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Sublethal renal ischemia induces tubular epithelium damage and kidney dysfunction. Using
NRK-52E rat proximal tubular epithelial cells, we have established an in vitro model, which
includes oxygen and nutrients deprivation, to study the proximal epithelial cell response to
ischemia. By means of this system, we demonstrate that confluent NRK-52E cells lose
monolayer integrity and detach from collagen IV due to: (i) actin cytoskeleton
reorganization; (ii) Rac1 and RhoA activity alterations; (iii) Adherens junctions (AJ) and
Tight junctions (TJ) disruption, involving redistribution but not degradation of E-cadherin,
β-catenin and ZO-1; (iv) focal adhesion complexes (FAC) disassembly, entangled by
mislocalization of paxillin and FAK dephosphorylation. Reactive oxygen species (ROS) are
generated during the deprivation phase and rapidly balanced at recovery involving MnSOD
induction, among others. The use of antioxidants (NAC) prevented FAC disassembly by
blocking paxillin redistribution and FAK dephosphorylation, without abrogating AJ or TJ
disruption. In spite of this, NAC did not show any protective effect on cell detachment.
H2O2, as a pro-oxidant treatment, supported the contribution of ROS in tubular epithelial
cell–matrix but not cell–cell adhesion alterations. In conclusion, ROS-mediated FAC
disassembly was not sufficient for the proximal epithelial cell shedding in response to
sublethal ischemia, which also requires intercellular adhesion disruption.
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Abbreviations:
ABP, actin binding protein
AJ, adherens junctions
ECM, extracellular matrix
FAC, focal adhesion complexes
H/R, hypoxia/reoxygenation
I/R, ischemia/reperfusion
MnSOD, manganese
superoxide dismutase
NAC, N-acetylcysteine
NRK-52E, normal rat kidney
epithelial cells
ROS, reactive oxygen species
TJ, tight junctions
Introduction

I/R is at the basis of severe clinical processes including stroke,
cardiac infarct, acute renal failure and organ transplantation.
Renal ischemia induces a broad range of cell responses
including loss of adhesion and cell death, depending on the
cell type and the duration of the ischemic period. Sublethal
renal I/R provokes primarily proximal tubular epithelial cell
shedding [1]. Using animal models of I/R, loss of epithelial
polarity, actin cytoskeleton dynamics alterations and disrup-
tion of intercellular junctions have been reported in the
proximal tubule [2]. The contribution of ischemia to tubular
injury has also been studied using chemical anoxia models
and ATP depletion of cultured cells, leading to cell death in
many cell types including tubular epithelial cells [3]. Never-
theless, sublethal ischemia does not lead primarily to tubular
epithelial cell death. Therefore, for an appropriate study of the
epithelial cell response to I/R, it is important to use in vitro
systems which closely reproduce the in vivo experimental
conditions and effects.

The morphology and the correct function of proximal
tubular epithelial cells are determined by the structured
cytoskeleton, the organized intercellular unions as well as
the firm focal contacts with the ECM. Regarding the actin
cytoskeleton, several authors have reported actin cytoskele-
ton reorganization in response to ATP depletion and to anoxia
in cultured kidney epithelial cells [4]. RhoGTPases are key
molecular regulators of actin cytoskeleton dynamics (assem-
bly and contraction), switching between an active GTP-bound
state and an inactive GDP-bound form [5]. Inactivation of RhoA
has been implicated in the disruption of stress fibers caused by
ATP depletion in proximal tubular epithelial cells [6,7].
Recently, Caron et al. [8] demonstrated that renal I/R modifies
the expression and localization of Rac1, RhoA and Cdc42 in the
proximal tubular fractions, correlating with alterations in β-
actin and α-tubulin expression and distribution. However, the
role of RhoGTPases and the contribution of actin cytoskeleton
dynamics to the proximal epithelial cell detachment induced
by I/R still remains poorly defined.

Tubular epithelial cells are attached to the basal membrane
where collagen IV is the major component. This anchorage is
mediated by FAC, formed by actin microfilament bundles and
several multi-protein complexes that include paxillin, focal
adhesion kinase (FAK) and integrins, among others [9]. Little is
known about alterations in the FAC in proximal tubular
epithelial cells during renal ischemia. In this context, we have
recently demonstrated that in vivo I/R induced dephosphoryla-
tion of FAK through β1-integrin deactivation, thus contributing
to the proximal epithelium impairment [10].Weinberg et al. [11]
reported alterations in phosphorylation and distribution of
paxillin, FAK and α6β1 integrin in kidney proximal tubules
submitted to anaerobic mitochondrial metabolism.

Epithelial cell–cell adhesion is established through differ-
ent structures: tight junctions (TJ), adherens junctions (AJ)
and desmosomes. AJ are integrated by cadherins, actin fila-
ments, cytoskeleton associated proteins such as catenins and
other signaling proteins [12]. I/R in proximal tubules as well
as ATP depletion in MDCK cells caused E-cadherin/β-catenin
complex disruption by selective degradation of E-cadherin
[13]. TJ assure a selective permeability barrier and maintain
the polarized phenotype in epithelial cells [12]. They are
composed by transmembrane proteins and cytoplasmic
proteins such as ZO-1 connected to the actin cytoskeleton.
AJ and TJ are structurally and functionally linked: TJ involves
E-cadherin mediated cell–cell interactions [14]. ATP depletion
in vitro models have shown transient disruption and reas-
sembly of TJ [15,16].

The ATP and oxygen alterations subsequent to I/R can lead
to oxidative stress generation. Indeed, several authors have
documented the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS), in animal models of I/R
and in chemical hypoxia/ATP depletion in vitro models.
Additionally, the administration of antioxidants showed
beneficial effects on both in vivo and in vitro systems [17].
Although the implication of oxidative stress in I/R renal
damage is widely admitted, its contribution to proximal
tubular epithelial cell detachment remains quite unexplored.
Regarding this, van Wetering et al. [18] have reported the
involvement of ROS in the regulation of AJ function through
Rac1, in human endothelial cells. In addition, oxidative
conditions through tyrosine phosphorylation of AJ and TJ
proteins might induce redistribution of those proteins as well
as decreased transepithelial electrical resistance in Caco-2
cells [19].

Here we report an integrated study of the mechanisms
involved in the proximal tubular epithelial cell detachment in
response to sublethal ischemia. For that purpose, we have
established an in vitro model, using the proximal tubular
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epithelial rat cell line NRK-52E, which includes nutrients and
oxygen depletion/repletion and provokes cell shedding. By
means of this system, we have demonstrated that cell
detachment involves actin cytoskeleton reorganization, Rac1
activation, FAC disassembly and AJ as well as TJ disruption. In
addition, we have determined that oxidative stress is gener-
ated during hypoxia and it is responsible for disassembly of
FAC components without affecting intercellular unions (AJ or
TJ). Moreover, we conclude that FAC impairment was not
sufficient to provoke cell detachment, which also required AJ
and TJ disruption. These results show, for the first time, that
oxidative stress affects cell–matrix but not cell–cell adhesion
as part of proximal epithelial cell response to ischemia.
Material and methods

Cell culture and H/R in vitro system

NRK-52E cells (ATCC), mycoplasma free, were cultured in
DMEM containing 5% FBS, 2mMglutamine, 100 U/ml penicillin
and 100 μg/ml streptomycin (Invitrogen), in a humidified
atmosphere with 5% CO2 at 37°C. For the in vitro system,
confluent cells on collagen IV (1 μg/ml, SIGMA) were made
quiescent by serum deprivation for 24 h. Monolayers were
cultured for 6 h in HBSS (Invitrogen) and hypoxic atmosphere
1% O2, 94% N2, 5% CO2 (Air liquide) in an hermetic incubator.
Then, they were cultured in complete medium and 5% CO2 for
reoxygenation/recovery in a standard incubator. 6 h of hy-
poxia was chosen because these conditions induce cell
detachment during reoxygenation, without inducing cell
death (apoptosis or necrosis). Serum-starved cells subjected
to the same changes of medium but not to hypoxia were used
as controls for this model: C (6 h).

Cell treatments

As a pro-oxidant treatment, H2O2 (Merck) 1mM for 30minwas
used. As an antioxidant treatment, NAC 10 mM (SIGMA)
during hypoxia (6 h) was used. Antimycin A (SIGMA-Aldrich)
1 μM during 30 min was used as positive control for ATP
depletion.

To inhibit Rac1 activity, cells were treated during hypoxia
with 50 μM of cell permeant NSC23766 (Calbiochem). For RhoA
activity inhibition, cells were treated during hypoxia with non
cell permeant C3 exoenzyme (Clostridium botulinum) 10 μg/ml
(Calbiochem), using the delivery system Pro Trans Reagent
(MoBiTecGmbH,GeneTherapySystem, Inc., USA), according to
the manufacturer's instructions. Alexa488 goat IgG (10 μg/ml)
(Invitrogen) combined with delivery reagent was used as
positive control for protein delivery method. C3 was applied
during hypoxia for technical reasons: C3 delivery is more
efficient in mediumwithout serum and requires at least 4 h of
incubation. Rac1 and RhoA inhibition experiments were
performed three times.

Intracellular ATP levels

ATP levels in lysates from cells upon H/R and also cells treated
with Antimycin A were determined using the ATP bioluminis-
cence CLS kit from Amersham-Pharmacia, following manu-
facturer's instructions.

Actin cytoskeleton staining and immunofluorescences

NRK-52E cells were grown on coverslips coated with collagen
IV (1 μg/ml, SIGMA-Aldrich). To visualize the actin cytoskel-
eton, cells were fixed in 3.7% formaldehyde, permeabilized
with 0.5% Triton X-100, blocked in PBS 1% BSA and stained
with Phalloidin-Alexa568 (50 U=165 nM, Invitrogen). For FAK,
p-FAK and paxillin immunofluorescence, cells were processed
as above and incubated in PBS 1% BSA containing anti-FAK
1:50 (Santa Cruz Biotechnologies), anti-p-FAK (Tyr 397) 1:50
(Santa Cruz Biotechnologies) and anti-paxillin 1:50 (Upstate
Biotechnologies), followed by the appropriate secondary
antibodies: anti-rabbit FITC 1:100 (Jackson ImmunoResearch
Laboratories) and anti-mouse Alexa488 1:100 (Invitrogen).
For double staining E-cadherin/actin, E-cadherin/β-catenin
or E-cadherin/ZO-1, cells were fixed in 1:1 methanol/acetone,
blocked and incubated in PBS 1% BSA containing anti-E-
cadherin 1:200 (BD Transduction Laboratories), anti-actin 1:50
(Santa Cruz Biotechnologies), anti β-catenin 1:200 (R&D
System) and anti-ZO-1 :200 (Zymed Laboratories), followed by
the appropriate secondary antibody: anti-mouse Alexa594
1:100, anti-rabbit Alexa488 1:100 or anti-goat Alexa488 1:200
(all from Invitrogen). After washing, samples were mounted
with mowiol (Calbiochem) and observed using a Leica TCS-
SP2-AOBS-UV confocal inverted microscope. Images and
quantifications shown were obtained and processed with
Leica Confocal Software. Immunofluorescence experiments
were performed at least three times.

Pull down assays and Western blotting

Cells were lysed in 1% Triton X-100, 1% NP-40, 0.25% sodium
deoxycholate, 1 mM DTT with protease inhibitors: 1 μg/ml
aprotinin, 1 μg/ml leupeptine, 25 mM AEBSF and phosphatase
inhibitors: 25 mM sodium fluoride and 1 mM sodium
orthovanadate (all from SIGMA-ALDRICH), during 20 min at
4°C. Pre-cleared supernatants were used for pull down assays
and/or western blotting. Rac1 and RhoA pull down assays
were performed as previously described [20]. Briefly, cell
lysates were incubated with 20 μg of GST-Pak1 (57-141 aa) or
GST-Rottekin (1–89 aa) during 30min at 4°C. GST-Pak and GST-
Rottekin were previously bound to 4B Glutation sepharose
beads (Amersham-Pharmacia), as per the manufacturer's
instructions. Then, the beads were washed in lysis buffer.
Bound Rac-GTP and RhoA-GTP were resolved by 15% SDS-
PAGE and determined by immunoblotting, using monoclonal
anti-Rac1 (BD transduction laboratories) and polyclonal anti-
RhoA (Santa Cruz Biotechnology), also used for determining
total protein expression.

To determine FAK, p-FAK, paxillin, E-cadherin and β-
catenin expression, we performed 8% and 10% SDS PAGE
gels (BioRad) transferred to PVDFmembranes (BioRad), blotted
with the same antibodies used for IF and developed by ECL
system (Amersham-Pharmacia). Quantification of ECL signals
was performed using Scion Image software.

Cell lysates, from three independent H/R kinetics, were
used for pull down assays and western blot.
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Cell detachment quantitation and adhesion assays

Detached and attached cells after trypsinization were quan-
tified by flow cytometry. Previously, the NRK-52E cell popula-
tion was labeled with the vital probe BCECF-AM (2′,7′-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester) 1 μM during hypoxia.

For adhesion assays, cells submitted to H/R were labeled
with BCECF-AM 1 μM for 30 min at 37°C, trypsinized and 1×104

cells were allow to attach to collagen IV-coated 96 well plates,
for 30 min at 37°C. After washing, cells were lysed in PBS con-
taining 10% SDS and the fluorescent emissionwasmeasured at
480 nm by fluorimetry.

Non-selective monolayer permeability

Confluent cells on transwells coated with collagen IV (1 μg/ml)
were submitted to H/R and incubated for 15minwith 1% trypan
blue in culture medium (Invitrogen) at 37°C. Epithelial barrier
integrity was estimated measuring the amount of trypan blue
contained in the recovered lower chambermedium, by spectro-
metry at 595 nm.

ROS production

Cells submitted to H/R were labeled with H2-DCFDA (2′,7′-
dichlorodihydrofluorescein diacetate) 5 μM or DHR (Dihydror-
Fig. 1 – H/R in vitro induces loss of NRK-52E cell adhesion and
previously labeled with BCECF-AM, estimated by flow cytometr
different times of reoxygenation, was estimated measuring flu
the cells with BCECF-AM. (D) Relative intracellular ATP levels in
whole cell lysates, using a fluorimeter. Signal corresponding to
was used as positive control for ATP depletion. In all graphs, d
experiments. *P<0.01 comparing with C (6 h) except in panel A
(R-12 h) and C (R-24 h).
odamine) 5 μM, for 6 h at 37°C in HBSS without phenol red.
Then, cells were trypsinized, washed and resuspended in PBS.
Fluorescent emission was quantified by flow cytometry
(FACScan cytometer, BD) and the results were analyzed
using WinMD software.

ROS generation was estimated in three independent
experiments for each probe.

Statistical analysis

Statistical significance of experimental differences was esti-
mated by ANOVA and Student's t test using Prism software
(GraphPad, Inc.). P value <0.05was considered to be significant.
Results

Proximal tubule epithelial cells detach in response to
sublethal ischemia

As we previously reported, sublethal renal ischemia of
45 min followed by reperfusion induces proximal tubular
epithelial cell detachment in rats, which is maximum at 24 h
[10]. To explore the mechanisms involved, we have estab-
lished an in vitro model using NRK-52E proximal tubular
cells, which entails changes in nutrient and oxygen avail-
ability (described on Material and methods). For simplicity,
ATP depletion. (A) Ratio of detached/total cells under H/R,
y. (B) Cell adhesion to collagen IV matrix after hypoxia and
orescence in cell lysates by fluorimetry, previously labeling
cells submitted to H/R, estimated by bioluminescence in

C (6 h) was considered as 1 and treatment with Antymicin A
ata are represented as mean± SEM for four independent
in which they are compared with their respective controls C



Fig. 2 – Effects of H/R on actin cytoskeleton organization, cell size and monolayer integrity. (A) Representative confocal
microscopy images (maximum projections) of phalloidin staining showing actin cytoskeleton reorganization, cell contraction
and cell protrusion, during theH/R protocol. Protruding cells are indicated by arrows in the orthogonal projections. Additionally,
loss of monolayer integrity is evidenced by the increasing intercellular gaps at reoxygenation time points (15 min–6 h). Scale
bar: 23.81 μm (B). Cell surface quantification of 10 cells from each one of 5 different fields from each condition, expressed on
μm2, was calculated using Leica Lite Confocal Software. Data are represented as mean±SEM from three independent
experiments. *P<0.05; **P<0.01 comparing with C (6 h). (C) Epithelial monolayer permeability, using transwell, was estimated
after monolayer incubation with trypan blue, by determining the absorbance of lower chamber medium at 595 nm. Data are
represented as mean±SEM from four independent experiments. *P<0.01 comparing with C (6 h).
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we refer to this model as hypoxia/reoxygenation (H/R) even
though it involves both oxygen and nutrient alterations.

To estimate the degree of cell detachment induced by H/R,
we quantified detached cells by flow cytometry. Fig. 1A shows
that NRK-52E submitted to hypoxia detached significantly
during the following 12–24 h of reoxygenation in comparison
to control cells. No significant differences in the total number
of cells among all the conditions were found. Additionally, we
have performed adhesion assays to study alterations in the
capacity of NRK-52E cells submitted to H/R to attach on
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collagen IV. Hypoxia by itself reduced adhesion by 30%, in
comparison to the control (Fig. 1B). The capacity of NRK-52E
cells to adhere to collagen IV was completely restored after
12 h of reoxygenation, when the percentage of detached cells
reached the maximum (Fig. 1B).

Additionally, hypoxia induced a significant but moderate
decrease in intracellular ATP levels (Fig. 1C) which rapidly
recovered during the reoxygenation phase, with several impli-
cations aswewill discuss later. AntimycinA, used as a control,
induced a pronounced ATP depletion. H/R-induced alterations
in ATP levels did not result in significant apoptosis or necrosis,
in contrast to Antimycin A treatment [54]. These results
indicate that this in vitro system could be used to study
mechanisms involved in the proximal epithelial cell response
to sublethal renal ischemia in vivo, since the H/R protocol
established induces primarily the loss of NRK-52E cell adhe-
sion, not loss of cell viability.

H/R induces actin cytoskeleton reorganization, cell contraction
and loss of monolayer integrity in NRK-52E cells

The loss of adhesion implies significant changes in epithelial
cell morphology and monolayer integrity. In order to explore
both aspects, we have used phalloidin staining and confocal
microscopy to monitor the changes in F-actin induced by H/R.
As it can be observed in Fig. 2A, hypoxia induced the
disappearance of stress fibers, although cortical actin
remained well organized. However, staining for both cortical
actin and stress fibers was significantly reduced during the
early times of reoxygenation (15 min to 3 h), as compared with
control, indicating actin depolymerization. Orthogonal projec-
tions showed that several cells lost contact with the substrate
and protruded upwards without detaching completely from
the plate (indicated by arrows). This phenomenon, which we
called cell protrusion, started during hypoxia and continued
during very early times of reoxygenation, being more evident
at 30 min. At 12 h of reoxygenation, the cytoskeleton
organization resembles the control condition.

Reoxygenation was also accompanied by an evident
decrease in the cell surface, which was indicative of cell
contraction. Quantification of this effect is shown in Fig. 2B.
The planar cell surface area was reduced significantly during
early times of reoxygenation (15 min–3 h), in comparison with
control cells C (6 h), being minimal at 30 min and coinciding
with the time of maximal cell protrusion. Again, at 12 h of
reoxygenation, cell surface was restored.
Fig. 3 – H/R induces changes in endogenous Rac1 and RhoA acti
NSC23766 and specific RhoA inhibitor C3 exoenzyme. (A) Rac1-G
total Rac1 and RhoA levels determined by western blot, represen
the above mentioned active forms by densitometry, corrected by
three independent experiments are shown. *P<0.01 comparing t
confocal microscopy images (maximum projections) of phalloidi
contraction and cell protrusion, during the H/R protocol in the pre
C3 exoenzyme (Clostridium botulinum) 10 μg/ml added during h
orthogonal projections. Alterations in monolayer integrity are ev
23.81 μm. Ratio of detached/total cells at 24 h of reoxygenation,
50μMNSC23766 (D) andC3 exoenzyme10μg/ml (E); cellswere pr
without inhibitor.
On the other hand, cell contraction resulted in loss of the
monolayer integrity, since at early times of reoxygenation
(30 min–3 h), the intercellular contacts appeared disrupted at
several sites with the appearance of gaps between cells. To
assess the functional consequences of these morphological
changes, we quantified the epithelial barrier permeability.
Trypan blue dye added on top of the monolayer in a transwell
was recovered from the lower chamber in higher amounts at
early times of reoxygenation (30min–3h) (Fig. 2C), thus showing
a transient increase in epithelial barrier permeability, which
was coincident with the visual observations of monolayer
integrity interruption. Epithelial barrier integrity was complete-
ly restored at 12 h.

The phenomena described above correlate with the loss of
adhesion to collagen IV under H/R, described on Fig. 1.
Moreover, all these alterations were restored at 12 h when
the cell detachment did not increase any longer.

H/R induces changes in Rac1 and RhoA activity correlating
with actin cytoskeleton reorganizations in NRK-52E cells

Actin cytoskeleton dynamics is regulated, among other factors,
by the activity of Rho GTPases. Cortical actin structure and
stress fibers formation involve the activity of Rac1 and RhoA.
Because H/R induced actin cytoskeleton alterations in NRK-52E
cells, we have measured the activity of endogenous Rac1 and
RhoA in these conditions, by performing pull down assays. As it
is shown inFig. 3A,hypoxia inducedan increase inRac1activity.
However, during reoxygenation Rac1 activity decreased mark-
edly, even below the detection levels of this assay. RhoAactivity
showedabiphasicpatternwitha slight increaseduringhypoxia,
muchmoremarkedat 15min of reoxygenation, and followedby
a second peak between 1 and 3 h. The total levels of Rac1 and
RhoA proteins did not show significant changes.

These results indicate that H/R experimental conditions
induce marked alterations in the activity of endogenous Rac1
and RhoA which may be involved in the actin cytoskeleton
reorganization associated with NRK-52E cell detachment. To
asses this issue, cells were treated with NSC23766 50 μM and
C3 exoenzyme 10 μg/ml, specific inhibitors of each activity
respectively. These concentrations have been reported to
inhibit Rac1 and RhoA activities efficiently [51,52].

As is shown in Fig. 3B, the presence of the Rac1 inhibitor
NSC23766 during hypoxia reduced cell body contraction and
cell protrusion at very early times of reoxygenation (30 min),
observable by F-actin staining and confocal microscopy
vities in NRK-52E cells. Effects of specific Rac1 inhibitor
TP and RhoA-GTP levels determined by pull-down assay and
tative assay is shown. Quantification of the relative levels of
the total levels of expression of both proteins, means±SEM of
o C (6 h); &P<0.01 comparing with C (6 h). Representative
n staining showing actin cytoskeleton reorganization, cell
sence or absence of 50 μM NSC23766 during hypoxia (B) and
ypoxia (C). Protruding cells are indicated by arrows in the
idenced by the appearance of intercellular gaps. Scale bar:
estimated by flow cytometry, in the presence or absence of
eviously labeledwith BCECF-AM. *P<0.01 comparing to R-24 h
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analysis. This result correlates with the significant reduction
in cell detachment at 24 h of reoxygenation observed in
those cells treated with NSC23766 during hypoxia (Fig. 3D).
On the other hand, as shown in Fig. 3C, NRK-52E cells
treated with the RhoA specific inhibitor C3 exoenzyme
exhibit reduced cell contraction and protrusion at very early
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times of reoxygenation (15 min) but a significant increase
in both phenomena at 1 h of reoxygenation. At 6 h, the
cytoskeleton organization and monolayer structure resem-
ble the conditions without inhibitor, as estimated by
phalloidin staining and confocal microscopy analysis. Cell
detachment at 24 h of reoxygenation in the presence of C3,
estimated by flow cytometry, did not show significant
differences with respect to untreated cells detachment. As
it was expected, C3 by itself reduced stress fibers in control
(C (6 h)+C3).

Taken together, these results indicate that alterations in
actin cytoskeleton organization, cell size and cell detachment
observed in NRK-52E cells submitted to H/R correlate with
alterations in Rac1 and RhoA activities.

H/R induces transitory disruption of adherens and tight
junctions in NRK-52E cells

As described above, H/R leads to the appearance of intercellu-
lar gaps and loss of monolayer integrity. To get further insight
into the mechanisms responsible for these processes, we
studied whether the structures involved in cell–cell adhesion
were affected under our experimental conditions.We explored
the distribution of endogenous AJ components, including E-
cadherin and β-catenin, as well as actin organization, by
inmunofluorescence. As it can be observed in Fig. 4A, E-
cadherinwas distributed continuously along themembrane in
control cells, co-localizing with cortical actin at the sites of
intercellular contacts. However, this pattern was lost during
hypoxia and very early times of reoxygenation (15 min–1 h),
coinciding with the loss of monolayer integrity. Moreover, E-
cadherin staining suffered redistribution towards the cyto-
plasmic region underneath the cell membrane, at the sites of
disrupted cellular contacts. Interestingly, continuous E-cad-
herin membrane staining is recovered after 1 h of reoxygena-
tion. Late in the reoxygenation phase (6–12 h), E-cadherin
staining completely resembled the control situation. In this set
of experiments, the distribution of actin was explored by
means of an anti-actin antibody. It is important to note that
staining with this antibody confirmed the occurrence of
cellular contraction as well as the loss of monolayer integrity
observed with phalloidin staining (Fig. 2). Correlative altera-
tions were observed in the distribution of β-catenin: removal
from the membrane during hypoxia and very early times of
reoxygenation (15min–1 h) and recovery of the control pattern
from 6 h (Fig. 4A).

Although continuous E-cadherin/β-catenin staining be-
tween contiguous cells appears recovered at 1 h, significant
cytoplasmic staining near the plasma membrane is still
observed until 6 h of reoxygenation (indicated by asterisks).
In any case, E-cadherin and β-catenin removal was not due to
specific degradation of these proteins, as we have confirmed
by western blot (Fig. 4B).
Fig. 4 – Transient disruption of AJ and TJ induced byH/R. (A) AJ int
β-catenin, ZO-1 and actin immunostaining, visualized by confoc
were taken at the level of the AJ or TJ. Scale bars: 20 μm. A trans
these proteins, during hypoxia and very early times of reoxygena
E-cadherin and β-catenin cytoplasmic staining near to plasma m
changes in E-cadherin or β-catenin protein levels relative to acti
Additionally, we have also analyzed the integrity of the TJ,
which assure epithelial barrier impermeability and are
compromised when AJ alterations occur, performing ZO-1
immunofluorescence. As it can be observed in Fig. 4A, ZO-1
was continuously distributed along the plasma membrane in
control cells and during hypoxia. Correlating with E-cadherin
alterations, ZO-1 staining was disrupted at very early times of
reoxygenation (15 min–1 h). Late in the reoxygenation (6 h),
the distribution of ZO-1 resembles that of control cells.

These results suggest that the transient disruption in the
distribution of E-cadherin/β-catenin complexes and ZO-1 pro-
tein along the membrane plays a role in the loss of monolayer
epithelial integrity, in the alteration of the epithelial barrier
function andmayalso contribute to epithelial cell detachment.

H/R induces transient disruption of focal adhesion complexes
in NRK-52E cells

FAC mediate cell adhesion to the substrate requiring the
assembly of multiple components. Because H/R experimental
conditions induce loss of NRK-52E cell adhesion to collagen IV,
we explored the localization of several endogenous compo-
nents of FAC, i.e., actin stress fibbers, paxillin and p-FAK, in
cells subjected to H/R, by phalloidin staining, immunofluo-
rescence and confocalmicroscopy. As it can be observed in Fig.
5A, control cells showed co-localization of actin stress fibers
and paxillin. This pattern was lost during hypoxia and early
times of reoxygenation (15 min–3 h), being restored at 6 h of
reoxygenation. Higher magnification of C (6 h) and R-6 h
images showing this co-localization are also presented (i; ii).
Western blot analysis showed that paxillin levels were not
significantly affected by H/R (Fig. 5A).

Additionally, H/R altered the distribution of p-FAK (see Fig.
5B). Co-localization of p-FAK and actin stress fibbers was lost
during very early times of reoxygenation (15 min–1 h) and
recovered at 3 h, without remarkable changes in total FAK
distribution (data not shown). Western blot analysis showed
that p-FAK was dephosphorylated during hypoxia and very
early times of reoxygenation (15–30 min) (Fig. 5B) coinciding
with the diminished immunostaining and mis-location of the
protein from FAC. However, total FAK levels did not change
significantly, as estimated by western blot. Quantification of
FAK phosphorylation levels relative to total FAK expression is
also shown (Fig. 5B).

Taken together all these results show that H/R induces a
reversible disassembly of FAC components in NRK-52E cells,
leading to transient FAC disruption. These alterations may
play a key role in the cell detachment induced by H/R.

ROS are generated during deprivation phase in NRK-52E cells

In many experimental systems, alterations in oxygen and
nutrients are associated with oxidative stress generation. We
egritywas determined by immunofluorescence of E-cadherin,
al microscopy. The representative confocal images shown
ient disruption of the distribution along the membrane of all
tion (15min–1 h),marked by arrowheads, is observed.Marked
embrane (1–6 h) is marked by asterisks. (B) No significant
n were observed by western blot.
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have measured ROS production in NRK-52E cells submitted to
H/R by flow cytometry, using H2-DCFDA and DHR. Interest-
ingly, as observed in Fig. 6A and Fig. 6B, there is a significant
increase in the generation of ROS occurred during hypoxia,
returning to basal levels [C (6 h)] between 30 min and 1 h of
reoxygenation. Treatment of NRK-52E cells with 1mMH2O2 for
30 min was used as a positive control for ROS generation in
both cases.



Fig. 6 – Oxidative stress is generated during hypoxic/starvation phase and activates Rac1 in NRK-52E cells. MnSOD expression
under H/R. ROS generation was determined by flow cytometry, using H2-DCFDA in panel A and DHR in panel B, in cells
submitted to H/R. ROS were generated during hypoxia and rapidly scavenged. H2O2 1 mMwas used as positive control for both
probes. (C) Representative image of the transient induction during reoxygenation ofMnSODexpression, determined bywestern
blot. Quantification of MnSOD expression levels relatives to actin is also shown. (D) Percentage of positive cells for ROS
generation, in the presence or absence of NAC, estimated by flow cytometry, using H2-DCFDA. Data from three independent
experiments are presented as mean±SEM. Notice that NAC reduce ROS production significantly. (E) Representative pull down
assay to determine Rac1 activity in the presence or absence of NAC, showing that Rac1 activation is dependent on ROS
generation. Quantification of the ratio Rac1-GTP/total Rac1 is also shown.
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ROSgeneratedduringhypoxia correlateswith a decrease on
MnSOD expression and the quick ROS scavenging observed
early during reoxygenationwith an induction of these enzyme
(15min–3h), estimated bywestern blot (Fig. 6C). Quantification
of MnSOD expression relative to actin is also shown. On the
other hand, the addition of 10 mM N-acetylcysteine (NAC)
during hypoxia also reduced significantly (40%) the ROS
generated. The effect of NAC on ROS generation was assessed
using both H2-DCFDA and DHR, and the quantification
correspondent to H2-DCFDA used is shown in Fig. 6D.
Fig. 5 – H/R induces transient disassembly of FAC in NRK-52E ce
mislocalization of paxillin (green) and stress fibers (red), (B) the m
immunofluorescence, phalloidin staining and confocalmicroscop
h–3 h). The representative confocal images shownwere taken at
(B) C (6 h) 9.54 μm, rest 8 μm. Higher magnification of fields from
significant changes in paxillin expression in comparison to actin
protein levels were also determined by western blot (B), reveling
early times of reoxygenation (15–30min). Quantification of p-FAK
mean±SEM is also shown. *P<0.05; **P<0.01 comparing with C (
Since Rac1 could be the cause or the consequence of ROS
generation depending on the cell system, to clarify this issue
in our H/R model, we have measured Rac1 activity in the
presence of NAC, performing pull down assays. As it can be
observed in Fig. 6E, NAC treatment during hypoxia abrogates
Rac1 activation. Quantification of Rac1 activity is also shown
in this figure.

All these results indicate that, inNRK-52E cells submitted to
H/R, ROS are generated during hypoxia and quickly scavenged
because of MnSOD induction among others mechanisms.
lls. FAC components disassembly was evidenced by (A) the
islocalization of p-FAK and stress fibers, visualized by

y, during hypoxia and early times of reoxygenation (15min–1
the level of the focal adhesion contacts. Scale bars: (A) 20 μm,
C (6 h) and R-6 images are presented on the right (i; ii). No
were observed by western blot (A). p-FAK and total FAK

transient dephosphorylation of FAK during hypoxia and very
vs. total FAK of three independent experiments expressed as
6 h).
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Additionally, ROS are mediating the hypoxia-induced Rac1
activation reported here.

ROS generated during hypoxia are responsible for
FAC disruption but do not affect AJ neither TJ

To elucidate the involvement of ROS generated during hypoxia
in NRK-52E cell detachment, we have studied the effects of
Fig. 7 – Effect of NAC on FAC disassembly, FAK phosphorylation,
10 mM treatment during hypoxia on paxillin (green) distribution
immunofluorescence, phalloidin-Alexa 568 staining and confoca
mislocation during hypoxia and early times of reoxygenation. Ef
(B) and ZO-1 (C) distribution along themembrane, visualized by im
E-cadherin nor ZO-1 transient disruption observed during hypox
indicated by arrowheads. Scale bars: 20 μm. (D) NAC did not abr
estimated by flow cytometry. Cell detachment is expressed as m
previously labeled with BCECF-AM. No statistically significant di
NAC in our model, determining changes in actin cytoskeleton
organization, in focal adhesion and intercellular adhesion
integrity and finally, in cell detachment. NAC 10 mM was
applied only during hypoxia and the results are shown on Fig.
7. The presence of NAC during this phase abolished the
alterations in stress fiber formation and paxillin/actin co-
localization in the focal complexes, observed during very early
times of reoxygenation (15 min–1 h) (Fig. 7A). Additionally, the
AJ disruption and NRK-52E cell detachment. (A) Effects of NAC
and co-localization with actin stress fibbers (red), analyzed by
l microscopy. NAC abrogates significantly paxillin-actin
fects of NAC 10 mM treatment during hypoxia on E-cadherin
munostaining and confocalmicroscopy. NAC did not prevent
ia and very early times of reoxygenation (15 min–1 h),
ogate cell detachment evidenced at 12 h of reoxygenation, as
ean percentage±SEM of detached cells vs. total cells,
fferences were found between R-12 h and R-12 h+NAC.
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NAC treatment reverts almost completely the transient FAK
dephosphorylation and removal from FAC observed very early
in the reoxygenation (data not shown).

Nevertheless, the presence of NAC during hypoxia did not
have any beneficial effect on AJ or TJ disruption. In fact, NAC
did not avoid E-cadherin redistribution observed during
reoxygenation (15 min–3 h) or ZO-1 removal from the plasma
membrane (R-30 min–R-1 h), as shown on Fig. 7B and 7C
(indicated by arrowheads).

Then, we analyzed the effect of NAC administration during
hypoxia in the NRK-52E cell detachment induced by H/R,
quantifying detached cells by flow cytometry. As it can be
observed in Fig. 7D, the presence of NAC during hypoxia did
not reduce the H/R-induced cell detachment, estimated at 12 h
of reoxygenation.

Taken together, these results demonstrate that oxidative
stress is responsible for the FAC disassembly but not the AJ
and TJ disruption induced by H/R in NRK-52E cells. Moreover,
they suggest that ROS-dependent FAC disassembly is not
sufficient for cell detachment, which also requires ROS-
independent intercellular adhesion disruption.

To study further this issue, we exposed NRK-52E cells to
1 mMH2O2 for 30 min to reproduce the pro-oxidant conditions
generated during hypoxia. As it can be observed in Fig. 6, 1mM
H2O2 induced ROS generation estimated by both H2-DCFDA
and DHR, analogously to hypoxia. Confluent NRK-52E cells
starved of serum for 24 h (ST) were used as a control for H2O2

treatment. As shown in Fig. 8A, H2O2 by itself did not induce
NRK-52E cell detachment but reduced the capacity of these
cells to adhere to collagen IV by 28%, without affecting cell
viability. This effect on cell adhesion was similar to the one
described for hypoxia (Fig. 1).

H2O2 induced cortical and cytosolic actin reorganization in
comparison with ST cells but did not provoke cell body
contraction, cellular protrusion or loss of epithelial monolayer
integrity (Fig. 8B). In fact, the quantification of the epithelial
barrier permeability by trypan blue assay, did not show
significant differences between H2O2-treated and ST cells (in
relative units to ST=1: H2O2=1.04±0.03).

We next explored the effect of oxidative stress on the
proteins involved in cell–cell adhesion. As it is shown in Fig.
8C, the AJ were not affected by H2O2 treatment. The
localization of E-cadherin at the membrane was not altered
Fig. 8 – Effects of H2O2 in NRK-52E cell adhesion. (A) Left
panel: effect of 1 mM H2O2 30 min treatment in cell
detachment estimated by flow cytometry (ST=serum starved
cells). Cells were previously labeledwith BCECF-AM. Data are
represented as mean±SEM from four independent
experiments. H2O2 treatment did not induce NRK-52E cell
detachment. Right panel: cell adhesion to collagen IV in H2O2

treated and ST cells, measured by fluorimetry, labeling the
cells previously with BCECF-AM. Data are represented as
mean±SEM from four independent experiments. *P<0.01
comparing with ST. H2O2 treatment reduced cell adhesion to
collagen IV matrix (20%). (B) H2O2 effect in actin cytoskeleton
organization, cell size and monolayer integrity, determined
by phalloidin-Alexa568 (red) staining. Cross-sections of the
series are shown. H2O2 did not provoke cell contraction, cell
protrusion or loss of monolayer integrity, even though it
induced actin reorganization. H2O2 did not alter AJ (C) and TJ
(D) integrity, by analysis of E-cadherin (red) and ZO-1 (green)
distribution, respectively, visualized by
immunofluorescence and confocal microscopy. (E) H2O2

treatment induces transient FAC disassembly, determined
by immunofluorescence of paxillin (green) and
phalloidin-Alexa568 staining (red). Removal of paxillin from
FAC and co-localization with cortical actin is evidenced by
arrowheads. All scale bars: 20 μm. Representative confocal
images of all the experiments are shown.
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by this treatment in comparison to ST cells. Similarly, H2O2

treatment did not have any effect on ZO-1 distribution (Fig.
8D). These findings are in agreement with the lack of effect of
H2O2 treatment on epithelial monolayer barrier integrity
described above.

Next, we evaluated the effect of H2O2 on the assembly of
FAC (Fig. 8E). Similarly to hypoxia, but more markedly, H2O2

treatment reduced stress fibers formation and provoked the
loss of co-localization with paxillin at the adhesion com-
plexes, in comparison with ST cells. H2O2 treatment resulted
in a very peculiar paxillin distribution, characterized by a clear
co-localization with cortical actin (indicated by arrowheads in
Fig. 8E).

Therefore, H2O2 treatment produced a disruption of FAC
without affecting AJ or TJ and without inducing cell detach-
ment. Nevertheless, H2O2 affected the capacity of NRK-52E
cells to attach to collagen IVmatrix. Thismay confirm that the
disruption of FAC is not sufficient to induce cell detachment
unless it is accompanied by alterations in the intercellular
adhesion (AJ and TJ).

In summary, ROS generated during hypoxia are responsible
for focal adhesion and actin cytoskeleton alterations in NRK-
52E cells submitted to H/R, contributing to cell detachment.
However, ROS did not affect intercellular adhesion, which is
required for cell shedding after ischemia.
Discussion

The present work describes the sequence of molecular and
cellular processes mediating proximal epithelial cell detach-
ment consequently to sublethal renal ischemia—in vitro
mimicking conditions, elucidating also, for the first time, the
contribution of the oxidative stress on this effect. By means of
an experimental in vitro model, we have demonstrated that
ROS generated during deprivation phase, from oxygen and
nutrients, mediates alterations in cell–matrix adhesion but
not in cell–cell adhesion.

Using NRK-52E cells, we have established an in vitromodel,
which includes oxygen and nutrient alterations and repro-
duces the proximal epithelial cell detachment observed in the
renal I/R rat model. No significant cell death was found in our
H/R model, consistent with the occurrence of a moderate
decrease in ATP levels. ATP depleting compounds have been
extensively used in an attempt to mimic ischemic injury
provoking a very pronounced ATP reduction and leading to
cell death [3]. In fact, we have observed that Antimycin A
treatment provoked a drastic reduction of the intracellular
ATP levels and consequently apoptosis and necrosis in NRK-
52E cells [54]. On the other hand, it has been reported that
hypoxia (1%O2, 36 h) by itself induced non-lethal renal
epithelial dysfunction in the proximal human epithelial cell
line HK-2 [21].

Similarly to the observations made using the in vivo I/R rat
model [10], proximal epithelial cell detachment is evident
during recovery/reoxygenation phase under our in vitro
conditions. Nevertheless, the results presented here proved
that this phenomenon is a consequence of mechanisms
triggered both during hypoxia and reoxygenation phases. In
addition, the complete recuperation of H/R-induced morpho-
logical changes in NRK-52E cells after 12 h of recovery is
analogous to the proximal epithelium restoration described in
vivo after 24–48 h of reperfusion [2].

Our results demonstrate that nutrients and oxygen altera-
tions affect actin cytoskeleton organization (cortical actin and
stress fibers), leading to NRK-52E cell contraction, protrusion
and detachment. Actin alterations have been extensively
described in the proximal tubule injury, using renal I/R animal
models [4] and in vitro ATP depletion systems [22]. Mechan-
isms underlying actin alterations, as a direct effect of changes
in ATP levels and oxygen tension, have not been completely
elucidated. However, I/R or ATP depletion/repletion affects the
activity of actin binding proteins (ABP) which may modulate
actin polimerization in an ATP-dependent manner [23].
Regulation of ABP activity in response to the ATP alterations
observed in our H/R system, could contribute to the actin
cytoskeleton reorganization described here. The Rho family
regulates most of the actin-dependent processes in the cell.
Rac1 signaling induces actin polymerization at the cell
periphery; RhoA induces stress fiber and FAC assembly [5].
RhoA and Rac1 also regulate TJ and AJ assembly and function
in epithelial cells [24,25]. Here we have found significant
changes in Rac1 and RhoA activity duringH/R in NRK-52E cells.
The low RhoA activity during hypoxia could be mediated by
ATP depletion and could contribute to ischemic cytoskeletal
injury, as it has been previously suggested [6]. The two
subsequent periods of higher RhoA activity could be related
to the induction of cell body contraction and to in the later
recovery of focal adhesions and intercellular unions, respec-
tively. In fact, the use of C3 exoenzyme, a specific inhibitor of
RhoA activity, in our H/R protocol supports this hypothesis,
since very early cell contraction and protrusion were delayed
in its presence, which could be also affecting subsequent FAC
and AJ recovery. Regarding this, McBeath et al. [26] demon-
strated that cell shape modulates RhoA activity, which
regulates, in turn, contractility and drives focal adhesion
assembly [27]. However, even if changes in RhoA activity
mediate cell alterations during H/R, these changes appear not
to be essential for cell detachment, as the use of C3 revealed
(Fig. 3E). Strikingly, we have observed a significant activation
of Rac1 during hypoxia, an effect which has not been
previously detected using other H/R or I/R experimental
models [8,28]. Moreover, Rac1 activation is involved in NRK-
52E cell contraction, protrusion and detachment during H/R
since the use of the specific Rac1 inhibitor NSC23766 reduced
all these phenomena significantly (Fig. 3B and C). These
results agree with those recently published demonstrating
that Rac1 activity is critical for actin stress fiber formation and
focal adhesion complex assembly inMEFs, acting downstream
or in parallel to RhoA activity [53]. Furthermore, coordinated
action of Rac1 and RhoA activities appears to be important for
events involving actin cytoskeleton reorganization and con-
sequently, a crosstalk between Rac1 and RhoA in the NRK-52E
cell response to H/R is conceivable, as other authors have
described using other cell types [28].

Our findings also demonstrate that the continuous distri-
bution of E-cadherin and β-catenin along the membrane was
transiently disrupted in NRK-52E cells submitted to H/R,
without detectable changes in total E-cadherin or β-catenin
levels. This phenomenon was contemporary with the loss of
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epithelial monolayer integrity as well as with cell body
protrusion and detachment. It has been reported that ATP
depletion may induce AJ disruption leading to E-cadherin
internalization towards the cytosol [29]. Consistent with this,
our results suggest that intact E-cadherin/catenin complexes
moved from the membrane to the cytosol and relocated later
on, as it has been also previously proposed for ATP depletion
systems [30] and for short-term renal ischemia [31]. Absence
of AJ components degradation would facilitate the rapid
intercellular union restoration andmonolayer integrity recov-
ery observed here. However, during more severe ischemia or
more pronounced ATP depletion in MCDK and in NRK-52E
cells E-cadherin can also suffer selective degradation [13,32].

It is important to note that E-cadherin also controls TJ
assembly structures [33] in systems which include ATP
alterations [14]. In fact, our results demonstrate that the
continuous distribution of ZO-1 along the membrane is also
interrupted during H/R. Changes in ZO-1 distribution follow-
ing E-cadherin/β-catenin complexes disruption correlated
with transient epithelial integrity barrier alterations reported
here. It has been described that ATP depletion leads ZO-1 to
form insoluble complexes and associate with the cytoskeleton
[16]. ZO-1 integrating those complexes could compromise the
correct structure and functionality of the TJ in our H/R model
and would also facilitate NRK-52E cell detachment. Following
AJ and ATP levels recovery, TJ reassembly might involve both
RhoA activation and Rac1 inactivation, among other factors,
as previously suggested [34]. Moreover, Bruewer et al. [35]
recently demonstrated that activation or inactivation of a
single GTPase enhanced intercellular permeability, proposing
that epithelial cell–cell union alterations involve an imbalance
in active vs. resting GTPases levels, as the results presented
here have indicated.

We also demonstrated here that H/R induces transient
disruption of FAC in NRK-52E cells by disassembly of their
components, coincident with cell protrusion and detachment.
We observed reversible redistribution of paxillin and p-FAK as
well as FAK dephosphorylation during H/R. This redistribution
may be involved in the FAC disassembly and the cell
detachment observed in our H/R conditions. In addition, de-
phosphorylation of FAK can contribute to the loss of interac-
tion between FAK and paxillin and loss of FAK location in the
focal contacts [36]. Changes in the phosphorylation of the FAC
components have been associated with ATP alterations in
isolated rabbit proximal tubules [11] as well as in endothelial
cells submitted hypoxia [37]. Regarding this, unpublished data
from our laboratory indicate a reversible decrease in proteins
tyrosine phosphorylation concomitant with diminished ATP
levels, as observed elsewhere. More recently, dephosphoryla-
tion of FAK has been reported in the presence of HIF-
1α upregulation related with adhesion and migration, in
smooth muscle cells [38]. Preliminary results of our laboratory
indicated that the sameH/R protocol used here induces HIF-1α
protein accumulation during hypoxia in the proximal human
epithelial cell line HK-2 [55]. On the other hand, although
alterations in paxillin and FAK localization have been
proposed to be the result of protein degradation [39], we
have not observed changes in the total levels of either protein.
Indeed, we postulate here that redistribution but not degra-
dation of FAC components during FAC disassembly facilitates
the rapid recovery of the system after ATP and oxygen
repletion.

It is widely accepted that oxidative stress, in particular the
ROS generated during the reperfusion period, underlies renal
tissue damage associated to I/R. This assumption is also based
in the protective effects of antioxidants administration in
experimental models of I/R [1]. Here we have demonstrated
that NRK-52E cells showed an increased generation of ROS
during hypoxia, which was rapidly balanced during reoxy-
genation, possibly due to transient induction of MnSOD
activity, among other factors. MnSOD is a relevant antioxidant
enzyme implicated in the oxidative stress cell management.
Several reports indicate that MnSOD protects the tissues from
I/R damage, including renal tissue in vivo [40].

ROS generation during hypoxiawas also reported in several
cell types including alveolar pulmonary epithelial A549 cells
[41], HEK293 and Hep·B cells [42] and in opossum kidney (OK)
cells [43]. Otherwise, several reports describe ROS generation
during the reoxygenation period [44]. ROS generated during
hypoxia could arise from several sources. It has been
suggested that hypoxia partially inhibits the mitochondrial
electron transport resulting in generation of ROS and ATP
depletion. Additionally, NADPH oxidase has been proposed to
play an active role in the maintenance of intracellular ROS
balance [45]. Rac1 is considered as a cytosolic subunit of the
NADPH oxidase complex that could be involved in the ROS
generation during H/R systems [46]. In fact, we have reported
here Rac1 activation during hypoxia in NRK-52E cells, even
though the use of NAC during hypoxia indicated that Rac1
activation is downstream ROS generation in our H/R in vitro
model (Fig. 6).

Based on the results obtained using antioxidants, we
postulate that ROS generated during hypoxia are responsible
for FAC disassembly and actin cytoskeleton reorganization,
which lead to cell contraction and protrusion. H2O2 treatment
confirms the ROS involvement in FAC disassembly and
partially reproduces the hypoxia effects on actin cytoskeleton
reorganization. As it mentioned above, Rac1 activity is
regulated by ROS in our H/R model and also H2O2 treatment
induced Rac1 activation (data not shown). In this context, it
has been reported recently that ROS mediated the remodeling
of actin cytoskeleton and AJ, in pulmonary artery endothelial
cells submitted to H/R, involving RhoGTPases activities [28].

The use of antioxidants in our systemprevents paxillin and
p-FAK delocalization induced by hypoxia, confirming that ROS
are involved in FAC disassembly. Moreover, NAC abrogates the
transient FAK dephosphorylation induced by H/R, which may
contribute to FAC assembly maintenance. However, it has
been reported that H2O2 treatment induced tyrosine phos-
phorylation of FAC proteins such as paxillin or FAK, in
endothelial cells [47]. It is know that ROS mediates cell
adhesion under physiological stimuli [48], but the role of ROS
in FAC regulation under pathological situations remains
controversial.

Otherwise, the use of NAC during hypoxia did not reduce
the NRK-52E cell detachment observed late in the reoxygena-
tion (12–24 h). This result could be explained based on two
facts: the observations made by Gallant et al. [49] demonstrat-
ing that FAC assembly provides only the 30% of total cell
adhesive forces and our own observations of the lack of NAC
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beneficial effect on AJ and TJ disruption induced by H/R.
Moreover, H2O2 treatment did not affect AJ or TJ integrity,
confirming that, in our H/R model, ROS are not involved in
cell–cell adhesion alterations and more importantly, that cell
detachment under H/R requires intercellular adhesion distur-
bance, which plays more crucial role than FAC disassembly.
Indeed, Neumann and Affolter [50], recently reviewed how
epithelial tissues rearrangements might be controlled by
modulating the adhesion dynamics of the AJs.

In summary, we have reported here the events leading to
proximal tubular epithelial cell detachment as a response to
sublethal ischemia, using an experimental H/R in vitro model.
By means of this model, we have explored endogenous
mechanisms underlying renal epithelium impairment subse-
quent to moderate ATP and oxygen alterations. We have
clearly determined the involvement of the oxidative stress in
cell–matrix adhesion but not in cell–cell adhesion, in the
epithelial cell response to ischemia. In spite of the efforts
made to improve renal I/R-injury outcome, this situation still
exhibits a high organ failure rate. The findings reported here
may shed light on this problem and contribute to the design of
new and more effective therapeutic strategies, based on in
vitro experimental approaches.
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