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Campos SB, Ashworth SL, Wean S, Hosford M, Sandoval RM,
Hallett MA, Atkinson SJ, Molitoris BA. Cytokine-induced F-actin
reorganization in endothelial cells involves RhoA activation. Am J
Physiol Renal Physiol 298: F487–F495, 2009. First published January
14, 2009; doi:10.1152/ajprenal.00112.2008.—Acute ischemic kidney
injury results in marked increases in local and systemic cytokine
levels. IL-1�, IL-6, and TNF-� orchestrate various inflammatory
reactions influencing endothelial permeability by altering cell-to-cell
and cell-to-extracellular matrix attachments. To explore the role of
actin and the regulatory proteins RhoA and cofilin in this process,
microvascular endothelial cells (MS1) were exposed to individual
cytokines or a cytokine cocktail. Within minutes, a marked, time-
dependent redistribution of the actin cytoskeleton occurred with the
formation of long, dense F-actin basal stress fibers. The concentration
of F-actin, normalized to nuclear staining, significantly increased
compared with untreated cells (up 20%, P � 0.05). Western blot
analysis of MS1 lysates incubated with the cytokine cocktail for 4 h
showed an increase in phosphorylated/inactive cofilin (up 25 � 15%,
P � 0.05) and RhoA activation (up to 227 � 26% increase, P � 0.05)
compared with untreated cells. Decreasing RhoA levels using small
interfering RNA blocked the effect of cytokines on stress fiber
organization. Treatment with Y-27632, an inhibitor of the RhoA
effector p160-ROCK, decreased levels of phosphorylated cofilin and
reduced stress fiber fluorescence by 22%. In cells treated with
Y-27632 followed by treatment with the cytokine cocktail, stress fiber
levels were similar to control cells and cofilin phosphorylation was
55% of control levels. Taken together, these studies demonstrate
cytokine stimulation of RhoA, which in turn leads to cofilin phos-
phorylation and formation of numerous basal actin stress fibers. These
results suggest cytokines signal through the Rho-ROCK pathway, but
also through another pathway to affect actin dynamics.

ADF/cofilin; acute kidney injury; ischemia; p160-ROCK; inflamma-
tion

THE INTRICATE ARCHITECTURE of the actin cytoskeleton responds
to normal and pathological extracellular stimuli through sig-
naling cascades. In response to these stimuli, the activity of
regulatory proteins that regulate polymerization and depoly-
merization of actin filaments that link the filaments to form
bundles and gels and link actin filaments to the plasma mem-
brane is altered (22). The RhoA signaling cascade plays an
important role in regulating actin cytoskeletal organization and
dynamics, inducing actin stress fiber and focal adhesion for-
mation (11). The Rho family of GTPases is a member of the RAS

gene superfamily of p21 GTPases. These proteins act as molec-
ular switches, cycling between their GTP- and GDP-bound states
(active and inactive, respectively). In the active state, RhoA
stimulates effectors, including the serine-threonine kinase p160-
ROCK, which phosphorylates and activates downstream targets
including LIMK1 (9, 15, 19). LIMK1 in turn phosphorylates and
inactivates the actin-dynamizing proteins, actin-depolymerizing
factor (ADF) and cofilin (1, 32). Phosphorylated ADF/cofilin
proteins cannot depolymerize or sever actin filaments, resulting in
a decreased turnover in actin filaments (4). However, in disease
states such as renal ischemia this finely regulated signaling cas-
cade is disrupted, resulting in abnormally high levels of unphos-
phorylated ADF/cofilin proteins, mediating actin cytoskeleton
breakdown and disorganization (2, 24).

Renal ischemic injury, a condition characterized by compro-
mised blood flow to the kidney, results in tissue anoxia,
reduced intracellular ATP levels, and the production of cyto-
kines (25). With ischemic injury, the normal architecture of the
actin cytoskeleton is markedly changed along with endothelial
cell swelling, impaired cell-cell and cell-substrate adhesion,
and loss of tight junction barrier function (6, 28). Filamentous
actin is lost from the cortical actin network, junctional com-
plexes, and stress fibers, accompanied by marked increases in
F-actin aggregates in the basal and basolateral regions of
corticomedullary endothelial cells (28). ATP depletion of cul-
tured endothelial cells induces dephosphorylation/activation of
ADF/cofilin, resulting in actin depolymerization and abnormal
F-actin aggregate formation (29). These cellular actin changes
alter the integrity of the vascular endothelium, leading to
collapse of the endothelial barrier, which results in increased
endothelial permeability causing increased interstitial edema,
changes in vascular reactivity, increased leukocyte adherence,
and compromised coagulation function (27, 28).

Patients suffering from acute renal failure have increased
levels of proinflammatory and anti-inflammatory cytokines,
and these high levels are associated with an increased mortality
rate (25). Cytokine production can be stimulated by materials
released as a result of tissue damage, by bacterial or viral
particles, and by cytokines themselves. Particularly potent
cytokine inducers include bacterial endotoxins, interleukins,
interferons, tumor necrosis factors (TNF), and transforming
growth factors. Proinflammatory and anti-inflammatory cyto-
kines, in addition to soluble inhibitors of proinflammatory
cytokines, make up the cytokine network. Three proinflamma-
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tory cytokines, IL-1�, IL-6, and TNF-�, increase immune
system activity and mediate inflammation to induce wide-
spread changes in metabolism (25, 30). Cytokines can induce
hemodynamic imbalance and cell/organ dysfunction in the
systemic circulation. Endothelial cells play a crucial role in this
process since they are among the most dynamic and biologi-
cally active components of the circulatory system and may
mediate the inflammatory phenotype. TNF-�, IL-1�, and IL-6,
released by injured epithelial and inflammatory cells, affect the
permeability of the endothelium by altering cell-cell and cell-
substrate attachments. These changes are known to be medi-
ated by actin cytoskeletal alterations, but the mechanism is
unknown. Therefore, the goal of this study is to further the
understanding of the mechanisms involved in cytokine-induced
F-actin polymerization and reorganization in endothelial cells.

MATERIALS AND METHODS

Cell culture. Microvascular endothelial cells of murine pancreatic
origin (Mile-Sven, MS1 cells, American Type Culture Collection,
Manassas, VA) were grown in DMEM, pH 7.2, supplemented with 4
mM L-glutamine, 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 5%
FBS, and 1 mg/ml penicillin-streptomycin (Sigma, St. Louis, MO).
Cells were grown to �70% confluence before being used in experi-
mental protocols, unless otherwise indicated.

Cellular treatment with TNF-�, IL-1�, IL-6, and Y-27632. MS1
cells were exposed to increasing concentrations of IL-1� (0.25, 0.5,
1.0, 2.0 U/ml), IL-6 (5.0, 10, 20, 40 ng/ml), TNF-� (50, 100, 200, and
400 U/ml) or to a cytokine cocktail of IL-1� (0.25 U/ml), IL-6 (10
ng/ml), and TNF-� (400 U/ml) for 3 h [human IL-1� (catalog no.
200–01A-2UG), human TNF-� (catalog no. 300–01A-10UG), and
human IL-6 (catalog no. 200–06-5UG), PeproTech, Rocky Hill, NJ].
Y-27632, a specific inhibitor of the RhoA effector kinase P160-
ROCK, diluted in distilled water, was used to inhibit P160-ROCK
(Calbiochem) (8). MS1 cells were pretreated with inhibitory Y-27632
(10 �M) for 30 min at 37°C in a 5% CO2 incubator. In addition, MS1
cells were pretreated with Y-27632 (10 or 20 �M) for 30 min and then
incubated for 3 h in the cytokine cocktail at 37°C in the 5% CO2

incubator. Values were analyzed using Student’s t-test and ANOVA,
with statistical significance achieved at P � 0.05.

Small interfering RNA RhoA knockdown. MS1 cells were grown to
100% confluence in a T-75 flask. Cells were trypsinized, resuspended
in growth medium with FBS (0.5%), and cell suspensions were plated
on sterile glass coverslips in 12-well plates at 20% confluence.
Effectene (Qiagen, Germantown, MD) transfection reagents and small

interfering (si)RNA [0.5 �g (40 pmol/transfection)], RhoA (catalog
no. sc-29471), and control scrambled siRNA (catalog no. sc-37007,
Santa Cruz Biotechnology, Santa Cruz, CA) were mixed according to
the manufacturer’s protocol. The transfection mixture was added to
cell suspensions immediately before plating. The transfection medium
was removed after 6-h exposure and replaced with growth medium
plus 0.5% FBS. Cells were adherent at this time. After 48 h, 400 U/ml
TNF-� (PeproTech) was added to the appropriate wells and incubated
an additional 4 h. Cells were then fixed as below for immunofluores-
cence (4% paraformaldehyde/PBS) or lysed with 200 �l of 25 mM
Tris, pH 7.5, 150 mM K acetate, 5 mM EDTA, 5 mM EGTA, 10 mM
DTT, 50 �M butylated hydroxytoluene, 10% glycerol, 1% Triton
X-100/60 mM octyl-�-D-glucopyranoside, and protease inhibitors (1
mM PMSF, 1 mM benzamidine, 1 �g/ml pepstatin A, 40 �g/ml
bestatin, 50 �g/ml leupeptin, 2 �g/ml aprotinin). Fixed cells were
rinsed with PBS and labeled with rhodamine-phalloidin (Invitrogen).
Slides were viewed and photographed using a Zeiss LSM-510 con-
focal microscope and a �63 1.2 numerical aperture (NA) water-
immersion objective lens. Cell lysates were prepared for SDS-PAGE,
and Western blots were probed with anti-RhoA (Santa Cruz Biotech-
nology) to determine the extent of RhoA knockdown.

SDS-PAGE and Western analysis. MS1 cellular proteins were
extracted in a 2% SDS buffer (2% SDS, 10 mM Tris, pH 7.6, 10 mM
NaF, 5 mM DTT, and 2 mM EGTA) and boiled for 3–5 min. Protein
concentration was determined by the filter dye-binding assay (17).
Equal protein concentrations (10 �g total extracted protein) were
loaded in each lane, and the separated proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane, blocked with 5% nonfat
dry milk or 10% newborn calf serum in Tris-buffered saline with
Tween. For immunodetection, the PVDF membrane was probed with
the rabbit primary antibody to the phosphopeptide of pADF/pcofilin
(1:1,000; a generous gift of Dr. James Bamburg, Colorado State
University, Fort Collins, CO) followed by horseradish peroxidase-
conjugated goat anti-rabbit secondary antibodies (1:30,000; Southern
Biotechnology, Birmingham, AL). Protein bands were detected by
enhanced chemiluminescence (Pierce, Rockford, IL) on Biomax film
(Kodak, Rochester, NY).

Immunofluorescence. MS1 cells were fixed in 4% paraformalde-
hyde, pH 7.4, for 30 min, washed in PBS, and permeabilized in PBS
containing 0.05% Triton X-100 (Sigma) for 10 min at room temper-
ature. The cells were then blocked with PBS containing 2% defatted
BSA (Sigma) for 30 min. At room temperature, F-actin was localized
using Texas red-phalloidin (Molecular Probes, Eugene, OR) and
DAPI (2 �g/ml) or TO-PRO-3 (1 �M, Molecular Probes) was used to
localize the nucleus. The specimens were washed and mounted in
50:50 glycerol-PBS with 1% 1,4-diazabicyclo (2,2,2) octane (Sigma)

Fig. 1. Cytokines induced accumulation of dense F-actin stress fibers in MS1 cells. Under physiological conditions (A), Texas red-phalloidin stained basal F-actin
stress fibers and cortical F-actin. Cells incubated under similar conditions, but supplemented for 4 h with a cytokine cocktail containing IL-1� (0.25 U/ml), IL-6
(10 ng/ml), and TNF-� (400 U/ml), exhibited substantially increased Texas red-phalloidin-stained basal stress fibers, both in thickness and number (B). Bar �
10 �m.
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to minimize photobleaching. Images were collected with a MRC-1024
laser-scanning confocal microscope (Bio-Rad, Hercules, CA) on a
Nikon Diaphot 200 inverted stand using a �60 water objective,
NA 1.2, or a �100 oil-immersion objective, NA 1.4 (Nikon,
Melville, NY).

Measurement of RhoA activity. Affinity isolation was carried out as
described previously (12) with the modification that MS1 cells were
grown in 5% FBS/DMEM in 100-mm plates. On the day of the
experiment, cells were washed with HBSS (37°C) and then incubated
in 5 ml of 0.5% FBS/DMEM with or without cytokines. After 4 h, the
cells were rinsed with HBSS (37°C). One milliliter of cold extraction
buffer A [25 mM Tris (pH 7.5 at 4°C), 150 mM potassium acetate, 5
mM EDTA, 5 mM EGTA, 10 mM DTT, 1% Triton X-100, 60 mM
n-octyl-�-D-glucopyranoside, 50 �M butylated hydroxytoluene, 1
mM PMSF, 1 mM benzamidine, 2 �g/ml aprotinin (Roche Molecular
Biochemicals, Indianapolis, IN), 1 �g/ml pepstatin A (Roche Molec-
ular Biochemicals), 50 �g/ml leupeptin (Peptides International,
Osaka, Japan), and 40 �g/ml bestatin (Roche Molecular Biochemi-
cals)] was added to the 100-mm plate and incubated on ice for 10 min
with periodic manual rocking to evenly distribute the extraction
buffer. The detergent extract was removed and centrifuged briefly at
1,500 g. Twenty-five microliters of the soluble extract was mixed with
35 �l of the GTP-RhoA trap glutathione agarose-bound glutathione-
S-transferase Rho-kinase binding domain (GST-ROK-BD) to assay
for RhoA activity. The extract-treated beads were incubated at 4°C for
1 h on a rotator and then rinsed three times with 500 �l of buffer A
without detergent or protease inhibitors. The depleted fraction was
precipitated with 10% trichloroacetic acid, rinsed with 70% ethanol-
acetone, dried, and dissolved in SDS sample buffer [50 mM Tris 7.5,
2% SDS, 5% �-mercaptoethanol, 6 M urea, bromophenol blue]. The
bound fraction was dried in a vacuum and solubilized in SDS sample
buffer. Bound and unbound fractions for each time point were run on
a 15% SDS-PAGE polyacrylamide gel (BioWhittaker Molecular Ap-
plications, Rockland, ME). This was followed by Western blotting
and immunostaining with 1 �g/ml anti-RhoA antibody (26C4, Santa
Cruz Biotechnology) followed by horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (Jackson ImmunoResearch, West
Grove, PA). Blots were visualized with enhanced chemiluminescence
(ECL; Amersham Pharmacia Biotech, Piscataway, NJ) and Biomax
ML film (Kodak). To determine the ratio of bound to unbound
GTP-RhoA, film images were digitized and the optical density of each
band was quantified with a Fluor-S MultiImager with Quantity One
4.1 software (Bio-Rad Laboratories).

Nucleotide determinations. Nucleotide determinations were per-
formed on a HPLC system equipped with a 4-�m Nova-Pak C18

cartridge (100 � 8-mm internal diameter) and a radial compression

chamber (Waters, Milford, MA). The buffer consisted of 20% aceto-
nitrile, 10 mM ammonium phosphate, and 2 mM PIC Reagent A
ion-pairing reagent (Waters) and was run isocratically at 2 ml/min
(12). Samples were diluted in half with ddH2O, and the injection
volume was 100 �l. A Hewlett-Packard Chemstation model 1100 was
used (Hewlett-Packard, Wilmington, DE), and the UV detector was
set at 254 nm. HPLC-grade nucleotide standards were use to calibrate
the signals. They were run daily because the retention of the column

Fig. 2. Cytokines increased cellular F-actin content in MS1 cells. Using confocal microscopy and Metamorph software, F-actin fluorescence of MS1 cells treated
with cytokines IL-1�, IL-6, and TNF-� was quantified. F-actin fluorescence increased 61% in cells incubated with 0.25 U/ml of IL-1, while higher concentrations
of IL-1� reduced F-actin fluorescence to �0.5% FBS control levels. All IL-6 concentrations increased F-actin fluorescence 22–35%. When TNF-� was incubated
with MS1 cells, F-actin fluorescence increased in a dose-dependent manner, while incubation of the cells with the cytokine cocktail (0.25 U/ml of IL-1�, 10 ng/ml
of IL-6, and 400 U/ml of TNF-�) resulted in a 20% increase in F-actin fluorescence. All values are expressed as the percentage of 0.5% FBS control (*P � 0.05).

Fig. 3. Cytokines induced phosphorylation/inactivation of cofilin in MS1
cells. To demonstrate phosphorylation of cofilin, Western blots were probed
with a pADF/pcofilin-specific antibody (top). Lanes 1–3, 5% FBS (3 repli-
cates); lanes 4–7, 0.5% FBS (4 replicates); lanes 8–11, 0.5% FBS with
cytokine cocktail (see below; 4 replicates). The level of phosphorylated or
inactive cofilin increased 30% in MS1 cells incubated for 4 h in the presence
of 0.5% FBS compared with MS1 cells incubated in 5% FBS. When the
cytokine cocktail combination (0.25 U/ml of IL-1�, 10 ng/ml of IL-6, and 400
U/ml of TNF-�) was added to MS1 cells incubated in 0.5% FBS, phosphor-
ylated cofilin increased 62% over cells incubated in 5% FBS, and there was a
25% increase over cells incubated in 0.5% FBS (*P � 0.05). All lanes for the
Western blots were loaded with 10 �g total protein.
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varied with time. To test recovery, internal standards were added to
the samples and recovery exceeded 90% for all nucleotides.

Fluorescence intensity measurements/statistical analysis. Average
intensity measurements were obtained using Metamorph software
version 4.0 (Universal Imaging, West Chester, PA) by thresholding
the Texas red-phalloidin-stained cells. Intensity values were expressed
as the percentage of control values. The average background values
were subtracted from the average intensity. Data were analyzed using
Student’s t-test. Statistical significance was attained with P values �0.05.

RESULTS

Cytokines induce F-actin polymerization. Initial studies
were undertaken to determine the effect of cytokines on F-actin
polymerization in MS1 cells. This cell line, derived from
murine pancreatic microvascular endothelium, which retains
many properties of the microvascular endothelium (14), was
used, as we considered it to be the best immortalized cell line
available in the absence of a renal microvascular cell line. Cells
supplemented with a cytokine cocktail (0.25 U/ml of IL-1�, 10
ng/ml of IL-6, and 400 U/ml of TNF-�) had increased basal
F-actin stress fibers both in number and density (Fig. 1B)
compared with cells grown in normal media supplemented
with 0.5% FBS (Fig. 1A). This same effect was previously
observed in bovine pulmonary artery endothelial cells (21). In
addition, the cytokine cocktail induced F-actin polymerization
in a time-dependent manner. With continued cytokine expo-
sure, maximum F-actin polymerization was observed at 4 h and
remained stable for 24 h (data not shown).

To confirm the data presented in Fig. 1, we imaged the Texas
red-phalloidin-stained F-actin in the presence of increasing
concentrations of each cytokine and the cytokine cocktail and
measured the fluorescent intensity of F-actin with Metamorph
software (Fig. 2). Addition of 0.25 U/ml of IL-1� increased
F-actin fluorescence 61%, while higher IL-1� concentrations
resulted in F-actin fluorescence of �0.5% FBS control. All
concentrations tested for IL-6 increased F-actin fluorescence

22–35% over control 0.5% FBS levels. In the presence of
TNF-�, F-actin fluorescence increased in a concentration-
dependent manner, with 400 U/ml TNF-� increasing fluores-
cence 60% over control 0.5% FBS levels. The cytokine cock-
tail resulted in a 20% increase in F-actin fluorescence over
control 0.5% FBS levels.

Cytokines induce phosphorylation/inactivation of cofilin.
Phosphorylation of the NH2-terminal serine of cofilin inacti-
vates its actin binding activity. Inactivated cofilin can no longer
sever or depolymerize F-actin. To determine the effect of
cytokines on the activity of cofilin, MS1 cells supplemented
with 5, 0.5, and 0.5% FBS plus the cytokine cocktail were
homogenized and analyzed by Western blotting using an anti-
body specific for the phosphorylated epitope of cofilin (Fig. 3).
Compared with the pcofilin concentration of MS1 cells sup-
plemented with 5% FBS, a 30% increase in pcofilin was noted
in MS1 cells supplemented with 0.5% FBS, and a 62% increase
in pcofilin was observed in MS1 cells supplemented with 0.5%
FBS and the cytokine cocktail.

Effect of cytokine combination (IL-1�, IL-6, and TNF-�) on
RhoA activity. Since RhoA is known to regulate stress fiber
formation, we next determined the effect of the cytokine
cocktail on RhoA activity. A detergent cell extract of the MS1
cells was incubated with a GST-ROCK-BD-RhoA trap, and the
bound RhoA was separated from the unbound GDP-RhoA
(12). Densitometry of chemiluminescence films demonstrated
RhoA activity increased up to 227 � 26% in MS1 cells after
incubation with the cytokine combination (P � 0.05) (Fig. 4).
In all studies, a marked increase over baseline levels was
observed, although the baseline varied between studies.

RhoA knockdown and the P160-ROCK inhibitor Y-27632
block cytokine-induced actin redistribution in MS1 cells. To
directly test the importance of RhoA activation in stimulating
downstream signaling pathways leading to stress fiber assem-
bly in MS1 cells, we used pooled siRNAs targeting the mouse

Fig. 4. RhoA activation increased in the presence of cytokines in MS1 cells. In 3 separate experiments, RhoA activation (bound vs. unbound fraction) was
significantly increased in MS1 cells incubated for 4 h in physiological media (containing 0.5% FBS) containing the cytokine cocktail combination (0.25 U/ml
of IL-1�, 10 ng/ml of IL-6, and 400 U/ml of TNF-�) compared with MS1 cells grown without addition of cytokines (*P � 0.05). Values, expressed as percentage
of control, are means � SD of 3 replicates/experiment.
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RhoA sequence. Scrambled siRNA with no predicted target in
the mouse genome was used as a control. Transfection with
RhoA siRNA resulted in decreased levels of RhoA protein
detected by immunoblotting at 48 h following transfection
(Fig. 5A). RhoA levels in RhoA siRNA-transfected cells were
�10% of the levels in control siRNA-transfected cells or
untransfected MS1 cells (data not shown). Cells transfected
with RhoA siRNA showed decreased abundance of stress fiber
bundles on their basal surfaces compared with cells treated
with control siRNA (Fig. 5, B1 and B2), or mock transfected
cells (data not shown). We then tested whether cells depleted
of RhoA still showed increased stress fiber formation in re-
sponse to cytokine stimulation. We used TNF-� as a stimulus,
since it produced the largest effect on stress fiber organization
in our initial experiments (see Fig. 2). Transfection with RhoA
siRNA, but not control siRNA, completely blocked the in-
crease in stress fiber formation induced by TNF-� stimulation
(Fig. 5B4).

To confirm this result and identify downstream effectors of
RhoA that could mediate the cytokine response, we used
Y-27632, a specific inhibitor of the RhoA effector kinase P160-
ROCK. Utilizing quantitative confocal microscopy to measure
F-actin stress fibers, we confirmed that F-actin stress fiber forma-
tion significantly increased 34% over control levels in cells treated
with the cytokine cocktail for 3 h (Fig. 6). In cells treated with
Y-27632, a significant reduction in F-actin fluorescence intensity
to 78% of control levels occurred. Pretreatment of cells with the
P160-ROCK inhibitor Y-27632 for 30 min followed by cytokine
cocktail exposure for 3 h yielded fluorescence intensities similar
to baseline levels (2% increase over control levels) (Fig. 6).
Western blot analysis of MS1 cellular extracts demonstrated a
73% increase in pcofilin in the presence of the cytokine cocktail
over control cells, no detectable pcofilin in the presence of the
Y-27632 inhibitor alone, but an increase in pcofilin to 55% of
control levels when exposed to Y-27632 for 30 min followed by
incubation with the cytokine cocktail for 3 h (Fig. 6F).

Fig. 5. Effect of RhoA knockdown on cytokine-
induced stress fiber formation. A: Western blot
probed with anti-RhoA of lysates from MS1 cells
treated as in B. B: rhodamine-phalloidin-labeled
stress fibers of MS1 cells 48 h posttransfection with
either a control siRNA (top) or small-interfering
(si)RNA to RhoA (bottom). Cells were incubated
with siRNA plus 4-h incubation with either 0.5 or
0.5% FBS with TNF-� (right). Bar � 10 �m.
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Effect of cytokines on free nucleotides in MS1 cells. Analysis
of the nucleotide profile of MS1 cells grown with the addition
of 0.25 U/ml IL-1�, 10 ng/ml IL-6, 400 U/ml TNF-�, or the
combination cocktail of cytokines demonstrated there were no
significant alterations in the nucleotide pool (Table 1). Nucle-
otide levels decreased for all conditions, but not to 25% of
control values, which occurs with antimycin A treatment and is
required for polymerization of ADP-actin (3).

DISCUSSION

Cellular stress induces dramatic changes in actin cytoskele-
ton dynamics and cellular organization, but the underlying
causal mechanisms are still not well understood (5, 18). In
response to an ischemic insult to the kidney, many factors are
released, including cytokines. Cytokines, particularly IL-1�,
IL-6, and TNF-�, are known to orchestrate various inflamma-

Fig. 6. Y-27632 inhibits cytokine-induced actin redistribution in MS1 cells. Basal F-actin stress fibers increased in MS1 cells incubated with a cytokine cocktail
combination (0.5% FBS with 0.25 U/ml of IL-1�, 10 ng/ml of IL-6, and 400 U/ml of TNF-�) for 3 h (B) compared with untreated cells (A; 0.5% FBS alone).
A decrease in basal stress fibers was observed in MS1 cells treated for 30 min with Y-27632 (10 �M), a specific inhibitor of the RhoA effector kinase
P160-ROCK (C). MS1 cells exposed to Y-27632 (10 �M) for 30 min before incubation with Y-27632 and the cytokine cocktail for 3 h (D) exhibited more basal
stress fibers than Y-27632-treated cells (C), significantly fewer stress fibers than cytokine-treated cells (B), and approximately the same amount of stress fibers
as observed in the untreated sample (A). D: F-actin is observed not only in stress fibers but also in ruffled cell edges. E: F-actin content was quantitated by
measuring the F-actin fluorescence with each treatment and expressed as a percentage of the untreated sample. There was a significant increase in F-actin
fluorescence with treatment with cytokines (34% over control levels), a significant decrease with Y-27632 treatment (78% of control levels), and a return to
untreated values in cells pretreated with Y-27632 and then exposed to Y-27632 and the cytokine cocktail (P � 0.05). F: the level of phosphorylated/inactive
cofilin increased almost 2-fold in the presence of the cytokine cocktail, decreased to nondetectable levels in the presence of the Y-27632 inhibitor and, in the
presence of the inhibitor for 30 min followed by the inhibitor and cytokine cocktail for 3 h, pcofilin levels increased to 55% of control levels. Bar � 10 �m.
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tory reactions influencing endothelial cell permeability by
altering cell-cell and cell-extracellular matrix attachments (20,
23, 25). It is not known whether these cytokines play a role in
the signaling pathways leading to actin filament severing,
depolymerization, and abnormal actin aggregate formation that
are observed in response to ischemia-induced acute kidney
injury. In this study, utilizing a murine pancreatic microvascu-
lar cell line, we questioned whether these particular cytokines,
independently or in combination, contributed to the dramatic
actin cytoskeleton rearrangement observed in response to renal
ischemia in endothelial cells. Although it would have been
preferable to use renal microvascular cells in this study, im-
mortalized cell lines derived from the renal microvasculature
are not currently available, and it is impractical to isolate a
sufficient quantity of cells in primary culture for the studies
described here. Microvascular endothelial cells from different
organs are more similar to one another in their gene expression
profile than they are to endothelial cells from large vessels (7),
so the choice of a microvascular cell line, albeit from the
pancreas instead of the kidney, provides a reasonable model for
injury to the renal microvasculature.

Previous studies have demonstrated that the actin-depoly-
merizing and -severing proteins ADF and cofilin are dephos-
phorylated and activated during renal ischemia, suggesting that
these proteins are positioned to play a significant role in the
observed ischemia-induced actin reorganization (2, 24, 29).
However, exactly what extracellular factors are involved in
their activation has not been determined. Studies of the RhoA
signaling cascade, a potential upstream regulator of ADF/
cofilin, demonstrated that ischemia or ATP depletion reduced
RhoA and ROCK p160 activity (12). Decreased activity of
ROCK p160 would be expected to lead to decreased activity of
the serine/threonine kinases LIMK1 and LIMK2 and conse-
quently an increase in dephosphorylated (active) ADF/cofilin.
The resulting higher levels of activated ADF/cofilin proteins
would cause more depolymerization and severing of actin
filaments during renal ischemia. In this study, we demonstrate
that when cytokines are present, as they are in vivo, the situation
is more complicated, presenting evidence that the proinflamma-
tory cytokines used here could antagonize the effect of ischemia
on RhoA signaling. Cytokines increased RhoA activity over
baseline, and the abundance and thickness of endothelial cell
basal stress fibers were increased in the presence of the indi-
vidual cytokines and the cytokine cocktail. It is noteworthy that
the combination of cytokines was less effective in inducing

stress fiber formation than the optimal dose of each of the
individual cytokines used alone, indicating some interference
between the signaling pathways downstream of their respective
receptors. Using siRNA to knock down levels of RhoA to
�10% of control levels completely blocked any effect of
cytokines on stress fiber organization, in agreement with a key
role for RhoA signaling in mediating the cytokine effect on
cytoskeletal organization. Importantly, other than the changes
in organization to the basal cytoskeleton, there were no gross
morphological changes in cell morphology or any other indi-
cations that RhoA knockdown to these levels caused significant
loss of cell viability.

For TNF-�, and possibly other cytokines, recent work sug-
gests possible signaling mechanisms that could contribute to
the RhoA activation observed here. TNF-� activates IK	�,
which phosphorylates the tuberous sclerosis complex TSC1
subunit on serine 511, leading to dissociation of the complex
and destabilization of TSC2 (13). TSC2 has been shown to act
to downregulate the level of RhoA activity (10), and so the
predicted effect of TNF-� treatment would be exactly the
increased RhoA activity that we observed in this study.

In addition to the enhanced activity of RhoA, we showed
that inhibition of the RhoA effector ROCK p160 with the
specific inhibitor Y-2763 significantly reduced actin stress
fibers in endothelial cells, consistent with decreased ROCK
activity leading to decreased LIM1/2 activity and accumulation
of active ADF/cofilin. Interestingly, when the cells were first
incubated with the Y-27632 inhibitor and then incubated with
the inhibitor and the cytokine cocktail, the actin stress fiber
density returned to approximately the same fluorescence levels
observed under control physiological conditions. Also, under
these same conditions, the level of phosphorylated/inactive
cofilin increased to 55% of baseline conditions. These results
suggest cytokines can partially override the effects of the
Y-27632 inhibitor, but not completely, as the level of actin
stress fiber fluorescence did not rise to the levels of incubation
with cytokines alone. This is in contrast to the effect of RhoA
knockdown, which completely ablated any cytokine effect on
stress fibers, showing that ROCK-independent signaling mech-
anisms activated by cytokines probably operate downstream of
RhoA.

In the presence of the cytokine cocktail, phosphorylation/
inactivation of cofilin also increased. These results also
demonstrate cytokines signal through the RhoA-ROCKp160
pathway to inactivate ADF/cofilin to promote actin poly-

Table 1. Nucleotide profile of MS1 cells under physiological
conditions and with cytokine treatment

ATP ADP GTP GDP

5% FBS 100�1.2 100�7.2 100�2.9 100�9.1
0.5% FBS 79.5�2.7 93.3�18.8 86.6�3.5 110�25.4
0.25 �l/ml IL-1� 87.6�2.1 104.9�5.8 95.3�1.8 123.8�8.2
10 ng/ml IL-6 83.0�0.9 74.0�3.0 90.3�0.4 90.2�7.7
400 U/ml TNF-� 78.1�1.3 75.4�8.2 83.4�1.8 87.5�11.6
Combination 71.1�4.6 73.7�12.1 77.5�5.7 82.1�0.6

Values are means � SD expressed as percentage of control (5% FBS group)
and are corrected for protein concentration. The nucleotide levels of ATP,
ADP, GTP, and GDP determined by HPLC are listed for MS1 cells grown in
5% FBS, 0.5% FBS, and 0.5% FBS in the presence of cytokines IL1-�, IL-6,
or TNF-� or a combination cocktail of all 3 cytokines.

Table 2. Comparison of cytoskeletal alterations induced by
cytokines versus ischemia/ATP depletion

Cytokine Stimulation Ischemia/ATP Depletion

Actin stress fibers Increase Breakdown
Actin aggregates Rare Many (large and small)
ATP/GTP levels Remain stable Decrease
Rho activation Increases Decreases
Pcofilin levels Increase Decrease

Endothelial cells stimulated with the cytokine cocktail demonstrated in-
creases in actin stress fibers, Rho activation, and pcofilin levels. Actin aggre-
gates were rarely noted, and ATP/GTP levels remained stable with incubation
with cytokines. In contrast, ischemia or ATP depletion resulted in breakdown
of actin stress fibers with formation of many small and large aggregates,
besides decreased Rho activation and decreased pcofilin and ATP/GTP levels.
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merization. Finally, since Y-27632, unlike RhoA siRNA,
did not completely block the cytokine effect, they suggest
cytokines must also utilize another signaling cascade down-
stream of RhoA to promote stress fiber formation. Studies
have demonstrated that a balance between kinase and phos-
phatase pathways determines the level of ADF/cofilin phos-
phorylation (4, 16, 26). Therefore, it is possible the ADF/
cofilin-specific phosphatase slingshot may be regulated by
cytokines, decreasing dephosphorylation of ADF/cofilin
proteins. Alternatively, cytokines, through activation of
RhoA, probably activate other signaling cascades through
alternative RhoA effectors, such as the formin mDia. Acti-
vated mDia partners with the actin binding protein profilin
to increase actin polymerization (31).

In summary, our studies suggest that release of cytokines, in
response to renal ischemia, did not contribute to the observed
breakdown and reorganization of the actin cytoskeleton that we
previously observed with renal ischemia (Table 2). In fact,
actin stress fibers were increased, not decreased and abnormal
aggregates were rarely seen, while many are observed with
ATP depletion. The RhoA signaling cascade was activated by
the cytokines, inducing phosphorylation/inactivation of ADF/
cofilin, which resulted in actin filament stabilization, while
renal ischemia downregulates the RhoA signaling cascade,
resulting in dephosphorylation/activation of ADF/cofilin and
increased severing and depolymerization of actin filaments. In
addition, cytokines did not affect the nucleotide levels, in
contrast to the reduced nucleotide levels observed with renal
ischemia. These studies suggest that, while cytokines are re-
leased during renal ischemia independently, they did not play
a role in the F-actin breakdown we observed with cellular ATP
depletion. The net effect of ischemic injury on the cytoskeleton
in vivo, then, is a composite of the direct effects of ischemia
on cytoskeletal organization, overlaid with competing ef-
fects of cytokine signaling. Cytokines may possibly act as
stabilizing agents to prevent complete ischemia-induced
actin cytoskeleton destruction and may work in concert with
other factors to provide a means for actin cytoskeleton and
cellular recovery. The degree to which the normal cytokine
signaling mechanisms that utilize kinases and phosphatases
can operate under the low-ATP conditions during the actual
ischemic period is a question that requires further investi-
gation. Once ATP levels recover during reperfusion, how-
ever, cytokine signaling is likely to predominate. Further
work is required to determine how these competing mech-
anisms operate in vivo and to understand the additional
complexities introduced by other factors such as hypoxia
and the presence of other immune modulators including
anti-inflammatory factors that are also characteristics of the
ischemic milieu.
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