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Abstract

Acute lung injury (ALI) is characterized by lung vascular
endothelial cell (EC) barrier compromise resulting in increased
endothelial permeability and pulmonary edema. The infection of
gram-negative bacteria that produce toxins like LPS is one of the
major causes of ALI. LPS activates Toll-like receptor 4, leading to
cytoskeleton reorganization, resulting in lung endothelial barrier
disruption and pulmonary edema in ALI. However, the signaling
pathways that lead to the cytoskeleton reorganization and lung
microvascular EC barrier disruption remain largely unexplored.
Here we show that LPS induces calpain activation and talin
cleavage into head and rod domains and that inhibition of
calpain attenuates talin cleavage, RhoA activation, and
pulmonary EC barrier disruption in LPS-treated human lung
microvascular ECs in vitro and lung EC barrier disruption and
pulmonary edema induced by LPS in ALI in vivo. Moreover,
overexpression of calpain causes talin cleavage and RhoA

activation, myosin light chain (MLC) phosphorylation,
and increases in actin stress fiber formation. Furthermore,
knockdown of talin attenuates LPS-induced RhoA activation and
MLC phosphorylation and increased stress fiber formation and
mitigates LPS-induced lung microvascular endothelial barrier
disruption. Additionally, overexpression of talin head and rod
domains increases RhoA activation, MLC phosphorylation, and
stress fiber formation and enhances lung endothelial barrier
disruption. Finally, overexpression of cleavage-resistant talin
mutant reduces LPS-induced increases in MLC phosphorylation
in human lung microvascular ECs and attenuates LPS-induced
lung microvascular endothelial barrier disruption. These results
provide the first evidence that calpain mediates LPS-induced lung
microvascular endothelial barrier disruption in ALI via cleavage
of talin.
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Acute lung injury (ALI) is characterized by
lung vascular endothelial cell (EC) barrier
compromise resulting in increased
endothelial permeability and pulmonary
edema (1, 2). The infection of gram-negative
bacteria that produce toxins like
lipopolysaccharides (LPS) is one of the major
causes of ALI (3). Despite the use of potent
antibiotics and aggressive intensive care
support, the mortality rate associated with
ALI is still high, and an understanding of the

molecular mechanisms involved in LPS-
induced ALI is urgently needed.

LPS, a proinflammatory mediator and a
constituent of gram-negative bacteria cell
walls, compromises EC barrier function
in vitro and in vivo (4, 5). LPS activates Toll-
like receptor 4, leading to RhoA activation
and phosphorylation of myosin light chain
(MLC) phosphatase (MLCP) targeting
subunit 1 (MYPT1) in human lung
microvascular ECs (HLMVECs), resulting in

MLCP inhibition, MLC phosphorylation,
and the increased formation of actin stress
fibers, reflecting increases in EC contractility
and barrier dysfunction (6, 7). Nevertheless,
the signaling pathways that lead to
cytoskeleton reorganization and lung
microvascular EC barrier disruption remain
largely unexplored.

Calpain represents a family of calcium-
dependent nonlysosomal neutral cysteine
endopeptidases that act via limited
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proteolysis of substrate proteins in
mammalian cells, including HLMVECs (8).
There are 15 isozymes in the family. Calpain-
1 and calpain-2 are twomajor typical
calpains and are responsible for calpain
activity in lung ECs (9). Calpain-1 and
calpain-2 isoforms consist of a distinct large
subunit (80 kD) and a common small
subunit (also named calpain-4; 30 kD) that
supports calpain activities (8). Activation of
calpain contributes to many physiological
and pathological processes such as cell
migration and proliferation, angiogenesis,
and vascular remodeling (9–11). In the
present study, we found that LPS activates
calpain in HLMVECs and that the specific
calpain inhibitor MDL28170 prevents barrier
disruption of HLMVECs induced by LPS
and LPS-induced ALI in vivo, suggesting that
calpain activation is involved in LPS-induced
ALI. It has been reported that calpain cleaves
talin, and talin cleavage separates the head
domain from the rod domain, thereby
removing autoinhibition and stimulating talin
head domain binding to integrin, inducing
focal adhesion (FA) activation (12, 13). Talin-
integrin-actin binding and formation of
FAs are critical for RhoA activation, MLCP
inhibition, MLC phosphorylation, and
increased permeability in human lung ECs
stimulated by edemagenic agents (14, 15).
In the present study, we found for the first
time that LPS induces talin cleavage into
the head and rod domains in HLMVECs.
These observations led us to hypothesize that

calpain activation regulates talin cleavage
and activation, leading to endothelial barrier
disruption in ALI. Here we demonstrate
that overexpression of calpain causes talin
cleavage, RhoA activation, andMLCP
phosphorylation, resulting inMLCP
inhibition andMLC phosphorylation.We
also found that depletion of talin abolishes
an LPS-induced increase in stress fibers and
attenuates an LPS-induced increase inMLC
phosphorylation, and that overexpression
of talin head and rod domains increases
RhoA activation andMLC phosphorylation
and enhances lung endothelial barrier
dysfunction, indicating that calpain mediates
LPS-induced EC permeability response
via talin cleavage and activation in ALI.

Methods

An extended materials andmethods section
is included in the data supplement.

Conditional Endothelial-Specific
Calpain-4–Knockout Mice
A conditional endothelial-specific calpain-
4–knockout (KO) Capn4flox/flox;end-SCL-
Cre-ERT/1;R26R/1mouse line was
obtained by crossing Capn4flox/flox with end-
SCL-Cre-ERT and Gt (ROSA) 26Sortm1Sor/J
mice. Deletion of calpain-4 was induced by
tamoxifen (20mg/kg/day, i.p.) for 5days.
Control mice were littermate Capn4flox/flox

or Capn4flox/1 mice treated with the same
tamoxifen regimen.

Mouse ALI Model
Endothelial-specific calpain-4–KOmice and
their littermate control mice (8–10 wk) were
anesthetized. LPS (1mg/ml) or saline solution
(control) was instilled intratracheally. Lung
injuries were assessed 18–24hours after
LPS treatment. For the calpain inhibitor
MDL28170 experiment, male and female
C57BL6mice 8weeks of age were injected
withMDL28170 or DMSO (20mg/kg, i.p.)
30minutes before and 8hours after LPS
(1mg/kg) treatment. Lung injuries were
assessed 18–24hours after LPS treatment.

HLMVEC Culture
HLMVECs was purchased from Lonza
Group Ltd. (CC-2527). Cells were cultured
with 5% CO2 at 37�C using microvascular
EC growth medium-2. HLMVECs from

passages 3–5 were used in the in vitro
experiments.

siRNA and Plasmid DNA Transfection
HLMVECs were transfected with calpain-1,
calpain-2, and talin1 siRNA with
Lipofectamine RNAiMAX Reagent. Cells
were treated with LPS 48hours after
transfection. For plasmid transfection, talin1
head domain, talin1 rod domain, wild-type
talin1, mutant talin-L432G, and C1 plasmid
DNAwere purified. HLMVECs were
transfected with plasmid DNA using
X-tremeGenE HPDNA transfection reagent.
The cells were treated with LPS 48hours
after transfection.

Transwell Permeability Assay
HLMVECs were planted in the inserts
(0.4-μmpore size) with a density of 13 105

cells per insert and cultured to form a
monolayer. Forty-eight hours after siRNA
transfection, the cells were exposed to LPS
for 12hours, and then the culture medium in
the inserts was replaced with 100μl medium
containing FITC-dextran (70 kD, 1mg/ml)
for 1hour. Culture medium from the upper
and lower chambers were then assayed for
fluorescence.

Transendothelial Electrical Resistance
Measurements
HLMVECs were planted into electric cell
substrate impedance sensing array chambers
(8W10E; Applied BioPhysics). Experiments
were begun when the resistance was stable
between 2,000 and 3,000V, and the cells
were then exposed to LPS to initiate changes
in barrier function. Resistance was
normalized to each well’s value at time 0.

Immunofluorescence Staining
of HLMVECs
HLMVECs were incubated with LPS
(0.2μg/ml) for 12hours and then stained
with rhodamine phalloidin for 30minutes.
Cells were mounted and then scanned using
a Zeiss LSM780 laser confocal microscope.

RhoA Activity Pull-Down Assay
RhoA activation was assessed by a pull-down
assay using a RhoA Activation Assay
Biochem Kit (BK036; Cytoskeleton).

Study Approval
All animal experiments were approved by the
institutional animal care and use committee

Clinical Relevance

The mechanisms involved in LPS-
induced acute lung injury (ALI) is
not known. This study confirms the
mediating role of calpain in LPS-
induced lung microvascular
endothelial barrier disruption. The
results indicate that LPS-induced
activation of calpain causes talin
cleavage leading to RhoA activation,
myosin light chain phosphorylation,
actin stress fiber formation and
lung microvascular endothelial
hyperpermeability. The data from
multidisciplinary approaches
provides rationale for manipulating
calpain in the treatment of ALI.
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of Augusta University and Charlie Norwood
Veterans Affairs Medical Center.

Statistical Analysis
Results are shown as the mean6 SE for n
experiments. One-way ANOVA and t test
analyses were used to determine the
significance of differences between groups.
P, 0.05 was considered significant.

Results

Inhibition of Calpain Attenuates Lung
EC Barrier Disruption and Pulmonary
Edema Induced by LPS in ALI in vivo
To investigate the role of calpain in lung
microvascular barrier disruption induced by
LPS, calpain activity was inhibited by the
specific calpain inhibitor MDL28170 in an

LPS-induced ALI mouse model. MDL28170
was given (20mg/kg i.p.) 30minutes before
and 8hours after LPS (1mg/kg), or sterile
saline solution was instilled intratracheally
into mouse lungs. After 18hours, lung
vascular leakage was assessed based on Evans
blue dye (EBD)–conjugated albumin flux,
wet/dry lung ratio, and BAL fluid protein
content. The results showed that MDL28170
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Figure 1. Inhibition of calpain attenuates lung endothelial cell (EC) barrier disruption and pulmonary edema induced by LPS in acute lung injury
in vivo. (A–D) Eight-week-old mice (eight male, three female) were injected with the specific calpain inhibitor MDL28170 (20mg/kg, in 50ml
DMSO, i.p.) or DMSO (50ml) 30minutes before and 8hours after LPS (1mg/kg), or sterile saline solution was instilled intratracheally into mouse
lungs. After 18 hours, lung vascular leakage was assessed by using Evans blue dye–conjugated albumin flux (B), wet/dry lung ratio (C), and
BAL fluid protein content (D). (A) Representative images of lung sections of control mice and mice treated with LPS and/or MDL28170. Results
are expressed as mean6SE (n=11). *P, 0.05 versus vehicle1DMSO; #P, 0.05 versus LPS1DMSO. (E–L) Capn4flox/flox;end-SCL-Cre-
ERT;R26R/1 mice (age 8 wk; eight male and three female) were injected with tamoxifen (20mg/kg/d, i.p.) for 5 days. Control mice were
littermate Capn4flox/flox or Capn4flox/1 mice (age 8 wk, eight male and three female) with the same tamoxifen treatment. After 10days, the
mouse lung microvascular ECs were isolated from lung tissues for the measurement of calpain-4 mRNA (E), protein (F), and calpain activity
(G). (H) b-Gal staining of the lung tissues. LPS (1mg/kg) or sterile saline solution was instilled intratracheally into mouse lungs. After 18 hours,
lung vascular leakage was assessed by using Evans blue dye–conjugated albumin flux (J), wet/dry lung ratio (K), and BAL fluid protein content (L).
(I) Representative images of lung sections of control mice and Capn4flox/flox;end-SCL-Cre-ERT;R26R/1mice treated with LPS. Results are
expressed as mean6SE (n=11); *P, 0.05 versus vehicle; **P,0.01 versus control mice; #P, 0.05 versus LPS. BALF=BAL fluid; EBD=Evans
blue dye; KO=knockout; MDL=MDL28170; RFU= relative fluorescence unit; WT=wild-type. Scale bars, 100 mm.
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significantly attenuated pulmonary edema
and alveolar wall thickening (Figures 1A
and E1A in the data supplement) and the
increases in lung EBD levels, wet/dry
lung ratio, and BAL fluid protein levels
(Figures 1B–1D and see Figures E1B–E1D),
suggesting that calpain is involved lung EC
barrier dysfunction in LPS-induced ALI.

To further study the specific role of
calpain in lung microvascular EC barrier
disruption in ALI, calpain was inhibited in a
mouse line of EC-specific KO of calpain-4.
Because the activities of calpain-1 and -2
require calpain-4 (small unit), KO of calpain-
4 prevents activation of calpain-1 and -2.
KO of calpain-4 was induced by injecting
tamoxifen (20mg/kg/d, i.p.) for 5days.
Control mice were littermate Capn4flox/flox

or Capn4flox/1 mice that received the same
tamoxifen treatment. The mouse lung
microvascular ECs isolated from lung tissues
of Capn4flox/flox;end-SCL-Cre-ERT;R26R/1

mice exhibit robustly lower calpain-4
mRNA, protein, and calpain activity
(Figures 1E–1G). The b-gal staining of the
lungs showed that strong Cre activities
(blue color) were present in lung vascular
endothelium (Figure 1H). There was no Cre
activity in airway epithelium or airway and
vascular smoothmuscle, indicating that the
induction of Cre was specifically achieved in
the endothelium. Ten days after tamoxifen
induction, LPS (1mg/kg) or sterile saline
solution was instilled intratracheally into
mouse lungs. The data showed that LPS-
induced pulmonary edema and alveolar wall
thickening (Figure 1I) and increases in lung
EBD levels, wet/dry lung ratio, and BAL fluid
protein levels were attenuated in Capn4flox/flox;
end-SCL-Cre-ERT;R26R/1mice
(Figures 1J–1L). Taken together, these
results show that inhibition of calpain
attenuates lung EC barrier disruption and
pulmonary edema induced by LPS in ALI.

LPS Stimulates Calpain Activity, and
Inhibition of ERK or p38 MAPK
Attenuates LPS-induced Calpain
Activation
HLMVECs were incubated with LPS
(0.1–0.5μg/ml) for 4–24hours, and calpain
activity was measured by detecting the
calpain-mediated cleavage of the fluorogenic
peptide Suc-Leu-Leu-Val-Tyr-AMC as
previously described by our group (10, 16).
As shown in Figures 2A and 2B, LPS
treatment significantly increased calpain
activity in HLMVECs in dose-dependent
(LPS treatment for 24h; Figure 2A) and
time-dependent manners (LPS 0.2μg/ml;
Figure 2B). The LPS-induced increases were
not accompanied by changes in protein levels
of calpain-1 and -2 (Figure E2A). We and
others have reported that ERK-mediated
phosphorylation modulates calpain activity
and increases its Ca21 sensitivity (10, 17).
Phosphorylation and activation of calpain-2
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Figure 2. LPS stimulates calpain activity, and calpain inhibition attenuates pulmonary EC barrier disruption in vitro. Human lung microvascular
ECs (HLMVECs) were incubated with LPS (0.1–0.5mg/ml) for 4–24hours, and then calpain activities were measured by detecting the calpain-
mediated cleavage of the fluorogenic peptide Suc-Leu-Leu-Val-Tyr-AMC. (A) LPS treatment for 24 hours. (B) LPS 0.2mg/ml treatment for
4–24hours. (C–E) HLMVEC monolayers were incubated with MDL28170 (20mM) for 30minutes before LPS (0.2mg/ml) was added, and then
the transendothelial electrical resistance (TER) value was monitored in real time as a measurement of barrier integrity of the HLMVEC monolayer
(C and D). The HLMVEC monolayer permeability to FITC-dextran 70 was measured by using a Transwell system (E). Results are expressed as
mean6SE (n=4); *P, 0.05 versus control; #P, 0.05 versus LPS.
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can be prevented by inhibition of p38MAPK
(mitogen-activated protein kinase) (18).
Thus, we determined the effects of ERK and
p38MAPK inhibition on LPS-induced
increases in calpain activity in HLMVECs.
The results showed that the ERK inhibitor
PD98059 and the p38MAPK inhibitor
SB203580 reduced the LPS-induced increases
in calpain activity in HLMVECs (see Figures
E2B and E2C), suggesting that LPS increases
calpain activities via ERK and p38MAPK.

Calpain Inhibition Attenuates
Pulmonary EC Barrier Disruption in vitro
HLMVECmonolayers were incubated with
MDL28170 (20μM) for 30minutes before
LPS (0.2μg/ml) was added, and the

transendothelial electrical resistance (TER)
value was then monitored in real time as a
measurement of the barrier integrity of the
HLMVECmonolayer. The HLMVEC
monolayer’s permeability to FITC-dextran
70 was measured by using a Transwell
system. The endothelial cadherin junction
assembly was assessed by immunostaining
of VE-cadherin. The data showed that the
inhibition of calpain using MDL28170
attenuated the decreases in TER
value (Figures 2C and 2D) and the
hyperpermeability to FITC-dextran 70
(Figure 2E) in HLMVECs treated with LPS
and prevented LPS-induced endothelial
cadherin junction disassembly (Figure E3).
Altogether, these results indicate that LPS

stimulates calpain activity and that calpain
inhibition attenuates pulmonary EC barrier
disruption in vitro.

Knockdown of Calpain-1 and Calpain-
2 Attenuates Lung Microvascular
Endothelial Barrier Disruption Induced
by LPS
To further investigate whether it is calpain-1
or -2 that contributes to LPS-induced
calpain activation and endothelial barrier
compromise in HLMVECs, calpain-1 and -2
were knocked down. As shown in Figures 3A
and 3B, knockdown of calpain-1 slightly
reduced, but knockdown of calpain-2
markedly inhibited, calpain activation
induced by LPS. Correspondingly,
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Figure 3. Knockdown of calpain-1 and calpain-2 attenuates lung microvascular endothelial barrier disruption induced by LPS. HLMVECs were
transfected with siRNAs against calpain-1 or -2 or control siRNA. After 72 hours, the cells were incubated with LPS (0.25mg/ml) for 12 hours,
after which calpain activity (B) and the HLMVEC monolayer permeability to FITC-dextran 70 (C) were measured and during which the TER value
(D–G) was monitored. (A) The blots are representative immunoblots of four independent experiments. Results are expressed as mean6SE
(n=4); *P, 0.05 versus vehicle; #P, 0.05 versus LPS in control siRNA; $P, 0.05 versus LPS in calpain-1 siRNA.
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knockdown of calpain-1 slightly attenuated,
but knockdown of calpain-2 greatly
inhibited, LPS-induced decreases in the
TER value (Figures 3D–3G) and the
hyperpermeability to FITC-dextran 70
(Figure 3C) in HLMVECs treated with LPS.
These data show that it is calpain-2, rather
than calpain-1, that is mainly responsible
for LPS-induced calpain activation and
lung microvascular endothelial barrier
disruption.

Overexpression of Calpain-2 Promotes
Talin Cleavage and Increases Actin
Stress Fiber Formation, RhoA
Activation, and Phosphorylation of
MYPT1 and MLC in HLMVECs
HLMVECs were transfected with empty
plasmids and pcDNA3.1/V5-His plasmids

containing human calpain-2 for 3 days,
after which p-Thr853-MYPT1, total
MYPT1, pp-MLC, total MLC, and
RhoA were analyzed. Talin protein was
assayed by Western blot using antibodies
against the N-terminal and C-terminal
domains. As shown in Figure 4, calpain-2
overexpression increased calpain activity
(Figure 4A) and significantly increased
talin cleavage into the 45-kD head
domain and the 190-kD rod domain
(Figures 4B and 4C), phosphorylation
of MYPT1 and MLC, and RhoA activation
(Figures 4D–4G), as well as stress
fiber formation (Figure 4H), in
HLMVECs. These data indicate that
the increases in calpain activity cause
talin cleavage/activation, RhoA activation,
and cytoskeletal reorganization.

Knockdown of Calpain-2 Attenuates
Talin Cleavage, RhoA Activation, MLC
Phosphorylation, and Stress Fiber
Formation in LPS-treated HLMVECs
We found that the incubation of HLMVECs
with LPS resulted in talin cleavage into the
head and rod domains (Figure 5A). To
further investigate the role of calpain-2 in
LPS-induced endothelial barrier compromise
in HLMVECs, calpain-2 was knocked down.
As shown in Figure 5, knockdown of
calpain-2 reduced talin cleavage into the
head and rod domains, RhoA activation, and
MLC phosphorylation, as well as stress fiber
formation, induced by LPS in HLMVECs.
These results indicate that calpain may
promote LPS-induced lung endothelial
barrier dysfunction via a talin cleavage–
related process.
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Knockdown of Talin Reduces LPS-
induced Increases in MLC Phosphory-
lation and Stress Fiber Formation in
HLMVECs and Mitigates LPS-induced
Lung Microvascular Endothelial
Barrier Disruption
To study the role of talin in LPS-induced
RhoA activation, MLC phosphorylation,
stress fiber formation, and EC barrier
compromise in HLMVECs, talin was
knocked down in HLMVECs. As shown in
Figures 6A–6E, knockdown of talin reduced
the levels of cleaved head and rod domains
and attenuated the LPS-induced RhoA
activation andMLC phosphorylation as well
as stress fiber formation in HLMVECs.
Moreover, knockdown of talin attenuated
the LPS-induced decreases in TER value
(Figures 6F and 6G) and hyperpermeability
to FITC-dextran 70 (Figure 6H) in
HLMVECs. Collectively, these data strongly
suggest that talin cleavage and activation
are involved in LPS-induced cytoskeletal
reorganization, leading to lung microvascular
endothelial hyperpermeability.

Overexpression of Talin Head and
Rod Domains Increases MLC
Phosphorylation and Enhances
Lung Microvascular Endothelial
Barrier Disruption
To study the role of cleaved talin (head and
rod domains) in LPS-induced cytoskeletal
responses and lung microvascular

endothelial barrier dysfunction, the talin
head domain and rod domain were
overexpressed in HLMVECs. As shown in
Figures 7A–7E, overexpression of the talin
head domain increased LPS-induced RhoA
activation and MLC phosphorylation as well
as stress fiber formation in HLMVECs.
Moreover, overexpression of talin head
domain exaggerated the LPS-induced
decreases in the TER value (Figures 7F and
7G) and hyperpermeability to FITC-dextran
70 (Figure 7H) in HLMVECs. Furthermore,
overexpression of the talin rod domain
increased LPS-induced RhoA activation and
MLC phosphorylation as well as stress fiber
formation in HLMVECs (Figures 4A–4E).
Correspondingly, LPS-induced decreases in
the TER value (Figures E4F and E4G) and
hyperpermeability to FITC-dextran 70
(see Figure E4H) are potentiated in
HLMVECs with talin rod domain
overexpression. These data confirm that
cleaved talin (head and rod domains)
promotes actin cytoskeletal reorganization
and lung microvascular endothelial barrier
dysfunction induced by LPS.

Overexpression of Talin Mutant
Reduces LPS-induced Increases in
MLC Phosphorylation in HLMVECs, and
Attenuates LPS-induced Lung Micro-
vascular Endothelial Barrier Disruption
The calpain cleavage site on talin has been
identified (19). Mutating the leucine at

position 432 of talin to a glycine blocked the
ability of calpain to cleave talin (19). We
overexpressed the calpain cleavage–resistant
talin mutant in HLMVECs and found that
overexpression of the talin mutant reduced
LPS-induced RhoA activation and
MLC phosphorylation in HLMVECs
(Figures E5A–E5D) and attenuated
hyperpermeability to FITC-dextran 70 in
LPS-treated HLMVECs (see Figure E5E).
These results confirm that calpain promotes
LPS-induced lung endothelial barrier
disruption via talin cleavage.

Inhibition of Calpain and Talin
Attenuates the Expression of ICAM
and E-Selectin Induced by LPS
in HLMECs
To investigate whether calpain/talin signaling
promotes endothelial inflammation in LPS-
induced ALI, we determined the effects of
calpain/talin inhibition on the expression of
ICAM (intercellular adhesion molecule) and
E-selectin induced by LPS in HLMVECs.
The results showed that inhibition of calpain
using MDL28170 or by knockdown of
calpain-2 significantly attenuated LPS-
induced increases in mRNA levels of ICAM
and E-selectin in cells and protein levels of
ICAM and E-selectin in cells and culture
medium (Figure E6). Surprisingly,
knockdown of talin markedly inhibited the
increases in mRNA levels of ICAM and
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E-selectin in cells and protein levels of ICAM
and E-selectin in cells and culture medium
(Figure E7).

Discussion

In this study, we examined the role of calpain
in LPS-induced lung microvascular
endothelial barrier disruption in ALI. We
found that LPS stimulates calpain activity
and that inhibition of calpain attenuates
pulmonary EC barrier disruption in vitro and
lung EC barrier disruption and pulmonary
edema induced by LPS in ALI in vivo. Our
results indicate that calpain mediates LPS-
induced lung microvascular EC barrier
disruption.

Blumenthal andMalkinson first
reported that calpain-like activity and limited
proteolysis are involved in butylated
hydroxytoluene–induced ALI (20). Other
studies described positive effects of calpain
inhibitors in various rodent ALI models,
including scald burn–, ventilator-, and air

pollution–induced lung injuries (21–25).
However, the signaling mechanisms involved
in calpain-mediated ALI induced by LPS
have been poorly understood. In the present
study, we have shown that inhibition of
calpain activity byMDL28170 attenuates
pulmonary EC barrier disruption in vitro
and significantly prevents lung EC barrier
dysfunction in LPS-induced ALI in vivo.
Moreover, EC-specific KO of calpain
attenuates the lung EC barrier disruption
and pulmonary edema induced by LPS in
ALI. Furthermore, knockdown of calpain-1
slightly reduced, but knockdown of calpain-2
markedly inhibited, the calpain activation
and HLMVEC hyperpermeability induced
by LPS. These data indicate that it is calpain-
2, rather than calpain-1, that is mainly
responsible for the calpain activation and
lung microvascular endothelial barrier
disruption induced by LPS.

LPS acts on lung ECs and causes RhoA
activation and actin stress fiber formation,
resulting in the compromise of EC barrier
function in vitro and pulmonary edema in

ALI in vivo (26, 27). However, the signaling
pathways involved in cytoskeleton
reorganization induced by LPS remain
unclear. We found that LPS-induced calpain
activation is not accompanied by the changes
in protein levels of calpain-1 and calpain-2
in HLMVECs, suggesting that LPS regulates
calpain activity via posttranslational
mechanisms. We and others have reported
that phosphorylation modulates calpain
activity and increases its Ca21 sensitivity
(10, 17). Ser-50 phosphorylation of calpain-2
by ERK induces calpain activation in
PDGF-treated lung vascular cells (10).
Phosphorylation and activation of calpain-2
can be prevented by inhibition of p38MAPK
(18). Our data showed that the ERK inhibitor
PD98059 and the p38MAPK inhibitor
SB203580 reduce LPS-induced increases
in calpain activity in HLMVECs, suggesting
that LPS induces calpain activation via ERK
and p38MAPK.

RhoA is a major regulator for actin
cytoskeleton (28, 29). The downstream
events for RhoA activation include the
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activation of Rho-associated kinase and the
increased formation of actin stress fibers.
RhoA and Rho-associated kinase directly
catalyze MLC phosphorylation and also
act indirectly via phosphorylation and
inactivation of MLCP, leading to cell
contraction and EC barrier disruption
(28, 29). Calpain plays an important role in
the activation of the Rho signaling pathway
(30, 31). Several reports claimed that the
inhibition of calpain activity inhibits actin
stress fiber formation (32, 33). We previously
reported that it is calpain-2, not calpain-1,
that contributes to the increase in stress
fiber formation in lung ECs (9). Interestingly,
in the present study, we found that
overexpression of calpain-2 induces RhoA
activation andMLC phosphorylation and
increases actin stress fiber formation in
HLMVECs. Further, calpain-2 inhibition
prevented LPS-induced RhoA activation,
MLC phosphorylation, and actin stress
formation in HLMVECs, suggesting
that calpain-2 mediates LPS-induced

RhoA activation, actin stress formation,
and hyperpermeability of lung
microvascular ECs.

It is unknown how calpain activates
RhoA and induces actin stress formation,
leading to hyperpermeability of lung
microvascular ECs in ALI. Calpain acts via
limited proteolysis of substrate proteins in
cells (8). Among the calpain substrates, talin
is the most prominent one that regulates
actin cytoskeleton reorganization (19, 34).
Talin links actin cytoskeleton to FAs (35). It
contains distinct binding sites for actin and
integrins and transduces mechanical forces
from actomyosin to extracellular matrix
through interactions with FA proteins
(35, 36). Talin comprises two functionally
different head and rod domains (37, 38).
The N-terminal talin head domain (47 kD) is
also known as FERM domain and includes
subdomains 0–3. The F3 subdomain binds to
the cytoplasmic integrins and is critical for
integrin activation (37–39). The C-terminal
rod (or tail) domain (190 kD) is primarily

responsible for binding with other
cytoskeletal proteins like actin and is also
involved in integrin binding (40, 41). In
quiescent cells, the C-terminal rod domain
of talin self-masks a key integrin-binding
site on the F3 subdomain, providing
autoinhibition (42). Calpain induces talin
cleavage (12), which separates the head
from the rod domain, thus removing
autoinhibition and stimulating talin head
binding to FAs and inducing integrin
activation (12, 13, 43). Several studies
demonstrated that talin-integrin-actin
binding and formation of FAs is critical for
RhoA activation and increased contractile
responses and permeability in human lung
ECs stimulated by edemagenic agents
(14, 15). In the present study, we found
for the first time that LPS induces talin
cleavage into the head and rod domains in
HLMVECs and that overexpression of
calpain-2 causes talin cleavage and RhoA
activation in HLMVECs, resulting inMLC
phosphorylation and an increase in actin
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stress formation. Consistent with these
results, talin knockdown leads to disassembly
of LPS-induced stress fibers and a decrease
in LPS-inducedMLC phosphorylation,
reflecting inhibition of EC contractility
and barrier dysfunction. Further, we
demonstrated that overexpression of head
talin and rod talin increases RhoA activation
andMLC phosphorylation and enhances
lung microvascular endothelial barrier
disruption. These findings indicate that
cleaved talin (i.e., head and rod domains)
produced by calpain-mediated cleavage
promotes RhoA activation, MLC
phosphorylation, and actin stress formation
in HLMVECs and enhances the lung
endothelial barrier dysfunction induced
by LPS. In addition, overexpression of a
calpain cleavage–resistant talin mutant
reduces the LPS-induced increases in
MLC phosphorylation in HLMVECs
and attenuates the LPS-induced lung
microvascular endothelial barrier disruption.
These data provide clear evidence confirming
that calpain-mediated talin cleavage
promotes LPS-induced actin cytoskeletal
responses and lung microvascular endothelial
barrier dysfunction.

In our experiments, we showed that the
inhibition of calpain prevented LPS-induced
endothelial adherens junction disassembly.
In ALI, EC contraction caused by actin
cytoskeletal reorganization leads to
disruption of intercellular adherens

junctions (28, 29). Several proteins, including
Piezo1, b-catenin, and p120-catenin,
participate in the stabilization of pulmonary
endothelial adherens junctions (25, 44). It
has been reported that calpain-mediated
degradation/inhibition of these adherens
proteins leads to ventilation/pressure–
induced endothelial hyperpermeability
(22, 25, 44). Thus, calpain-mediated lung
endothelial barrier dysfunction may also be
contributed to the disassembly of endothelial
adherens junctions in addition to the actin
cytoskeletal reorganization caused by
talin cleavage.

It has been shown that LPS-induced
apoptosis contributes to lung endothelial
barrier disruption in ALI (45, 46). Notably
calpain participates in apoptosis in various
pathological conditions (47). Therefore,
LPS-induced activation of calpain may
cause endothelial apoptosis, leading to
lung endothelial barrier dysfunction.
Nevertheless, increased calpain activity
to the level seen in LPS treatment by
overexpression of calpain-2 does
not compromise HLMVEC viability
(Figure E8). It has been reported that
overexpression of calpain-2 by.50% in
mouse NR6 fibroblasts does not induce
cell injury (48). Thus, it is less likely that
calpain promotes LPS-induced lung
endothelial barrier dysfunction via
apoptosis in the present experimental
condition.

Calpain has been shown to promote
inflammation through degradation of I
kappa B (49, 50). Endothelium-derived
inflammatory factors such as ICAM and
E-selectin play important roles in ALI
(51, 52). Our data indicate that inhibitions
of calpain attenuate LPS-induced increases
in the expression of ICAM and E-selectin
in HLMVECs, which might also contribute
to the alleviating effect of calpain inhibition
on LPS-induced lung EC barrier disruption
in ALI. Furthermore, we observed
unexpectedly that knockdown of talin
inhibits the expression of ICAM and
E-selectin induced by LPS in HLMVECs.
Many processes in the signaling pathway
of cytokine expression induced by LPS could
be affected by talin-RhoA-MLC-cytoskeleton.
RhoA and cytoskeletal reorganizationmay
influence mRNA stability of the inflammatory
cytokines (53). Actin polymerization and
depolymerizationmay impact transcription
factor recruitment into nuclei (54). Further
studies are needed to clarify these possibilities.

In summary, our findings provide
evidence supporting the idea that calpain
mediates LPS-induced RhoA activation,
MLC phosphorylation, actin stress fiber
formation, and lung microvascular
endothelial hyperpermeability via cleavage
of talin.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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