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Bocanegra V, Gil Lorenzo AF, Cacciamani V, Benardón ME,
Costantino VV, Vallés PG. RhoA and MAPK signal transduction pathways
regulate NHE1-dependent proximal tubule cell apoptosis after mechanical
stretch. Am J Physiol Renal Physiol 307: F881–F889, 2014. First published
July 30, 2014; doi:10.1152/ajprenal.00232.2014.—Mechanical deforma-
tion after congenital ureteral obstruction is traduced into biochemical
signals leading to tubular atrophy due to epithelial cell apoptosis. We
investigated whether Na�/H� exchanger 1 (NHE1) could be respon-
sible for HK-2 cell apoptosis induction in response to mechanical
stretch through its ability to function as a control point of RhoA and
MAPK signaling pathways. When mechanical stretch was applied to
HK-2 cells, cell apoptosis was associated with diminished NHE1
expression and RhoA activation. The RhoA signaling pathway was
confirmed to be upstream from the MAPK cascade when HK-2 cells
were transfected with the active RhoA-V14 mutant, showing higher
ERK1/2 expression and decreased p38 activation associated with
NHE1 downregulation. NHE1 participation in apoptosis induction
was confirmed by specific small interfering RNA NHE1 showing
caspase-3 activation and decreased Bcl-2 expression. The decreased
NHE1 expression was correlated with abnormal NHE1 activity ad-
dressed by intracellular pH measurements. These results demonstrate
that mitochondrial proximal tubule cell apoptosis in response to
mechanical stretch is orchestrated by signaling pathways initiated by
the small GTPase RhoA and followed by the opposing effects of
ERK1/2 and p38 MAPK phosphorylation, regulating NHE1 decreased
expression and activity.

Na�/H� exchanger 1; RhoA; mitogen-activated protein kinases; ap-
optosis; proximal tubule cell; mechanical stretch

MECHANICAL STRETCHING of the tubular epithelium, caused by
retrograde pressure shifts, is regarded as a highly significant
step in the progression of obstructive nephropathy. Tubular
stretching resulting in an axial strain might be produced by
unilateral ureteral obstruction (UUO) through a mechanical
signal (6) that triggers the destruction of renal tubular cells by
apoptosis leading to tubular atrophy, a hallmark of renal
disease progression (15). Previously, we have shown that
apoptosis induction is the mechanism involved in tubular
atrophy after 14 days of rat neonatal UUO, including Bcl-2
downregulation and caspase 3 activation (3). A number of
important pathophysiological conditions are associated with
tissue damage due to shrinkage-induced cell death, yet the
mechanisms leading from mechanical deformation to cell death
are still incompletely understood. Ubiquitous Na�/H� ex-

changer 1 (NHE1) is expressed on the basolateral plasma
membrane of epithelial cells (16) and is normally quiescent
(18, 20). NHE1 activation counteracts apoptosis through Na�

influx and H� extrusion, resulting in the restoration of cell
volume and cytosolic pH, respectively. However, with over-
whelming or sustained apoptotic stimuli, the prosurvival NHE1
effect can be surmounted, which allows cells to proceed toward
apoptosis. A property of NHE1 is that it associates with
multiple binding partners, forming a macromolecular complex
that appears to function as a scaffold for a variety of signaling
events. A cell’s ability to strengthen itself in response to an
applied force depends on focal adhesion assembly where the
force is applied (21). Force-induced assembly of focal adhe-
sions is mediated by activation of Rho and its downstream
targets (28). Rho regulates the assembly of focal adhesions in
adherent cells through activation of Rho kinase/Rho-associated
coiled-coil forming protein kinase (ROCK) and other effectors.
A study (10) in fibroblasts has shown that NHE1 plays a direct
role in controlling actin dynamics and subsequent motility
through a protein-protein interaction with the cytoskeletal
adaptor protein ezrin and that, in those cells, RhoA-dependent
modulation of cytoskeletal dynamics and motility occurred via
direct regulation of NHE1 activity. Regulation of NHE1 activ-
ity by MAPKs appears to involve direct phosphorylation,
where the Ser703 residue is directly phosphorylated by ERK
effector p90 ribosomal S6 kinase (2), and NHE1 has also been
proposed to be directly phosphorylated by p38 MAPK (19).
Interestingly, recent reports have suggested that NHE1 plays a
central role in the regulation of MAPK activity after certain
stimuli, yet the effects of NHE1 on MAPK activity are highly
context and cell type specific. The present study was under-
taken to further investigate the signal transduction system(s)
involved in NHE1-associated apoptosis induction after me-
chanical stretch in a renal human epithelial cell line (HK-2
cells). In light of these findings, we postulate that persistent
mechanical stress triggers cell apoptosis as a result of dimin-
ished NHE1 expression and activity; this exchanger is regu-
lated by upstream RhoA activity and opposing effects of
ERK1/2 and p38 MAPK signaling transduction pathways.

MATERIALS AND METHODS

Cell culture and chemicals. HK-2 cells (29), an immortalized
human proximal tubule cell line, were obtained from American Type
Culture Collection and grown in DMEM-F-12 culture medium
(GIBCO, Invitrogen) containing 10% FBS (GIBCO, Invitrogen) and
1% penicillin-streptomycin in a regular CO2 incubator at 37°C. HK-2
cells were used in all experiments described here.
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Cyclic stretch. HK-2 cells were cultured in a mechanically active
environment that involves the application of a controlled vacuum to
the under surface of culture plates with deformable bases to generate
cellular stretch (30). HK-2 cells were seeded on collagen type I
(Sigma-Aldrich)-coated 25-mm six-well flexible or rigid based plates.
The device was placed at 37°C and 5% CO2 in a humidified incubator.
Vacuum (22.3 kPa) was cyclically applied to subconfluent cells,
inducing a 25% uniaxial elongation on the flexible surface where the
culture cells are attached; this induced cyclic stretch, alternating
cycles of 5 s of stretch and 5 s of relaxation at a rate of 6 cycles/min
(frequency: 30 cycles/min, with a stretch-to-relaxation relation of
1:1). Stretch and control experiments were carried out simultaneously
with cells derived from a single pool. Stretched cells were harvested
at different time points that included 15, 90, and 180 min of mechan-
ical stretch.

Annexin V/propidium iodide staining assay. Apoptosis was exam-
ined by detecting phosphatidylserine exposure on cell membrane with
annexin V (4). Stretched and control HK-2 cells were simultane-
ously stained with annexin V-FITC and propidium iodide (PI)
according to the manufacturer’s recommendation (BD Biosci-
ences). Flow cytometry analysis was performed using a FACSAria
III cytometer (Becton Dickinson). A total of at least 20,000 events
were analyzed per sample. Data were analyzed using FACSDiva
software (Becton Dickinson).

Cell fractioning and immunoblot analysis. Stretched and control
HK-2 cell suspensions were subjected to three cycles of freezing and
thawing. Nuclei and nonlysed cells were pelleted at 1,000 g for 10 min
at 4°C. The supernatant was centrifuged at 100,000 g for 60 min at
4°C. The membrane fraction contained in the pellet was resuspended
in lysis buffer (14). The supernatant was designated as the cytosolic
fraction. Protein content was determined by the Bradford technique
(5). Equal amounts of protein were treated with Laemmli’s buffer,
separated by SDS-PAGE, transferred to nitrocellulose membranes,
and treated as previously described (3). Membranes were incubated
overnight with mouse monoclonal Bcl-2 (Sigma-Aldrich), caspase 3
(Promega), NHE1 (Chemicon), RhoA (Santa Cruz Biotechnology),
phosphorylated (p-)ERK (Santa Cruz Biotechnologu), ERK2 (Santa
Cruz Biotechnology), p-p38 (Sigma-Aldrich), p38 (Sigma-Aldrich),
�-tubulin (Sigma-Aldrich), and GAPDH (Sigma-Aldrich). Densito-
metric analysis of bands was performed using ImageJ software. The
magnitude of the immunosignal was given as a percentage of control
HK-2 cells.

Cell transfection. HK-2 cells were transfected with small interfer-
ing (si)RNA duplex against NHE1 (0.75 �g/100 �l, Santa Cruz
Biotechnology) using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. For the RhoA assay, cells were cotrans-
fected with pEGFP-RHOA wild type (WT), pEGFP-RHOA-V14, or
pEGFP-RHOA-N19. After transfection, cells were allowed to synthe-
size proteins under regular conditions for 24, 48, and 72 h. The
efficiency of NHE1 silencing was measured using immunofluores-
cence microscopy and Western blot assay.

Immunofluorescence staining. Control and NHE1 siRNA-trans-
fected HK-2 cells were fixed with 3% paraformaldehyde in PBS for
10 min at 37°C, washed, and blocked with 50 mM NH4Cl in PBS.
Cells were then permeabilized with 0.05% saponin (Sigma-Aldrich) in
PBS containing 0.5% BSA (Sigma-Aldrich) and incubated with pri-
mary antibody against NHE1. After being washed, cells were incu-
bated with secondary antibody conjugated with FITC (Jackson Im-
munoResearch Laboratories). HK-2 cells were mounted with Mowiol
(Sigma-Aldrich) and examined by confocal microscopy using an
FV1000 Olympus confocal microscope and FV 10-ASW 1.7 software
(Olympus). Images were processed using ImageJ software.

Inhibition assay. To study the participation of the MAPK signaling
pathways involved in stretch-induced apoptosis, specific pharmaco-
logical inhibitors [p38 MAPK inhibitor SB-203598 (30 �M, Invitro-
gen), ERK1/2 inhibitor PD-98059 (30 �M, Invitrogen), and ROCK
inhibitor Y-27632 (10 �M, Sigma-Aldrich)] were resuspended to an

adequate concentration in DMSO and added to HK-2 cells for 1 h. For
NHE1 inhibition activity, we used 5=-(N-ethyl-N-isopropyl)amiloride
[EIPA (30 �M, Sigma-Aldrich)]. DMSO alone was used as a mock
control.

Intracellular pH measurements. For intracellular pH (pHi) mea-
surements, HK-2 cells were seeded on coverslips and transferred to a
perfusion chamber. The temperature of the chamber was maintained at
37 � 0.5°C. The control bath solution was initially a standard HEPES
solution. HK-2 cells were loaded with the pH-sensitive dye BCECF
(10 �M) for 20 min as previously described (13). pHi was measured
microfluorometrically by exciting the dye alternately at 490 and 440
nm while monitoring the emission at 532 nm with a video-imaging
system. To measure NHE1 activity (Na�-dependent pHi recovery),
Na�-HEPES was used. To measure Na�-independent pHi recovery,
bicarbonate-free solution was used and Na� was removed to abolish
NHE activity; for these experiments, Na� was replaced by N-methyl-
D-glucamine. To induce strong intracellular acidification and activate
NHE1, the NH4Cl prepulse technique was used in the presence of
Na�, as previously described (31). All chemicals were obtained from
Sigma-Aldrich. Each experiment was calibrated for pHi using the
nigericin/high-K� method, and the obtained ratios were converted to
pHi. Na�-dependent pHi recovery rates in response to an acid load
were calculated in HK-2 cells in the pH range of 6.80–7.00. Data are
provided as means � SE; n represents the number of cells investi-
gated.

Statistical analysis. Results were assessed by one-way ANOVA for
comparisons among groups. Differences among groups were deter-
mined by a Bonferroni posttest. Results are given as means � SE from
three independent experiments. Statistical tests were performed using
GraphPad (version 5.00) for Windows XP (GraphPad software). P
values of �0.05 were considered significant.

RESULTS

Mechanical stretch induced apoptosis in HK-2 cells in a
time-dependent manner. We characterized stretch-induced ap-
optosis in HK-2 cells using annexin V/PI dual staining by flow
cytometry. When mechanical stretch was applied to HK-2 cells
(Fig. 1A), we observed apoptosis induction in a time-dependent
manner with an increase in the percentage of annexin V� HK-2
cells (33.1% at 90 min and 45.8% at 180 min) compared with
control cells (0.3% annexin V� cells). To determine if apopto-
sis induction in response to mechanical stretch involves the
caspase cascade, control and stretched HK-2 cell lysates were
probed for Bcl-2 and caspase 3 protein expression using
Western blot analysis. We observed a downregulation in Bcl-2
expression (Fig. 1B) and a progressive increase in caspase 3
protein levels after 90 and 180 min (Fig. 1C), demonstrating a
time-dependent increase apoptosis induction in response to
stretch.

Cyclic stretch induces diminished NHE1 expression in HK-2
cells followed by apoptosis induction. To determine the rela-
tionship between mechanical injury and the NHE1 response,
HK-2 cells were subjected to increasing cyclic stretch, and cell
lysates were used in immunoblot analysis. We observed a
progressive decrease in NHE1 protein expression after apply-
ing mechanical deformation, of which the maximum decrease
was at 180 min of cell stretch (Fig. 2A). The apoptotic response
to mechanical stretch associated with a progressive decrease of
NHE1 suggests a role of NHE1 in cell survival. To further
determine if NHE1 has a direct participation on apoptosis
induction independently of mechanical deformation, siRNA-
mediated knockdown of NHE1 was performed in control HK-2
cells. NHE1 expression was assessed after 24, 48, and 72 h
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posttransfection using Western blot analysis. Seventy-two hour
posttransfection, we observed significant decreased of NHE1
protein expression (Fig. 2B). The diminished NHE1 expression
was also corroborated by immunofluorescence (Fig. 2C). After
72 h of NHE1 siRNA, we observed a subsequent decreased of
Bcl-2 protein expression and higher caspase 3 protein levels
compared with nontargeting siRNA (control), demonstrating a
direct involvement of NHE1 in mitochondrial pathway activa-
tion and apoptosis induction (Fig. 2, D and E, respectively).

NHE1 manipulation induces higher apoptosis cell induction
after mechanical stretch. To demonstrate the NHE1 contribu-
tion to cell apoptosis induction in response to mechanical
stretch, HK-2 cells were incubated either with EIPA (30 �M)
for 60 min (Fig. 3A) or transfected with NHE1 siRNA for

72 h (Fig. 3B) and subjected to 90 and 180 min of mechanical
stretch and collected to be analyzed by flow cytometry. After
selective blockade of NHE1 activity with EIPA, we observed
20.4% of apoptotic cells (annexin V�) and 10.8% of later
apoptosis (annexin V�/PI�) after 90 min of cyclic stretch and
27.8% of apoptosis (annexin V�) and 34.9% of later apoptosis
(annexin V�/PI�) after 180 min of cell stretch (Fig. 3A). After
siRNA knockdown of NHE1 protein expression on HK-2 cells
and subsequent cyclic stretch, flow cytometry annexin V/PI
staining measurements showed 21.3% of early apoptosis (an-
nexin V�/PI�) and 19.6% of later apoptosis (annexin V�/PI�)
after 90 min of cyclic stretch (Fig. 3B). After 180 min of
mechanical deformation, apoptosis induction increases by
16.3% of early apoptosis (annexin V�/PI�) and 58% in later
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Fig. 1. Effect of cyclic stretch-induced apo-
ptosis on HK-2 cells. HK-2 cells subjected to
15, 90, and 180 min of cyclic stretch were
collected to be analyzed for apoptosis induc-
tion using flow cytometry and Western blot
techniques. A: control and stretched cells were
costained with propidium iodide (PI) and an-
nexin V-FITC and analyzed using a FACS
AriaIII cytometer. In each plot, the bottom left
quadrant (Q3) represents viable cells (annexin
V�FITC�/PI�), the top left quadrant (Q1)
represents necrotic cells (annexin V-FITC�/
PI�), the bottom right quadrant (Q4) repre-
sents early apoptotic cells (annexin V-FITC�/
PI�), and the top right quadrant (Q2) repre-
sents late apoptotic cells (annexin V-FITC�/
PI�). The numbers in each plot show the
percentages of cells in the quadrant. A repre-
sentative profile of three independent experi-
ments is shown. B and C: Western blot anal-
ysis of Bcl-2 (B) and caspase 3 (C) in control
and stretched HK-2 cell lysates. A represen-
tative blot from three independent experi-
ments is shown. Tubulin was used as a control
for protein loading. Expression levels were
determined using densitometric analysis. Data
are expressed as means � SE; n � 3. **P �
0.01. ***P � 0.001.
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apoptosis (annexin V�/PI�). These results reveal that both
activity and expression contribute to counteract the cellular
insult generated by mechanical deformation.

Progressive time-dependent RhoA activation after cyclic
stretch regulates NHE1. To analyze the expression of activated
membrane-bound RhoA, HK-2 cells were exposed to increas-
ing time periods of cyclic stretch. RhoA was highly activated
after 15 min of cyclic stretch, with maximal protein levels of
membrane-bound RhoA after 90 min of cell stretch (Fig. 4A).
To verified if the RhoAGTPase signaling pathway was in-
volved in NHE1 downregulation, pharmacological inhibitors
as well as dominant negative and constitutively active mutants
were probed. Cell lysates of HK-2 cells coexpressing EGFP-
RHOA WT or the mutants EGFP-RHOA-V14 (a constitutive
active mutant) or EGFP-RHOA-N19 (a constitutive inactive
mutant) were probed using the Western blot technique to
analyze the expression of NHE1. Inactivation of RhoA with the
dominant negative N19RhoA mutant induced higher expres-
sion of NHE1 protein, whereas activating RhoA with consti-
tutively active EGFP-RHOA-V14 reduced NHE1 protein

abundance compared with control HK-2 cells (Fig. 4B). Since
ROCK has been proposed as a RhoA downstream effector, we
studied the ROCK inhibitor response in HK-2 cells. Similar to
the results observed after transfection with the dominant neg-
ative EGFP-RHOA-N19 mutant, ROCK inhibition induces
higher abundance of NHE-1 protein abundance (Fig. 4B).
These data show RhoA activation as an integral part of the
signal transduction pathway involved in NHE1 downregula-
tion.

Time-dependent cyclic stretch on ERK1/2 and p38 MAPK
expression contributing to NHE1 regulation and apoptosis
induction. Since MAPK activation has previously been in-
volved in NHE1 regulation in other cell types, we examined
the time course of ERK1/2 and p38 activation in cyclic
stretched HK-2 cells. After 15 min of stretch, we observed an
early increase in p-ERK1/2 protein levels followed by signif-
icantly decreased expression of ERK1/2 protein levels after
180 min of cyclic stretch (Fig. 5A). In contrast, a progressive
increase in p-p38 protein abundance, with a maximum phos-
phorylation state after stretch for 180 min, was shown in HK-2
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iments is shown. Tubulin was used as a con-
trol for protein loading. B: HK-2 cells were
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cells compared with control cells (Fig. 5B). To establish if
ERK1/2 and p38 MAPK signaling pathways have a direct
involvement on NHE1 expression and apoptosis induction
independently from stretch-induced regulation, we exam-
ined the effect of a panel of specific MAPK inhibitors. HK-2
cells were incubated with NHE1 inhibitor, ERK1/2 inhibi-
tor, and p38 inhibitor for 60 min. Cell lysates were probed

using Western blot analysis to address NHE1 and caspase 3
protein levels. Treatment with the specific p38 inhibitor
increased NHE1 expression (Fig. 5C) with an absence of
caspase 3 expression, whereas persistent lower NHE1 pro-
tein levels and increased caspase 3 expression (Fig. 5D)
were shown after ERK1/2 inhibition. These results indicate
that apoptosis induction in HK-2 cells is mediated through
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NHE1 downregulation in response to p38 MAPK signaling
pathway activation.

Cross-talk between RhoAGTPase and MAPK pathways.
Since we have shown that the ERK1/2 phosphorylation state
diminished and p38 MAPK activity increased after cyclic
stretch, we studied whether activation of RhoA after mechan-
ical stretch could be involved in MAPK regulation. HK-2 cells
coexpressing EGFP-RHOA WT or the mutants EGFP-RHOA-
N19 or EGFP-RHOA-N19 were incubated for 3 h at 37°C.
After RhoA inhibition, there were no significant changes in
ERK1/2 or p38 expression; however, when the constitutively
activ RhoA protein mutant was expressed in HK-2 cells,
ERK1/2 activation was suppressed (Fig. 6A) and p38 MAPK
activity was increased (Fig. 6B). To verify that RhoA was
upstream of the MAPK pathway, HK-2 cells were incubated
with MEK1 inhibitor, p38 inhibitor, and NHE1 inhibitor.
Membrane fractions from the cell lysate were probed using the
Western blot technique to analyze the expression of activated
membrane-bound RhoA (Fig. 6C). After NHE1 inhibition,
ERK1/2 inhibition, and p38 inhibition, there were no signifi-
cant changes in activated RhoA protein expression, demon-
strating that RhoA activation precedes the MAPK pathway
activation that finally modifies NHE1 expression.

NHE1 activity in response to different signaling pathway
inhibitors. We analyzed if NHE1 protein downregulation in
response to RhoA and MAPK pathways was in accordance
with NHE1 activity. Consequences of pharmacological inhibi-
tion of MEK1/2, p38, and ROCK were investigated. In control
HK-2 cells, there was a rapid pHi recovery after acid loading

(Fig. 7). To confirm the absence of NHE1 activity in EIPA-
treated HK-2 cells, we determined pHi recovery, which showed
no measurable Na�-dependent pHi recovery from an acid load
(Fig. 7). To analyze whether ERK1/2 was involved in pHi

regulation, cells were exposed to ERK1/2 inhibitor for 30 min.
We found lower Na�-dependent pHi recovery rates compared
with control cells. In contrast, preincubated HK-2 cells with
p38 inhibitor demonstrated no difference in the Na�-dependent
pHi recovery rate compared with control cells. A similar
pattern was observed when HK-2 cells were incubated with
ROCK inhibitor, which showed a Na�-dependent pHi recovery
rate similar to control cells.

DISCUSSION

The data presented demonstrate apoptosis induction in HK-2
cells by mitochondrial pathway activation in response to cyclic
stretch over increased periods of time. We provide direct
evidence demonstrating that RhoA, p38, and ERK1/2 are
involved in the NHE1 downregulation that leads to apoptosis
induction after mechanical stretch. These results allow us to
claim that stretch-induced cellular apoptosis in HK-2 cells
could have physiological relevance in tubular atrophy observed
in UUO. Physiological and pathological damage have been
well studied in vivo models of UUO, demonstrating that
tubular distention and apoptosis of renal tubular epithelial cell
result in tubular atrophy, a hallmark of renal disease progres-
sion (15). During the first period of UUO, proximal tubule
hydrostatic pressure increases are transmitted back to the
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Fig. 5. Cyclic stretch effect on MAPK activ-
ity and its contribution to NHE1 regulation
and apoptosis induction. HK-2 cells were
submitted to 15, 90, and 180 min of cyclic
stretch. Cell extracts were analyzed by West-
ern blot analysis for both the phosphoryla-
tion state and total expression levels of
ERK1/2 and p38 MAPK using phosphory-
lated (p-)ERK- and p-p38-specific antibod-
ies. A and B: representative Western blots
corresponding to stretch-induced ERK1/2
(A) and p38 (B) phosphorylation states.
Membranes were stripped and reprobed with
total ERK1/2 antibody and total p38 anti-
body. C: serum-starved HK-2 cells were in-
cubated NHE1 inhibitor (EIPA; 50 �M),
MEK1 inhibitor [PD-98059 (PD); 30 �M],
and p38 inhibitor [SB-203589 (SB); 30 �M]
for 60 min. NHE1 and caspase 3 expression
were analyzed using Western blot analysis.
Tubulin was used as a loading control. Ex-
pression levels on Western blots were deter-
mined using densitometric analysis. Data are
expressed in the corresponding bar graph as
means � SE; n � 3. *P � 0.05. **P � 0.01.
***P � 0.001.
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lumen, leading to axial cell deformation (12), an insult that
triggers adaptive signals in response to stretch, resulting in
tubular cell apoptosis and a lasting loss of functional renal
parenchyma (3, 6). Most studies have demonstrated that apo-
ptosis is accompanied by cytosol acidification (23), determin-
ing favorable conditions for apoptotic proteins, including
caspase 3 activation. The control of pHi is mostly regulated by
NHE1. We (24) have previously reported renal tubule cell
apoptosis after 14 days of UUO associated with NHE1 down-
regulation. Mechanical proximal tubule cell deformation can
be reproduced by exposing HK-2 cells to cyclic mechanical
stretch. We observed that NHE1 protein expression decreased
gradually as time increased mechanical deformation, reaching
the maximum decrease at 180 min of cyclic stretch, which is in
accordance with the highest activation of caspase 3 and apo-
ptosis induction. We further confirmed the direct participation
of NHE1 in cell survival due to decreased Bcl-2 protein
expression and higher caspase 3 after silencing the exchanger
by NHE1 siRNA. Additionally, HK-2 cells with NHE1 phar-
macological activity blockage showed higher apoptosis induc-
tion after mechanical stretch compared with nontargeted NHE1
cells. Moreover, after HK-2 NHE1 knockdown and subsequent
mechanical deformation, later apoptosis induction exceeded
the observed values in nontargeted NHE1 stretched cells and
even compared with EIPA-treated stretched cells. These results
shows that in EIPA-treated cells, early stretched cells could hit
back the mechanical deformation probably due to the counter-

balancing activity of other pHi regulators, but NHE1 down-
regulation showed increased time-dependent apoptosis with the
highest values in later apoptosis, demonstrating that NHE1,
through both activity and expression, participates in cell sur-
vival due to its function as a cell volume regulator and scaffold
for signaling complexes. However, the specific mechanism of
NHE1 inhibition in response to mechanical stretch has not been
completely described. Cell survival and organization of the
actin cytoskeleton are regulated through actin anchoring by
NHE1 and supposedly by NHE1-dependent scaffolding of
signaling proteins, despite NHE1 functioning as a pHi regula-
tor. However, little is known about the signal transduction
pathway triggered by stretch and whether structural functions
of NHE1 are important for mechanotransduction (22). Recent
evidence demonstrates a direct regulation of NHE1 activity by
the cytoskeleton and the reciprocity of NHE1 to regulate
cytoskeletal dynamics (27). We focused on small GTPase
RhoA because of its role in reorganization of the cortical
cytoskeleton (17) and its relation with NHE1 as a scaffold
protein (7, 8, 11). We demonstrated an early and progressive
activation of RhoA in HK-2 cells exposed to cyclic stretch,
showing that higher membrane-bound RhoA precedes NHE1
downregulation and reaches its maximal activation state at 180
min for mechanical deformation, in accordance with NHE1
downregulation and apoptosis induction. To confirm that RhoA
signaling pathways are involved in NHE1 regulation, we in-
hibited RhoA using the ROCK inhibitor Y-27362 or a domi-
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Fig. 6. Cross-talk between RhoA and the
MAPK pathway. HK-2 cells were trans-
fected with EGFP-RHOA wild type (WT) or
mutants (constitutive active mutant EGFP-
RHOA-V14 or constitutive inactive mutant
EGFP-RHOA-N19). A and B: the active
forms of ERK1/2 (A) and p38 (B) were
determined using p-ERK- and p-p38-specific
antibodies by Western blot analysis. Mem-
branes were stripped and reprobed with total
ERK1/2 and p38 antibodies. C: for RhoA
analysis, HK-2 cells were transfected as pre-
viously described or preincubated with ROCK
inhibitor (Y-27632; 10 mM), MEK1 inhibi-
tor (PD; 30 mM), and p38 inhibitor (SB; 30
mM) for 60 min. The membrane fraction
from the cell lysate was probed with RhoA
antibody and GAPDH as a loading control.
Expression levels on Western blots were de-
termined using densitometric analysis. Data
are expressed in the corresponding bar graph
as means � SE; n � 3. **P � 0.01. ***P �
0.001.
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nant negative RhoA mutant (EGFP-RHOA-N19). A constitu-
tively active mutant was also probed (EGFP-RHOA-V14). We
found that NHE1 protein expression was higher after RhoA
inactivation, whereas EGFP-RHOA-V14 induced a reduction
of NHE1 expression. NHE1 activity was similar to control
HK-2 cells after 30 min of incubation with ROCK inhibitor,
and absence of pHi acidification was observed after RhoA
inhibition. These results confirm that RhoA activation is re-
sponsible for NHE1 downregulation, supporting the notion that
it is an integral part of the signal transduction pathway in-
volved in NHE1 regulation. Evidence in different cell types
shows that stretch-induced activation of MAPK pathways in-
volves either ERK1/2 or p38 MAPK (1, 32). In stretched HK-2
cells, we observed early ERK1/2 activation with an intensive
phosphorylation decrease at 180 min of cyclic stretch. Con-
versely, p38 MAPK reached its maximal phosphorylation state
at 180 min of mechanical deformation. Since the data found in
the literature regarding the role of MAPK in NHE1 regulation
differ according to cell type, we analyze the role of MAPK in
stretch-induced apoptosis and NHE1 regulation in HK-2 cells.
After p38 inhibition, an increase in NHE1 protein expression
without caspase 3 activation was shown. On the other hand,
ERK1/2 inhibition leads to decreased NHE1 expression and
caspase 3 activation. Manipulation of MAPK activation also

affected NHE1 activity, showing diminished pHi recovery after
ERK1/2 inhibition and NHE1 activity similar to control cells
when HK2 cells were incubated with the p38 inhibitor. These
results are in agreement with other authors showing that in
renal tubule cells, p38 and ERK have been shown to be
activated by stretch in vitro or in vivo after obstruction (25, 26)
and that inhibition of ERK leads to NHE1 blockage (9).
Altogether, our findings suggest that cyclic stretch activates
different signaling pathways, possibly associating with each
other, converging on an apoptotic response that includes NHE1
regulation. Searching for the underlying sequence that triggers
tubular cell apoptosis in response to mechanical stretch that
concludes with NHE1 downregulation, we attempted to eluci-
date how RhoA and MAPK pathways were related. When
EGFP-RHOA-V14 was expressed in HK-2 cells, ERK1/2 ac-
tivation was suppressed and p38 activity was increased, dem-
onstrating that RhoA activation modifies the MAPK phosphor-
ylation state. On the other hand, when HK-2 cells were
incubated with either ERK1/2 inhibitor or p38 inhibitor, mem-
brane-bound RhoA remained similar to nontreated HK-2 cells,
demonstrating that RhoA is upstream of the MAPK signaling
pathway. Taken together, our data obtained in human proximal
tubule cells suggest that RhoA signaling pathway activation
after mechanical stretch induces ERK1/2 inhibition and p38
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activation, which downregulates NHE1 expression and activity
and finally triggers caspase 3 activation and apoptosis induc-
tion.
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