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ABSTRACT
Background: Apoptosis has been considered as an underlying mechanism in acute lung injury/acute
respiratory distress syndrome. Recently, several alternative pathways such as the mitochondrial
membrane depolarization for cell death have been discovered. Objectives: The present study
investigated the role of surfactant therapy during LPS mediated changes in intracellular calcium
concentration ([Ca]i) and mitochondrial depolarization as a possible intermediate in apoptosis. Methods:
Adult male Sprague Dawley rats were divided into four groups: buffer controls; rats challenged with LPS
(055:B5 E.coli); challenged with LPS and treated with porcine surfactant (P-SF); and challenged with
LPS and treated with synthetic surfactant (S-SF). Experiments with surfactant were performed 72h after
treatment with LPS. Results: To ascertain the mechanism of BALF cell apoptosis, we observed that LPS
treatment induced oxidative burst, dissipated mitochondrial membrane potential, induced alteration of
Ca2+ homeostasis and enhanced apoptosis. These effects were largely prevented by exogenous
surfactant preparation. Conclusion: The anti-inflammatory activity may occur through an interaction with
downstream signaling elements and Ca2+ influx. The findings show the importance of Ca2+ ions in
regulating the response of BALF cells to oxidative stress that triggers downstream signaling cascades
leading to the apoptosis. Therefore, treatments aimed at diminishing the damage to lung derived cells
might become a key element in accelerating recovery and lead to the development of novel therapies for
acute lung injury.
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Acute lung injury (ALI) and its more severe form, acute
respiratory distress syndrome (ARDS), represent a clinical
syndrome that results from complex responses of the lung to a
multitude of direct and indirect insults. The different types of
cell death that occur and the underlying mechanisms utilized
depend on both experimental and clinical conditions [1].
Lipopolysaccharide (LPS) induced acute lung injury generates
reactive oxidative species, which induce complex cell death
patterns composed of apoptosis, and necrosis.
www.iioab.webs.com

Apoptosis is a process of cell death in which the cells undergo
nuclear and cytoplasmic shrinkage; the chromatin is condensed
and partitioned into multiple fragments, and finally the cells are
broken into multiple membrane-bound bodies. In a number of
experimental
systems,
disruption
of
mitochondrial
transmembrane potential (ΔΨm) constitutes a constant early
event of the apoptotic process that precedes nuclear
disintegration [2]. ΔΨm loss can be brought about by reactive
oxygen species (ROS) added directly in vitro or generated by
agents that affect cellular metabolism [3]. A number of
molecular targets of reactive oxygen species (ROS) have been
IIOAB-India

identified, including membrane phospholipids, transporters,
enzymes, transcription factors, DNA, etc. [4]. Respiratory chain
dysfunction could also lead to increased ROS production and
formation of a vicious cycle, thereby killing cells either
necrotically, apoptotically, or by some combination thereof [5].
Key features within the apoptosis cascades are dissipation of
mitochondrial membrane potential, increased mitochondrial
oxidant production, and apoptogenic protein release [6].
On the other hand, elevation of the cytosolic free Ca 2+ ([Ca2+]c)
level is suggested to participate in the activation of nucleases
that are involved in chromatin organization, induce gene
expression and also cleavage of nuclear DNA activated by
nucleases during programmed cell death or apoptosis [7]. The
role of elevated [Ca2+]c in bringing about early apoptotic
changes including ΔΨm loss in a cell is evident from studies
showing the ability of intracellular Ca2+ chelators to block
apoptosis [8] and the proapoptotic changes that can be induced
by Ca2+-mobilizing agents responsible for the release of Ca2+
from the endoplasmic reticulum [9]. In some cell systems, it is
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Clinical investigations have demonstrated that replacement
therapy with exogenous surfactant is effective for patients with
ARDS [11]. Administration of surfactant in vivo inhibited the
mitochondrial pathway of caspase-mediated apoptosis triggered
by LPS [12] or by a variety of stimuli, such as inflammatory
cytokines, growth factors, reactive oxygen species, and others,
which are also involved in this model [13, 14]. Our earlier work
has shown that surfactant therapy was proved to be effective
during inflammatory responses in endotoxin induced ARDS
[14, 15]. It seems reasonable therefore, that exogenous
surfactant may improve surfactant function either by
supplementing the lack of endogenous surfactant or by
neutralizing the surfactant inhibitors, but the mechanism(s) on
the effectiveness of exogenous surfactant on ARDS are not fully
elucidated.
Together, the existing literature suggests that the alterations of
Ca2+ levels in cell cytoplasm and mitochondria brought about by
ROS or other agents can serve as critical signaling components
leading to the activation of the apoptotic pathway. Therefore,
we have focused our interest on the oxidative stress,
mitochondrial membrane potential, cytosolic Ca2+ levels, and
cell death seen in BALF cells in a rat model of ARDS induced
by intratracheal instillation of LPS and subsequently treated
with exogenous surfactant.

[II] MATERIALS AND METHODS
2.1. Animal modal
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Male rats of Sprague Dawley (SD) strain, weighing 150-200g were taken
from the Central Animal House of Panjab University and kept in
polypropylene cages and supplied with pellet diet and drinking water ad
libitum. Control animals were administered with 300µl of the buffer
(50mM Tris-HCl, pH-7.4, 150mM NaCl, 1mM NaN3, 0.2mM PMSF). For
LPS animals, endotoxin (150µg of 055:B5 E.coli LPS, Sigma Aldrich,
USA) was suspended in 300µl of surfactant buffer. All rats were
anesthetized with ketamine (130mg/kg. i.p.), such that they remained
unconscious throughout the entire instillation procedure and had no
cough reflex upon intubation. A small incision was made on the ventral
region of the neck and the trachea carefully exposed. Animals were then
placed on a slight incline, intubated with a 26-gauge needle and either
buffer or LPS instilled followed by 2-3 boluses of 1ml air to facilitate the
distribution of the instilled fluid. Shortly thereafter, when normal
spontaneous breathing was apparent, the neck incision was closed with
silk sutures. To avoid any infection betadine and neosporin powder were
applied to the wound area. Two hours prior to killing, surfactant isolated
from porcine (0.5mg protein + 0.86mg lipid/300µl) or synthetic surfactant
(6.95mg lipid/300µl) were intratracheally instilled in P-SF and S-SF
groups respectively, after LPS administration following the identical
instillation procedure. The animals were sacrificed at 72 hours after
buffer or LPS instillation [14]. All of the animal procedures as reported
here had been carried out following the guidelines approved by the
Panjab University Ethical Committee on the use of the experimental
animals for biomedical research.
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2.2. Surfactant preparation
Surfactant was isolated from porcine lung homogenate (P-SF) by
sucrose density gradient method [16] while protein free synthetic
surfactant
(S-SF)
was
prepared
with
13.9mg/ml
dipalmitoylphosphohatidyl choline (DPPC), 1.5mg/ml hexadecanol and
1.0mg/ml Tyloxapol [16].

2.3. Bronchoalveolar
isolation

lavage

fluid

(BALF)

At the end of each experiment, a bronchoalveolar lavage was performed
using 5ml phosphate buffered saline (PBS, pH-7.4). The average fluid
recovery was greater than 90%. The recovered volume was centrifuged
at 1000 rpm for 10 min at 40C and the supernatants were stored at 200C until analysis. Differential counts were performed on 200 cells
stained with Wright Giemsa [13].

2.4. Measurement of intracellular ROS
To monitor the level of ROS, the cell-permeating probe DCFH-DA was
used [14] whose fluorescence was found to be proportional to the
amount of ROS formed intra-cellularly. Cells were incubated in dark
conditions with the DCFH-DA dye (2.5µM) and with Hoechst 33342 for
15 min at 370C for counter staining and the cell suspension were placed
on glass slide for observation under fluorescence microscope at 400 X
(Axioscope, A1, Carl Zeiss, Germany).

2.5. Measurement of mitochondrial membrane
potential changes
ΔΨm was estimated using JC-1 as a probe according to the method of
Dey and Moraes [17] with slight modifications. Briefly, cells (1×106) were
incubated for 7 min with 10µM of JC-1 at 37°C, washed, resuspended in
PBS and measured for fluorescence in a fluorescence spectrometer.
The ratio of the reading at 590 nm to the reading at 530 nm (590:530
ratio) was measured as the relative ΔΨm value. For microscopy, JC-1stained cells were placed on slides and immediately imaged with the
fluorescence microscope using the X40 objective. Aggregates of JC-1
are retained in intact mitochondria and fluoresce red, whereas
mitochondria that have undergone a permeability transition release the
JC-1 monomers into the cytoplasm, where they fluoresce green.
Similarly, cells were incubated at 370C for 15 min with rhodamine 123 at
a concentration of 10μM, washed and resuspended in PBS (pH-7.4), and
measured for fluorescence at 488nm excitation and 536 nm emission.
For microscopy, cells were incubated with dye, washed similarly as
mentioned above and resuspended in 50µl PBS and placed on slides for
viewing under fluorescence microscope at 400X.

2.6. Measurement
mobilization

of

intracellular

calcium
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not only the [Ca2+]c increase but mitochondrial Ca2+ ([Ca2+]m)
overload [10] as well that precipitates a decrease in ΔΨm.

To evaluate whether LPS and surfactant cause mobilization of
intracellular calcium, we used the fluorescent indicator chlortetracycline
(CTC). CTC exists as neutral and ionic forms, and the anionic form
complexes with cations (Ca2+). An increase in fluorescence emission by
up to two orders of magnitude occurs when CTC binds to the
membrane-associated Ca2+, as compared to the fluorescence of CTC
alone. The cell suspension was incubated with 10μM CTC for 5 min at
370C using excitation 390 nm, emission 520 nm. Changes in luminal
Ca2+ are expressed as changes in the intensity of CTC fluorescence [18].
For microscopy, cells were incubated with CTC and propidium iodide (as
counter stain) and the 10µl suspension was placed on glass slide,
covered with cover slip and observed under the fluorescence
microscope.
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of

cytosolic

free

Ca

Changes in intracellular Ca2+ concentration [Ca2+]i were monitored with
the fluorescent probe FURA-2/AM as described by Grynkiewicz et al.
[19] with slight modifications. Cells (1x106 /ml) were loaded with 1µM
fura-2/AM (1μg/μl in DMSO) for 30 min at 370C, to allow loading of the
dye. The cells were collected by centrifugation at 500 g for 10 min at
40C, and resuspended in the PBS (pH 7.4). Fluorescence measured at
excitation wavelengths of 340nm and 380nm, and an emission
wavelength of 510nm. Ratios (R) of fluorescence intensity (F) of
F340/F380, were measured for which the fractional changes in [Ca2+]i
determined [19]. The fluorescence after sequential addition of SDS
(20%) and 0.5M EGTA (pH 8) to the cell suspension provided the
maximum fluorescence ratio (Rmax) and minimum fluorescence ratio
(Rmin), respectively. To convert fluorescence values into absolute
[Ca2+]i, calibration was performed at the end of each experiment. [Ca 2+]i
was calculated using the following equation: [Ca2+]i =Kd[(RRmin)/(Rmax-R)], [19] where Kd is the dissociation constant of the
FURA-2 complex (225nM), and R is the ratio of the fluorescence
intensities measured at 340 and 380nm. Rmax is the same ratio when
saturated with Ca2+ (after the addition of SDS), while Rmin is the same
ratio in the absence of Ca2+ (after the sequential addition of EGTA)

2.8. Quantification of apoptotic cells
An annexin V–fluorescein isothiocyanate (FITC) kit (TACS® Annexin V
Kits, Trevigen Inc. Gaithersburg, MD) was used to quantify apoptotic
cells in accordance with manufacturer’s procedure and examined for
Annexin V-fluorescein isothiocyanate and propidium iodide (PI)
fluorescence under fluorescence microscope.

2.9. Statistical analysis
Statistical analysis was performed using SPSS version 10.0 software.
One way analysis of variance (ANOVA) was done to compare the means
between the different treatments using Post-Hoc comparison by Least
Significant Difference (LSD) method. A value of p < 0.05 was considered
significant in the present study. All data were expressed as Mean ± SD
of five animals for each group.

[III] RESULTS
3.1. LPS generated oxidative burst
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H2DCFDA is a nonpolar compound that readily diffuses into the
cells, where it is hydrolyzed to the nonfluorescent derivative
dichlorodihydrofluorescein and is thereby trapped within the
cells.
In
the
presence
of
a
proper
oxidant,
dichlorodihydrofluorescein is oxidized to the highly fluorescent
2,7-dichlorofluorescein. We analyzed the DCFH-DA stained
cells with a fluorescence microscope for all the treatment
groups. Figure– 1(a) shows the morphological changes that
occur in the BALF cells after exposure to the oxidative stress.
13.25% of the control cells fluoresce blue due to the uptake of
Hoechst 33342 dye, indicating less oxidative stress. After
exposure to LPS, an increased number of cells show a
heterogeneous staining pattern and 73.2% (p<0.001) of the cells
show DCFH-DA dye uptake and fluoresce green (indicated with
arrows), whereas 34.25% (p<0.001) of cells were seen positive
in LPS+P-SF group and 46.5% (p<0.001) of cells in LPS+S-SF
IIOAB-India

group which means the oxidative stress is less prevalent in
surfactant treated groups as compared to the LPS treated group
[Figure– 1b].

3.2. Changes in mitochondrial membrane
potential
JC-1 is a cationic mitochondrial dye that is lipophilic and
becomes concentrated in the mitochondria in proportion to their
ΔΨm; more dye accumulates in mitochondria with greater ΔΨm
and ATP-generating capacity. Therefore, the fluorescence of
JC-1 can be considered as an indicator of relative mitochondrial
energy state. The dye exists as a monomer at low concentrations
(emission 530 nm, green fluorescence) but at higher
concentrations forms J-aggregates (emission 590 nm, red
fluorescence). Exposure to LPS induced a significant reduction
(1.13 ± 0.04, p<0.001) of mitochondrial membrane potential in
BALF cells when compared with control rats (10.72 ± 0.86,
Figure– 2b). Accumulation of JC-1 dye in the aggregated form
(red fluorescence) was observed in the mitochondria of control
cells [Figure– 2a]. In contrast, after exposure to LPS
monomeric dye dispersed in the cytoplasm and displayed green
fluorescence indicating the collapse of mitochondrial membrane
integrity. Surfactant treated groups had a distinct pattern of
staining with areas of both red and green that overlapped as
yellow indicating a very close placement of regions with high
and low ΔΨm. Cytoplasmic appearance of monomeric JC1(green fluorescence) seen in the LPS+ surfactant group was
less prevalent (6.73 ± 0.69 in P-SF group and 3.85 ± 0.35 in SSF, p<0.001) than that detected in LPS treated animals.
Rhodamine fluorescence was clearly seen in control and
surfactant treated cells [Figure–2c]. The fluorescence intensity
is significantly decreased by LPS administration (11.74 ± 1.45,
p<0.001) which is reverted back up to the control level by
surfactant treatment (control = 22.69 ± 0.64; P-SF = 20.14 ±
0.20; S-SF = 18.11 ± 0.44, p<0.001, Figure– 2d).

3.3. Alterations in Ca2+ homeostasis
The fluorescence emission of CTC has been used to measure the
level of divalent cations (specifically Ca2+ and Mg2+) associated
with envelope membranes in a wide range of animal cells.
Images illustrating the cells taking up CTC dye (green
fluorescence) in all the groups were shown in Figure 3(a).
Quantitative analysis showed 35.5% (p<0.001) of cells were
CTC positive in LPS group as compared to 6.5% CTC positive
cells in control group [Figure– 3c]. Both LPS+SF treated
groups showed decreased percentage of CTC positive cells
when comparisons were made with LPS group (20.25% in
LPS+P-SF (p<0.001) and 21.25% (p<0.001) in LPS+P-SF).

MOLECULAR CELL BIOLOGY
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2.7. Measurement
concentrations

2+

The fluorescence signal was diminished significantly with LPS
treatment (1.78 ± 0.39, p<0.001) in comparison to control group
(4.40 ± 0.60) which indicates more Ca2+ displaced from the cell
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group ([Ca2+]i = 50.12 ± 1.51 nM), LPS induced a gradual
increase in [Ca2+]i (199.49 ± 0.96 nM, p<0.001) which is also
consistent with the above result. In the presence of exogenous
surfactants, the LPS-induced increase in [Ca2+]i was reduced by
P-SF (143.95 ± 1.62 nM, p<0.001). Similarly, the LPS-induced
[Ca2+]i was also markedly inhibited by the S-SF (172.28 ± 0.82
nM, p<0.001) as shown in Figure– 3(d).

Fig. 1: (a) Images depict the morphological changes with the DCFH-DA dye in all the groups. (b) Quantitative analysis showed
x
a
DCFH-DA positive cells. Values are mean ± S.D. of four independent observations, p<0.001 vs control; p<0.001 vs LPS.
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3.4. Apoptosis by fluorescent dyes
Annexin V was used in conjunction to the vital dye propidium
iodide (PI) to distinguish the apoptotic cells from necrotic or
late stage apoptotic cells [Figure– 4a]. Based on binding of
annexin V and PI, cells can be divided into three
subpopulations, i.e. early apoptotic cells (annexin V positive, PI
negative), late apoptotic cells (annexin V positive, PI positive)
and necrotic cells (PI positive). In the LPS treatment group
IIOAB-India

54.25% of cells were positive for cell surface exposure of PS
which mark them for early apoptosis [Figure– 4b] whereas only
13% apoptotic cells were found in control cells and many were
PI positive. Mixed population of dual staining cells was seen
with surfactant co-administration. The percentages of annexin V
positive cells were reduced to 27.25% (p<0.001) in P-SF and to
33.5% (p<0.001) in S-SF group in comparison to LPS
treatment.
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membrane to the cytosol with LPS whereas CTC bind to the
membrane bound Ca2+ in control group (high fluorescence
intensity, [Figure– 3b]. In surfactant treated groups, the LPS
mediated fluorescence intensity was gradually increased with PSF (3.05 ± 0.24, p<0.001) and S-SF (2.45 ± 0.11, p<0.001).
Further, in this study the cytosolic Ca2+ concentration was
measured in BALF cells with LPS treatment followed by
exogenous surfactant (P-SF and S-SF). In contrast to control
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Reactive oxygen species (ROS) have been implicated in a
variety of pulmonary diseases including adult respiratory
distress syndrome [20]. We examined ROS production in BALF
cells using a fluorescent dye (DCFH-DA) and found that both
the surfactants inhibited LPS stimulated ROS generation which
is consistent with previous results as found in the rabbit alveolar
macrophages [21]. This would suggest that surfactant has the
inhibitory effects on the immediate inflammatory response.
Similarly, in studies with natural surfactant with SP-B and SP-C
versus synthetic surfactant both the surfactant types equally
inhibited the human neutrophil respiratory burst [22]. In
addition to causing direct injury to lung associated cells, ROS
also involved in the regulation of signaling activity [23].

Mitochondria are primary sources of ROS inside the cells and in
the course of signal transduction that leads to apoptosis,
mitochondria may release pro-apoptotic molecules, which is
accompanied by loss of the transmembrane potential (ΔΨm)
that can be detected by specific fluorescent probes [24]. Freshly
isolated BALF cells showed a complex staining with JC-1,
indicating an intricate network of mitochondrial structures
exhibiting both red (high membrane potential) fluorescence and
green (low mitochondrial membrane potential). The ratio of red
to green fluorescence is a measure of the mitochondrial
membrane potential. This pattern of regions of hyperpolarized
and depolarized mitochondria has been reported in other cell
types and is considered to reflect uneven distribution of proton
circuits, respiration, ATP synthesis, and localized Ca2+ inside
mitochondria [25].
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[IV] DISCUSSION

Fig. 2: (a) Changes in morphology of mitochondrial integrity in control, LPS-treated cells and with LPS + surfactant treatment
precede (b) changes in mitochondrial membrane potential with JC-1. (c) Images with rhodamine-123 whereas (d) represents results
x
y
from fluorometric analysis with rhodamine-123. Values are mean ± S.D. of four independent observations, p<0.001, p < 0.01 vs
a
control; p<0.001 vs LPS.
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Mitochondrial dysfunction may also result through a change in
cation homeostasis brought about by high ROS levels [26].
There are several lines of evidence to support strong role of
Ca2+ [27]. CTC is a fluorescence-based stain, which forms
chelate complexes in the presence of calcium ions in a 1:1 ratio
[28]. When the CTC-calcium complex is mobilized from the
highly lipophilic membrane environment to the more polar
cytosol, there is a 100 fold decrease in the quantum efficiency
of the indicator, which leads to a decrease in the observed
fluorescence signal [29]. Calcium is released from the
endoplasmic reticulum stores on stimulation of the cell, leading
to a calcium influx across the plasma membrane via calcium
channels [30]. Various pathogenic particles have been shown to
produce changes in calcium flux within the cell [31] and a large
IIOAB-India

number of physiological and pathological cellular functions
could be stimulated via calcium signaling. The release of proinflammatory mediators such as the cytokine TNF-α is driven
by intracellular calcium related signaling pathways in diseases
such as sepsis [32].
In the present study, the LPS treatment induces an elevation in
[Ca2+]i in the BALF cells and such Ca2+ influx was inhibited by
both animal derived and synthetic surfactants. Surfactant also
inhibits Ca2+ influx in human neutrophils, possibly by
membrane depolarization from insertion of surfactantassociated protein-dependent cation channels [33]. More
recently, bovine-derived surfactants were found to directly
increase neutrophil [Ca2+]i by releasing Ca2+ from internal
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Fig. 3: (a) Images depict the effect of various treatments on CTC fluorescence. (b) Alterations in Ca mobilization as measured with
CTC fluorescence and (c) percentage of CTC positive cells/100 cells from four independent observations in each group (d)
Intracellular calcium (nM) in BALF cells after LPS and surfactant treatments. Values are mean ± S.D. of four independent
x
a
observations, p<0.001 vs control; p<0.001 vs LPS.
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stores [34]. Therefore, blocking extracellular Ca2+ influx
previously shown to modulate inflammatory response in
peritoneal macrophages [35] may be an important mechanism
regulating the anti-inflammatory properties of the exogenous
surfactants. As measured in other trials, the phospholipids from

both animal-derived and synthetic-surfactants demonstrate anti
inflammatory properties. DPPC, the major phospholipid in
natural and exogenous surfactants, similarly inhibited Ca2+
influx in the NR8383 AM cell line in an earlier study [36].

Fig. 4: (a) Photomicrograph showing apoptotic cells by staining with Annexin V and propidium iodide. (b) Quantitative analysis of the
apoptotic cells, total 100 cells were counted in four different slides from each group and percent of apoptotic cells calculated. Values
x
a
are mean ± S.D. of four independent observations, p < 0.001vs control rats and p < 0.001 vs LPS rats.

CONFLICTS OF INTERESTS

In conclusion, the explanation of the loss ΔΨm, associated with
an increase in [Ca2+]c is that H2O2 is placing stress on cellular
energy store by driving down the ATP levels that would drive
ATP synthesis and run down the electrochemical gradient. The
Ca2+ influx coupled with release of Ca2+ from intracellular pools
may provide a signal for the loss of ΔΨm that eventually leads
to apoptosis-like death in LPS mediated ARDS model. Because
mitochondrial changes brought about by ROS could be a crucial
event in the pathogenesis of the disease, the effects of
exogenous surfactant on elements in this signal transduction
pathway may clarify its role of minimizing pulmonary
inflammation associated with the ARDS.

The authors report no conflicts of interest. The authors alone are
responsible for the content and writing of the paper.
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