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Abstract Although iron is known to be a component

of the pathogenesis and/or maintenance of acute lung

injury (ALI) in experimental animals and human

subjects, the majority of these studies have focused on

disturbances in iron homeostasis in the airways

resulting from exposure to noxious gases and particles.

Considerably less is known about the effect of

increased plasma levels of redox-reactive non-trans-

ferrin bound iron (NTBI) and its impact on

pulmonary endothelium. Plasma levels of NTBI can

increase under various pathophysiological conditions,

including those associated with ALI, and multiple

mechanisms are in place to affect the [Fe2?]/[Fe3?]

redox steady state. It is well accepted, however, that

intracellular transport of NTBI occurs after reduction

of [Fe3?] to [Fe2?] (and is mediated by divalent

metal transporters). Accordingly, as an experimental

model to investigate mechanisms mediating vascular

effects of redox reactive iron, rat pulmonary artery

endothelial cells (RPAECs) were subjected to pulse

treatment (10 min) with [Fe2?] nitriloacetate

(30 lM) in the presence of pyrithione, an iron

ionophore, to acutely increase intracellular labile

pool of iron. Cellular iron influx and cell shape

profile were monitored with time-lapse imaging

techniques. Exposure of RPAECs to [Fe2?] resulted

in: (i) an increase in intracellular iron as detected by

the iron sensitive fluorophore, PhenGreen; (ii) deple-

tion of cell glutathione; and (iii) nuclear translocation

of stress-response transcriptional factors Nrf2 and

NFkB (p65). The resulting iron-induced cell altera-

tions were characterized by cell polarization and

formation of membrane cuplike and microvilli-like

projections abundant with ICAM-1, caveolin-1, and

F-actin. The iron-induced re-arrangements in cyto-

skeleton, alterations in focal cell–cell interactions,

and cell buckling were accompanied by decrease in
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electrical resistance of RPAEC monolayer. These

effects were partially eliminated in the presence of

N,N0-bis (2-hydroxybenzyl) ethylenediamine-N,N0-
diacetic acid, an iron chelator, and Y27632, a

Rho—kinase inhibitor. Thus acute increases in labile

iron in cultured pulmonary endothelium result in

structural remodeling (and a proinflammatory phe-

notype) that occurs via post-transcriptional mecha-

nisms regulated in a redox sensitive fashion.

Keywords Iron complexes � Endothelial cells �
Remodeling � Inflammation � Redox-stress

Abbreviations

LKC Leukocytes

EC Endothelial cells

TEM Transendotelial migration (i.e.,

diapedesis)

OS Oxidative stress

CAM Cell adhesion molecule

VE-cadherin Vascular endothelial cadherin-5

(CD144)

ICAM-1 Intercellular adhesion molecule 1

Nrf2 Nuclear factor E2-related factor 2

(Keap1/Nrf2)

Ref-1 Redox factor-1

NFjB (p65) Nuclear factor jB, subunit p65

[Fe2?]NTA Iron (ferrous) nitriloacetate

HBED N,N0-bis (2-hydroxybenzyl)

ethylenediamine-N,N0-diacetic acid

GSH Glutathione

Introduction

Iron has been shown to be a component of the

pathogenesis and/or maintenance of acute lung injury

(ALI) in experimental animals and human subjects

(Lagan et al. 2008). The majority of these studies have

focused on disturbances in iron homeostasis in the

airways resulting from exposure to noxious gases and

particles (Turi et al. 2004). Under these conditions iron

mobilization, decompartmentalization, and delocal-

ization can lead to pathological increases in low-

molecular mass complexes of iron that in turn leads to

the uncontrolled formation of damaging free radicals

or enhances availability of iron for a variety of

invading microbes for which iron is a requisite nutrient

and virulence factor. Alternatively, plasma and tissue

fluid concentrations of redox-reactive chelatable, i.e.,

non-transferrin bound, iron can increase in conditions

associated with ALI including blunt trauma, massive

blood transfusion, or hemorrhage followed by trans-

fusion of resuscitative fluids (Gorbunov et al. 2007;

Esposito et al. 2003; Scheiber-Mojdehkar et al. 2004;

Atkins et al. 2011). Using models of acute lung

trauma, we previously demonstrated that administra-

tion of an iron chelator can decrease plasma level of

chelatable iron, facilitate its excretion with urine, and

moderate redox and pro-inflammatory responses in

pulmonary vascular endothelium (Gorbunov et al.

2006, 2007). This study provided biochemical and

morphological measures that highlighted the impor-

tance of iron-dependent redox signaling in spatial

coordination of lung cell adhesion molecules (CAM)

and complex changes in pulmonary endothelium and

phagocytic leukocytes (LKC) accompanying acute

lung inflammation. We concluded that our observa-

tions were in concert with recent models of LKC

diapedesis introduced to specify mechanism of ALI

(Barreiro et al. 2002; Carman and Springer 2004;

Dejana 2006).

In the current study, we sought to further define

structural re-arrangements and pro-inflammatory

remodeling promoted by [Fe2?]-dependent redox

signaling and hence, we used a rudimentary model

of cultured rat pulmonary artery endothelial cells

(RPAEC) subjected to pulse (10 min) of 30 lM

[Fe2?] complex with nitriloacetate with the iono-

phore, pyrithione. The resulting iron-induced cell

alterations were characterized by cell polarization,

formation of membrane rafts, cuplike and microvilli-

like structures abundant with ICAM-1, caveolin-1,

and F-actin. The associated rearrangements in cyto-

skeleton and cell construction were accompanied by

decrease in transendothelial electric resistance. The

influx of [Fe2?] into the cells resulted in depletion of

cellular thiols and nuclear translocation of redox-

sensitive transcriptional factors Nrf2 and NFkB

(p65). These observed effects were sensitive to

N,N0-bis (2-hydroxybenzyl) ethylenediamine-N,N0-
diacetic acid (HBED), an iron chelator and antiox-

idant, and Y27632, a Rho—kinase inhibitor. We

propose that iron-induced remodeling in RPAECs

proceeds via post-transcriptional mechanisms acti-

vated in redox-dependent manner.
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Materials and methods

Cell culture

Primary culture of RPAEC were a gift from Dr. Troy

Stevens (University South Alabama) and cultured as

described previously (Zhang et al. 2006). Cells were

grown under 5% CO2 in the MCDB-131 Complete

medium (VEC Technologies, Inc.) in 75 cm2 cell

culture flasks (CORNING Inc.) and harvested upon

confluence (4 9 106 cell/flask). The harvested cells

were re-suspended in MCDB-131 medium, seeded on

chambered slides (8 chamber/slide) with 1 9 105 cell/

well, or on Delta TPG dishes (Fisher Scientific) with

3 9 105 cell/well, or on transwell filters (Costar;

12 mm diameter, 0.4 lm pore size) with 5 9 104

cell/well, and cultivated until confluence. RPAEC

were incubated with sterile solutions of either 30 lM

[Fe2?]–nitriloacetate ([Fe2?]NTA) or of 30 lM

[Fe2?]–N,N0-bis (2-hydroxybenzyl) ethylenediamine-

N,N0-diacetate ([Fe2?]HBED) in Hank’s Balanced Salt

Solution (HBSS, GIBCO/In Vitrogen Inc.) for 10 min in

the presence of 10 lM pyrithione, a [Fe2?] ionophore

(Kress et al. 2002; Quadri et al. 2003). For inhibition of

Rho-kinase, confluent cell cultures were pre-incubated

with 10 lM (R)-(?)-trans-N-(4-Pyridyl)-4-(1-amino-

ethyl)-cyclohexanecarboxamide (Y-27632) (Calbio-

chem; www.emdbiosciences.com). After incubation

with iron complexes, cells were either subjected to

analysis for depletion of GSH or were further incubated

with MCDB-131 complete medium for 2 h to assess cell

redox-dependent signaling response, re-arrangements

of ICAM-1 adhesion molecules, caveolin-1, and cyto-

skeleton, or relative electrical resistance of endothelial

monolayer (REREM). Cell viability was assessed by

trypan blue exclusion (necrosis) or terminal deoxynu-

cleotidyl trans-ferase biotin–dUTP nick-end labelling

(TUNEL) (Upstate/Millipore; www.Millipore.com)

using fixed cells and/or Annexin V staining (apoptosis).

Relative electrical resistance of endothelial

monolayer

For assessment of alterations of RPAEC barrier

integrity, we determined REREM of cells grown on

sterile BD BioCoat
TM

Fibrillar Collagen 1.0 lm PET

Membrane 12-well cell culture inserts (BD Biosci-

ences, Franklin Lakes, NJ). The filters were used in

ENDOHM-12 chamber (World Precision Instruments,

Sarasota, FL) 4 days after the cells were plated when

REREM reached a base line (*28 X/cm2). After a

30-min adaptation of the cells in PBS, experimental

solutions were added and REREM was recorded every

10 min using EVOM Voltohmmeter (World Precision

Instruments, Sarasota, FL) at 37 C (Quadri et al.

2003). The data were corrected for the resistance of the

insert filters alone.

Preparation of cytosolic and nuclear extracts

The harvested cells (4 9 106 cell) were homogenized

in 0.5 ml buffer A (20 mM Hepes, pH 7.9, 20%

glycerol, 10 mM NaCl, 1.5 mM MgCl2, 0.2 mM

EDTA, 1 mM DTT, 0.1% Triton X-100, and protease

inhibitors (PMSF, leupeptin, aprotinin, and pepstatin)

in a Polytron homogenizer). Homogenates were

centrifuged at 3,000 rpm at 4�C for 15 min and the

nuclear pellet was resuspended in 5 vol of buffer B

that was essentially the same as buffer A except

containing 500 mM NaCl. Supernatant from the above

centrifugation was further centrifuged at 10,000 rpm

at 4�C for 20 min, and the resultant supernatant was

used as cytosolic extract. The nuclei were lysed by

incubation for 1 h on ice with intermittent tapping.

Homogenates were then centrifuged at 10,000 rpm at

4�C for 15 min, and the supernatant was used as

nuclear lysate. Cytosolic and nuclear extracts were

aliquoted, snap-frozen, and stored at -80�C till use.

Total protein concentration in both cytosolic and

nuclear extract was determined using the BCA Protein

assay kit (Pierce, Rockford, IL). Cytosolic and nuclear

extracts were analyzed by Western-immunoblotting.

Immunoprecipitation

Nuclear extract containing 500 lg of total protein was

immunoprecipitated with either anti-Nrf-2, or anti-

NFjB (p65) subunit antibody (Santa Cruz Biotech-

nology, Inc., Santa Cruz, CA), or anti-phospho-p38

MAP kinase (Thr180/Tyr182) (Cell Signaling Tech-

nology Inc., Beverly, MA) and protein A sepharose

beads (Zymed, San Francisco, CA) for overnight at

4�C. Pellets were collected by centrifuging at

10,0009g for 30 s at 4�C, and washed 3 times with

ice-cold wash buffer (50 mM Tris–HCl, pH 7.4,

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycho-

late, 0.1% SDS, and 2 mM EDTA). Pellets were

resuspended in 19 Laemmli sample buffer, boiled at
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95–100�C for 10 min, and Western immunoblotting

was done as described below.

Immunoblot analysis

Proteins of cytosolic and nuclear fractions, as well as

the immunoprecipitated pellet were separated in SDS-

PAGE and transferred to nitrocellulose filters. Filters

were blocked in 5% nonfat dry milk and probed with

primary antibody for overnight. Primary antibodies

against p65 subunit of NFjB, Nrf-2, phospho-p38

MAPK, glyceraldehyde-6-phosphate dehydrogenase

(GAPDH) (Santa Cruz Biotechnology Inc., Santa

Cruz, CA), and histone H3 (Cell Signaling Technol-

ogy, Inc., Beverly, MA) were used at the dilution of

1:1,000. Protein bands were identified with horserad-

ish peroxidase-conjugated secondary antibody

(1:2,000 dilution) and Western Blotting Luminol

Reagent (Cruz Biotechnology, Inc., Santa Cruz,

CA). GAPDH and histone served as loading controls

for cytosolic and nuclear extracts, respectively.

Cell microscopy imaging techniques and image

analysis

For live cell experiments RPAEC were grown in Delta

TPG dishes (Fisher Scientific) and incubated with

[Fe2?] complexes as described above using a modi-

fied protocol by Kress et al. 2002. Cell response to

[Fe2?] exposure was assessed with DIC time-lapse

imaging techniques. Cell [Fe2?] influx was probed in

the presence of 5 lM Phen Green diacetate, a green

fluorescent [Fe2?] indicator (Invitrogen, Carlsbad,

CA) (http://products.invitrogen.com/ivgn/en/US/).

Time-lapse cell imaging was conducted with Nikon

Eclipse TE 2000. Image acquisition, processing, and

analysis was conducted with MetaMorph Imaging

Series 5.0 software. Cell images were recorded each

15 s during 30 min observation periods.

For immunofluorescence confocal imaging cells

exposed to iron complexes were fixed at 2 h following

treatment and specimens were processed as described

previously (Gorbunov et al. 2007). Primary antibody

against ICAM-1, caveolin-1, pho-caveolin-1, pho-

caldesmon (Santa Cruz Biotechnology Inc., Santa

Cruz, CA), F-actin (Abcam Inc. Cambridge, MA), and

pho-p38 MAPK (Cell Signaling Technology, Inc.,

Beverly, MA) were used with optimal dilution of

1:250. This was followed by incubation with

secondary fluorochrome-conjugated antibody and

nuclei counterstaining with Hoechst 33342 (Molecular

Probes, Inc., Eugene OR) diluted 1:3,000. The

secondary antibodies used were (i) ALEXA 488-con-

jugated goat anti-rabbit IgG (Molecular Probes Inc.),

(ii) Cy3-conjugated donkey anti-mouse IgG (Rock-

land Inc., Gilbertsville, PA), negative controls for

nonspecific binding included normal goat and donkey

serum without primary antibody or with secondary

antibody alone. The labeled specimens were rinsed,

mounted in Gelvatol (Monsanto Corp., St. Louis,

MO), and placed under a coverslip for fluorescence

microscopy. Fluorescence microscopy of the speci-

mens was done with a 100 9 1.4 n.a. objective lens on

a Nikon Eclipse E800/Bio-Rad Radiance 2100 confo-

cal microscope with 0.5-lm scanning Z step size. The

background fluorescence was determined for each of

the analyzed images of the immunolabeled proteins

using images from specimens labeled with secondary

antibodies only. Processing and analysis of digital

images, including projections of co-localized proteins

in cells (region of interest, ROI), were conducted using

Simple PCI High Performance Imaging software

(Compix Inc., Hamamatsu Co., http://www.cimaging.

net) and image software (http://rsb.info.nih.gov). The

results of imaging were verified and confirmed in inde-

pendent assessment using Leica TCS SP5 confocal sys-

tem with LAS AF software (Leica Microsystems Inc.).

Fluorescence assay of GSH and protein sulfhydryls

GSH concentration in RPAEC was determined using

ThioGlo-1 (Covalent, Wobum, MA) a maleimide

reagent that produces a highly fluorescent product upon

its reaction with SH groups. GSH content was estimated

by an immediate fluorescence response registered

upon addition of Thio Glo-1 to the cell homogenate

(Shvedova et al. 2000). Protein sulfhydryls were

determined as an additional increase in fluorescence

response after addition of sodium dodecyl sulfate

(4.0 mM) to the same cell homogenate. A standard

curve was established by the addition of GSH

(0.04–4.0 lM) to 100 mM phosphate buffer, pH 7.4

containing 10 lM ThioGlo-1. Shimadzu RF-5301PC

spectrofluorophotometer (Kyoto, Japan) was employed

for the assay of fluorescence using excitation at 388 nm

and emission at 500 nm. The data obtained were

exported and treated using RF-5301PC Personal Fluo-

rescence Software (Shimadzu).
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Phospho p38 MAP kinase ELISA assay

Rat pulmonary artery endothelial cells (2 9 106 cells)

were lysed in 0.2 ml of a buffer as described above.

Homogenates were centrifuged at 3,000 rpm at 4�C

for 15 min and the collected supernatants were

subjected to the phosphor p38 MAP kinase (Thr180/

Tyr182) ELISA assay (Cell Signaling Technology,

Inc., Beverly, MA) using a 96-well plate coated with

p38 MAP kinase antibody. After incubation with cell

lysates, p38 MAP kinase protein is captured by the

coated antibody. Following extensive washing,

phospho-p38 MAPK (Thr180/Tyr182) mouse mAb

were added to detect the captured phospho-p38

MAPK protein. HRP-linked anti-mouse antibody

were then used to recognize the bound detection

antibody. HRP substrate, TMB, was added to

develop color. The magnitude of absorbance for this

developed color was proportional to the quantity of

phospho-p38 MAP kinase (Thr180/Tyr182) protein.

The absorbance values were determined using the

SpectraMax Plus plate reader (Molecular Devices

Sunnyvale, CA).

Results

Assessment of [Fe2?] influx in RPAEC challenged

with [Fe2?]NTA was done using fluorescence time-

lapse imaging technique and PhenGreen SK (PGSK),

a [Fe2?]-sensitive fluorophore (Fig. 1). The cells

incubated with 5 lM PGSK displayed bright green

fluorescence (Fig. 1a). Challenge of the cells with

30 lM [Fe2?]NTA in the presence of 10 lM pyrithi-

one resulted in quenching of PGSK fluorescence

indicating a relative increase in intracellular [Fe2?]

(Fig. 1b). This effect was inhibited by 50 lM TPEN, a

membrane-permeant metal chelator (Fig. 1c).

Redox alterations and stress-response to challenge

of RPAEC with [Fe2?]. Assessment of cell GSH was

used to determine cell redox alterations induced by

[Fe2?] influx. As shown in Fig. 2, 10 min pulse with

[Fe2?]NTA resulted in a decrease in GSH levels from

18.7 ± 0.4 nmol/mg (sham treatment) to 16.8 ±

0.4 nmol/mg (P \ 0.04, n = 6 Dunnett’s test). This

effect was eliminated in the presence of HBED

(Fig. 2). The observed redox stress was accompanied

by nuclear translocation of stress-sensitive transcrip-

tional factors Nrf2 and NFjB (p65) (Fig. 3). Note ten

minutes exposure of the cells to 30 lM [Fe2?]NTA in

the presence of 10 lM pyrithione did not significantly

change their viability.

Fig. 1 Assessment of [Fe2?] influx in RPAEC challenged with

[Fe2?]NTA in the presence of the fluorophore PhenGreen SK

(PGSK). a Fluorescence of PGSK in RPAEC in the absence of

[Fe2?]NTA and pyrithione. b Decrease of the PGSC fluores-

cence at 30 s following a challenge with 30 lM [Fe2?]NTA in

the presence of 10 lM pyrithione. The same as ‘‘b’’ at 30 s after

supplementation of 50 lM TPEN, a [Fe2?] chelator
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These data corroborate a recent concept on crucial

role of Nrf2 and NFjB (p65) in adaptive response to

oxidative and electrophilic stresses, and regulation of

cell iron homeostasis (Kobayashi et al. 2006; Harada

et al. 2011).

The iron-induced oxidative stress has been

described recently as one of the causes of increase of

vascular permeability in lung (Gorbunov et al. 2007).

Therefore, the next set of experiments was focused on

assessment of structural integrity of RPAEC mono-

layers challenged with [Fe2?] complexes.

Relative electrical resistance of endothelial mono-

layer response to challenge with [Fe2?]. Assessment

of cell relative electrical resistance was used for

estimation of effect of [Fe2?] on the barrier properties

of RPAEC monolayer. As shown in Fig. 4, 10 min

pulse with [Fe2?]NTA resulted in decrease in REREM

values from 28.7 ± 1.3 X/cm2 (sham) to 17.2 ± 1.1

X/cm2 (P \ 0.001, n = 6, Dunnett’s test). Replace-

ment of [Fe2?]NTA with [Fe2?]HBED completely

abrogated the observed barrier effect (Fig. 4). The

exposure of the cells to [Fe2?] complexes did not

result in trypan blue uptake by the treated cells.

Therefore, we have associated the observed decrease

in REREM with [Fe2?]-induced remodeling of

RPAEC monolayer. The next set of experiments

focused on image analysis of the cell response to

challenge with [Fe2?] complexes.

Time-lapse imaging of RPAEC exposed to [Fe2?]

complexes. To test a potential role of structural re-

arrangements in RPAEC in response to challenge with

[Fe2?] we applied DIC (Nomarski) time-lapse imag-

ing of confluent and non-confluent cell layers. As

shown in Fig. 5, 10 min pulse with [Fe2?]NTA caused

contraction of the cells in confluent monolayers that

was manifested by relocation of cytoplasm from

peripheral to central (nuclear) sites, decrease of

basolateral surface of the cells, and formation of pores

Fig. 2 Assessment of glutathione (GSH) of RPAEC challenged

with [Fe2?]. GSH measurement was conducted with ThioGlo-1

probe as described in ‘‘Materials and methods’’.*P \ 0.04

versus sham treatment (n = 6, Dunnett’s test)

Fig. 3 Stress-response to challenge of RPAEC with [Fe2?].

Immunoblot assessment of nuclear translocation of transcrip-

tional factors Nrf2 and NFjB

Fig. 4 Assessment of relative electrical resistance of RPAEC

monolayers challenged with [Fe2?]. RPAEC in PBS ? 10 lM

pyrithione (sham treatment) were exposed to 30 lM [Fe2?]NTA

or 30 lM [Fe2?]HBED solutions for 10 min at 37�C then

incubation solutions were replaced with fresh PBS. Assessment

of REREM was done as described in ‘‘Materials and methods’’.

The monitoring of REREM was conducted during 30 min

observation period *P \ 0.01 versus sham treatment, n = 6,

Dunnett’s test
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between cell edges. The cell buckling due to [Fe2?]

effect was accompanied by increase in the average cell

thickness up to 4.5 ± 1.5 lm (vs. 2.0 ± 0.5 lm in

sham-treated cells, n = 20, P \ 0.02 t test) that was

assessed by spatial location of F-actin and ICAM-1

proteins in the respective confocal z-projections (see

below). The iron-induced cell contraction and motility

were more evident in the non-confluent cell culture

where the cells had more xy-degree of freedom

(Fig. 6A, B). Theabove effects were prevented when

[Fe2?]NTA was replaced with [Fe2?]HBED (HBED is

a strong [Fe2?] chelator and antioxidant) in the

experimental media (Figs. 6C and 5C) or with NTA

alone (not shown).

Remodeling of endothelial monolayer is often

accompanied by increase in their permeability to

macromolecules and inflammatory cells that require a

complex spatial re-arrangement of structural proteins

such as F-actin and caveolin-1 (Birukova et al. 2009;

Carman and Springer 2004; Chamaraux et al. 2008;

Feng et al. 2002; Mehta and Malik 2006; Millán et al.

2006; van Buul et al. 2007;). Therefore, in the next set

of experiments we assessed the iron-induced effects

using confocal immunofluorescence image analysis.

Confocal immunofluorescence imaging of iron-

induced spatial re-arragements of F-actin and

pho-caveolin-1 in RPAEC. As shown in Fig. 7A1–

A7 incubation of RPAEC with [Fe2?]NTA resulted

in spatial re-arrangement of F-actin and activated

pho-caveolin-1 (compare to sham-treated cells,

Fig. 7B). Thus, the [Fe2?]NTA treated cells were

characterized by increase in immunoreactivity of

proteins at the central site of the cells as shown in

apical and basolateral projections (A1–A6) and in

ZX optical cross-section (A7). A formation of

distinguishable cuplike structures abundant with

F-actin and activated pho-caveolin-1 was observed

in apical membrane rafts (Fig. 7A1, A3, A5). The

iron-induced cell contraction was corroborated with

Z-elevation of F-actin projections at the apical (top)

regions up to 4.5 ± 1.5 lm from basolateral plane

(vs. 2.0 ± 0.5 lm in sham-treated cells, n = 20,

P \ 0.02 t test). The spatial re-arrangement of

F-actin was also accompanied by formation of

microvilli-like structures in RPAECs that was

revealed by ZX optical re-slicing of the collected

stacks of XY projections of F-actin and pho-cave-

olin-1 (Fig. 7A7). F-actin was spatially co-localized

with pho-caveolin-1; estimated apical spatial corre-

lation of signals in green and red channels was

r = 0.81. The observed cuplike and microvilli-like

formations in the cells were similar to those recently

described by Barreiro et al. (2002) Carman and

Springer (2004); Millán et al. (2006); van Buul et al.

(2007), Birukova et al. (2009). Based on observa-

tions of these and other authors the formation of the

Fig. 5 Representative Nomarski images of confluent RPAEC

acquired at time-frames 0 min (1) and 10 min (2) of time-lapse

imaging following treatments. Panels ‘‘A1’’ and ‘‘A2’’ are sham

treatments; panels ‘‘B1’’ and ‘‘B2’’ are treatments with

[Fe2?]NTA; and panels ‘‘C1’’ and ‘‘C2’’ are treatments with

[Fe2?]HBED. Alterations in cell shape (black arrows) and cell–

cell interactions (white arrows) are indicated in B1 and B2.

Insets are magnified selected areas indicated with black
rectangles. Bars indicate 10 lm scales
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endothelial membrane cups and microvilli-like struc-

tures mediated by cytoskeleton, caveolin-1, and

ICAM-1 adhesion molecules has been proposed to

be crucial in arrest of leukocytes and their migration

through individual endothelial cell (EC) (Dejana

2006). Taking into consideration this concept we

further assessed iron-induced effect on spatial

arrangement of ICAM-1 adhesion molecules.

Confocal immunofluorescence imaging of iron-

induced re-arragements of ICAM-1 and pho-caveo-

lin-1 in RPAEC. The results of confocal image

analysis of spatial arrangement of ICAM-1 and

caveolin-1 proteins in RPAECs treated with

[Fe2?]NTA complexes are shown in Fig. 8A1–A7.

The effect was characterized by increase in immuno-

reactivity of the proteins at the central site of the cells

Fig. 6 Representative Nomarski images of non-confuent

RPAEC acquired at time-frames 0 min (1) and 10 min (2) of

time-lapse imaging following treatments. ‘‘A1’’ and ‘‘A2’’ are

sham treatments; ‘‘B1’’ and ‘‘B2’’ are treatments with

[Fe2?]NTA; and ‘‘C1’’ and ‘‘C2’’ are treatments with

[Fe2?]HBED. Cell width is indicated with dashed-line arrows

(a1 and a2); distance between the cell centers is indicated with

solid-line arrows (b1 and b2). Note there is relative decree in a1

and a2 values in B2 versus a1 and a2 values in B1. Vice verse,

there is increase in b value in B2 versus the same parameter in

B1. There were no such alteration in the parameters ‘‘a’’ and ‘‘b’’

in ‘‘A’’ and ‘‘C’’
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Fig. 7 Immunofluorescence confocal imaging of spatial rear-

rangement of F-actin and phosphorylated Caveolin-1 in

RPAEC. A Challenge with iron complexes: A1–A7 are

10 min pulse with [Fe2?]NTA and A8–A10 are 10 min pulse

with [Fe2?]NTA and HBED chelator. B Sham treatment

(B1–B7). XY optical cross-sections (0.5 lm z-resolution) are

shown at basolateral and apical planes. Elevation of apical XY

cross-sections above basolateral planes for each set of data, i.e.,

A1–A7; A8–A10; and B1–B7, is indicated with yellow lines in

the respective panel A7 (3 lm z step), A10 (2 lm z-step), and

B7 (1.5 lm z-step) which represent reconstructed ZX optical

cross-sections obtained by ZX-reslicing of the respective

confocal Z-stacks of 10 XY images. Y-coordinates of the

reconstructed ZX cross-sections are indicated with white dashed

lines in panels A5, A8, and B5. Projections of F-actin (green
channel) are shown in panels A1 and B1 (apical plane) and in

panels A2 and B2 (basolateral plane). Projections of pho-

caveolin-1 (red channel) are shown in panels A3 and B3 (apical

plane) and in panels A4 and B4 (basolateral plane). Superpo-

sition of green, red, and blue (counterstaining with Hoechst

33342) projections are shown in (i) panels A5, A8, and B5

(apical plane), and (ii) panels A6, A9, and B6 (basolateral

plane), and (iii) panels A7, A10, and B7 which are reconstructed

ZX optical cross-sections as indicated in panels A5, A8, and B5

respectively. Co-localization of F-actin and pho-caveolin-1

appears in yellow color due to interference of green and red
colors. As shown in the panels B2, B4, B6, B7 spatial re-

arrangements of F-actin and pho-caveolin-1 following exposure

to [Fe2?]NTA was accompanied by formation of microvilli-like

projections abundant with F-actin and partially with pho-

caveolin-1. The presented data are representative images

acquired using 5 cell specimens in each group
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Fig. 8 Immunofluorescence confocal imaging of spatial rear-

rangement of ICAM-1 and pho-caveolin-1 in RPAEC. Chal-

lenge with iron complexes: A1–A7 are 10 min pulse with

30 lM [Fe2?]NTA and A8–A10 are 30 min pre-incubation with

Y27632 followed by 10 min pulse with 30 lM [Fe2?]NTA.

Sham treatment (B1–B7). XY optical cross-sections (0.5 lm

z-resolution) are shown at basolateral and apical planes.

Elevation of apical XY cross-sections above basolateral planes

for each set of data, i.e., A1–A7; A8–A10; and B1–B7, is

indicated with yellow lines in the respective panels A7 (3.5 lm

z-step), A10 (2 lm z-step), and B7 (2.5 lm z-step) which

represent reconstructed ZX optical cross-sections obtained by

ZX- reslicing of the respective confocal Z-stacks of 10 XY

images. Y-coordinates of the reconstructed ZX cross-sections

are indicated with white dashed lines in panels A5, A8, and B5.

Projections of pho-caveolin-1(green channel) are shown in

panels A1 and B1 (apical plane) and in panels A2 and B2

(basolateral plane). Projections of ICAM-1 (red channel) are

shown in panels A3 and B3 (apical plane) and in panels A4 and

B4 (basolateral plane). Superposition of green, red, and blue
(counterstaining with Hoechst 33342) projections are shown in

(i) panels A5, A8, and B5 (apical plane), and (ii) panels A6, A9,

and B6 (basolateral plane), and (iii) panels A7, A10, and B7

which are reconstructed ZX optical cross-sections as indicated

in panels A5, A8, and B5 respectively. Co-localization of

ICAM-1 and pho-caveolin-1 appears in yellow color due to

interference of red and green colors. As shown in the panels B2,

B4, B6, B7 spatial re-arrangements of ICAM-1 and pho-

caveolin-1 following exposure to [Fe2?]NTA was accompanied

by formation of microvilli-like projections abundant with

ICAM-1 and pho-caveolin-1. The presented data are represen-

tative images acquired using 5 cell specimens in each group
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as appears in the apical and basolateral projections

(A1–A6) and ZX optical cross-section (A7). These

ICAM-1 and caveolin-1 rearrangements were in

accord with those involved in F-actin and presented

in Fig. 7A. Three dimensional confocal image anal-

ysis indicated that [Fe2?] influx triggered structural

remodeling that resulted in formation of cuplike and

microvilli-like structures abundant with ICAM-1 and

pho-caveolin-1 in the [Fe2?]NTA treated cells

(Fig. 9). These alterations were not observed in

control cells (Fig. 8) and the cells treated with

[Fe2?]HBED treatment (not shown).

The observed arrangement of cuplike and micro-

villi-like structures was unlikely associated with p38

MAP kinase pathway since incubation of the cells with

[Fe2?]NTA resulted in inhibition of phosphorylation

of p38 protein (not shown). However, the formation of

the cuplike structures was partially eliminated by pre-

incubation of the cells with Y27632 (panels 8 A8–7

A10) suggesting involvement of Rho-kinase in the

observed structural alteration.

Based on above observations we suggest that,

[Fe2?]-induced re-arrangements in RPAECs can be

a mechanism of pro-inflammatory remodeling

where cytoskeleton and caveolin provide structural

support for cell polarization and expression of

proinflammatory adhesion molecules as presented in

Fig. 9.

Discussion

Endothelial remodeling and an increase in vascular

permeability are common features of major trauma,

resuscitation, and blood transfusion and they contrib-

ute significantly to ALI and multiple organ failure

syndrome (Ozment and Turi 2009; Hod et al. 2010).

These events are associated with sequential multi-

step alterations in EC resulting in an increase in

transendothelial trafficking of biomolecules, ions, and

circulatory leukocytes (Adamson et al. 2002; Gratton

et al. 2004; Mehta and Malik 2006). The cellular and

molecular basis of such extravasation remains unclear

but it has been recently postulated that transcellular

movement of blood born phagocytes via newly

arranged EC pores may coexist along with the well

established pathway of paracellular migration of

leukocytes across transient and/or temporarily altered

EC barrier function (Carman and Springer 2004;

Millán et al. 2006; Dejana 2006).

We have recently shown that trauma-induced pro-

inflammatory alterations in the lung are characterized

by promotion of oxidative stress, increase in micro-

vascular permeability and leukocyte transendothelial

migration (Gorbunov et al. 2007). These effects are

accompanied, by down-regulation of EC adhesion

junctions and up-regulation of EC ICAM-1 adhesion

molecules and are in part mediated by turnover of

Fig. 9 3D projections of caveolin-1 and ICAM-1 in RPAEC

challenged with [Fe2?]NTA. Immunofluorescence of caveolin-

1 is presented in green channel; immunofluorescence of ICAM-

1 is presented in red channel. Blue is counterstaining of nuclei

with Hoechst 33342. Spatial co-localization of caveolin-1 and

ICAM-1 appears in yellow color due to interference signal

collected in green and red channels. a, b, c—3D image

presented at different angles of rotations. 3D projection was

obtained using z-stacks of confocal images of collected in red,

green, and blue channels (z-resolution 0.5 lm). Formation of

cuplike structure at apical plane of the cell is indicated with blue
arrowheads. The presence of caveolin-rich vesicles is shown

with dashed yellow arrows
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labile iron (Gorbunov et al. 2007). In these observa-

tions the microvascular ICAM-1 molecules were

polarized toward LKC counter-receptors providing

maximal engulfing of LKC during transendothelial

cell migration (Gorbunov et al. 2007). The observed

spatial re-arrangements of ICAM-1 were similar to

those induced by pro-inflammatory stimuli in endo-

thelium and documented by Barreiro et al. (2002) and

Carman and Springer (2004), van Buul et al. (2007)

who have also emphasized a crucial role of ICAM-1

polarization and formation of the cuplike structures in

transendothelial cell migration. A potential role of

labile iron in mediating these events remained unclear

and hence the current RPAEC model was used to

simulate iron-dependent pro-inflammatory effects in

lung vasculature.

Herein we presented new insights into remodeling

induced by redox reactive iron in vascular endothe-

lium. We demonstrated that 10 min pulse with

[Fe2?]NTA in RPAEC cultures resulted in (i) redox

stress-response (Fig. 2, 3), (ii) cell buckling due to

contraction of cytoskeleton in basolateral plane

(Figs. 5, 6, 9), (iii) decrease in electrical resistance

of endothelial monolayer due to alterations in focal

cell–cell interaction (Fig. 4), and (iv) cell polarization

toward apical plane due to re-arrangement of cyto-

skeleton, caveolin-1, and ICAM-1 (Figs. 7, 8). The

alterations were accompanied by formation of cuplike

structures at the cell apical domains and transcellular

micrivilli-like projections abundant with F-actin,

caveolin-1, and ICAM-1. Similar effects were recently

demonstrated in vascular EC co-cultured with LKC

and/or inflammatory cytokines where they were

defined being a part of pro-inflammatory remodeling

essential for ‘‘docking’’ and the trans-cellular migra-

tion of leukocytes (Barreiro et al. 2002; Carman and

Springer, 2004; Usatyuk et al. 2006).

The known transporters for NTBI and labile iron

are DMT1 and SLC39A14 (or zip14). When this

extracellular pool of iron is comprised by [Fe2?]/

[Fe3?] complexes present in redox equilibrium with

fluid electron donors (reductants) and electron accep-

tors (oxidants), absorption of [Fe3?] by divalent metal

transporters requires conversion of [Fe3?] to [Fe2?] at

the surface of the cell by [Fe3?] reductases (Løvstad

1995; Lane and Lawen 2008). In particular circum-

stances when fluid oxygenation and ferroxidase

activity are suppressed, [Fe3?] pool can be decreased

(while [Fe2?] pool-increased) by fluid reductants (e.g.,

ascorbate, thiols and nitric oxide). We reported

relevance of such conditions to the iron redox status

in pathophysiology of trauma (Atkins et al. 2006;

Dubick et al. 2010; Atkins et al. 2011). Nonetheless,

regardless of the route of [Fe2?] formation, the

absorption of NTBI results in an increased cellular

load of ferrous iron.

In spite of the presence of extensive data on

vascular effects of catalytically reactive iron, to our

best knowledge, the present data are the first demon-

stration of iron-dependent endothelial remodeling

similar to those initiated by LKC–EC interaction

(Barreiro et al. 2002). Such remodeling likely

occurred in redox dependent manner since the effect

of catalytically reactive iron complexes, i.e.,

[Fe2?]NTA, was moderated in the presence of HBED,

a strong iron chelator and antioxidant, and in the

presence of Y27632, a redox sensitive rho-kinase

inhibitor. This suggestion is consistent with the

significant effect of redox stress on cytoskeleton and

endothelial permeability (Moldovan et al. 2000;

Usatyuk et al. 2006). Indeed, endothelial integrity is

regulated by shifting the balance between barrier-

disruptive contractile forces, imposed by actomyosin

filaments and barrier-protective tethering forces,

imposed mainly by peripheral actin cytoskeleton,

microtubules, intermediate filaments, and cell contact

protein complexes (Birukova et al. 2009). The inter-

play between actin and the microtubule cytoskeleton is

involved in the maintenance of vascular barrier, EC

contractility, and cell motility (Usatyuk et al. 2006;

Birukova et al. 2009). Redox stress can either directly

affect microtubule assembly or it can act via focal

kinase and rho-kinase (Adamson et al. 2002; Usatyuk

et al. 2006). Activation of these kinases following

microtubule disassembly or oxidative stress is known

to promote formation of actin stress fibers and

paracellular gaps, contraction of actinomyosin, for-

mation of apical cuplike structures and dysfunction of

EC barrier (van Buul et al. 2007; Birukova et al. 2009).

The current study employed a simple model system

(RPAEC) and single pulse of relatively high concen-

trations of reduced iron (30 lM) complexed to

nitriloacetate in the presence of pyrithione, an iron

ionophore. This had the desired effect of acutely

increasing intracellular labile pool of iron and facil-

itated the conclusion that such an increase was

sufficient to produce the metabolic and molecular

changes in RPAEC consistent with decreased barrier
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function and a pro-inflammatory phenotype. None-

theless, limitations are apparent in comparing these in

vitro results with pulmonary vascular changes that

may occur in situ due to alterations in NTBI including

the: a) nature of the iron species present in NTBI; b)

relevant concentration of circulating NTBI; c) use of

an ionophore and; d) non-specific effects on EC

function secondary to cell death (necrosis or apopto-

sis). In this regard,

a) The NTBI pool is comprised of both ferrous

[Fe2?] and ferric [Fe3?] iron complexes that are

present in redox equilibrium (Cabantchik et al.

2005; Esposito et al. 2003; Turi et al. 2004;

Gorbunov et al. 2006). The [Fe2?]/[Fe3?] redox

steady state is controlled by fluid reductants (e.g.,

ascorbate and nitric oxide), ferroxidases and

oxygen and therefore, can be shifted toward

[Fe2?] formation under hypoxia, ischemia, and

acute hemorrhage when oxygenation and ferrox-

idase activity are suppressed (Atkins et al. 2006;

Dubick et al. 2010; Atkins et al. 2011). Even

under less extreme pathophophysiologic condi-

tions, NTBI [Fe3?] iron complexes can be con-

verted to [Fe2?] at the cell surface by localized

reactions facilitated by ascorbate and/or the

plasma membrane ferrireductase(s) and accord-

ingly our use of reduced iron in model system

appears justified.

b) A survey of reported high levels (*9–12 lM) of

NTBI measured in various fashion in plasma of

patients with thalassaemia (al-Refaie et al. 1992;

Porter et al. 1996; Kartikasari et al. 2006) after

iron overload (Esposito et al. 2003; Dresow et al.

2008) suggests that our use of 30 lM [Fe2?]

nitriloacetate was more like the unusual case of

29 lM NTBI measured in patients after cytotoxic

chemotherapy (Harrison et al. 1994). Accord-

ingly, the in vivo and clinical relevance of our

observations remains to be assessed under more

moderating conditions and in more complex

models.

c) In the present study we have circumvented the

transport mechanisms by presenting ferrous iron

to the cells with an [Fe2?] ionophore (pyrithione).

The abrupt increase in intracellular iron (Fig. 1)

provided more confidence that the induced

changes were specific to the increase in iron.

However there are potential limitations to this

approach including: 1) the increase in intracellu-

lar iron may be larger or faster than can be

accomplished by the normal transport mecha-

nisms; 2) there is the possibility the trans-

porter(s) for NTBI may be linked to a chaperone

system that targets absorbed NTBI directly to the

mitochondria (Shvartsman et al. 2007); and 3)

other intercellular chaperone molecules could

influence the changes in intracellular labile iron

(Richardson et al. 2010).

d) Although the use of a reactive iron complex not

normally found in plasma ([Fe2?] nitriloacetate)

may have been toxic independent of iron medi-

ated effects, this seems less likely as there was no

evidence of cell death by either trypan blue

incorporation (necrosis) or TUNEL or Annexin V

staining (apoptosis). Furthermore, the cytoskele-

ton was not disrupted but actually organized in a

very specific metabolically active pattern resem-

bling that seen after interaction of endothelium

with neutrophils (Barreiro et al. 2002).

Overall, our observations indicate that the ferrous

iron-induced rearrangements in the EC can be a part of

a mechanism of the pro-inflammatory remodeling

mediated by redox-dependent signaling. We suggest

that this effect can contribute to a mechanism of

pulmonary vascular inflammation that commonly

occurs under acute pathophysiological conditions

(trauma, blood transfusion) characterized by increase

in plasma levels of chelatable NTBI.
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