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Abstract
Lung vascular alterations and pulmonary hypertension associated with oxidative stress have been
reported to be involved in idiopathic lung fibrosis (ILF). Therefore, here, we hypothesize that the
widely used lung fibrosis inducer, bleomycin, would cause cytoskeletal rearrangement through
thiol-redox alterations in the cultured lung vascular endothelial cell (EC) monolayers. We exposed
the monolayers of primary bovine pulmonary artery ECs to bleomycin (10 µg) and studied the
cytotoxicity, cytoskeletal rearrangements, and the macromolecule (fluorescein isothiocyanate-
dextran, 70,000 mol. wt.) paracellular transport in the absence and presence of two thiol-redox
protectants, the classic water-soluble N-acetyl-L-cysteine (NAC) and the novel hydrophobic N,N′-
bis-2-mercaptoethyl isophthalamide (NBMI). Our results revealed that bleomycin induced
cytotoxicity (lactate dehydrogenase leak), morphological alterations (rounding of cells and
filipodia formation), and cytoskeletal rearrangement (actin stress fiber formation and alterations of
tight junction proteins, ZO-1 and occludin) in a dose-dependent fashion. Furthermore, our study
demonstrated the formation of reactive oxygen species, loss of thiols (glutathione, GSH), EC
barrier dysfunction (decrease of transendothelial electrical resistance), and enhanced paracellular
transport (leak) of macromolecules. The observed bleomycin-induced EC alterations were
attenuated by both NAC and NBMI, revealing that the novel hydrophobic thiol-protectant, NBMI,
was more effective at µM concentrations as compared to the water-soluble NAC that was effective
at mM concentrations in offering protection against the bleomycin-induced EC alterations.
Overall, the results of the current study suggested the central role of thiol-redox in vascular EC
dysfunction associated with ILF.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a degenerative, chronic, and progressive fibrosing
lung disorder of the tissue that lines and separates the alveoli with unknown etiology
(Kinnula et al. 2005). The prevalence of IPF in the US is estimated in the range of 35,000 to
55,000 cases as recorded in 2005 (Zisman et al. 2005). Extended exposure to environmental
and occupational agents including metal, wood, and stone dusts has been associated with
tissue damage that leads to IPF among the idiopathic lung diseases (Taskar and Coultas,
2008; Wilson and Wynn, 2009). In IPF, the tissue that lines and separates the alveoli
becomes scarred due to lung damage. This scarring causes the tissue to become inelastic and
hard. The buildup of scar tissue causes difficulties in breathing and results in respiratory
failure. Interstitial lung diseases (ILD) including sarcoidosis, IPF, and pulmonary
Langerhans cell histiocytosis have been shown to be associated with pulmonary
hypertension (PH) (Ryu et al. 2007; Cordier, 2008). Lung parenchymal and vascular
remodeling indicates the high prevalence (30–40%) of PH among the ILD patients (Behr
and Ryu, 2008). Although both the lung epithelium and endothelium have been shown to be
critical cellular players in IPF, microvascular injury has been shown as an initial event in the
lungs during IPF (Calabrese et al. 2005). The vascular endothelium is crucial as the selective
barrier against circulating macromolecules and leukocytes between the blood and
interstitium (Everett et al. 2006). In addition, microvascular injury has been emphasized as
an important event in the evolution of IPF (Magro et al. 2003). Therefore, the lung
microvasculature, more so the lung microvascular endothelium, is apparently an important
target in the lung fibrotic events. Studies with experimental models have revealed the role of
oxidative stress and antioxidant imbalance in the initiation and progression of IPF, and
accordingly redox modulatory therapy has been proposed for the treatment of the disease
(Kinnula et al., 2005, 2008). As the lung microvasculature and vascular endothelium are
critical regions in IPF, oxidative stress and redox alterations appear to drive the initiation
and progression of IPF; it is compelling to rationalize that oxidant-mediated lung
microvascular endothelial dysfunction plays a role in the initiation and propagation of IPF.

Vascular endothelial cells (ECs), the inner monolayer lining of blood vessels which form the
barrier, are susceptible to oxidative stress that leads to vascular EC disruption and vascular
leak. Oxidative stress also leads to the redox perturbation in the vascular ECs such as
alterations in the soluble thiols (glutathione, GSH) and protein thiols (Parinandi et al. 1999).
Also, earlier we have reported that the bleomycin-induced phospholipase D activation and
associated cytotoxicity in lung microvascular ECs is regulated by thiol-redox (Patel et al.
2011). However, the thiol-redox-mediated modulation of the bleomycin-induced
cytoskeletal alterations and barrier dysfunction in lung ECs have not been documented.
Therefore, here, it is envisioned that oxidative stress induced by bleomycin would cause an
imbalance in the thiol-redox of the lung vascular ECs so that the cytoskeletal components,
including the actin-cytoskeleton and tight junction proteins, would be altered resulting in the
lung vasculature dysfunction. In order to counteract the bleomycin-induced and oxidant-
mediated cellular thiol-redox alterations, an effective pharmacological compound with
antioxidant and thiol-redox protective properties is needed. As opposed to the most widely
used water-soluble, thiol-protectants including N-acetyl-L-cysteine (NAC), a hydrophobic
and lipid-soluble thiol-protectant would be effective in protecting against the oxidant-
induced cellular thiol-redox perturbations in the hydrophobic membrane microenvironments
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as well. A novel lipid-soluble hydrophobic compound, N,N′-bis-2-mercaptoethyl
isophthalamide (NBMI), with both heavy metal-chelating and thiol-redox-protecting
properties has been synthesized (Matlock et al. 2001) (Figure 1). NBMI appears to possess
the unique features of lipid solubility, membrane lodging, and thiol-redox protection in cells.
Hence, in the current study, we used NBMI along with NAC to investigate the role of thiol-
redox in the bleomycin-induced and oxidant-mediated cytoskeletal alterations and barrier
dysfunction in the bovine pulmonary artery ECs in culture (Figure 1). For the first time, our
results revealed that the pulmonary fibrosis inducer, bleomycin, caused endothelial barrier
dysfunction, permeability increase, and cytoskeletal alterations through oxidant-mediated
thiol-redox alterations, which were protected by the widely used water-soluble thiol-
protectant, NAC, and the novel lipid-soluble thiol-protectant, NBMI, with the latter
compound being effective at µM concentration.

Materials and methods
Materials

Bovine pulmonary artery endothelial cells (BPAECs; passage 4) were purchased from VEC
Technologies (NY). Phosphate-buffered saline (PBS) was obtained from Biofluids Inc.
(Rockville, MD). Minimal essential medium (MEM), nonessential amino acids, trypsin, fetal
bovine serum (FBS), penicillin/streptomycin, Dulbecco’s modified eagle medium (DMEM)
phosphate-free modified medium, tissue culture reagents, fluorescein isothiocyanate-dextran
(FITC-dextran), NAC, and all other analytical reagents of highest purity were purchased
from Sigma Chemical Co. (St. Louis, MO). EC growth factor was obtained from Upstate
Biotechnology (Lake Placid, NY). Bleomycin was obtained from Teva Parenteral Medicines
(Irvine, CA). The electrical cell-substrate impedance sensing (ECIS) electrode arrays were
obtained from Applied Biophysics (Troy, NY). Anti-mouse AlexaFluor 488-conjugated
antibody, 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), 6-carboxy-2′,7′-
dichlorodihydroxyfluorescein diacetate dicarboxy methyl ester (DCFDA), and rhodamine-
phalloidin were purchased from Molecular Probes Invitrogen Co. (Carlsbad, CA). Mouse
anti-ZO-1 and occludin antibody were obtained from Zymed Laboratories (San Francisco,
CA). Paraformaldehyde was purchased from Electron Microscopy Sciences (Fort
Washington, PA). Polyethoxylene sorbitan monolaurate (Tween-20) was purchased from
Bio-Rad Laboratories (Hercules, CA). Horseradish peroxidase (HRP)-conjugated anti-
mouse secondary antibody and the enhanced chemiluminescence (ECL) kit for the detection
of proteins by Western blotting were obtained from Amersham (Arlington Heights, IL).
GSH assay kit (GSH-Glo) was obtained from Promega Corporation (Madison, WI).

NBMI synthesis
NBMI was synthesized using a modification of the method of Matlock et al. (2003) at the
University of Kentucky by Gupta under the supervision of Haley. Three grams of 2-
aminoethylthiol hydrochloride was dissolved in 25 ml of chloroform and 3.7 ml of
triethylamine and placed in an ice bath with stirring. A total of 2.68 g of isophthaloyl
chloride was dissolved in 25 ml of chloroform and slowly added to the solution containing
2-aminoethylthiol and allowed to stir for 2 h on ice. A precipitation of the NBMI was
induced by adding about 100 ml of 0.1 N HCl slowly to the stirring mixture. The resulting
precipitate was collected by filtration and washed two times with a water:chloroform (50/50)
mixture and then two times with 0.1 N HCl and three times with distilled water. The
resulting white powder was dried under vacuum and yielded the product NBMI in 70%
yield. Gram amounts of this powder were dissolved in pure ethanol and recrystallized twice
resulting in the final product. NBMI purity was determined by LC-MS/MS. Column was a
Waters X-Bridge C-18 (150 × 3.0 mm, 5 µm particle size). The mobile phase consisted of
(A) aqueous with 0.1% formic acid and (B) methanol with 0.1% formic acid. A gradient
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system was used, and the total run time was 30 min. The elution conditions expressed as %
of B is as follows: 0–30 s 10% B, 30 s–10 min 10–90% B, 10–19 min 90% B, 19–20 min
90–10% B, and 20–30 min 10% B. Injection volume was 10 µl. Flow rate was 250 µl/min
and the retention time for NBMI was 9.81 min. Analysis was done on a Varian LC 1200 L
Triple Quadruple MS, using a positive electro-spray ionization source. The pumps were
chemicals used in the LC-MS/MS analysis and were purchased from Sigma-Aldrich (St
Louis, MO).

Cell culture
BPAECs were grown to confluence in MEM supplemented with 10% (vol/vol) FBS, 100
units/ml penicillin and streptomycin, 5 µg/ml EC growth factor and 1% (vol/vol)
nonessential amino acids at 37°C under a humidified atmosphere of 95% air–5% CO2 as
described earlier (Steinhour et al. 2008). BPAECs, from passages 7 to 15, were used in the
experiments. ECs cultured in 35-mm or 60-mm sterile dishes or T-75 cm sterile flasks to
~95% confluence under a humidified atmosphere of 95% air–5% CO2 at 37°C were used for
treatments with bleomycin and desired pharmacological agents. MEM containing bleomycin
and other pharmacological agents were carefully adjusted to pH 7.4 for cellular treatments.

Preparation of cell treatment solutions containing pharmacological agents
Stock solutions of the hydrophobic pharmacological agent, NBMI, were freshly prepared in
DMSO and diluted in MEM for the treatment of cells. The final DMSO concentration in the
cell treatment medium was 0.1% (vol/vol), which did not appear to affect the observed
responses in cells. All other solutions of water-soluble pharmacological compounds were
freshly prepared in MEM for treatment of cells.

Reactive oxygen species measurement by DCF fluorescence
DCFDA is a lipid-soluble probe that becomes fluorescent when oxidized by multiple forms
of reactive oxygen species (ROS). Once DCFDA is taken up by the cell, the intracellular
esterases cleave the acetate group of DCFDA and convert it into DCFH2, which will not be
transported out of the cell. Thus, the newly formed DCFH2 will react with ROS to form
fluorescent DCF, which serves as an index of ROS formation. Formation of ROS in
BPAECs in 35-mm dishes (5 × 105 cells/dish) was determined by measuring DCF
fluorescence in cells preloaded with DCFDA (10 µM) for 30 min in complete MEM at 37°C
under a humidified atmosphere of 95% air–5% CO2 prior to exposure to bleomycin for 1 h
according to our previously published methods (Parinandi et al. 2001; Hagele et al. 2007).
At the end of exposure to bleomycin, the cells were detached with a teflon cell scraper,
transferred into microcentrifuge tubes, and centrifuged at 8000 × g for 10 min at 4°C. The
supernatant was aspirated and the cell pellet was washed twice with ice-cold PBS. Cell
lysates were prepared by sonicating the pellets with a probe sonicator at a setting of 2 for 15
s in 500 µL of ice-cold PBS. Fluorescence of the oxidized DCFDA in cell lysates, as an
index of formation of ROS, was measured on a Bio-Tex ELx808 fluorescent plate reader set
at 490 nm excitation and 530 nm emission using appropriate blanks. The protein content of
the cell lysates was measured and the extent of ROS formation was expressed as arbitrary
fluorescence units per mg protein.

GSH determination
Intracellular soluble thiol (GSH) levels were determined using the GSH-Glo GSH assay kit
as described earlier (Patel et al. 2011). BPAECs grown up to 90% confluence in 96-well
plates were treated with MEM alone or MEM containing bleomycin (10 µg) or MEM
containing selected pharmacological agents and bleomycin for 12 h under a humidified
atmosphere of 95% air–5% CO2 at 37°C. Following incubation, intracellular GSH levels
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were determined according to the manufacturer’s recommendations and normalized to 106

cells (Promega Corp. Madison, WI).

Cellular total thiol determination
Total cellular thiol content was measured by the 5,5′-dithiobis (2-nitrobenzoic acid)
(DTNB)-complexed spectrophotometric assay according to our previously published method
(Hagele et al. 2007). BPAECs grown up to 90% confluence in 100 mm dishes were treated
with MEM alone or MEM containing bleomycin (10 µg) or MEM containing selected
pharmacological agents and bleomycin for 12 h under a humidified atmosphere of 95% air–
5% CO2 at 37°C. At the end of exposure to bleomycin, cells were detached with a teflon cell
scraper, transferred into microcentrifuge tubes, and centrifuged at 8000 × g for 10 min at
4°C. The supernatant was aspirated and the cell pellets were lysed using 10% Triton X-100.
The cell lysates were treated with DTNB, and then the absorbance was determined at 412
nm on a Bio-Tex ELx808 fluorescent plate reader. Total thiol values were obtained from a
standard curve prepared with reduced GSH and normalized to 106 cells.

Immunofluorescence microscopy of tight junction proteins
BPAECs cultured on sterile coverslips (Harvard Apparatus, 22 mm2) in 35-mm sterile
dishes at a density of 104 cells/dish were treated with MEM alone or MEM containing
desired concentrations of bleomycin or MEM containing selected pharmacological agents
and desired concentration of bleomycin for 4 h under a humidified atmosphere of 95% air–
5% CO2 at 37°C. At the end of the incubation period, cells cultured on coverslips were
washed with PBS, fixed with 3.7% of paraformaldehyde for 10 min, permeabilized with
0.25% Triton X-100 in Tris-buffered saline Tween-20 (TBST) containing 0.01% Tween-20
for 5 min, blocked for 30 min with 1% BSA in 0.01% TBST, and then incubated for 12 h at
room temperature with mouse primary anti-occludin and anti-ZO-1 antibodies at a dilution
of 1:200 (vol/vol) for the visualization of tight junction protein localized on the cellular
membrane. Following the treatment of cells with the primary antibody, the cells were
incubated with secondary anti-mouse AlexaFluor 488-conjugated antibody (1:100 dilution,
vol/vol) for 1 h at room temperature. The coverslips with cells were then mounted on a glass
slide with the antifade mounting medium, Fluoromount-G, and viewed with Ziess Confocal
microscope at 63× magnification. The pictures were captured digitally, and the fluorescence
intensity was quantified using the Scion Image software (Scion-
image.software.informer.com).

Fluorescence microscopy of actin stress fibers
Formation of actin stress fibers, as an index of endothelial cytoskeletal reorganization, was
examined by fluorescence microscopy according to our previously published method
(Sliman et al., 2010). BPAECs cultured on sterile coverslips (Harvard Apparatus, 22 mm2)
in 35-mm sterile dishes at a density of 104 cells/dish were treated with MEM alone or MEM
containing desired concentrations of bleomycin or MEM containing selected
pharmacological agents and desired concentration of bleomycin for 4 h under a humidified
atmosphere of 95% air–5% CO2 at 37°C. At the end of the incubation period, cells cultured
on coverslips were washed with 1× PBS, fixed with 3.7% of paraformaldehyde for 10 min,
permeabilized with 0.25% Triton X-100 in TBST containing 0.01% Tween-20 for 5 min,
and blocked for 30 min with 1% BSA in 0.01% TBST. Actin stress fibers were visualized by
staining the cells with rhodamine-phalloidin (1:50 dilution) in 1% BSA in TBST for 1 h.
The cells were then washed four times with PBS, stained with 1% DAPI in PBS for 5 min,
washed four times with PBS, mounted, and examined under Zeiss LSM 510 Confocal/
Multiphoton Microscope at 543 nm excitation and 565 nm emission under 63×
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magnification. The images were captured digitally. The extent of the fluorescence intensity
was measured using the Scion Image software.

Morphology assay of cytotoxicity
Morphological alterations in BPAECs cultured in 35-mm dishes up to 70% confluence,
following their exposure to bleomycin and other pharmacological treatments for 12 h, were
examined as an index of cytotoxicity according to our previously established method
(Mazerik et al. 2007). Images of cell morphology were digitally captured with the Olympus
microscope at 20× magnification.

Measurement of transendothelial cell electrical resistance
The transendothelial cell electrical resistance (TER) was measured according to our
previously published method (Sliman et al. 2010). BPAECs were cultured up to 90%
confluence in complete MEM on gold electrodes (Applied Biophysics Inc., Troy, NY) under
a humidified atmosphere of 95% air–5% CO2 at 37°C. The EC monolayers were then
treated with MEM alone or MEM containing the desired concentrations of the
pharmacological agents for 2 h. TER of the monolayers was continuously measured on
ECIS (Applied Biophysics Inc., Troy, NY) following the treatment of cells with MEM
containing bleomycin (10 µg) under a humidified atmosphere of 95% air–5% CO2 at 37°C.

Measurement of paracellular endothelial permeability
BPAECs were grown to 80% confluence in 12-well Corning 3.0 µm pore-size culture inserts
(Lowell, MA). The EC monolayers were treated with MEM alone or MEM containing the
desired concentrations of pharmacological agents for 2 h and then with MEM containing
selected pharmacological agents and bleomycin (10 µg) for 12 h under a humidified
atmosphere of 95% air–5% CO2 at 37°C. Following treatments, FITC-dextran (30 kDa)
dissolved in phenol-free MEM was placed on the apical side of the monolayer, in the insert,
and the cells were then incubated for 1 h under a humidified atmosphere of 95% air–5%
CO2 at 37°C. The fluorescence of the FITC-dextran that leaked through the paracellular
gaps of the EC monolayer was measured on a Bio-Tex ELx808 fluorescent plate reader set
at 480 nm excitation and 540 nm emission, using appropriate blanks. The extent of FITC-
dextran found in the basal side of the EC monolayer was expressed as arbitrary fluorescence
units.

Protein determination
The amount of protein in the cells and cell lysates was determined by the BCA protein assay
(Thermo Scientific, Rockford, IL).

SDS-polyacrylamide gel electrophoresis and Western blotting
Preparation of cell lysates and Western blotting were carried out according to our previously
published methods (Varadharaj et al. 2006). Cell lysates containing 40 µg of protein were
loaded onto a 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel and proteins
were separated at 90 V for 2.5 h. Proteins resolved on gels were electrotransferred onto the
polyvinylidene difluoride (PVDF) membranes at 200 mA for 2 h at 4°C. PVDF membranes
with proteins were then washed with 0.05% Tween-20 in Tris-buffered saline (TBST)
following which they were blocked with TBST containing 5% milk for 1 h and then
incubated with the primary antibody (1:1000 dilution) at 4°C overnight in TBST containing
5% BSA. Membranes were then treated with HRP-conjugated anti-mouse IgG (1:2000
dilution) in TBST containing 5% milk at room temperature for 1 h followed by washing for
three times with TBST. The immunoblots were then developed with the ECL reagents
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according to the manufacturer’s recommendations. Images on films were scanned and
quantified using the Scion Image software.

Lactate dehydrogenase release assay of cytotoxicity
Cytotoxicity in ECs was determined by assaying the extent of release of lactate
dehydrogenase (LDH) from cells according to our previously published method (Mazerik et
al. 2007). ECs cultured up to 90% confluence in 17.5-mm dishes were treated with MEM
alone or MEM containing NAC (50 µM) or NBMI (50 µM) for 2 h and then with MEM
alone or MEM containing NAC or NBMI with bleomycin (10 µg) for 6 h under a humidified
atmosphere of 95% air–5% CO2 at 37°C. At the end of treatment, the medium was collected
and LDH released into the medium was determined spectrophotometrically according to the
manufacturer’s recommendations (Sigma Chemical Co., St. Louis, MO).

Statistical analysis
All experiments were done in triplicate. Data were expressed as mean ± standard deviation
(SD). Statistical analysis was carried out by ANOVA using SigmaStat (Jandel). The level of
statistical significance was taken as p < 0.05.

Results
NAC and NBMI protect against bleomycin-induced morphological alterations in ECs

Altered cell morphology serves as a suitable index to assess cytotoxicity. Accordingly,
earlier we have reported that bleomycin causes cell morphology alterations (Patel et al.
2011). Therefore, here, we investigated whether the thiol-protectants, NAC and NBMI,
would offer protection against the bleomycin-induced cell morphology alterations. BPAECs
were pre-treated for 1 h with MEM alone or MEM containing the chosen antioxidant (5 mM
of NAC and 50 µM of NBMI) and then treated with bleomycin (10 µg) for 12 h, and then
subjected to cell morphology examination by light microscopy. Bleomycin caused
significant morphological alterations in the EC morphology with the rounding of the cells
and filipodia formation (Figure 2). Both NAC and NBMI markedly attenuated the
bleomycin-induced cell morphological alterations at 12 h, suggesting the role of thiol-redox
in the bleomycin-induced cytotoxicity and EC monolayer dysfunction (Figure 2).

NAC and NBMI protect against bleomycin-induced cytotoxicity in ECs
As it was shown in this study that bleomycin caused morphological alterations in ECs, here,
another measure of cytotoxicity, the release of LDH by the ECs exposed to bleomycin was
used and the protective effect of NAC and NBMI on LDH release was investigated.
BPAECs were pre-treated for 1 h with MEM alone or MEM containing the chosen thiol-
protectant (50 µM and 5 mM of NAC, and 50 µM of NBMI) and then treated with
bleomycin (10 µg) for 6 h. Bleomycin caused significant LDH release (1.7-fold increase) as
compared with the same in the control untreated cells. The bleomycin-induced LDH release
was significantly attenuated by NAC and NBMI (56% and 67% of inhibition by 5 mM NAC
and 50 µM NBMI, respectively; Figure 3). NAC at 50 µM dose did not appear to offer
significant protection against the bleomycin-induced LDH leak. These results indicated that
the bleomycin-induced cytotoxicity in ECs, as evidenced by LDH release, was protected by
NAC and the novel thiol-protectant, NBMI, wherein mM dose of NAC was required to
attenuate the bleomycin-induced LDH release by the ECs as compared to NBMI, which
caused significant attenuation of the same at µM dose.
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NAC and NBMI protect against bleomycin-induced ROS generation in ECs
The pharmacological action of bleomycin has been associated with its ability to induce ROS
formation (Ghio, 2009). Studies have shown that oxidants induce endothelial barrier
dysfunction (Usatyuk et al. 2006; Uchida 2003). However, the role of thiol-redox in the
bleomycin-induced ROS generation in ECs has not been shown. Therefore, here, we
investigated the ability of the chosen thiol-protectants (NAC and NBMI) to attenuate the
bleomycin-induced intracellular ROS formation in BPAECs by determining the DCF
fluorescence. Cells were pre-treated for 1 h with MEM alone or MEM containing the chosen
thiol-protectant (5 mM of NAC and 50 µM of NBMI) and then co-treated for 1 h with
bleomycin (5, 10, or 100 µg) and the chosen thiol-protectant. Bleomycin, at 1 h of treatment,
significantly induced the ROS formation in BPAECs as compared with that in the control
untreated cells (1.3-, 2.8-, and 2.4-fold at 5, 10, and 100 µg, respectively) (Figure 4A).
Furthermore, the classical thiol-protectant, NAC, and the novel thiol-protectant, NBMI,
offered effective and significant attenuation of the bleomycin-induced ROS formation in
BPAECs (70% and 87% for NAC and NBMI, respectively) (Figure 4B). These results
demonstrated that bleomycin induced the intracellular ROS formation in ECs and that the
novel lipid-soluble thiol-protectant, NBMI, at a µM dose offered significant attenuation of
the bleomycin-induced ROS formation that was similar to the protection offered by a mM
dose of the classical water-soluble thiol-protectant, NAC.

NAC and NBMI protect against bleomycin-induced GSH and total thiol depletion in ECs
Earlier in this study, we showed that bleomycin induced the formation of ROS in ECs and
that the thiol-protectants, NAC and NBMI, were effective in attenuating the bleomycin-
induced ROS formation. Therefore, here, we hypothesized that bleomycin would cause the
depletion of intracellular GSH and the cellular total thiol levels and the thiol-protectants
(NAC and NBMI) would attenuate the bleomycin-induced depletion of GSH and total thiols
in BPAECs. Cells were pre-treated for 1 h with MEM alone or MEM containing the chosen
thiol-protectant (5 mM of NAC and 50 µM of NBMI) and then co-treated for 12 h with
bleomycin (5, 10, or 100 µg) and the chosen thiol-protectant. Bleomycin, at 12 h of
treatment, effectively induced a significant cellular GSH depletion in BPAECs as compared
with that in the control untreated cells (108%, 98%, and 2182% of decrease at 5, 10, and 100
µg, respectively) (Figure 5A). NAC and NBMI offered effective and significant attenuation
of the bleomycin-induced GSH depletion in BPAECs (43% and 96% for NAC and NBMI,
respectively) (Figure 5B). Bleomycin also induced a significant loss of the total thiol levels
in BPAECs at 12 h of treatment (53% loss). Also, NAC and NBMI offered significant
attenuation of the bleomycin-induced loss of cellular total thiols (51% and 81% for NAC
and NBMI, respectively) (Figure 5C). These results demonstrated that bleomycin induced
the loss of intracellular GSH and total thiols in ECs and that the novel lipid-soluble thiol-
protectant, NBMI, at a µM dose offered significant attenuation that was similar to the
protection offered by a mM dose of the classical water-soluble thiol-protectant, NAC.

NAC and NBMI protect against bleomycin-induced transendothelial barrier dysfunction
Studies have revealed the role of oxidative stress and antioxidant imbalance in the initiation
and progression of IPF (Kinnula et al. 2005). As bleomycin is an oxidant drug, we
envisioned that it would cause transendothelial barrier dysfunction. Therefore, here, we
studied whether bleomycin would induce transendothelial barrier dysfunction and whether
the thiol-protectants, NAC and NBMI, would offer protection against the bleomycin-
induced transendothelial dysfunction in BPAECs. The transendothelial barrier integrity was
quantified by measuring the TER of the EC monolayer. Cells grown on gold electrodes were
pre-treated for 1 h with MEM alone or MEM containing the chosen thiol-protectant (5 mM
of NAC and 50 µM of NBMI) and then treated with bleomycin (5, 10, or 100 µg).
Bleomycin induced a significant decrease in the TER starting at 4 h of treatment (Figure
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6A). Additionally, NAC and NBMI offered marked attenuation of the bleomycin-induced
transendothelial barrier dysfunction in BPAECs (Figure 6B and 6C). Hence, these results
demonstrated that bleomycin induced the transendothelial dysfunction, which was
attenuated by the novel lipid-soluble thiol-protectant, NBMI, and the classical water-soluble
thiol-protectant, NAC.

NAC and NBMI protect against bleomycin-induced paracellular permeability in EC
monolayer

Earlier in this study, bleomycin was shown to induce transendothelial barrier dysfunction
(decrease in TER), which was protected by the thiol-protectants NAC and NBMI. Therefore,
here, we studied whether bleomycin would cause increased paracellular permeability (an
index of transendothelial barrier dysfunction) and whether the thiol-protectants, NAC and
NBMI, would offer protection against the bleomycin-induced increase in paracellular
permeability of macromolecules in BPAEC monolayer. The paracellular barrier integrity
was quantified by measuring the permeability of the FITC-dextran, a 30 kDa
macromolecule, through the paracellular gaps of the EC monolayer. Cells grown on filters
were pre-treated for 1 h with MEM alone or MEM containing the chosen thiol-protectant (5
mM of NAC and 50 µM of NBMI) and then treated with bleomycin (10 µg) for 12 h.
Bleomycin induced a significant increase in the permeability of FITC-dextran through the
EC monolayer (43% and 66%) (Figure 7A and 7B). NAC offered effective and significant
attenuation of the bleomycin-induced FITC-dextran leak in ECs (25% attenuation) (Figure
7A). NBMI also showed remarkable and significant protection against this bleomycin-
induced leak (16% attenuation) (Figure 7B). These results demonstrated that bleomycin
induced the paracellular barrier dysfunction, which was attenuated by the novel lipid-soluble
thiol-protectant, NBMI, and the classical water-soluble thiol-protectant, NAC.

NAC and NBMI protect against bleomycin-induced actin cytoskeletal reorganization in ECs
The regulation of cytoskeleton is important for the cell size, shape, and motility (Bogatcheva
and Verin, 2008). The actin cytoskeletal reorganization in ECs under stress is known to
contribute to the stress-induced loss of TER and barrier dysfunction in EC monolayers
(Chiang et al. 2009). The actin stress fiber formation in ECs during stress is a commonly
recognized cytoskeletal response indicating the actin cytoskeletal reorganization
(Vandenbroucke et al. 2008). Hence, in this study, we examined whether bleomycin would
cause the actin cytoskeletal reorganization (actin fiber formation) and whether the thiol-
protectant, NAC and NBMI, would offer protection against such EC response. Cells grown
on coverslips were pre-treated for 1 h with MEM alone or MEM containing the chosen thiol-
protectant (5 mM of NAC and 50 µM of NBMI) and then treated with bleomycin (5, 10, 100
µg) for 4 h. Bleomycin induced the formation of actin stress fibers in BPAECs in a dose-
dependent manner at 4 h of treatment (Figure 8A). Furthermore, the treatment of cells with
both NAC and NBMI significantly attenuated the bleomycin (10 µg)-induced actin stress
fiber formation in ECs at 4 h of treatment (Figure 8C and 8E). These results revealed that
bleomycin induced the actin cytoskeletal reorganization and the thiol-protectants, NAC and
NBMI, offered protection against such cytoskeletal response in ECs.

NAC and NBMI protect against bleomycin-induced tight junction protein, ZO-1, alterations
in ECs

Tight junctions are crucial for the cell-to-cell adhesion and the maintenance of the tight
barrier in the EC monolayer (Fasano, 2000). ZO-1 is a key tight junction protein that
contributes to the maintenance of the cellular tight junctions (Xu et al. 2007). Stress is
known to alter the EC tight junctions through the ZO-1 proteins (Harhaj and Antonetti,
2004). Therefore, here, we investigated whether bleomycin would alter the ZO-1 protein
organization in ECs and whether the thiol-protectants, NAC and NBMI, would attenuate
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such alterations. Cells grown on coverslips were pre-treated for 1 h with MEM alone or
MEM containing the chosen thiol-protectant (5 mM of NAC and 50 µM of NBMI) and then
treated with bleomycin (5, 10, 100 µg) for 4 h. Bleomycin induced marked disappearance of
the regular localization of ZO-1 around the cell periphery of the ECs in a dose-dependent
manner at 4 h of treatment (Figure 9A). Furthermore, the treatment of cells with both NAC
and NBMI significantly restored the bleomycin (10 µg)-induced disturbance of ZO-1 in ECs
at 4 h of treatment (Figure 9C and 9E). These results demonstrated that bleomycin induced
the disappearance of ZO-1 protein leading to the alteration in the organization of tight
junctions of the ECs, which was protected by the thiol-protectants, NAC and NBMI.

NAC and NBMI protect against bleomycin-induced tight junction protein, occludin,
alterations in ECs

Earlier in this study, we demonstrated the bleomycin induced the alteration of key tight
junction protein, ZO-1, in ECs. These alterations were attenuated by the thiol-protectants,
NAC and NBMI. Occludin is another important tight junction protein that contributes to the
maintenance of the cellular tight junctions. Thus, we investigated whether bleomycin would
also alter the occludin protein organization in ECs and whether the thiol-protectant, NAC
and NBMI, would attenuate such alterations. Cells grown on coverslips were pre-treated for
1 h with MEM alone or MEM containing the chosen thiol-protectant (5 mM of NAC and 50
µM of NBMI) and then treated with bleomycin (5, 10, 100 µg) for 4 h. Bleomycin induced a
marked disappearance of occludins around the cell periphery of the ECs in a dose-dependent
manner at 4 h of treatment (Figure 10A). Furthermore, the treatment of cells with both NAC
and NBMI significantly restored the bleomycin (10 µg)-induced disappearance of occludins
in ECs at 4 h of treatment (Figure 10C and 10E). These results established that bleomycin
also induced the disappearance of occludin protein leading to the alteration in the
organization of tight junctions of the ECs, which was protected by the thiol-protectants,
NAC and NBMI.

Bleomycin causes loss of tight junction proteins in ECs
Earlier in this study, we showed that bleomycin induced alterations in the organization of
endothelial tight junction proteins, ZO-1 and occludins, at 4 h of treatment. Therefore, here,
we studied whether bleomycin would induce the loss of these proteins. Cells treated for 4 h
with bleomycin (5, 10, or 100 µg) were harvested and the tight junction proteins were
isolated and measured by SDS-PAGE and Western blotting. Bleomycin, at 4 h of treatment,
effectively induced a significant loss of ZO-1 in BPAECs as compared with that in the
control untreated cells (55%, 61%, and 68% of decrease at 5, 10, and 100 µg, respectively)
(Figure 11A and 11B). Bleomycin also induced a significant loss of occludin in BPAECs as
compared with that in the control untreated cells (48%, 53%, and 60% of decrease at 5, 10,
and 100 µg, respectively) (Figure 11A and 11C).

Discussion
The results of the current study revealed that bleomycin at pharmacological doses (µg)
induced the loss of endothelial barrier function, which was attenuated by the thiol-protective
antioxidants, NAC and NBMI, suggesting the upstream role of oxidants and altered thiol-
redox signaling in the bleomycin-induced barrier dysfunction in BPAECs. This was further
confirmed by the enhanced generation or ROS and decrease in thiol levels upon treatment of
BPAECs with bleomycin. NAC and NBMI caused significant inhibition of the bleomycin-
induced loss of endothelial barrier function and also offered protection against the loss of
tight junction proteins of the ECs. The bleomycin-induced cytotoxicity, generation of ROS,
and decrease in thiol levels were attenuated by NAC and NBMI. Furthermore, the current
study also revealed that the effectiveness of the lipid-soluble thiol-protectant, NBMI, at µM
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concentrations, is comparable to mM concentrations of the water-soluble thiol-protectant,
NAC.

Pulmonary fibrosis is a fibrotic disorder where abnormal wound healing causes fibroblasts
to proliferate excessively, characterized by excess deposition of extracellular matrix
components such as collagen and fibronectin (Gross and Hunninghake, 2001). Bleomycin is
an oxidant chemotherapeutic drug that is widely used to induce experimental lung fibrosis in
animal models (Jackson, 1985; Tashiro et al. 2008; Fang, 2000). Iron and iron-redox are
thought to play a key step in bleomycin-induced ROS production (Burger et al. 1979;
Antholine et al. 1981). Bleomycin-induced lung damage has been shown to occur in three
stages. First, bleomycin induces the apoptosis and necrosis of the alveolar epithelial cells,
followed by an inflammatory stage where there is an influx of neutrophils and lymphocytes
to the interstitium of the lung. Then, unregulated repair and remodeling process result in
excessive deposition of collagen and fibronectin (Moore and Hogaboam, 2008; Rojas et al.
2005). The overproliferation of the fibroblasts is signaled by an increase in the secretion of
cytokines such as the tumor necrosis factor-alpha and platelet-derived growth factor (Li et
al. 2004; Oikonomou et al. 2006). Pro-inflammatory cytokines are produced largely by the
leukocytes that infiltrate the lung interstitium during the endothelial barrier dysfunction in
the first stage of bleomycin-induced lung damage (Vaillant et al. 1996; Warshamana et al.
2002; Petri and Bixel, 2006).

The proper function of the lung microvascular endothelium is crucial for the separation of
the macromolecules of the blood from the lung interstitium. The infiltration and presence of
neutrophils and lymphocytes in the interstitium that leads to inflammation, the second stage
of the bleomycin-induced lung damage, has been well studied (Iyer et al. 2009; Tao et al.
2003; Huaux et al. 2003; Crystal et al. 2002). Several in vivo studies have also demonstrated
lung barrier dysfunction and increase in paracellular permeability of the lung endothelium in
mice exposed to bleomycin (Yin et al. 2012).

Tight junction proteins of the ECs are responsible for the proper endothelial function (Utech
et al. 2006; Van Itallie and Anderson, 2006). These tight junction proteins include zonula
occludens-1 (ZO-1) and occludins. The actin-cytoskeleton is another important aspect of the
ECs that regulates the endothelial function. The actin microfilaments have been shown to
play a critical role in the regulation of the endothelial barrier (Dudek and Garcia, 2001). The
ZO-1 and actin-cytoskeleton are linked, and thus any alterations to these proteins greatly
affect the endothelial paracellular permeability (Kawkitinarong et al. 2004).

These proteins and their functions are very sensitive to oxidative stress and imbalance in
thiol-redox. ROS and 4-hydroxy-2-nonenal (4-HNE) have been shown to play an important
role in the disruption in these proteins and the endothelial barrier of the lung
microvasculature (Usatyuk et al. 2006; Uchida 2003). Our previous studies have also shown
glyoxal, an advanced glycation end product, to cause endothelial barrier dysfunction along
with tight junction alterations and actin cytoskeletal rearrangement (Sliman et al. 2010).
Other oxidants such as hydrogen peroxide and diamide have been shown to disrupt the ZO-1
and occludin proteins and alter the epithelial barrier function (Chapman et al. 2002; Usatyuk
et al. 2003). The results of the current study concurred with these findings revealing that the
bleomycin-induced cytoskeletal reorganization, tight junction protein alterations, and barrier
dysfunction in ECs were caused by bleomycin through oxidative stress and thiol-redox
alterations.

Thiol-protectants such as NAC have been widely studied and found to protect against the
oxidant (4-HNE, diamide, hydrogen peroxide)-induced endothelial barrier disruption
(Usatyuk et al. 2003). NAC has been studied as a therapeutic drug for pulmonary fibrosis,
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but the results have been inconclusive. Studies have also shown NAC to ameliorate the
inflammatory and fibrotic response to bleomycin (Serrano-Mollar et al. 2003; Cortijo et al.
2001; Hagiwara et al. 2000). However, the lack of pharmacokinetic data and the
ineffectiveness of the NAC therapy in practice necessitate an efficient thiol-therapeutic
agent. Moreover, bleomycin has been shown to alter both the intracellular and extracellular
thiol-redox state (Iyer et al. 2009). The results of the current study clearly demonstrated that
bleomycin caused the loss of GSH and total thiols in ECs, which was restored by the thiol-
protectants, NAC and NBMI. Thus, the thiol-redox alterations in the bleomycin-induced
lung EC damage and barrier dysfunction seem to be a valid target for therapeutic
intervention by effective thiol-protectants.

Overall, the results of the current study clearly demonstrated that the oxidant pulmonary
fibrosis inducer, bleomycin, induced cytotoxicity, generation of ROS, loss of thiols, increase
in paracellular permeability, cytoskeletal reorganization, and barrier dysfunction in lung
ECs, which were all protected by the thiol-protectants suggesting the role of thiol-redox
dysregulation in the bleomycin-induced cytotoxicity and barrier dysfunction Scheme 1.
Moreover, this study was the first observation to demonstrate that the novel lipid-soluble
thiol-protectant, NBMI, was more effective as compared to the commonly used water-
soluble thiol-protectant (antioxidant), NAC, in offering protection against the bleomycin-
induced cytotoxicity, oxidative stress, thiol-redox dysregulation, and barrier dysfunction.
The current study also revealed that NBMI offered remarkable protection against the
bleomycin-induced adverse effects at µM dose, whereas mM concentration of NAC was
required to achieve such protection in lung ECs.

NBMI structurally resembles the dicarboxybenzoate moiety bound to two cysteamines that
is naturally present in fruits. Hence, it is reasonable to expect that NBMI could act as both
heavy metal chelator and free radical scavenger. The ability of NBMI to complex with trace
heavy metals has been documented (Zaman et al. 2007). The role of iron in the bleomycin-
induced oxidative stress has been established and NBMI could also offer protection against
the bleomycin-induced EC damage by sequestering iron and rendering it to be inactive in
addition to acting as a thiol-protective antioxidant. In addition, the lipophilic nature of
NBMI could have been advantageous for the molecule to partition in the lipid-rich
hydrophobic microenvironments of the cellular membranes where the redox-regulated
biochemical events take place leading to the adverse effects of bleomycin. The emergence of
novel bifunctional chelating drugs, such as NBMI, with thiol-redox antioxidant action will
offer effective protection against the bleomycin-induced lung vascular damage and also
appear as promising therapeutics for IPF in humans.
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Figure 1.
Chemical structure of antioxidants: N-acetyl-L-cysteine (NAC) [A] and N,N′-bis-2-
mercaptoethyl isophthalamide (NBMI) [B].
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Figure 2.
NAC and NBMI protect against bleomycin-induced morphological alterations in ECs.
BPAECs (5 × 105 cells/35-mm dish) were pretreated with MEM or MEM containing the
chosen antioxidant (5 mM NAC and 50 µM NBMI) for 1 h and then subjected to co-
treatment with MEM containing bleomycin (10 µg) for 12 h to determine the protective
effect of the antioxidants on bleomycin-induced cell morphology alterations. At the end of
the incubation period, the cell morphology was examined under light microscope (as an
index of EC monolayer disruption and cytotoxicity) as described under the section
“Materials and Methods”. Each micrograph is a representative picture obtained from three
independent experiments conducted under identical conditions.
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Figure 3.
NAC and NBMI protect against bleomycin-induced cytotoxicity in ECs. BPAECs (2.5 × 105

cells/17.5-mm dish) were pre-treated with MEM alone or MEM containing the chosen
antioxidant (50 µM and 5 mM NAC and 50 µM NBMI) for 1 h and then subjected to co-
treatment with MEM containing bleomycin (10 µg) for 6 h. At the end of the incubation
period, release of LDH into the medium (as an index of cytotoxicity) was determined
spectrophotometrically as described under Materials and Methods. Data represent mean ±
SD calculated from three independent experiments. *Significantly different at p < 0.05 as
compared to cells treated with MEM alone. **Significantly different at p < 0.05 as
compared to cells treated with MEM containing bleomycin alone.
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Figure 4.
NAC and NBMI protect against bleomycin-induced ROS generation in ECs. BPAECs (5 ×
105 cells/35-mm dish) were preloaded with 10 µM DCFDA for 30 min in complete MEM to
determine ROS generation. Following the DCFDA loading, cells were subjected to
treatment with MEM alone or MEM containing bleomycin (5, 10, and 100 µg) for 1 h (A).
BPAECs were also pretreated with MEM or MEM containing the chosen antioxidant (5 mM
NAC and 50 µM NBMI) for 1 h and then subjected to co-treatment with MEM containing
bleomycin (10 µg) for 1 h (B). At the end of the incubation period, the DCF fluorescence (as
an index of ROS formation) was determined as described under Materials and Methods.
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Data represent mean ± SD calculated from three independent experiments. *Significantly
different at p < 0.05 as compared to cells treated with MEM alone. **Significantly different
at p < 0.05 as compared to cells treated with MEM containing bleomycin alone.
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Figure 5.
NAC and NBMI protect against bleomycin-induced GSH and total thiols depletion in ECs.
BPAECs (1 × 105 cells/96 well plates) were subjected to treatment with MEM alone or
MEM containing bleomycin (5, 10, and 100 µg) for 12 h to determine intracellular GSH
levels (A). BPAECs were also pre-treated with MEM or MEM containing the chosen
antioxidant (5 mM NAC and 50 µM NBMI) for 1 h and then subjected to co-treatment with
MEM containing bleomycin (10 µg) for 12 h (B). At the end of the incubation period, the
intracellular soluble thiol (GSH) concentrations were determined as described under
Materials and Methods. BPAECs (5 × 105 cells/35-mm dish) were pre-treated with MEM or
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MEM containing the chosen antioxidant (5 mM NAC and 50 µM NBMI) for 1 h and then
subjected to co-treatment with MEM containing bleomycin (10 µg) for 12 h (C). At the end
of the incubation period, the total thiol concentrations were determined as described under
Materials and Methods. Data represent mean ± SD calculated from three independent
experiments. *Significantly different at p < 0.05 as compared to cells treated with MEM
alone. **Significantly different at p < 0.05 as compared to cells treated with MEM
containing bleomycin alone.
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Figure 6.
NAC and NBMI protect against bleomycin-induced transendothelial barrier dysfunction.
BPAECs grown on gold electrodes were subjected to treatment with MEM alone or MEM
containing bleomycin (5, 10, and 100 µg) (A). BPAECs were also pre-treated with MEM or
MEM containing 5 mM NAC (B) or 50 µM NBMI (C) for 1 h and then subjected to co-
treatment with MEM containing bleomycin (10 µg). The transendothelial electrical
resistance was measured continuously in an ECIS system as described under Materials and
Methods.
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Figure 7.
NAC and NBMI protect against bleomycin-induced paracellular permeability in the EC
monolayer. BPAECs grown on 3.0 µm pore-size culture inserts were subjected to treatment
with MEM alone or MEM containing 5 mM NAC (A) or 50 µM NBMI (B) for 1 h and then
subjected to co-treatment with MEM containing bleomycin (10 µg) for 12 h. The
paracellular leak in the EC monolayer was measured as described under Materials and
Methods. Data represent mean ± SD calculated from three independent experiments.
*Significantly different at p < 0.05 as compared to cells treated with MEM alone.
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**Significantly different at p < 0.05 as compared to cells treated with MEM containing
bleomycin alone.
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Figure 8.
NAC and NBMI protect against bleomycin-induced actin cytoskeletal reorganization in ECs.
BPAECs on coverslips (5 × 105 cells/35-mm dish) were subjected to treatment with MEM
alone or MEM containing bleomycin (5, 10, and 100 µg) for 4 h (A,B). BPAECs were also
pre-treated with MEM or MEM containing 5 mM NAC (C,D) or 50 µM NBMI (E,F) for 1 h
and then subjected to co-treatment with MEM containing bleomycin (10 µg) for 4 h to assay
the extent of actin cytoskeletal reorganization. At the end of the incubation period, the cells
were fixed and stained as described under Materials and Methods. The fluorescence
intensities were measured as described under Materials and Methods. Each micrograph is a
representative picture obtained from three independent experiments conducted under
identical conditions. Data represent mean ± SD calculated from three independent
experiments. *Significantly different at p < 0.05 as compared to cells treated with MEM
alone. **Significantly different at p < 0.05 as compared to cells treated with MEM
containing bleomycin alone.
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Figure 9.
NAC and NBMI protect against bleomycin-induced tight junction protein, ZO-1, alterations
in ECs. BPAECs on coverslips (5 × 105 cells/35-mm dish) were subjected to treatment with
MEM alone or MEM containing bleomycin (5, 10, and 100 µg) for 4 h (A,B). BPAECs were
also pre-treated with MEM or MEM containing 5 mM NAC (C,D) or 50 µM NBMI (E,F)
for 1 h and then subjected to co-treatment with MEM containing bleomycin (10 µg) for 4 h.
At the end of the incubation period, the cells were fixed and stained as described under
Materials and Methods. The fluorescence intensities were measured as described under
Materials and Methods. Each micrograph is a representative picture obtained from three
independent experiments conducted under identical conditions. Data represent mean ± SD
calculated from three independent experiments. *Significantly different at p < 0.05 as
compared to cells treated with MEM alone. **Significantly different at p < 0.05 as
compared to cells treated with MEM containing bleomycin alone.
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Figure 10.
NAC and NBMI protect against the bleomycin-induced tight junction protein, occludin,
alterations in ECs. BPAECs on coverslips (5 × 105 cells/35-mm dish) were subjected to
treatment with MEM alone or MEM containing bleomycin (5, 10, and 100 µg) for 4 h (A,B).
BPAECs were also pre-treated with MEM or MEM containing 5 mM NAC (C,D) or 50 µM
NBMI (E,F) for 1 h and then subjected to co-treatment with MEM containing bleomycin (10
µg) for 4 h. At the end of the incubation period, the cells were fixed and stained as described
under Materials and Methods. The fluorescence intensities were measured as described
under Materials and Methods. Each micrograph is a representative picture obtained from
three independent experiments conducted under identical conditions. Data represent mean ±
SD calculated from three independent experiments. *Significantly different at p < 0.05 as
compared to cells treated with MEM alone. **Significantly different at p < 0.05 as
compared to cells treated with MEM containing bleomycin alone.
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Figure 11.
Bleomycin causes loss of tight junction proteins in ECs. BPAECs (5 × 105 cells/35-mm
dish) were subjected to treatment with MEM alone or MEM containing bleomycin (5, 10,
and 100 µg) for 4 h (A). At the end of the incubation period, the expression of the tight
junction protein was determined using Western blotting as described under Materials and
Methods. The blot intensities of the protein expression, normalized to the GAPDH
expression intensity, were determined using the Scion Imaging software. Data represent
mean ± SD calculated from three independent experiments. *Significantly different at p <
0.05 as compared to cells treated with MEM alone.
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Scheme 1.
Proposed mechanism. Schematic representation of bleomycin-induced thiol alterations,
cytotoxicity, and the subsequent endothelial barrier dysfunction and damage.
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