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Inhibiting nonmuscle myosin Il impedes inflammatory
infiltration and ameliorates progressive renal disease

Jin Si'*?, Yan Ge'?, Shougang Zhuang' and Rujun Gong'

The motor protein nonmuscle myosin Il (NMII) through its interaction with the actin cytoskeleton constitutes the
machinery of cell crawling and has an important role in driving locomotion and infiltration of immune competent cells
during inflammatory response and immune reaction. Blebbistatin is a highly selective inhibitor of NMIl adenosine
triphosphatase. This study examined the effect of NMIl inhibition by blebbistatin on inflammation. In vitro, blebbistatin
markedly induced actinomyosin complex disassembly in various cultured immunocytes, and functionally impaired their
motile activity and invasive capacity as assessed by the Boyden chamber motility assay and the matrigel invasion assay.
In vivo, in a rat model of acute inflammation induced by tumor necrosis factor, blebbistatin obliterated renal seques-
tration of circulating fluorescence-labeled macrophages in a dose-dependent fashion. Moreover, in rats with progressive
obstructive nephropathy, blebbistatin treatment exhibited a remarkable renoprotective effect, as evidenced by nor-
malized kidney weight, improved gross morphology, and diminished histologic injury in the tubulointerstitium. This
beneficial effect was associated with significant amelioration of renal inflammation, consistent with a primary anti-
inflammatory action by blebbistatin. In addition, in rats with established obstructive nephropathy, blebbistatin pretreated
macrophages showed obliterated recruitment into the inflamed renal parenchyma, denoting that blebbistatin directly
impedes inflammatory infiltration by immunocytes. Collectively, our findings suggest that inhibition of NMII has a potent
and direct anti-inflammatory effect on the basis of impairment of the actinomyosin powered locomotive machinery,

which is essential for migration and infiltration of immune competent cells.
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Inflammation, characterized by the influx of leukocytes or
immune competent cells toward the sites of injury or infec-
tion, is a protective attempt by the body to remove the in-
jurious stimuli, as well as to initiate the healing process.'™
An inflammatory response of appropriate magnitude and
timing is crucial to tissue repair and homeostasis.* Most
inflammatory responses are acute and self-limiting; however,
an excessive inflammatory reaction may result in critical and
fatal conditions, such as systemic inflammatory response
syndrome, acute respiratory distress syndrome, and acute
renal failure. On the other side, if the inflammatory response
is prolonged or frequently relapsing, chronic persistent
inflammation develops, in which immune competent cells
may promote fibrosis and eventually lead to loss of organ
function.*’

Central to the pathophysiology of inflammation is tissue
infiltration by immune competent cells.”® Under normal
condition, leukocytes continuously patrol the vasculature,
alert for signals of inflammation. Proinflaimmatory sub-
stances released by pathogens (eg, lipopolysaccharide) or by
damaged tissue (eg, tumor necrosis factor (TNF) activate the
leukocytes and initiate the migration of leukocytes to the
inflamed area. Leukocyte migration from blood to tissues
involves several steps: margination, adhesion to endothelial
cells, diapedesis, and chemotaxis.® Cellular motility is indis-
pensable for leukocyte extravasation, migration, and in-
flammatory infiltration.”® Cell locomotion is a complex
process that requires the coordinated regulation and inter-
action of numerous reactions.” Nonmuscle myosin IT (NMII)
is an adenosine triphosphate-driven molecular motor, which
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through the interaction with the actin cytoskeleton forms an
indispensable part of the motile machinery for most non-
muscle cells,'® including leukocytes.”

The (—) enantiomer of blebbistatin [(—)-1-phenyl-
1,2,3,4—tetrahydro-4-hydroxypyrrolo[2,3-b]-7-methylquino-
lin-4-one] is a small molecule inhibitor discovered in a screen
for inhibitors of NMIIA."" It is a cell-permeable 1-phenyl-1—
2-pyrrolidinone derivative that shows high affinity and se-
lectivity toward NMII adenosine triphosphatase activity with
minimal effects on activity of smooth muscle myosin II or
other types of myosin.'> Blebbistatin was recently found to
mitigate the migration of a variety of immune competent
cells,””™"® suggesting that NMII is crucial for immunocyte
motility. Consistently, a growing body of evidence reveals
that indirect inactivation of NMII through inhibition of
myosin light chain kinase'**° or Rho kinase'®*'"** impaired
leukocyte migration and improved inflammation. Never-
theless, the exact role of NMII in mediating leukocytes’ in-
flammatory response remains uncertain. The purpose of this
study was to examine the effect of direct NMII inhibition by
blebbistatin on inflammatory infiltration in vitro in cultured
immunocytes and in vivo in experimental renal inflamma-
tion. We showed that inhibition of NMII by blebbistatin
impedes inflammatory infiltration and substantially amelio-
rates progressive renal disease.

MATERIALS AND METHODS

Cell Culture

The human monocytic leukemia cell line (THP-1), the hu-
man T-lymphocyte cell line (Jurkat), and the rat alveolar
macrophages (RAMs) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). THP-1 and
Jurkat cells were cultured in suspension in RPMI supple-
mented with 10% fetal bovine serum and RAM cells in Ham’s
FI12K containing 15% fetal bovine serum.” Cells were
maintained in a 37°C, 5% CO, incubator and split every 2
days by gentle scraping. Blebbistatin (Sigma, St Louis, MO)
was added to the culture at a final concentration of 50 uM or
otherwise as indicated. Cell viability was assessed by Trypan
blue exclusion. At different time points, cells and conditioned
media were harvested for further investigation. For fluor-
escent viable labeling, RAM cells (1 x 107) were incubated in
media containing 5mg/ml Calcein-AM (Molecular Probes,
Eugene, OR) at 37°C for 30 min. Excess dye was removed by
washing three times with phosphate-buffered saline (PBS).*?

Western Imnmunoblot Analysis

Cultured cells were lysed and animal tissues homogenized in
RIPA buffer supplemented with protease inhibitors (1%
Nonidet P-40, 0.1% SDS, 100 pug/ml phenylmethysulfonyl
fluoride, 0.5% sodium deoxycholate, 1 mM sodium ortho-
vanadate, 2 ug/ml aprotin, 2 ug/ml leupeptin, 5mM EDTA in
PBS). Protein concentration was determined by using a
bicinchoninic acid protein assay kit (Sigma). Samples with
equal amounts of total protein (50 ug) were fractionated by
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7.5~15% SDS-polyacrylamide gels under reducing condi-
tions and analyzed by western immunoblot as previously
described.”® The antibodies against actin and nonmuscle
myosin heavy chain II A (NMHC-IIA) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA) and that for
ED-1 from Serotec (Oxford, UK).

Immunoprecipitation

Immunoprecipitation was carried out using an established
method as previously described.”” Briefly, cells were washed
with ice-cold PBS and then lysed with RIPA buffer supple-
mented with protease inhibitors. After pre-clearing with
normal IgG, cell lysates with equal amount of total protein
(0.5mg of protein) were incubated overnight at 4°C with
4 ug specific agarose-conjugated antibodies. The precipitated
complexes were collected, washed, and separated on SDS-
polyacrylamide gels and blotted with various antibodies as
indicated.

Boyden Chamber Motility Assay

RAM cell motility and migration were evaluated using Boy-
den chamber motogenicity assay with tissue culture-treated
Costar transwell filters (Cole-Parmer, Vernon Hills, IL).*®
RAM cells (5 x 10*) were seeded onto the filters (8-um pore
size, 0.33-cm growth area) in the top compartment of the
chamber. Vehicle or recombinant monocyte chemotactic
protein-1 (MCP-1, R&D Systems, Minneapolis, MN) was
added into the media in the lower chamber at a final con-
centration of 100 ng/ml. After incubation with or without
blebbistatin at 37°C for indicated intervals, filters were fixed
with 3% paraformaldehyde in PBS, and stained with 0.1%
Coomassie Blue in 10% methanol and 10% acetic acid, and
the upper surface of the filters was carefully wiped with a
cotton-tipped applicator. Cells that passed through the pores
were counted in five non-overlapping x 20 fields and pho-
tographed using a Nikon microscope. The experiments were
performed in triplicate cultures.

Matrigel Invasion Assay

Matrigel (1.43 mg/cm®) was added onto the Costar transwell
filters of the Boyden chamber to form matrix gels at 1.0-mm
depth. RAM cells (5 x 10*) in a volume of 100 ul were added
onto the top of the gels.** Vehicle or recombinant rat
monocyte chemotactic protein-1 was added into the media in
the lower chamber at a final concentration of 100 ng/ml.
After incubation with or without blebbistatin at 37°C for the
indicated intervals, filters were fixed with 3% paraf-
ormaldehyde in PBS, and stained with 0.1% Coomassie Blue
in 10% methanol and 10% actic acid, and the upper surface
of the filters was carefully wiped with a cotton-tipped ap-
plicator. Cells that invaded and migrated across the Matrigel
and passed the transwell filter pores toward the lower surface
of the filters were counted in five non-overlapping x 20
fields and photographed using a Nikon microscope. The
experiments were performed in triplicate cultures.
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Animal Studies

Male Sprague—Dawley rats with initial weights of 200-250 g
were housed in an approved animal care facility and fed
standard chow. Experimental protocols were approved by the
institution’s Animal Care and Use Committee and they
conform to USDA regulations and NIH guidelines for hu-
mane care and use of laboratory animals. The first study was
designed to determine how blebbistatin at different doses
affects renal inflammatory infiltration in a model of acute
renal inflammation. Briefly, rats were anesthetized and a
bolus injection of rat TNF (2 ug/kg wt) (R&D Systems) or
vehicle was given into the left carotid artery to stimulate the
systemic inflammation® and blebbistatin at indicated doses
or an equal volume of vehicle was administrated in-
travenously. Then at different times, fluorescent-labeled RAM
cells (1 x10% resuspended in normal saline were infused
through the carotid artery.”® For each time point and each
blebbistatin dose, five rats were examined. Animals were
killed 1h after RAM cell infusion and various organs har-
vested for further investigation. Another study was per-
formed to examine the effect of blebbistatin on experimental
progressive kidney injury induced by unilateral ureteral ob-
struction (UUQO). Male Sprague—Dawley rats weighing 200—
250 g were subjected to UUO surgery using an established
procedure.’ In essence, complete ureteral obstruction was
performed under general anesthesia by double-ligating the
left ureter using 4-0 silk after a midline abdominal incision.
Sham-operated animals had their ureters exposed, manipu-
lated but not ligated. Sham-operated or UUO rats received a
daily intravenous injection of blebbistatin or vehicle at a dose
of 10 mg/kg and were killed on day 5 after surgery. For each
group and each treatment, five rats were examined. To vi-
sualize the direct effect on infiltration of inflammatory cells,
another five sham-operated or UUO rats received no treat-
ment after surgery. One hour before being killed on day 5,
they were infused through the carotid artery with fluores-
cence-labeled RAM cells (1 x 10*) that were pretreated with
vehicle or blebbistatin (50 uM) for 12h in the culture. The
kidneys were removed and kidney weight assessed. For the
excised kidney, one portion was immediately frozen for
cryostat sectioning. Another part was fixed in 10% phos-
phate-buffered formalin followed by paraffin embedding for
histological and immunohistochemical studies. The remain-
ing kidneys were snap-frozen in liquid nitrogen for cryostat
sectioning or stored at —80°C for protein extractions. To
quantify the fluorescent RAM cells sequestrated in the kidney,
kidney homogenates with equal amounts of protein (100 ug)
were subjected to fluorometric analysis using a Spectramax
GEMINI EM fluorescence plate reader (Molecular Devices,
Sunnyvale, CA) at an excitation wavelength of 485nm and
emission at 530 nm.

Morphology and Immunohistochemistry Studies

Formalin-fixed kidneys were embedded in paraffin and pre-
pared in 3 um-thick sections. For general histology, sections
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were processed for hematoxylin/eosin, periodic acid-Schiff,
and Masson-Trichrome staining. Morphology of all sections
was assessed by a single observer in a blinded manner. A
semiquantitative morphometric score index was used to
evaluate the degree of renal tubulointerstitial injury on the
basis of the presence of inflammation, basement membrane
thickening, dilation, atrophy, sloughing, or interstitial
widening as follows: 0, no changes present; grade 1, changes
present in <25% tubulointerstitial area; grade 2, 25~ 50%
tubulointerstitial involvement; grade 3, 50~75% tubu-
lointerstitial involvement; grade 4, 75~100% tubulointer-
stitial involvement. A mean score was calculated using the
values obtained in 20 random high-power ( x 400) fields in
the cortex and medulla per animal in five animals per group.
Determination of the degree of interstitial cellularity was
carried out on photomicrographs of hematoxylin and eosin-
stained kidney sections by counting nuclei numbers. Values
for individual rats were determined by averaging of 20 ran-
domly chosen high-power fields. Immunoperoxidase staining
of rat macrophages (ED-1-positive cells) was performed with
a Vectastain ABC kit (Vector Laboratories, Burlingame,
CA).*® As a negative control, the primary antibody was re-
placed by nonimmune serum from the same species. Severity
of inflammation was graded by absolute counting of ED-1-
positive cells in each field and reported as the mean number
of cells per square meter in 20 random fields per rat in 5 rats
per group. To visualize the fluorescent macrophages seques-
tered in the tissue, cryostat sections were directly fixed,
stained with 4/,6-diamidino-2-phenylindole, and then
counterstained with Evans blue and mounted with Vecta-
shield mounting medium.’® For immunofluorescence mi-
croscopy, all sections were stained and analyzed at the same
time to exclude artifacts due to variable decay of the fluor-
ochrome. Sections were examined using a Nikon Microphot-
EX fluorescence microscope equipped with a Spot II digital
camera.

Statistics

For immunoblot analysis, bands were scanned and the in-
tegrated pixel density was determined using a densitometer
and the NIH image analysis program. All data are expressed
as mean + s.d. Statistical analysis of the data from multiple
groups was performed by ANOVA followed by Student—
Newman—Keuls tests. Data from two groups were compared
by Student’s ¢-test. P<0.05 was considered to be significant.

RESULTS

Blebbistatin Induces Actinomyosin Complex
Disassembly in Imnmune Competent Cells

The actinomyosin complex has an important role in driving
locomotion of immune competent cells during inflammatory
response and immune reaction.”'® Consistent with previous
reports,' > 1718 NMII is expressed in all immune competent
cells examined, including RAM, THP-1, and Jurkat. MCP-1-
stimulated macrophages showed an evident physical
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Figure 1 Blebbistatin induces actinomyosin complex disassembly in
immune competent cells. (@) The chemical structure of blebbistatin (Bleb),
a cell-permeable 1-phenyl-1-2-pyrrolidinone derivative, that shows high
affinity and selectivity toward NMII adenosine triphosphatase activity with
minimal effects on activity of smooth muscle myosin Il or other types of
myosin. (b) A variety of immune competent cells, including RAM, THP-1,
and Jurkat cells, were stimulated with MCP-1 (100 ng/ml) in the presence or
absence of blebbistain (50 uM) for 12 h before the whole cell lysates were
collected and subjected to immunoprecipitation. Immunoprecipitates were
analyzed for nonmuscle myosin heavy chain [IA (NMHC-IIA) and actin by
western immunoblot.

association between actin and myosin (Figure 1b). Blebbis-
tatin, a 1-phenyl-2-pyrrolidinone derivative (Figure la), at
the concentration of 50uM, drastically abrogated the
co-precipitation of nonmuscle myosin heavy chain IIA with
actin in all cells studied (Figure 1b), consistent with a pre-
vious work™ showing that inhibition of NMII by blebbistatin
induces actinomyosin complex disassembly.

Blebbistatin Retards Motility and Migration of Immune
Competent Cells

To discern the functional consequence of actinomyosin
complex disassembly induced by blebbistatin, the cellular
motility and migration activity were next assessed using the
Boyden chamber motility assay. Shown in Figure 2a, under
basal conditions, a few RAM migrated across the pores of the
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transwell filters (Figure 2a), congruent with a spontaneous
motile activity. This was minimally affected by blebbistatin-
alone treatment (Figure 2b). In contrast, addition of
recombinant rat MCP-1 into the media in the lower chamber
strikingly induced macrophage migration. Approximately
80% of the pores in transwell filters were filled with macro-
phage extensions after 12h of MCP-1 treatment (Figure 2c).
This effect was substantially diminished in the presence of
blebbistatin (Figure 2d). Absolute counting of the migrated
cells confirmed that blebbistatin abrogated RAM migration
in a dose- (Figure 2e) and time- (Figure 2f) dependent
manner.

Invasive Capacity of Inmune Competent Cells is
Obliterated by Blebbistatin

The actinomyosin cytoskeleton has also been implicated in
cellular invasive activity,">>* which is essential for extra-
vasation and inflammatory infiltration by immune compe-
tent cells in the scenario of inflammatory response. We next
examined how blebbistatin-induced actinomyosin complex
disassembly affects the invasive capacity of macrophages by a
matrigel invasion assay. As the cells were seeded on top of
matrigel, migration of macrophages across the pores of the
transwell filters thus requires both motile activity and inva-
sion of the matrigel. Shown in Figure 3, the addition of
MCP-1 in the lower chamber markedly promoted cell inva-
sion into and migration across the matrigel. Approximately
40% of the pores in transwell filters were filled with macro-
phage extensions after 12h of incubation with MCP-1, as a
result of macrophages invading and migrating across the
matrigel. This effect was significantly abolished in the pre-
sence of blebbistatin. Absolute counting of the migrated cells
confirmed that blebbistatin abrogated RAM invasion in a
dose- (Figure 3e) and time- (Figure 3f) dependent fashion.
Collectively, these findings suggest that blebbistatin hinders
the capacity of activated immune competent cells to invade
and migrate through the matrigel, which is required by them
to disrupt the extracellular matrix and infiltrate toward the
inflamed tissues.

Blebbistatin Attenuates Macrophage Sequestration

In Vivo in TNF Inflamed Kidney

To examine the in vivo effect of blebbistatin on immunocyte
behavior during inflammatory response and immune reac-
tion, we administrated blebbistatin to a rat model of TNEF-
induced acute kidney inflammation. One hour before the
killing, fluorescent viable RAM were systemically infused into
the animals to illustrate the motile activity and invasive
capacity of the inflammatory cells. As expected, in normal rat
kidney without TNF stimulation, fluorescent RAM was
barely observed. Blebbistatin per se made minimal difference
at various doses. In contrast, TNF treatment abun-
dantly induced RAM sequestration in the renal parenchyma,
representing a typical morphology of acute renal inflamma-
tion. Concomitant blebbistatin treatment suppressed

451


http://www.laboratoryinvestigation.org

Inhibiting NMIl ameliorates inflammation

JSietal
e 2
a b > “1m-mcp-1
=] B +MCP-1
& 1804
C @
» L] Z
L J . 73 20
' - E’) BA
g FC % i
o %
w» i 2
- 0
Bleb
FU BN D NFINE IR L aps ToEy f
2y i e Cw"&,.}ﬂ - . - % 5
> L€ - g™ e T s . r Do © 200 ]
Fag . A%y €7 RS Ak <
C% AT > N oty 7 g
& t 7 - ]
“‘\ 1 = qﬁﬁ’”,.‘ (XY 4 ‘“‘ " , %150
> » & ¥ % -
e P % & N / -
o? 4 dia,c_.(, = a £ g 100
: 8 ¥ BT OR Ny, cCos B =
AT IR Yo A ] AT oy W v 2w
. @ 8% 2 M50 LN B d —~ *, =
3 & <
feal™ Pay *
o6 .‘9“'” ve <Y e 2 o
s u o 3% % 5 0 3 6 12 24 48
g ¥ 2 a y v'a‘» Yo & o ®
sl Vi e % o - Time (h)

Figure 2 Blebbistatin diminishes macrophage motility and migration as assessed by Boyden chamber motility assay. (a-d) Vehicle (a, b) or recombinant
MCP-1 (¢, d) was added into the media in the lower chamber. RAM cells were seeded onto the filters in the top compartment of the chamber and treated
with (b, d) or without (a, c) blebbistatin (Bleb) (50 uM) or for 12 h, filters were fixed and cells that passed through the pores were counted. Representative
micrographs show RAM that migrated across the pores of the transwell filters after different treatment; (e) Treatment with blebbistatin at 50 uM or at

varying concentrations (1, 5, 10, 50, 100 uM) for 12 h suppresses the RAM migration across the pore; *P < 0.05 vs MCP-1 alone treated group. (f) Treatment
with blebbistatin (50 uM) for varying intervals suppresses the RAM migration across the pore; *P<0.01 vs no blebbistatin treatment at the same time points.
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Figure 3 Blebbistatin blunts RAM invasive capacity as assessed by matrigel invasion assay. (a-d) Matrigel was added onto the transwell filters of the Boyden
chamber to form matrix layers. Vehicle (a, b) or recombinant MCP-1 (¢, d) was added into the media in the lower chamber. RAM cells were seeded onto the
filters in the top compartment of the chamber and treated with (b, d) or without (a, c) blebbistatin (Bleb) (50 uM) or for 12 h, filters were fixed and cells that
invaded and migrated across the Matrigel and passed the transwell filter pores were counted. Representative micropraghs show RAM that migrated across
the pores of the transwell filters after different treatment; (e) Treatment with blebbistatin at 50 uM or at varying concentrations (1, 5, 10, 50, 100 uM) for 12 h
suppresses the RAM migration across the pore; *P<0.05 vs MCP-1 alone treated group. (f) Treatment with blebbistatin (50 uM) for varying intervals
suppresses the RAM migration across the pore; *P<0.01 vs no blebbistatin treatment at the same time points.
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Figure 4 Blebbistatin attenuates macrophage sequestration in vivo in TNF inflamed kidney. Blebbistatin (Bleb) or vehicle was administrated to a rat model
of TNF-induced acute kidney inflammation. One hour before killing, fluorescent viable RAM were systemically infused into the animals in order to illustrate
the motile activity and invasive capacity of the inflammatory cells. (a—d) Representative micrographs show green fluorescent RAM sequestered in kidneys
(counterstained with Evans blue and 4’,6-diamidino-2-phenylindole (DAPI)) inflamed with (b, d) or without (a, ) TNF (2 ug/kg wt) in the presence (c, d) or
absence (a, b) of blebbistatin (10 mg/kg). (e) Quantification of RAM cells sequestered in the kidney by fluorometric analysis of kidney homogenates
prepared from TNF-inflamed rats treated with blebbistatin at varying doses (0, 1, 5, 10, 20 mg/kg); Data expressed as values from blebbistatin-treated groups
relative to those from TNF alone treated group at each time point; *P<0.05 vs other blebbistatin dosages.

TNF-induced RAM sequestration. Quantification of RAM
cells sequestered in the kidney by fluorometric analysis of
kidney homogenates (Figure 4e) was in agreement with the
morphologic findings, and additionally revealed that the in-
hibitory effect of blebbistatin on RAM infiltration reached a
plateau above a dose of 10 mg/kg, suggesting that blebbistatin
possesses a dose-dependent anti-inflammatory activity.

Renoprotection by Blebbistatin in Experimental
Obstructive Nephropathy

To further explore the effect of blebbistatin on inflammation
in a progressive disease model, we gave sham-operated or
UUO rats a daily intravenous injection of blebbistatin and
examined the difference in kidney injury. Rats subjected to
either sham operation or UUO surgery tolerated well the
blebbistatin treatment at a dose of 10 mg/kg without any
discernible manifestation of toxic action or any evidence of
adverse effects. Shown in Figure 5a-d, 5 days after complete
UUO surgery (Figure 5b), significant distension and dilation
of the renal pelvis and calyces were found in the gross
morphology of the cross-section of obstructed kidneys,
accompanied with a destruction of the kidney parenchymal
structure. Blebbistatin had little effect on the gross mor-
phology of the sham-operated kidney (Figure 5c), but
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markedly restored the gross morphology of the obstructed
kidney (Figure 5d). When compared with the sham-operated
animals, kidney weight (Figure 5e) increased significantly in
UUO rats and this was substantially attenuated by blebbis-
tatin treatment. Microscopic analysis (Figure 6) of the kidney
sections indicated that UUO induced a typical type of pro-
gressive tubulointerstitial injury, characterized by focal tub-
ular dilation with flattened epithelium, tubular atrophy,
epithelial simplification, expansion of the interstitial space,
increased extracellular matrix deposition, and proliferation of
fibroblast cells and prominent inflammation (Figure 6c, C’).
Blebbistatin made little difference to the sham-operated
kidneys, which appeared generally normal (Figure 6b, b’), but
significantly improved the morphology of the obstructed
kidney (Figure 6d, d’). Morphometric analysis showed that
blebbistatin greatly deceased the tubulointerstitial injury
score (Figure 6e) and diminished the number of infiltrating
cells (Figure 6f), denoting a renoprotective action.

Blebbistatin Ameliorates Renal Inflammation in
Experimental Obstructive Nephropathy

Renal inflammation has an important role in kidney de-
struction and progression of kidney diseases,”® including
obstructive nephropathy.”” To explore whether the effect of
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Figure 5 Blebbistatin protects the kidney from UUO-induced injury. (a—d) Representative photos demonstrate the gross morphology of sham operated
(a, €) or UUO (b, d) kidneys from rats treated with vehicle (a, b) or blebbistatin (Bleb) (10 mg/kg) (¢, d) 5 days after the surgery. (e) Kidney weight was
normalized by blebbistatin therapy; *P<0.05 vs the UUO group receiving no blebbistatin treatment.
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Figure 6 Blebbistatin ameliorates renal histologic injury induced by UUO. (a-d) Representative micrographs show the histology of sham operated (a, b)
or UUO (¢, d) kidneys from rats treated by vehicle (a, c) or blebbistatin (10 mg/kg) (b, d) 5 days after the surgery, (original magnification, x 100).

(a’-d’) Magnified images of a-d, respectively (original magnification, x 200); (e) Tubulointerstitial injury scores in the diseased kidneys were improved
by blebbistatin therapy; *P<0.05 vs the UUO group receiving no blebbistatin treatment. (f) Interstitial infiltrate numbers in the obstructed kidneys were
attenuated by blebbistatin; *P<0.05 vs the UUO group receiving no blebbistatin treatment.

blebbistatin on immune competent cells contributes to its
renoprotective action, immunohistochemistry staining of
ED-1 (Figure 7), a marker for rat macrophage, was carried
out on kidney sections. ED-1" cells were scantly observed in
sham-operated kidneys treated by vehicle or blebbistatin
(Figure 7c). Tubulointerstitial infiltration of ED-1-positive

454

cells was abundantly induced 5 days after ureteral obstruction
(Figure 7b, b’) but was strikingly abrogated by blebbistatin
treatment (Figure 7d, d’). The morphologic findings were
corroborated by immunoblot analysis (Figure 7e) of kidney
homogenates for the ED-1 molecule and then further re-
validated by absolute counting (Figure 7f) of ED-1-positive
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Figure 7 Blebbistatin treatment markedly alleviated renal inflammation and reduced macrophage infiltration in the obstructed kidney. (a—d)
Representative micrographs show the immunohistochemistry staining of rat macrophages (ED-1 positive cells) in sham operated (a, c) or UUO (b, d) kidneys
from rats treated by vehicle (a, b) or blebbistatin (10 mg/kg) (c, d) 5 days after the surgery; original magnification, x 200. (b’, d’) Magnified images of b and d
respectively; original magnification, x 400. (e) Immunoblot analysis on kidney homogenates for ED-1 and actin; (f) Absolute counting of ED-1 positive cells
in tubulointerstitium in kidney sections after immunohistochemistry staining as shown in a-d; *P<0.05 vs the UUO group receiving no blebbistatin

treatment.

cells in the sections, all supporting that blebbistatin amelio-
rates renal inflammation in obstructed nephropathy.

Blebbistatin Directly Impedes Inflammatory Infiltration
into the Diseased Kidney

To determine whether blebbistatin-induced improvement of
renal inflammation in the obstructed kidney is ascribed to its
direct effect on inflammatory cell infiltration, rats were
allowed to develop kidney injury without any treatment for
5 days after the surgery. Then, fluorescence-labeled RAM cells
pretreated with blebbistatin or vehicle were infused sys-
temically and animals killed in 1 h. We assumed that through
this way the difference in the sequestration of RAM cells in
the obstructed kidney would be largely attributable to the
direct effect of blebbistatin on RAM cells. Shown in Figure 8,
vehicle- or blebbistatin-pretreated RAM showed minimal
infiltration in the sham-operated kidney (Figure 8a, c).
However, in the obstructed kidneys, abundant vehicle-pre-
treated RAM cells (Figure 8b, b’) but significantly fewer
blebbistatin-treated RAM cells (Figure 8d, d’) were found
sequestered, although the kidneys had an equal magnitude of
histologic injury, suggesting that blebbistatin treatment
directly hindered RAM migration and infiltration into the
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diseased kidney. Again, quantification of RAM cells seques-
tered in the kidney by fluorometric analysis of kidney
homogenates (Figure 8e) or by absolute counting of fluor-
escent cells in each kidney section (Figure 8f) corroborated
the morphologic findings.

DISCUSSION

Regardless of the original etiology, inflammation is an im-
portant final common pathway for most progressive dis-
eases.”®*** Inflammation, marked by tissue infiltration by
excessive immune competent cells, induces tissue fibrogenesis
and eventually drives progression to end-stage organ fail-
ure.*""** Epidemiologic data suggest that inflammation is one
of the potentially modifiable risk factors in most forms of
chronic diseases, including cardiovascular diseases,*® dia-
betes,** chronic obstructive pulmonary diseases,*> and
chronic kidney diseases.*® The current therapy of in-
flammation is mainly limited to nonsteroidal anti-in-
flammatory drugs and immunosuppressants, which are
widely used in patients with excessive or chronic inflamma-
tion.* These treatments suppress the production of
inflammatory mediators by injured tissues and modulate the
function of inflammatory cells. However, no currently
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Figure 8 Blebbistatin pretreated macrophage demonstrated reduced recruitment into the diseased kidney. After the UUO surgery or sham operation, rats
were allowed to develop kidney injury without any treatment for 5 days. Then, RAM cells pretreated with blebbistatin or vehicle for 12 h were labeled with
fluorescence and infused systemically and animals sacrificed in one hour. (a-d) Representative micrographs show green fluorescent RAM sequestered in
sham operated (a, ¢) or UUO (b, d) kidneys [counterstained with Evans blue and 4’,6-diamidino-2-phenylindole (DAPI)] from rats infused with vehicle (a, b) or
blebbistatin (50 uM) pretreated (¢, d) RAM; original magnification, x 200. (b’, d’) Magnified images of b and d, respectively; original magnification, x 400.
(f) Quantification of RAM cells sequestered in the kidney by fluorometric analysis of kidney homogenates prepared from each group; *P<0.05 vs the UUO
group receiving no blebbistatin treatment. (f) Absolute counting of fluorescent RAM cells in kidney sections as shown in a-d; *P<0.05 vs the UUO group

receiving no blebbistatin treatment.

available treatment is completely effective, and a considerable
number of patients suffer from the side effects of these
treatments. Mechanistically, these treatments neither directly
target the locomotion of inflammatory cells nor effectively
arrest the inflammatory infiltration by leukocytes. To the best
of our knowledge, this study is the first to show that in-
hibiting leukocyte motility impedes inflammatory infiltration
and ameliorates progressive kidney disease.

The molecular mechanisms that drive leukocyte migration
and infiltration are still not fully understood. Recent studies
suggest that the locomotive machinery has a pivotal role.”®
This machinery of cell crawling is composed of a well-
orchestrated molecular network including cytoskeleton actin
and motor proteins such as NMII in nonmuscle cells, which
on activation form the actinomyosin apparatus and mediates
leukocyte migration.”' Evidence suggests that the activity of
NMII is essential for leukocyte motility. In a study by Eddy
et al,'® inhibition of NMII activity indirectly by myosin light
chain kinase inhibitors or through buffering of intracellular
Ca®" transients retarded neutrophil motility because of
impairment of uropod retraction and detachment. This effect
resembled that of direct NMII suppression by 2,3-butane-
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dione monoxime, a myosin blockade,*’ although the speci-
ficity of this chemical inhibitor is not as satisfactory as newly
discovered ones such as blebbistatin.'* Consistent with these
findings, NMII was lately found to be associated with the
uropod during T-lymphocyte crawling'>'* and knockdown
of NMIIA by RNA interference resulted in a defect in tail
retraction in T cells and reduced its crawling activity on
either ICAM-1 coated" or plain culture surface.'* Besides
neutrophils and T lymphocytes, NMII is also indispensable
for migration and chemotaxis in macrophages and other
leukocytes.'”'® Moreover, NMII is also required for mam-
malian epithelial morphogenesis and cell invasion.'>**** For
instance, in epithelial cells grown in Matrigel matrix,
inhibition of NMII triggered the development of membrane
extensions and regulated alterations of cell shape, which are
both necessary for initial transformation between the cyst
and the tubule and later for tubule branching.29 In addition,
in cultured pancreatic adenocarcinoma cells, inhibition of
NMII activity blunted cellular migration and invasiveness.**
This effect was not likely to be attributable to the enhanced
extracellular matrix proteolysis, but to the mechanical effect
on cell migration, because the activity of matrix metallo-
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proteinases was unaffected; however, cell spreading on its
substrate was markedly impaired after NMII inhibition.>
Consistently, in our study, selective inhibition of NMII
adenosine triphosphate induced actinomyosin complex dis-
assembly and diminished macrophage motility and invasive
capacity. In addition to the role in leukocyte migration, NMII
has been implicated in innate immune function. In support
of this, NMII inhibitors or specific knockdown of the myosin
ITA heavy chain by RNA interference impaired cytotoxicity,
membrane fusion of lytic granules, and granzyme secretion in
natural killer cells.*® Thus, NMII is required for cytolytic
granule exocytosis in innate immune response. Moreover,
accumulating evidence suggests that NMII might also have
an important role in acquired immune recognition, such as B
cell receptor-driven antigen processing and presentation. In a
recent study by Vascotto et al,** NMII was found to be
activated on B-cell receptor engagement and to associate with
MHC class II-invariant chain complexes. NMII inhibition or
depletion compromised the convergence and concentration
of MHC class II and B-cell receptor-antigen complexes into
lysosomes devoted to antigen processing. Accordingly, the
formation of MHC class II-peptides and subsequent CD4
T-cell activation were impaired in cells lacking myosin II
activity. Collectively, more and more data suggest that NMII
is an essential element mediating motility, invasiveness, and
function of immunocytes during inflammatory response and
thus might serve as a potential therapeutic target for treating
inflammatory infiltration.

Blebbistatin, a 1-phenyl-2-pyrrolidinone derivative, has
been shown to selectively inhibit NMII, but does not inhibit
myosin from classes I, V, and X. It behaves as an un-
competitive inhibitor and functions by binding the large cleft
in the motor domain, which opens and closes during the
contractile cycle.""'* Blebbistatin specifically stabilizes the
metastable or transition state of myosin.'? Binding of bleb-
bistatin to myosin II leads to a long-lived complex of myosin
with adenosine diphosphate and inorganic phosphate, which
occurs before the force-generating step catalyzed by the re-
lease of phosphate on the rebinding of myosin with actin.*
Thus, blebbistatin inhibits the transition into force-produ-
cing states.'” Blebbistatin has been widely accepted and used
as a highly selective blockade for NMII. Previous studies have
shown that blebbistatin was able to paralyze the myosin
power stroke, inhibit motility, and blunt migration and
chemotaxis in a variety of cultured leukocytes,'>'*!®1%19
suggesting that inhibition of NMII might ameliorate in-
flammatory infiltration. Indeed, evidence suggests that
inhibition of Rho kinase, a regulator myosin phosporylation,
suppressed myosin activity and disrupted macrophage
migration.'®*! In vivo, long-term treatment with Rho kinase
inhibitor attenuated coronary vascular inflammation and
induced a regression of atherosclerotic coronary lesions,”>**
possibly by preventing migration of macrophages.'®**
Nevertheless, the in vivo effect of direct NMII inhibition by
blebbistatin has barely been investigated. In this study,
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blebbistatin was administrated for the first time to rats with
progressive kidney disease. The optimal dose at which bleb-
bistatin could effectively ameliorate inflammation in vivo has
barely been studied. To this end, a rat model of TNF-induced
acute kidney inflammation was treated with blebbistatin at
various doses to determine the effective dose. Congruent with
the observation in cultured macrophages, RAM sequestration
to the inflamed kidney was obliterated by blebbistatin in a
dose-dependent manner. However, blebbistatin at doses
higher than 10 mg/kg did not exhibit further inhibitory ef-
fect, suggesting that inhibition of RAM infiltration by bleb-
bistatin reached a plateau above a dose of 10mg/kg.
Therefore, the dose of blebbistatin at 10 mg/kg was chosen
for the following animal studies. Animals tolerated well the
blebbistatin treatment without any discernible manifestation
of toxic action or any evidence of side effects. Consistent with
the in vitro findings, infiltration of immune competent cells
in the inflamed kidney was substantially attenuated by
blebbistatin and the gross kidney injury improved, suggesting
that blebbistatin might be a promising treatment for in-
flammation. One limitation of this study is that UUO is an
acute model and is unlike most human forms of progressive
kidney disease. In addition, the pathogenic mechanisms of
the UUO model may not be applicable to the majority of
human kidney disease. Thus, in-depth studies are merited to
validate the effect of blebbistatin in other types of progressive
kidney injury.

In summary, we have found that inhibition of NMII by
blebbistatin, a small molecule inhibitor of NMII adenosine
triphosphatase, disrupted the locomotive machinery of the
actinomyosin system and impaired cellular motility and in-
vasiveness in immune competent cells. In addition, in a rat
model of progressive kidney disease induced by unilateral
ureteral obstruction, treatment with blebbistatin successfully
arrested macrophage infiltration to the renal parenchyma,
ameliorated inflammation, and improved renal injury. Our
findings suggest that inhibition of NMII in vivo is possible
with selective small molecule inhibitors, such as blebbistatin,
and might represent a new therapeutic strategy to treat
human inflammatory diseases.
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