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Abstract

Mortalin/GRP75 (glucose regulated protein 75), a member of heat shock protein 70 (Hsp70) 

family of chaperones, is involved in several cellular processes including proliferation and 

signaling, and plays a pivotal role in cancer and neurodegenerative disorders. In this study, we 

sought to determine the role of mortalin/GRP75 in mediating vascular inflammation and 

permeability linked to the pathogenesis of acute lung injury (ALI). In an aerosolized bacterial 

lipopolysaccharide (LPS) inhalation mouse model of ALI, we found that administration of 

mortalin/GRP75 inhibitor MKT-077, both prophylactically and therapeutically, protected against 

PMN influx into alveolar airspaces, microvascular leakage and expression of pro-inflammatory 

mediators such as IL-1β, E-selectin and TNFα. Consistent with this, thrombin-induced 

inflammation in cultured human endothelial cells (EC) was also protected upon before and after 

treatment with MKT-077. Similar to pharmacological inhibition of mortalin/GRP75, siRNA-

mediated depletion of mortalin/GRP75 also blocked thrombin-induced expression of 

proinflammatory mediators such as ICAM-1 and VCAM-1. Mechanistic analysis in EC revealed 

that inactivation of mortalin/GRP75 interfered with the binding of the liberated NF-κB to the 

DNA, thereby leading to inhibition of downstream expression of adhesion molecules, cytokines 

and chemokines. Importantly, thrombin-induced Ca2+ signaling and EC permeability were also 

prevented upon mortalin/GRP75 inactivation/depletion. Thus, this study provides evidence for a 

novel role of mortalin/GRP75 in mediating EC inflammation and permeability associated with 

ALI.

INTRODUCTION:

Acute lung injury (ALI) and its more severe form acute respiratory syndrome (ARDS) are 

life-threatening diseases in critically ill patients with a mortality rate between 25–40%. ALI 
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can be precipitated by direct insults such as pneumonia, aspiration or via indirect insults 

such as sepsis and multiple trauma to the lungs (3). The hallmarks of ALI include severe 

inflammation (characterized by massive infiltration of polymorphonuclear leukocytes 

[PMN] into the lung) and disruption of capillary-alveolar barriers resulting in interstitial 

edema, inflammatory infiltrates, alveolar flooding, and ultimately respiratory failure(16, 20, 

38). All current therapies for ALI rely on supportive care and no effective drugs have been 

developed. Thus, there is an urgent need to develop new treatment strategies for ALI/ARDS 

that are safe and effective.

Pulmonary endothelium is strategically positioned at the interface between the bloodstream 

and the lung tissue and is an important component of capillary-alveolar unit. Because of its 

unique localization it is susceptible to injury from a number of cellular, chemical or 

mechanical agents that are either inhaled or delivered to the lung through the pulmonary 

circulation and may cause ALI in animals and humans (19, 26). Upon bacterial infection, 

component of the gram negative bacterial cell wall such as lipopolysaccharide (LPS) activate 

pattern recognition receptors on EC, instigating an inflammatory response. This results in 

induction of a number of host-derived mediators, including cytokines and chemokines, 

which further stimulate EC to activate NF-κB, a master regulator of inflammation (29). 

Activated NF-κB renders the otherwise antiadhesive and semipermeable microvasculature 

into a proadhesive and leaky one (7, 28, 31, 34). NF-κB causes these changes by activating 

numerous genes including adhesion molecules (E-selectin, ICAM-1, VCAM-1), cytokines 

(TNFα, IL-1β, IL-6), and chemokines (IL-8, MCP-1) (4, 21, 30, 41). The coordinate and 

concerted action of these proteins serves to facilitate adhesion and transendothelial 

migration (TEM) of PMN, and to increase endothelial permeability associated with ALI/

ARDS (1, 8, 30, 33).

Mortalin/GRP75 was initially identified in the cytoplasmic fractions of mouse embryonic 

fibroblasts (MEFs). Later studies revealed its ubiquitous presence in different cell types and 

in different subcellular localizations (5, 11). In mouse, mortalin (mot) exists in two forms, 

mot-1 and mot-2; differing only by two amino acids at the carboxy terminus of the protein, 

but have contrasting functions. Overexpression of mot-1 induced senescence in NIH 3T3 

cells, whereas, overexpression of mot-2 promoted malignant phenotype (5, 12, 36, 37). 

Interestingly, in humans, mot-2 (98% homology to mouse mot-2) is the only transcript 

expressed and microscopic analyses have shown that it exists in various subcellular sites. 

Mortalin/GRP75 plays an essential role in mitochondrial import, regulation of mitochondrial 

membrane potential, intracellular transport, chaperoning, oxidative stress, cellular 

proliferation and apoptosis (10, 11, 22, 27, 40). Dysfunction of mortalin/GRP75 is 

associated with several pathological conditions. Parkinson’s and Alzheimer’s are associated 

with diminished mortalin/GRP75 activity/levels in brain tissues (9, 17, 39), and its 

reconstitution in these tissues has shown protective effect against neurodegeneration (17, 

39). Mortalin/GRP75 is overexpressed in a variety of cancers and contributes to the process 

of carcinogenesis by multiple mechanisms including inactivation of tumor suppressor p53 

protein, deregulation of apoptosis and activation of EMT (epithelial-mesenchymal 

transition) signaling. MKT-077, a cationic rhodacyanine dye, binds to the nucleotide-binding 

domain (NBD) of mortalin/GRP75 causing tertiary structural changes resulting in 

inactivation of the ATPase activity of mortalin/GRP75. Interestingly, MKT-077 only inhibits 
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the activity of mot-2 and not mot-1 (5). MKT-077 was shown to inhibit growth of several 

human cancer cell lines and has also shown positive benefits in phase I/II cancer clinical 

trials (5).

The role of mortalin/GRP75 in ALI, particularly in the context of EC, remains to be 

addressed. In the present study, we investigated if mortalin/GRP75 is linked to inflammatory 

and barrier disruptive pathways in the lung endothelium and thereby contributes to ALI. Our 

data identifies a novel, previously undescribed role of mortalin/GRP75 in the mechanism of 

EC inflammation and barrier disruption during ALI.

Materials and Methods

Reagents

Human alpha thrombin was obtained from Enzyme Research Laboratories (South Bend, IN). 

Lipopolysaccharide (LPS – cat # L3129) from E. coli and diethylaminoethyl (DEAE)-

dextran and MKT-077 were purchased from Sigma-Aldrich Chemical (St. Louis, MO). 

Polyclonal antibodies to VCAM-1, ICAM-1, IκBα, RelA/p65, GAPDH and β-actin were 

from Santa Cruz Biotechnology (CA). Control siRNA and siRNA for mortalin/GRP75 were 

purchased from Dharmacon. Mortalin/GRP75 polyclonal antibody and anti-RelA/p65 

(phospho Ser536) antibody were obtained from Cell Signaling Technology (Beverly, MA). 

All other materials were from VWR Scientific Products Corporation (Gaithersburg, MD) 

and Fisher Scientific (Pittsburgh, PA).

Murine model of ALI

Male 8- to 10-wk-old wild-type (WT) C57BL/6 mice (Jackson, Bar Harbor, ME) were 

exposed to an aerosol of saline alone or saline containing Escherichia coli LPS (0.5mg/ml, 

6ml) for 30 min in a chamber, as described (2). All animal care and treatment procedures 

were approved by the University of Rochester Committee on Animal Resources and 

performed in accordance with National Institutes of Health guidelines.

Measurement of lung inflammation and injury

Mouse lung homogenates were prepared in radioimmune precipitation (RIPA) buffer 

supplemented with protease inhibitor cocktail (Sigma-Aldrich)] as described (2, 6, 13). The 

levels of TNFα, E-selectin, IL-1β, and albumin in lung tissue and BAL fluids were 

determined using ELISA kits from R&D Systems (Minneapolis, MN) as described (6, 13). 

The recruitment of PMN in the lung was determined by monitoring the myeloperoxidase 

activity in the lung tissues as described (2, 6, 13).

Endothelial cells

Human pulmonary artery endothelial cells (HPAEC) were obtained from Lonza 

(Walkersville, MD) and cultured in 2% gelatin coated flasks using endothelial basal medium 

2 (EBM2) with bullet kit additives (BioWhittaker, Walkersville, MD),as described (6, 7). 

Experiments were performed in cells up to passage 6.
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Immunoblotting and immunoprecipitation analysis

After appropriate treatments, cells were lysed in radioimmune precipitation (RIPA) buffer 

containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25 mM EDTA, pH 8.0, 1% 

deoxycholic acid, 1% Triton X-100, 5 mM NaF, 1 mM sodium orthovanadate supplemented 

with complete protease inhibitors (Sigma). For immunoblotting, 10 µg of cell lysates were 

resolved by SDS-PAGE and transferred onto nitrocellulose (Bio-Rad) or polyvinylidene 

difluoride membranes, and the residual binding sites on the filters were blocked by 

incubating with 5% (w/v) nonfat dry milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 

0.05% Tween 20) for 1 h at room temperature. The membranes were subsequently incubated 

overnight at 4° C with the indicated antibodies and developed using an enhanced 

chemiluminesence (ECL) method as described (7). For immunoprecipitation, cell lysates 

were prepared in 500 µl of Immunoprecipitation lysis buffer (1% NP-40, 50mM Tris HCl 

(pH 8.0)) and then subjected to preclearing with 50 µl of protein G MicroBeads (Miltenyi 

Biotec) for 4 h at 4 °C. The precleared lysate was then subjected to immunoprecipitation by 

incubating with 0.6–1 µg of appropriate antibody and 50 µl of the protein G MicroBeads at 4 

°C overnight with gentle shaking as described. The immunoprecipitates were washed four 

times with the same volume of ice-cold Immunoprecipitation lysis buffer. The proteins in the 

immunoprecipitates were extracted from the MicroBeads by applying pre-heated 1X SDS 

sample buffer and subsequently boiled for 15 min. The extracted proteins were subsequently 

analyzed by immunoblotting. Blots shown in the result section may have come from the 

membrane with more samples in various groups.

Reporter gene constructs and luciferase assay

The construct pNF-κB-LUC containing five copies of consensus NF-κB sequences linked to 

a minimal E1B promoter-luciferase gene was purchased from Stratagene (La Jolla, CA). 

Reporter gene transfections and luciferase assays were performed essentially as described 

(2). Briefly, 2.5 µg of DNA was mixed with 50 µg/ml DEAE-dextran in serum-free EBM2, 

and the resulting mixture was applied onto cells that were 60–80% confluent. 0.125 µg of 

pTKRLUC plasmid (Promega, Madison, WI) containing Renilla luciferase gene driven by 

the constitutively active thymidine kinase promoter was used to normalize the transfection 

efficiencies. After 1.5 h, cells were exposed to 10% DMSO in serum-free EBM2 for 4 min 

and then washed twice with PBS and allowed to grow to confluency in EBM2–10% FBS. 

After appropriate treatments, cells were lysed in passive reporter lysis buffer (Promega) and 

cell extracts were assayed for firefly and Renilla luciferase activities using dual luciferase 

reporter assay system (Promega).The data were expressed as a ratio of firefly to Renilla 
luciferase activity.

ELISA

Cytokines (IL-6 and IL-1β) and chemokines (IL-8 and MCP-1) levels in HPAEC culture 

supernatants were determined using ELISA kits from R&D Systems (Minneapolis, MN) 

according to the manufacturer’s recommendations (2, 13).
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Immunofluorescence

HPAEC grown to confluence on 2% gelatin-coated coverslips were subjected to 

immunofluorescence staining as per the protocol described (7, 13). Polyclonal antibody for 

Mortalin/GRP75 from Cell Signaling Technology was used to visualize mortalin/GRP75. 

Nuclei were visualized using Hoechst dye. Following staining the coverslips were rinsed in 

PBS and mounted on the slide using Vectashield mounting media (Vector Laboratories, 

Lincolnshire, IL). The images were acquired using an Axio Imager M2m confocal 

microscope (Zeiss).

Nuclear extract preparation and assessment of RelA/p65 DNA binding

After appropriate treatment, cells were washed twice with ice-cold phosphate-buffered saline 

and resuspended in 400 μl of buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM 

EDTA, 0.1 mM EGTA, 1 mM [DTT], and 0.5 mM PMSF). Twenty minutes later, NP-40 was 

added to a centrifuged for 1 min at 10,000 rpm at 4 °C to collect the supernatants containing 

the cytoplasmic proteins. Final concentration of 0.6%, and the samples were The pelleted 

nuclei were resuspended in 100 μl of buffer B (20 mM HEPES [pH 7.9], 0.4 M NaCl, 1 mM 

EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF). After 30 min at 4 °C, lysates were 

centrifuged for 10 min at 10,000 rpm at 4 °C and supernatants containing the nuclear 

proteins were collected. The DNA binding activity of RelA/p65 was determined using an 

ELISA-based transcription factor DNA binding assay kit (Cayman Chemical, Ann Arbor, 

MI) as described (15).

Endothelial permeability assay

Endothelial permeability was measured using Millipore’s In vitro Vascular Permeability 

Assay Kit. HPAEC transfected with control-siRNA or mortalin-siRNA for 48 hours or 

treated with MKT-077 for 1 h were seeded at 20,000 cells per transwell insert and cultured 

for 48 h. Following this, the confluent monolayer was treated with thrombin (5 U/ml) for 30 

minutes. FITC-Dextran permeability testing was done to check monolayer integrity. 

Permeation was stopped by removing the inserts from the wells. Media from the receiver 

tray was transferred to a 96 well opaque plate to measure fluorescence. Fluorescent 

intensities were quantified using a fluorescent plate reader with filters appropriate for 485 

nm and 535 nm excitation and emission. The endothelial monolayer was stained to check for 

monolayer integrity using Cell Stain provided in the kit (14). Cells were visualized using the 

Leica DMI 3000B fluorescent microscope.

Cytosolic Ca2+ measurements in intact cell population

HPAEC grown to confluence on 25mm glass coverslips (Fisher Scientific) were loaded with 

2µM Fura-2 AM (Invitrogen), a cell permeable fluorescent probe used for measuring change 

in cytosolic Ca2+, for 30 minutes. After dye loading, the cells were washed twice with Ca2+ 

free HBSS buffer, and the coverslips were mounted on an inverted microscope (Eclipse 

TE2000-E, Nikon). Calcium release from the intracellular stores was determined by 

perfusing Ca2+ free imaging buffer and stimulating cells with thrombin (2.5U). Store-

operated Ca2+ entry was measured, following addition of 1.26 mM Ca2+. Images were 

captured at 510nm using a digital CCD camera (CoolSNAP HQ2, Photometrics) and an 
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imaging software (NIS-Element AR 3.0, Nikon) after alternating excitations at 340 and 

380nm. Fura-2 ratio (F-ratio 340/380) was calculated and analyzed later offline with NIS-

Element AR 3.0 Software (13).

Arterial oxygen saturation measurements:

The MouseOx™ Pulse-oximeter (Starr Life Sciences, Oakmont PA) is a non-invasive 

procedure used to measure blood SpO2 in conscious mice after treatment. Mice were held by 

hand and the pulse-oximeter clip with Nair (hair removal cream) was placed on the area 

surrounding the neck to remove the hairs so as to obtain 100% oxygen saturation 

measurement in mice. Mice were held and covered by the light blocker fabric supplied by 

the manufacturer and held until calm (several seconds), before placing the probe on the area 

surrounding the neck. Three-to-five minute readings were taken from each mouse.

Statistical analysis

Standard one-way ANOVA was used to analyze the results, which were presented as mean ± 

SE. Tukey’s test (Prism 5.0, GraphPad Software, San Diego) was used to determine the 

significance between the groups. A P value <0.05 between two groups was considered 

statistically significant (2).

RESULTS:

Mortalin/GRP75 is a critical mediator of lung inflammation and injury in mice

Preventive ability and therapeutic potential of mortalin/GRP75 inhibitor MKT-077 was 

tested in aerosolized bacterial LPS inhalation mouse model of ALI. Wild type C57BL/6L 

mice were injected i.p. with MKT-077 prior to and after aerosolizing the mice with E.coli 
LPS. LPS inhalation induced significant PMN recruitment into the lung; however, this 

response was attenuated by MKT-077 in both protective (P) and therapeutic (T) groups (Fig. 

1A). Similarly, LPS-induced lung vascular injury was also protected upon therapeutic and 

prophylactic administration of MKT-077, as evidenced by a marked decrease in albumin 

level in BALF (bronchoalveolar lavage fluid) (Fig. 1B). LPS-induced levels of 

proinflammatory mediators such as IL-1β, TNFα and E-selectin were also significantly 

decreased in the lungs of mice treated with MKT-077 before and after LPS inhalation 

(Fig.1C–E). These data led us to determine if MKT-077 is also effective in improving lung 

function in mice challenged with LPS. To this end, we assessed PaO2 (partial pressure of 

oxygen) as a measure of lung function in live mice and found that LPS-induced decrease in 

PaO2 was protected in mice pretreated with MKT-077 (Fig. 1F&G). Furthermore, since 

mortalin/GRP75 seems to be a critical player in mediating lung vascular inflammation and 

injury we also determined if mortalin/GRP75 expression was regulated by LPS-inhalation in 

mouse model of ALI. No change in the expression of mortalin was observed in lung 

homogenates of mice treated with LPS (Fig. 1H). Together, these data show that inactivation 

of mortalin/GRP75 was effective both prophylactically and therapeutically in protecting 

against LPS-induced lung inflammatory injury in mice.
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Mortalin/GRP75 is a critical mediator of EC inflammation

We determined the role of the mortalin/GRP75 in EC inflammation, either by inactivating 

mortalin using MKT-077 or by depleting mortalin/GRP75 using siRNA. EC treated with 

MKT-077 before stimulation with thrombin, an edemagenic and proinflammatory agonist, 

showed a marked decrease in ICAM-1, VCAM-1 and MCP-1 levels as compared to cells 

treated with thrombin alone (Fig. 2A&B). In addition, pretreatment of EC with MKT-077 

blocked both the synthesis and release of thrombin-induced IL-6, as observed by a decrease 

in IL-6 levels in cell lysate and culture supernatant respectively (Fig. 2C&D). Furthermore, 

EC treated with MKT-077 before or after stimulation with thrombin, showed a significant 

reduction in NF-κB transcriptional activity (Fig. 2E). Consistent with this, a reduction in 

IL-6 and ICAM-1 levels was noted under these conditions (Fig. 2F&G). Similar to thrombin, 

LPS-induced expression of proinflammatory mediators such as IL-6, ICAM-1 and VCAM-1 

were also significantly decreased in the presence of MKT-077 in EC (Fig. 2H&I). Thus, our 

in vitro data mimics our in vivo data and reinforces the therapeutic and preventive potential 

of MKT-077 against LPS-induced inflammatory responses associated with ALI. In the 

second approach, mortalin was depleted using siRNA. Results indicate a marked reduction 

(90%) in mortalin protein level in the presence of mortalin siRNA as compared to the cells 

transfected with control siRNA (Fig. 3A&B). Consistent with the effect of MKT-077 on EC 

inflammation, depletion of mortalin via siRNA significantly decreased thrombin-induced 

NF-κB transcriptional activity and resultant adhesion molecules expression (Fig. 3C–F). 

Together our data establish a crucial role of mortalin/GRP75 in mediating EC inflammation 

induced by two clinically relevant agonists such as thrombin and LPS.

Mortalin/GRP75 mediates thrombin-induced EC inflammation by regulating NF-κB binding 
to DNA

Next we analyzed the mechanism by which mortalin/GRP75 regulates NF-κB activity in 

EC. Phosphorylation of IκBα and its subsequent degradation is a requirement for the release 

and translocation of RelA/p65 to the nucleus and Ser536 phosphorylation of RelA/p65 

contributes to its transactivating potential. Hence, MKT-077-treated and mortalin-depleted 

cells were evaluated for thrombin-induced IκBα degradation, Ser536 phosphorylation and 

RelA/p65 nuclear translocation. We observed that thrombin-induced IκBα degradation, 

Ser536 phosphorylation and RelA/p65 nuclear translocation remained unaffected by 

inactivation of mortalin (Fig. 4A–C) or depletion of mortalin (Fig. 4D–F). Interestingly, 

however, thrombin-induced binding of the released RelA/p65 to the DNA was blocked upon 

inactivation of mortalin by MKT-077 (Fig. 4G). The impaired binding of RelA/p65 to the 

DNA following MKT-077 treatment prompted us to examine whether RelA/p65 associates 

with mortalin/GRP75 to facilitate RelA/p65 DNA binding and whether this association is 

disrupted by MKT-077. Co-immunoprecipitation studies were performed by 

immunoprecipitating mortalin/GRP75 from control and thrombin treated cells in the 

presence and absence of MKT077, and the immunoprecipitates were immunoblotted for 

RelA/p65 (Fig. 4H). In reciprocal experiments RelA/p65 was immunoprecipitated from cells 

treated with thrombin in the presence and absence of MKT077, and the immunoprecipitates 

were immunoblotted using anti-mortalin/GRP75 antibody (Fig. 4I). These results indicate 

that mortalin associates with RelA/p65 irrespective of its inactivation by MKT-077 and also 

the association is independent of thrombin. Since inactivation of mortalin/GRP75 by 
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MKT-077 only blocks the binding of released RelA/p65 to DNA and not any of the 

preceding steps in the NF-κB canonical pathway, it is likely that “active” mortalin/GRP75 

bound to RelA/p65 is critical for recruiting coactivators and dissociating HDACs and 

thereby inducing chromatin remodeling to facilitate RelA/p65 DNA binding. However, this 

possibility remains to be addressed.

Mortalin/GRP75 is critical to thrombin-induced EC permeability

Disruption of endothelial barrier integrity is a major pathogenic feature of ALI. Hence, we 

evaluated the role of mortalin/GRP75 in thrombin-induced EC permeability using an in vitro 
permeability assay kit. To this end, EC were transfected with mortalin-siRNA or control-

siRNA and were seeded at 20,000 cells per well into transwell inserts and cultured for 48 

hours. The confluent monolayer was then treated with thrombin (5 U/ml) for 30 minutes, 

followed by addition of a high molecular weight FITC-Dextran to monitor EC barrier 

integrity of permeability. Our results show that knockdown of mortalin significantly reduced 

thrombin-induced permeability, as indicated by a marked decrease in the fluorescent counts 

(Fig. 5A). Next the endothelial monolayer was stained to monitor monolayer integrity using 

Cell stain provided in the kit. Data show that knockdown of mortalin/GRP75 significantly 

reduced the gaps between untreated and thrombin-treated cells, implying the role of 

mortalin/GRP75 in EC barrier integrity (Fig. 5B). We also determined the protective and 

therapeutic effect of mortalin/GRP75 inactivation on thrombin-induced EC permeability. 

Our data indicated a marked decrease in thrombin-induced permeability in cells treated with 

MKT-077 either before or after thrombin challenge (Fig. 5C). These data indicates the role 

of mortalin/GRP75 in regulating thrombin-induced EC barrier disruption.

Mortalin/GRP75 is critical to thrombin-induced Ca2+ signaling in EC

In order to explore the mechanism of thrombin-induced EC permeability, we determined the 

role of mortalin/GRP75 in mediating Ca2+ signaling, a critical determinant of EC 

permeability. HPAEC were pretreated with MKT-077 and then loaded with Fura2-AM for 15 

min. Ratiometric measurements of intracellular Ca2+ were made in response to thrombin 

during extracellular Ca2+ depletion-repletion conditions. Results indicate that inactivation of 

mortalin/GRP75 by MKT-077 significantly (50%) blocked the Ca2+ release from the ER 

stores (indicated by the first peak) and also the store-operated Ca2+ entry from the 

extracellular medium (represented by 2nd peak) (Fig.6A&B). Together, these data points to a 

novel role of mortalin/GRP75 in the mechanism of Ca2+ release and entry.

Discussion

In the present study, we have identified a novel role of mortalin/GRP75 in mediating 

inflammation and permeability linked to the pathogenesis of ALI. Using bacterial LPS 

inhalation mouse model of ALI, we have shown that administration of mortalin/GRP75 

inhibitor MKT-077, either prophylactically or therapeutically, blocked LPS-induced 

expression of proinflammatory mediators and PMN infiltration into the lungs. MKT-077 

also showed protective and therapeutic effect against LPS-induced lung vascular leak. As 

expected, MKT-077 improved lung function by protecting LPS-induced decrease in PaO2. 

Consistent with these findings, our in vitro data revealed that inactivation of mortalin by 
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MKT-077 (both prophylactically and therapeutically) or its depletion using mortalin siRNA 

blocked thrombin-induced NF-κB activation and proinflammatory gene expression. Further, 

mechanistic analysis revealed that MKT-077 blocked EC inflammation by inhibiting the 

binding of the released RelA/p65 to the DNA. In addition, inactivation or depletion of 

mortalin/GRP75 interfered with thrombin-induced Ca2+ signaling and endothelial barrier 

disruption. Collectively, our in vivo and in vitro data indicate that mortalin/GRP75 

contributes to ALI pathogenesis, at least in part, through its ability to induce EC 

inflammation and permeability.

Mortalin/GRP75 has been widely studied in the context of neurological disorders and 

tumorigenesis, diseases with an inflammatory underpinning. Here, we investigated the role 

of mortalin/GRP75 in lung vascular inflammation and injury. ALI is characterized by three 

stages that overlap temporally and spatially. The initial stage or the exudative stage involve a 

complex interaction of inflammation, loss of cellular integrity (destruction of epithelial and 

endothelial barrier) resulting in flooding of the alveoli with proteinaceous edema fluid and 

activation of coagulation. The second stage or the recovery phase involves proliferation of 

epithelial cells, endothelial cells, and fibroblasts. However, in the absence of recovery the 

lung may progress into the third stage called the fibrotic stage which is characterized by 

diffuse fibrosis and changes in lung structure (3). In LPS inhalation mouse model of ALI our 

studies focuses mainly on the initial stage where lung endothelium becomes inflamed and 

leaky, leading to increased microvascular permeability and generation of protein-rich 

pulmonary edema(25). Our data show that in addition to IL-1β and TNFα, LPS inhalation 

induced the expression of E-selectin, which is exclusively expressed on endothelial cell 

surface and is involved in leukocyte-endothelial adhesion and its elevated level is associated 

with ALI (24). Intraperitoneal injection of mortalin/GRP75 inhibitor MKT-077 before and 

after LPS inhalation significantly blocked the inflammatory responses. Similarly, exposure 

of cultured EC to MKT-077 either before or after thrombin treatment also protected against 

inflammatory outputs. These observations suggest a crucial role of mortalin/GPR75 in 

mediating EC inflammation associated with ALI.

Majority of the earlier studies have focused on the role of mortalin in cancer cells and have 

shown that overexpression of mortalin was sufficient to increase the malignancy of breast 

cancer cells in both in vitro and in vivo models (18). The underlying mechanism for the 

above response was shown to be the sequestration of wild-type p53 with mortalin in the 

cytoplasm, leading to inhibition of its transcriptional activation and control of centrosome 

duplication functions. Treatment of cancer cells with MKT-077 releases p53 from mortalin–

p53 complex and cause activation of p53 and growth arrest of cancer cells. Along similar 

lines, mechanistic analysis in our studies showed that mortalin also forms a complex with 

NF-κB in endothelial cells; interestingly, however, pretreatment with MKT-077 does not 

release NF-κB from mortalin-NF-κB complex but inhibits the binding of NF-κB to the 

DNA leading to the inhibition of proinflammatory gene expression. This is the first report 

showing the role of mortalin/GRP75 in mediating endothelial cell inflammation via 

regulation of NF-κB. Contrary to our observation in EC, studies in microglial BV-2 cells 

showed that overexpression of mortalin/GRP75 attenuates LPS-induced oxidative and 

metabolic responses, and suppresses proinflammatory activation, which depends on NF-κB 
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activation and lactate generation (35). Thus, mortalin/GRP75 appears to differentially 

regulate NF-κB depending upon the cellular context.

Furthermore, our studies in EC and in mice highlighted a role of mortalin/GRP75 in 

mediating vascular barrier disruption. Both therapeutic and prophylactic delivery of 

MKT-077 prevented thrombin-and LPS-induced barrier dysfunction in vitro and in vivo 
respectively. Mechanistic analysis in EC revealed that mortalin contributes to thrombin-

induced EC permeability via activation of Ca2+ signaling. Thrombin binds to protease 

activated receptor-1 (PAR1) and activates heterotrimeric G proteins, G12/G13 and Gq leading 

to the generation of inositol 1,4,5-trisphosphate (IP3), which in turn binds to inositol 1,4,5- 

trisphosphate receptor (IP3R) on ER, signaling the release of Ca2+ from ER stores. The 

depletion of Ca2+ from the ER induces activation of store-operated channels (SOC) at the 

plasma membrane, resulting in Ca2+ entry from the outside and refilling of ER stores (23). 

Our data show that pretreatment of HPAEC with MKT-077 decreased both Ca2+ release 

from the ER and subsequent store-depletion operated Ca2+ entry (SOCE) from the 

extracellular milieu in response to thrombin, thereby indicating a role of mortalin/GRP75 in 

the mechanism of Ca2+ release and entry. In addition, studies have shown that caveolin-1-

eNOS-dependent NO-redox signaling regulates adherens junction (AJ) disassembly, a 

critical determinant of EC permeability (32). Our preliminary experiments indicate a 

decrease in thrombin-induced eNOS phosphorylation at serine 1177 in the presence of 

MKT-077 (Leonard et al, unpublished data). Comprehensive understanding of the role of 

mortalin in caveolin-1/eNOS/p190RhoGAP-A pathway regulating EC permeability and its 

relevance in lung vascular injury will require additional studies using mice with cell specific 

deletion of mortalin/GRP75.

Together, our data identifies a novel role of mot −2 isoform of mortalin/GRP75 (since 

MKT-077 specifically inhibits mot-2 and not mot-1) in mediating EC inflammation and 

permeability associated with ALI in mice. Interestingly, mot-2 is the only isoform of 

mortalin/GRP75 present in humans; hence these findings enhance the translational 

significance of mot-2. Overall, the beneficial effect of MKT-077 both prophylactically and 

therapeutically in controlling ALI, identifies it as a viable therapeutic target.
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Figure 1. MKT-077 protects against LPS-induced lung inflammation and injury.
Wild type C57BL/6L mice were injected i.p. with MKT-077 (5 mg/kg) 1 h prior to or 1 h 

after aerosolizing the mice with E. coli LPS (0.5mg/ml; 6ml) for 30 min. Mice injected i.p. 

with saline 1 h prior to aerosolization served as control. After 16 h, lung homogenates were 

analyzed for (A) MPO activity, (C) IL-1β, (D) TNFα, (E) E-selectin and BAL fluid was 

analyzed for (B) albumin. Wild type C57BL/6L mice were injected i.p. with MKT-077 (5 

mg/kg) 1 h prior to aerosolizing the mice with E. coli LPS (0.5mg/ml; 6ml) for 30 min. Six, 

sixteen and twenty four hours post LPS challenge, PaO2 was measured using MouseOx™ 

Pulse-oximeter as described in Methods (F&G). Wild type C57BL/6L mice were injected 

i.p. with MKT-077 (5 mg/kg) 1 h prior to aerosolizing the mice with E. coli LPS (0.5mg/ml; 

6ml) for 30 min. After 16 h, lung homogenates were analyzed for levels of mortalin (H). 
Actin was used as a loading control.
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Figure 2. MKT-077 protects against thrombin and LPS-induced inflammatory responses.
(A–D) HPAEC were treated with 1µg/ml MKT-077(1 h) followed by thrombin treatment (5 

U/ml) for 6 h. Total cell lysate was immunoblotted for ICAM-1, VCAM-1, MCP-1 and IL-6 

and culture supernatants were analyzed for IL-6 and MCP-1 using ELISA. (E) HPAEC were 

transfected with NF-κB-LUC and pTKRLUC constructs by DEAE-dextran as described in 

Methods. Cells were then treated with 1µg/ml MKT-077(1 h) before or 1 h after thrombin 

treatment (5 U/ml) for 6 h and cell extracts were prepared and assayed for Firefly and 

Renilla luciferase activities. (F&G) luciferase lysates were immunoblotted for IL-6 using 

ELISA and for ICAM-1 using anti-ICAM-1 antibody. Anti-GAPDH antibody was used to 

monitor loading control. (H–I) HPAEC were treated with 1µg/ml MKT-077 (1 h) followed 

by LPS treatment (0.1µg/ml) for 6 h. Cell culture supernatants were analyzed for IL-6 using 

ELISA. Total cell lysates were immunoblotted for ICAM-1 and VCAM-1. Anti-GAPDH 

antibody was used to monitor loading control. The blot in 2I is cropped from a gel.
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Figure 3. Mortalin knockdown attenuates thrombin-induced NF-κB reporter activity and 
mitigates inflammatory gene expression.
(A) HPAEC grown to confluence on 2% gelatin-coated coverslips were transfected with 

control siRNA or mortalin siRNA using DharmaFect1. After 24–36 h cells were fixed, 

permeabilized and stained with anti-mortalin antibody to visualize depletion of mortalin. (B) 
Total cell lysates were immunoblotted for mortalin levels using anti-mortalin antibody. (C-
F) HPAEC were transfected with control siRNA or mortalin siRNA using DharmaFect1. 

Twenty four hours later cells were again transfected with NF-κB-LUC and pTKRLUC 

constructs by DEAE-dextran as described in Methods. Cells were then challenged with 

thrombin (5 U/ml) for 6 h. Cell extracts were prepared and assayed for Firefly and Renilla 

luciferase activities. Lysates were also immunoblotted for ICAM-1 and VCAM-1 using anti-

ICAM-1 and anti-VCAM-1 antibody. Anti-RelA/p65 antibody was used as a loading 

control.
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Figure 4. Mortalin regulates NF-κB signaling in EC.
(A&B) HPAEC grown to confluence were treated with 1µg/ml MKT-077 (1h) followed by 

thrombin treatment (5 U/ml) for 1 h. Total cell lysates were prepared and immunoblotted 

with anti- IκBα antibody or anti-phospho serine (Ser536) antibody. Anti-RelA/p65 antibody 

was used to monitor loading. (C) HPAEC grown to confluence were treated with 1µg/ml 

MKT-077 (I h) followed by thrombin treatment (5 U/ml) for 1 h. Nuclear extracts (NE) were 

separated by SDS-PAGE and immunoblotted with anti-RelA/p65 antibody. Tata binding 

protein (TBP), a nuclear protein, was used as loading control for nuclear extracts. (D&E) 
HPAEC were transfected with control siRNA or mortalin siRNA using DharmaFect1. 24–36 

hours later cells were treated with thrombin (5 U/ml) for 1 h. Total cell lysates were 

prepared and immunoblotted using anti- IκBα antibody, anti-phospho serine (Ser536) 

antibody. Anti-RelA/p65 antibody was used to monitor loading. Mortalin antibody was used 

to monitor mortalin depletion. (F) HPAEC were transfected with control siRNA or mortalin 
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siRNA using DharmaFect1. 24–36 hours later cells were treated with thrombin (5 U/ml) for 

1 h. NE were separated by SDS-PAGE and immunoblotted with anti-RelA/p65 antibody. 

TBP was used as loading control for nuclear extracts. (G) HPAEC were treated with 1µg/ml 

MKT-077 (I h) followed by thrombin treatment (5 U/ml) for 1 h. Nuclear extracts were 

prepared and assayed for DNA binding of RelA/p65 using Cayman’s NF-κB (RelA/p65) 

Transcription Factor Assay Kit as described in Materials and Methods. The data are the 

means ±S.E. (n= 4–6 for each condition). (H&I) HPAEC were treated with 1µg/ml 

MKT-077 (1h) followed by thrombin treatment (5 U/ml) for 1 h. Total cell lysates were 

subjected to immunoprecipitation with an antibody to mortalin/GRP75 (H) or antibody to 

RelA/p65 (I). The immunoprecipitates were then immunoblotted with antibody to RelA/p65 

or mortalin/GRP75 and vice versa. TL; total lysate.
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Figure 5. Mortalin regulates thrombin-induced endothelial permeability.
(A) HPAEC transfected with control-siRNA or mortalin-siRNA were seeded at 20,000 cells 

per transwell insert and cultured for 48 hours. Following this, the confluent monolayer was 

treated with thrombin (5 U/ml) for 30 minutes. FITC-Dextran permeability testing was done 

to check monolayer integrity. Permeation was stopped by removing the inserts from the 

wells. Media from the receiver tray was transferred to a 96 well opaque plate to measure 

fluorescence. Fluorescent intensities were quantified using a fluorescent plate reader with 

filters appropriate for 485 nm and 535 nm excitation and emission. The data are the means ± 

S.E. (n = 4–6 for each condition). (B) Following permeability testing the endothelial 

monolayers were stained for bright field imaging. (C) HPAEC were treated with 1µg/ml 

MKT-077 (1 h) before or 1 h after thrombin treatment (5 U/ml; 1 h). In vitro FITC dextran 

permeability assay was performed to monitor thrombin-induced endothelial permeability.
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Figure 6. Mortalin regulates thrombin-induced Ca2+ release and entry in EC.
(A&B) HPAEC grown to confluence on 25 mm coverslips were left untreated or treated with 

1 µg/ml of MKT-077 for 1 h. Cells were then loaded with Fura2-AM for 30 min and washed 

twice with Ca2+ free HBSS buffer and mounted on an inverted microscope. Calcium release 

from the intracellular stores was determined by perfusing Ca2+ free imaging buffer and 

stimulating cells with thrombin (2.5 U/ml). Store-operated Ca2+ entry was measured 

following addition of 1.26 mM Ca2+. Fura-2 ratio (F-ratio 340/380) was calculated and 

analyzed with NIS-Element AR 3.0 Software.
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