heterodimeric subunits of H and
L, and ferritin synthesis is regulated by iron regulatory protein
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Figure 6 Effects of Ang Il and Tf on protein carbonylation in HGECs.
(@) Immunochemical detection of protein carbonyls in HGECs. HGECs were
treated with 1 nm Ang Il for 6 h with or without 50 um of 30 or 90% Tf. After
the treatment, cells were subjected to 2,4-dinitrophenylhydrazine (DNPH)
for the detection of carbonylated proteins as described in ‘Methods’ section.
(b) Densitometric analysis of carbonylated proteins of the upper 68kDa
proteins. Values were normalized by arbitrarily setting the densitometory of
control cells (non-stimulated cells) to 1.0 (values the means £s.d. of, n=>5,
*P<0.01 vs. Ang Il treatment cells).

activation when iron is excessive in cells.>* Ferritin stores up to 4500
ferric iron within the protein shell and releases iron as needed.>
Besides ferritin, a small amount of iron (<5% of total cellular iron)
exists as the LIP1? The LIP is free ferric iron bound to citrate or
adenosine diphosphate, and a small amount of the LIP is reduced to
ferrous iron, which is responsible for oxidation-reduction reactions
and Fenton reaction.!>** The results presented in Figures 1 and 2
show that Ang II-stimulated iron uptake into HGECs. In addition, it
was expected that ferrous iron would be increased because Ang II
facilitates O,®~ production by the activation of NOX!42! and O,*~
participates to a certain extent in the reduction and release of ferrous
iron from iron storage proteins within cells.2>~27 Therefore, it is worth
analyzing whether the Ang II increases the total amount of ferrous
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iron in HGEC:s. In this study, we followed the PG-derived fluorescence
technique developed by Petrat et al.” A slight increase in fluorescence
levels of control HGECs indicated the existence of a small amount of
free ferrous iron in the LIP under control conditions (Figures 3a, e and
i).1%* In all, 1nm Ang II did not increase intracellular ferrous iron
levels (Figures 3b, f and i). Interestingly, no significant increase in
ferrous iron levels was observed when HGECs were treated with 90%
Tf (Figure 3i) in spite of the fact that a large amount of iron was
incorporated into HGECs (Figure 1b). In contrast, co-treatment with
1 nM Ang IT and Tf significantly increased the intracellular ferrous iron
levels in an iron level-saturation of Tf-dependent manner (Figures 3b—
f, c—g and i), and olmesartan treatment completely abolished ferrous
iron formation.

In addition, the ferrous iron temporal pattern in HEGCs stimulated
with 1 nM Ang II plus 90% Tf, which showed a peak level at 6h after
treatment before declining (Figure 4), was the same as that of DMT1
(Figure 2). This is because DMT1 is the apical membrane iron
transporter in intestinal epithelial cells, and the purpose of the
endosomal iron transporter in other cells is to transfer endosomal
free ferrous iron into the cytoplasm.®>® These results (Figures 2 and 4)
suggest that the AT, receptor pathway, including NOX-derived O,*~
production!#2! and DMT1 upregulation, has an important role in
iron reduction?%” and transportation®® in HGECs. For these reasons,
it appears that the individual administration of each compound
separately to HGECs did not increase the ferrous iron levels
(Figure 3i).

Ang II has been reported to induce HO-1 expression in the
kidney.” HO-1 exerts cytoprotective effects against oxidative injury
through antioxidant, anti-inflammatory, antiproliferative, antiapopto-
tic, immunomodulatory and vasorelaxant effects.”® HO-1 participates
in cleavage of the heme ring producing biliverdin, CO and ferrous
iron. The released iron becomes part of the intracellular iron pool and
can be stored in ferritin or released by an iron exporter.>® If these
reactions occurred, it would be expected that free ferrous iron is
increased by Ang II treatment. However, in the present experiments, as
shown in Figure 3, free ferrous iron level was the same as that of the
control when HGECs were treated with 1nm Ang II for 24h. Of
course, we could not conclude that there was no contribution of HO-1
to free ferrous iron production in our experiments because FPN1, an
iron export protein, was also upregulated by Ang II treatment for 24 h
(Figure 2a). Further study is needed to confirm the contribution of
HO-1 to labile ferrous iron production and subsequent oxidative
stress.

Ferrous iron interacts with molecular oxygen to produce O,*~ and
ferric iron or with H,O, to form ®*OH by the Fenton reaction.
Furthermore, ferric iron can be reduced to ferrous iron by O,°7,
which participates in the Harber—Weiss reaction?” to generate *OH, as
mentioned in the Introduction section. Therefore, we tried to directly
measure *OH generation by EPR spectroscopy with a spin trapping
method in HGECs treated with 1nm Ang and 90% Tf. As shown in
Figure 5, apparent EPR signals of the DMPO/*OH spin adduct were
observed in the case of co-treatment with 1 nm Ang II and 90% Tf,
whereas separate administration of each compound to HGECs had
not result. This DMPO/*OH spin adduct was completely suppressed
in the presence of 0.1 mm DPI, a flavoenzyme inhibitor that also
inhibits NOX (data not shown), because of suppression of the Fenton
reaction through elimination of ferrous iron generation by NOX-
derived O,°*~. In addition, we measured the carbonylation of proteins
in HGECs because protein carbonyl formation is accelerated by the
existence of ferrous-adenosine complex®® or by ferrous iron with
ROS.®! The degree of protein carbonyl formation was enhanced by
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co-administration of Ang II with Tf (Figure 6), which is in good
agreement with the order of intracellular ferrous levels shown in
Figure 3, suggesting that there were additional interactions between
iron metabolism and oxidative stress in HGECs and that the generated
ferrous iron participated in the protein carbonyl formation, as
reported previously.50-62

The liver is the most important organ for iron storage, and cases
of hepatitis C infection,®® alcoholic liver disease and non-alcoholic
steatohepatitis are frequently associated with iron overload.>® There-
fore, strategies for therapeutic iron reduction are in progress. Iron
depletion through phlebotomy improves biochemical and histological
outcomes in patients with chronic hepatitis C infection.®* In addition
to phlebotomy, AT, receptor blockers have come into use as an
alternative remedy for iron-induced organ dysfunctions. Hirose
et al® first reported that olmesartan significantly attenuated the
progression of non-alcoholic steatohepatitis. Izuhara et al.®! revealed
that olmesartan inhibited iron deposition in tubules and interstitial
cells of SHR/NDmcr-cp rats but that neither nifedipine nor atenolol
did. These findings appear to be in accord with our results showing
olmesartan inhibited the upregulation of iron-incorporating proteins,
suppressed iron-export protein (FPN1) and inhibited formation of
ferrous ions in cells.

In conclusion, Ang II not only induces production of ROS but also
iron incorporation and a subsequent increase in labile ferrous iron in
HGECs, events that may have an important role in endothelial
dysfunction.
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