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SUMMARY

Mechanical forces acting in various organs in the body affect the homeostasis and normal
functioning. Lung is one of the most dynamic organs in the human body that is subjected to various
physical and mechanical cues inferred from blood flow, breathing and surface tension; right from
developmental stages and throughout life. Mechanical deformation of the lung tissue due to
various forces acting on different regions of the lung, leads to over distention of the lung, resulting
in a series of mechanosensing and mechanotransduction events at the cellular and organ level. This
study aims to investigate the effect of mechanical stress on sphingolipid metabolism in the lungs,
particularly in the alveolar epithelium, with the goal to better understand the molecular
mechanisms that occur during ventilator - induced lung injury (VILI) and to identify new targets
for therapy. Sphingolipids have been implicated in various lung pathologies. However, little is
known about the role of sphingolipids in VILI. A rodent model of ventilator induced lung injury
and in vitro model of alveolar epithelial cells subjected to pathophysiological mechanical stress
were used.

Mechanical ventilation at high tidal volume (30 ml/kg, 4 hrs) in mice enhanced S1P lyase
(S1PL) expression, elevated ceramide levels, decreased sphingosine-1-phosphate (S1P) levels in
lung tissue, thereby leading to cytoskeletal rearrangement, lung inflammation and injury and
apoptosis. Accumulation of S1P in cells is a balance between its synthesis catalyzed by
sphingosine kinase (SphK) 1 and 2 and catabolism mediated by S1P phosphatases and S1PL. Thus,
the role of S1P Lyase and SphK1 in VILI was investigated by studies using S1PL*"and SphK1-
"“mice. Partial genetic deletion of S1P L (Sgpl1*") partly protected VILI in mice. On the other
hand, the genetic deletion of SphK1 enhanced VILI in mice. Simulating VILI in the laboratory
requires stretching of lung alveolar tissue. In vitro cyclic stretch of the cells mimics the constant

collapse and reopening of the alveoli during mechanical ventilation. Mechanical cyclic stretch of

Xi



human lung microvascular endothelial cells (HLMVEC) and murine alveolar type Il epithelial
(MLE12) cells increased S1P Lyase protein expression. Also, the pathophysiological levels of
cyclic stretch i.e. 18% stretch stimulated epithelial cell apoptosis, disrupting barrier function and
differential expression of various sphingoid bases, when compared to physiological relevant
magnitude of stretch i.e. 5% cyclic stretch. Pre-treatment of alveolar epithelial cells with S1PL
inhibitor 4-DP effectively promoted cell barrier recovery and minimized cell apoptosis caused by
18% cyclic stretch, suggesting the regulatory roles of S1P in VILI. The in vivo and in vitro results
identify a novel role for intracellularly generated S1P in protection against VILI and suggest S1PL

as a potential therapeutic target.
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1. INTRODUCTION

In biological systems, mechanical forces are as important as chemicals and genes. The
external forces like tension, compression, and shear acting in the body result in deformation of the
tissues like lungs, arteries, muscle, bladder, tendons etc. Physical cues from the environment play
a vital role in the body development and function of the organ and regulate cell and tissue behavior.
Tissue geometry has an effective architecture for each function, which adapts to its surroundings.
The mechanical forces in the body include shear stresses in blood vessels, blood pressure, gravity

on bone and cartilage, stretch of skin and muscles during movements of arms and many more.

The mechanical forces also regulate tissue differentiation and determine their fate during
development [1]. They play a vital role right from fertilization of egg, divisions of cells in early
embryo to formation of first tissue and organs, morphogenesis of tissues and organs, and also in
modulating the maintenance of tissue architecture. They also govern the functional process at
many forces and mechanotransduction leading to disease. Physical compaction in some tissues

induces transcriptional factors for organ regeneration.

At the cellular level, the cells pull on their adhesions on other cells and onto the extracellular
matrix (ECM) on which they adhere. They’re their anchoring scaffold. The ECM orients the cells
and provides a scaffold for their renewal and repair. The extracellular mechanical signals are

mechanotransduced into intracellular biochemical changes and gene expression levels [2].

1. Forces in the Lung:

Lung is a dynamic organ, subjected to various forces right from it’s development in early stages,
growth, metabolism and normal function. These forces have a vital role during the physiological
as well as the pathophysiological conditions of the lung. Lung is routinely exposed to biophysical

forces in the forms of:



I. Shear stress (SS) on the endothelial cells due to blood flow;

ii. Mechanical strain levied by the respiratory cycles on the epithelial cells lining the
alveoli in the lungs and

iii. Surface tension due to cohesive forces between the air and alveoli during gaseous

exchange.

Surface tension: The alveolar type-11 cells in the lung secrete surfactant, which helps in reducing
the surface tension, thereby mechanically stabilizing the lung alveoli [3]. Applying the Laplace
Law to the dynamic alveoli, which change their surface tension proportional to their size, to
maintain alveolar stability, it is estimated that the surface tension should be reduced proportional
to the reduction in the size of the alveoli. Also in interconnected alveoli, the pressure is modulated

accordingly such that they will have the same surface tension.

Law of Laplace: P o= Equation 2 [4]

Here y = surface tension, r = radius of the alveolar sac and P is the pressure in the alveoli.

Fig. 1: Surface tension acting in the alveoli. [4]



In this study we, focus on the effect of mechanical ventilation in the lungs, wherein the ventilator

exerts various forces on the lung.

2. Mechanical Ventilation:

As inferred from [5] The American Association for Respiratory Care infers mechanical ventilation
to include various invasive and non-invasive ventilator models to felicitate breathing, mainly
during respiratory failure. However, the mechanical ventilation in any form cannot be used to cure

any disease. It is just given to ameliorate the health of the patient.

Mechanical ventilation (MV) is done in various respiratory disorders as well other
physiological conditions. MV is done to tender protection to the lung during bradypnea or apnea
with respiratory arrest, tachypnea, acute respiratory distress syndrome, hypotension, obtundation
or coma, neuromuscular disease, respiratory muscle fatigue, clinical deterioration, shock, trauma,
sepsis, or pneumonia. It renders passable gas exchange while giving rest to the respiratory muscles.

Also, elderly people with breathing difficulties are put onto mechanical ventilator.

2.1 Historical perspective:

In 1929 mechanical ventilation was done using the Drinker and Shaw tank-type ventilator,
this was one of the first negative-pressure machines and provided non-invasive ventilation. They
were used during the polio outbreak in 1955, wherein the patient’s neck was engulfed by the metal
cylinder. The patient’s chest was expanded due to the negative pressure being created in the
chamber by the vacuum pump, whereas the termination of vacuum resulted in zero negative

pressure. The repeated cycles changed the chest geometry and allowed inhalation and exhalation.



Fig 2: Iron lungs using for polio treatment at Hynes Memorial Hospital in Boston. USA,
1955
Later, they were replaced by positive pressure ventilators, with the first non-invasive
ventilation being used in 1955, wherein the endotracheal tube was introduced into the trachea
(endotracheal intubation). The positive pressure created by this insertion of the endotracheal tube

in the lungs, inflated the lungs.

This initial method of ventilation was cumbersome and caused discomfort to the patients. Over the
years, ventilators have advanced along with novel strategies of ventilation and in the present day,

mechanical ventilation is classified into two groups:

i. Invasive mechanical ventilation.

ii.  Non-invasive mechanical ventilation

In invasive mechanical ventilation, an endotracheal tube or tracheotomy cannula is used for

mechanical ventilation, whereas in the non-invasive mechanical ventilation, nasal cannula or face



masks support the respiration. This is generally performed in COPD and pneumonia patients who

can breathe and cough effectively on their own and are conscious and cooperative to the treatment.

Invasive mechanical ventilation Non-invasive mechanical ventilation

Fig.3 Different modes of mechanical ventilation

Non-invasive ventilation during exercise has shown to be very effective to attenuate the inspiratory
muscle effort and has shown consistent ameliorated exercise outcomes in COPD patients [6]. On
the other hand, in patients ventilated by tracheostomy or an endotracheal tube, bacterial infections
in the lung lead to nosocomial pneumonia called ventilator associated pneumonia, thereby

increasing the mortality rates [7].



In the case of hypercapnic forms of acute respiratory failure characterized by dyspnea and
encephalopathy, mechanical ventilation was observed to reverse the clinical abnormalities [8].
Improved tolerance towards fiber optic bronchoscopy and less side-effects was made possible by

simultaneous non-invasive mechanical ventilation [9].

Potential lung donors are subjected to mechanical ventilation to prevent lung injury, as the
donors run the risk of neurogenic pulmonary edema, during brain death [10]. In infants with
respiratory failure, non-invasive respiratory support has shown to be more appropriate than
mechanical ventilation or intubation [11]. Though mechanical ventilation (MV) is being used for
the treatment of disease, it has several limitations, sometimes worsening the disease. MV can
exacerbate lung injury leading to ventilator induced lung injury when healthy patients are

ventilated [12].

The deleterious effects of MV are attributed to hemodynamic compromise and some of the
complications of MV include: oxygen toxicity, volutrauma, barotrauma, auto PEEP, diaphragm
atrophy, ventilator associated pneumonia, bacterial infections, decreased cardiac output, collapsed
lung, lung damage. Ventilation at high lung volume causes air leaks and overdistention of the
lungs. Low lung volume ventilation causes lung inhomogeneity and atelectrauma [13]. This

necessitates the need for optimizing lung-protective ventilator strategies.

2.2 Physics behind mechanical ventilation:

The consummate ventilator strategy entails the interplay of pressure and physics of flow
involved, expressed as positive pressure, respiratory rate, trigger and tidal volume. The trigger is
what causes the mechanical ventilator to start a breath cycle. The trigger has to be set optimally so

that patient doesn’t have to put too much effort for respiration nor that it’s difficult for the patient



to breathe. Positive-end-expiratory- pressure (PEEP) is the amount of air/ pressure still in the lungs
at the end of exhalation. This pressure is essential to prevent alveolar collapse. The respiratory rate
is the number of breaths being delivered by the ventilator per minute. It regulates the CO- levels.
Tidal volume or the depth of breathing is the volume of gas inspired or expired during each
respiratory cycle. The total amount of air coming into the patient’s lung with each breath is given

by minute ventilation.

Minute Ventilation = Respiratory Rate x Tidal Volume ... Equation 1[14]

Flow rate is the rate at which the set tidal volume is being delivered and it affects the time
for exhalation. Flow pattern is the rate of change of flow rate. Fraction of inspired oxygen FiO: is
the percentage of oxygen in the air that is being delivered to the lungs. This is to bring the patient
arterial oxygen pressure up to his/her target arterial oxygen. Once this is attained, the oxygen

pressure is then lowered to avoid oxygen toxicity.

In the present study, we focus on the effect of ventilation in the settings at high tidal volume
and 0 PEEP and study it’s transduction into ventilator-induced lung injury. The salient features of
ventilator induced lung injury include: trigger of inflammatory cascades, cell-cell and cell-
membrane disruption, protein-rich alveolar edema and increased lung vascular permeability. The
cyclic opening and closure of the airways and their collapse during ventilation results in the
increase in the shear forces and stretch leading to surfactant dysfunction, activation of

inflammatory responses by cytokines and lung injury.
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3. Cyclic stretch

During mechanical ventilation of the lungs, most cell types in the lung, mainly the alveolar
epithelial cells and the capillary endothelial cells are subjected to stretch. Alveolar epithelium is

denuded during acute lung injury or abnormal stress on the lungs, resulting in loss of membrane

8



integrity in the alveolar lining, thereby making it permeable to large molecules [15]. This loss of
epithelial monolayer integrity with lung injury can be seen by the appearance of soluble fragments
of E-Cadherin in the alveolar liquid lining i.e. the lavage fluid. {Thammanomai, 2013 #33}E-
cadherin, expressed in the epithelial tissues in the lung has a transmembrane domain linking the

epithelial cells and has a key role in cell-cell mechanotransduction.

During inflation of the lungs with high volumes, the alveolar epithelium experiences stretch
due to repeated opening and closure of the airways and alveoli. This cyclic opening and closure of
the alveoli can be mimicked in vitro by equibiaxial cyclic stretch. The adjacent endothelial cells
also experience similar distension during stretch, as they are attached to the epithelial cells by

means of tight junctions.

Normal Alveoli

Cyclic opening
and closing

:| Collapsed alveoli

Fig.5: llustration of the cyclic opening and closure of alveoli during mechanical ventilation

at 0 PEEP.

Tschumperlin and Margulies [16] suggest 34-35% increase in the alveolar epithelial cell

surface area if lung volume increases from 40% to 100% of total lung capacity. The epithelial layer



lining the alveolus is majorly responsible for the alveolar flooding. The epithelial basement
membrane surface area (EMBSA) is modulated by the degree of force being exerted on the
epithelial lining in the alveoli. The extent deformation of the EMBSA due to the lung volume was
given by:

% A SA = 0.0057 (% TLC)? — 0.2608 (% TLC) + 4.8021.............. equation 3 [17]

where SA = epithelial basement membrane surface area.

TLC = total lung capacity

The long-term or short-term changes that the cell undergoes during breathing is mimicked by the
cyclic stretch. During cyclic stretch, the cells orient perpendicular to the direction of stretch. The
stress fibers in the cell reorient perpendicular to the direction of stretch. This was proved by several
mathematical models invitro [18].

The cyclic stretch imposed on the cells accords the evaluation of the cellular elongation in
response to the elastomere base deformation of the culture plates [19]. The cell behavior is studied
in terms of its response to the force on the underlying substrate. The cell attaches to the underlying
substrate by means of focal adhesions, which are connected to the cell cytoskeleton at the other

end. Hence, the deformation of the focal adhesions has an important role in the reorientation.

The orientation of the cell can be estimated by computing the circular variance cv. Nra

Circular variance, cv =1 - % J( levfa sin(2a))? + ( levfa cos (2a))?

...... Eq.5 [20]

, Where Nea = number of focal adhesions,

o = angular distribution of focal adhesions.

10



The decreased phosphorylation of focal adhesion kinases, resulting in reduced cell
adhesion and abridged migration has already been shown to induce several cellular functions
including the loss of membrane integrity which would lead to acute lung injury.

Cyclic stretch of the cells would result in mechanosensing and mechanotransduction,
wherein the mechanical forces are converted into several biochemical changes inside the cell,
thereby initiating various signaling cascades inside the cell. The mechanotransduction is initiated
at the cell membrane by means of tight junction proteins, focal adhesions, ion channels, integrins
that mediate inside-out and outside in signaling and also lipids on the cellular membrane like the
sphingomyelinases.

In this study, we focus on the mechanotransduction of the forces into biochemical changes

in modulating one or many of the components of sphingolipid pathway.

4. Sphingolipids

Lipids constitute about 50% of the total mass of most of the animal cell membranes. 1pum
x 1pm area of lipid bilayer has about 10° lipid molecules in the plasma membrane. The most
abundant membrane lipids are phospholipids, which include sphingolipids like sphingomyelin and
sphingosine. All sphingolipids are derived from the aliphatic amino alcohol sphingosine.

Sphingolipids, are bioactive lipids and are the major constituents of the eukaryotic cell
membranes, enriched in lipid rafts, having a role in the cell architecture and also in protecting the
cell from mechanical and chemical cues. The sphingolipids were named in 1884 after the Greek
mythological creature, the “Sphinx” by J.L.W. Thudichum, owing to their enigmatic nature [21].

Later, the term “sphingolipide” was introduced by Herbert Carter and colleagues in 1947.

11



There are atleast 400 head group variants of sphingolipids, out of which sphingolipids, free
sphingoid bases and sphingolipid degradation products such as sphingomyelin,
sphingosylphosphorylcholine, ceramide, sphingosine, and their phosphorylated forms ceramide 1-
phosphate (C1P) and sphingosine 1-phosphate (S1P) are the major sphingoid bases that have a
prominent role in cell signal transduction, adhesion, angiogenesis, apoptosis, cell proliferation,
growth arrest, differentiation, migration, senescence, or intracellular trafficking [22, 23].

The cellular membranes like endoplasmic reticulum, golgi complex, plasma membrane,
inner and outer mitochondrial membrane have a wide distribution of sphingolipids. They are
abundantly generated in the endoplasmic reticulum and golgi complex and are translocated to the
cell membrane by the cytoplasm. [24]

In recent years, the mystery of the many hues of the sphingolipid metabolites has been
unraveled with the advent of research techniques in the field. VValuable insights into interpreting
the physiological and pathophysiological role of sphingolipid metabolites are being made possible
by the generation of knockout mice by the ability to clone the regulatory proteins and enzymes
involved in the sphingolipid metabolism. The therapeutic potential has been unleashed by the
development of inhibitors of signaling enzymes and also specific agonists and antagonists of the
S1P receptors. Also, the sphingosine analogue FTY720 [25], which is already in the phase Il
clinical trials for the treatment of multiple sclerosis, has shown to be a novel therapeutic agent in
diseases caused by abnormal sphingolipid metabolism. The concurrent analysis and quantification
of sphingolipid species by positive ion electrospray ionization (ESI) liquid chromatography-
tandem mass spectrometry (LC-MS/MS) has played an indispensable role in elucidating their role

in disease [26].
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4.1 Biosynthesis and catabolism of Sphingolipids:

The de novo synthesis starts at the cytoplasmic face of the endoplasmic reticulum. The
enzyme serine palmitoyl transferase condenses serine and palmitoyl CoA to vyield 3-
ketodihydrosphingosine [27]. 3-ketodihydrosphingosine is reduced to dihydrosphingosine
(sphinganine), which is then acylated by dihydroceramide synthases, producing dihydroceramide,
which in turn is converted to ceramide [28]. At this juncture of the sphingolipid metabolism
pathway, ceramide acts as the branch point as it is produced not only from the de novo pathway,
but also by the breakdown of membrane sphingomyelin by sphingomyelinases [29]. In mammalian
cells, five major sphingomyelinases i.e. acid sphingomyelinase, neutral sphingomyelinases 1, 2 &

3 and acidic sphingomyelinase have been cloned and characterized.

Ceramide is broken down to sphingosine by the enzyme ceramidase. The subsequent
conversion of sphingosine to S1P is catalyzed by sphingosine kinase (SphK), and there are two

distinct isoforms of sphingosine kinase enzyme, namely SphK1 and SphK2.

S1P is dephosphorylated to sphingosine by S1P phosphatases (S1PP) or lipid phosphate
phosphatases. Intracellularly, S1P can be degraded either by reversible dephosphorylation to
sphingosine by two S1P phosphatases, SPP1 and SPP2; or irreversibly cleaved at C2-C3 bond by
the pyridoxal phosphate dependent enzyme sphingosine 1 phosphate lyase to yield trans-2-
hexadecenal and phosphoethanolamine [31]. This is the only terminal point of the sphingolipid

pathway.
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On the other hand, S1P can also be released out into the extracellular environment. The

extracellular S1P can bind to the S1P receptors named S1PR1—S1PRs. There are five distinct high-

affinity class A G protein —coupled cell surface receptors (GCPRs). [32] These S1P receptors have

vital role in various organs in the human body including brain, heart, lungs, spleen, liver, thymus,

skeletal muscle, kidney, lymphoid, testis, and skin. In addition, the S1P signaling system also

comprises the transporter molecules like Spinster-2 (Spns2) which allow the inside-out signaling

of S1P [33].
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The role of disrupted sphingolipid metabolism is underscored in various animal diseases.
Each of the component in the sphingolipid generation and metabolism pathway has a prominent
role in the disease pathology.
4.2 Role of sphingolipids in apoptosis:
Ceramide is the vital sphingoid base that has a potential role in many signaling cascades leading to
apoptosis. Mitochondrial ceramide and nuclear ceramide and action of the ceramides at the plasma
membrane contribute to ceramide mediated apoptosis [34]. Sphingolipids also regulate apoptosis in
lysomes and endoplasmic reticulum of the cell. There is an intense change in the ceramide levels, even
due to the minor changes in the sphingomyelinase levels. This is due to the abundance of
Sphingomyelinase in higher magnitude of concentrations than ceramide.[35]. A wide range of
stressful stimuli cause membrane sphingomyelin and to lesser extent other complex sphingolipids
to rapidly metabolize to the bioactive sphingolipid intermediate ceramide and subsequently to

sphingosine, which are pro-apoptotic.

Pro-Apoptotic Membrane integrity
Anti- Apoptotic
Pro-survival

Ceramide

S1P

Fig8: Sphingolipid rheostat affecting survival and function
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4.3 Role of sphingolipids in membrane integrity:

Sphingosine 1- phosphate (S1P) is a biologically active lipid that has an important role in
regulating the growth, survival and migration of mammalian cells. The levels of S1P in the cell
are tightly regulated in a spatial-temporal manner by the balance between its synthesis and
degradation [36]. The S1P levels are tightly regulated by the components of sphingosine-1-
phosphate rheostat (S1P Lyase and Sphingosine Kinases SphK1 & SphK2). S1P modulates the
barrier function by having an important role in cytoskeletal rearrangement, adherens junction
reassembly and also focal adhesion remodeling. In addition to be responsible for maintaining the

barrier integrity, it also has a role in barrier protection during stress or injury to the cell.

5. The Flexcell® FX- 5000™ Tension System

The Flexcell® FX- 5000™ Tension System is used to culture cells in a mechanically active
environment to study the biochemical and physiological changes in the cells, elucidating into the
pathophysiological processes. It applies either uniaxial or equibiaxial tension to monolayer of cells
in culture. The cultured cells were subjected to regulated magnitude of strain at desired frequency
by this Flexcell @ Tension system, which comprised of Loading Stations™ specially designed for
use with BioFlexe, flexible-bottomed culture plates. In the biaxial strain, the adherent cells were
deflected downward using negative pressure, thereby imparting strain to the culture layer [38]. The
desired % elongation of the substrate is being controlled by controlling the vacuum pressure

created from the vacuum pump is controlled using the FX-5000 software.
The components of the Flexcell System include:

iv.  Loading posts

17



v.  Flexible-bottomed Bioflex plates

vi.  Flexcelle Tension system

I. Loading posts:

The BioFlexe Loading Stations™ provide uniform radial and circumferential strains to cells
cultured on flexible membranes. The loading posts may be either cylindrical or arctangle. The
cylindrical loading posts provide equibiaxial strain, whereas the uniaxial strain is provided by the
Arctangle Loading posts:
As shown in figure 1, the loading stations comprise a 3.3” x 5” Lexane plate and six
removable Delrine planar faced cylinders or posts. The posts are positioned on the Lexane
plate such that each is centered beneath the rubber membrane of each well of a BioFlexe
culture plate. Upon application of vacuum to a BioFlexe culture plate* with a Flexcelle
Tension System, the membrane deforms across the post face creating uniform equibiaxial
strain (Fig. 2). (Reference 49)

BioFlexLoading Stations-

Gasket BioFlex-Culture Plate

Fig.9: BioFlex® baseplate showing the Loading Stations™ with six loading posts (P) and
BioFlex® culture plates in red, rubber gaskets
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Vacuum

r——————

Fig. 10: Equibiaxial strain application to cells plated on a StageFlexer® Membrane and
clamped in a StageFlexer® Strain Device.

Loading posts are available in three standard diameters: 25, 28, and 31 mm. Their use renders:

1) constrained distension to the flexible membrane, and

2) Nominal fluid shear stress because the medium is not moving up and down over

the field. [49]

19



The loading posts of 25mm diameter, which is the most commonly used, the vacuum level
predetermines the minimum and maximum strain capabilities, expressed in terms of % elongation

which are 0.8% and 21.8%.
ii. Flexible-bottomed Bioflex plates:

Collagen I-coated flexible- silicone membrane bottomed BioFlex plates are specially designed for
culturing the cells a mechanically active environment, by providing radial and circumferential
strains when used on the loading posts in the Flexcell system. The Flexible silicone elastic
membranes are covalently bonded with Collagen 1. The growth surface area is 9.62 cm?/well, in
each well of the six-well plate. These plates are feasible to work with fluorescent probes or
immunohistochemical assays, as they have low autofluorescence and are optically clear for direct
viewing of cells with inverted or upright microscopes (membrane thickness: 0.020 inch).
iii. Flexcelle Tension system

FX-5000T Flexercell Tension Plus system is a computer regulated bioreactor that uses
vacuum pressure, regulated by state-of —the-art digital valve to robotically maintain and regulate
vacuum pressure that would deform flexible bottomed culture plates, thereby providing specified

strain regimen:

It is equipped with a 25-mm BioFlex loading station designed to provide
uniform radial and circumferential strain across a membrane surface along all radii.
BioFlex loading station is composed of a single plate and six planar 25-mm
cylinders per plate centered beneath each well of the BioFlex plate, and the top

surface is just below the BioFlex membrane surface. [49]

The silicone membranes with cultured cells were then placed on a vacuum manifold situated in an
incubator. Each BioFlex membrane is stretched over the post when under vacuum pressure,

creating a single-plane uniformly stretched circle:
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When a precise vacuum was applied to the bottoms, controlled by a
computer, the silicone membranes were deformed to a prearranged elongation
percentage and returned to their original conformation once the vacuum was
released. After this procedure, the cells remain adherent, and the deformation of the
membrane is directly transmitted to the cells. With a 25-mm loading post and
Bioflex Plates, the system provides approximate equibiaxial extension in the central
region of the membrane above the post and provides biaxial strain that has a major
part in the radial and a minor one in the circumferential direction within the

periphery membrane field away from the post [39, 40].

1

Fig. 11: Waveform plot showing typical sinusoidal waveform.

The radial and circumferential strain was experimentally determined by the vendor (Flexcell
International) by stamping the BioFlex membrane with a dot pattern followed by labeling the
distance between each pair of dots and measuring their change relative to vacuum levels.
Experimental measurements demonstrated that the part of the membrane stretching over the post
(25-mm diameter) received uniform strain in the radial direction that was proportional to vacuum

level [41].
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2.. EXPERIMENTAL PROCEDURES

IN VITRO
All experiments using animals were previously approved by the Institutional Animal Care and
Use Committee at the University of Illinois at Chicago. The animals were maintained as per the
University of Illinois protocol for animal use. The studies reported here adhere to the principles
outlined by the Animal Welfare Act and the National Institutes of Health guidelines for the care

and use of animals in biomedical research.

1. Generation of wild type and heterozygous/homozygous mice

S1P Lyase wild type and heterozygous mice:

Wild type mice (Sgpl**) and S1PL heterozygous (Sgpl*") in 129SV background and were
obtained from Dr. Philip Soriano (Seattle) and were bred and housed in a specific pathogen-free
barrier facility maintained by University of Illinois at Chicago Animal Resources Center.

Genotyping:

The mice were genotyped by multiplex PCR of tail snip DNA using three primers:
5'-CGCTCAGAAGGCTCTGAGTCATGG-3,
5'-CATCAAGGAAACCCTGGACTACTG-3', and
5'-CCAAGTGTACCTGCTAAGTTCCAG-3'.

The following conditions were used: denaturation, 94 °C for 5 min; amplification, 94 °C
for 1 min, 58 °C for 1 min, 72 °C for 1 min (40 cycles); extension, 72 °C for 1 min. The
wild-type Sgpll gene fragment is ~300 bp in length, and the mutant Sgpl1 gene fragment

is ~600 bp in length. This would distinguish Sgpl1*"* mice from Sgpl1*"
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SphK1 wild type and knock out mice:

Sphk1” were obtained from Dr. Richard L. Proia (NIH, Bethesda, MD) and were backcrossed to
C57BL/6 background for two generations (F2 hybrid). The resultant mixed background of
C57BL/6 strain and the original background (F2 hybrid) were used as controls and are referred to

hereafter as wild type (WT).

2. Mechanical ventilation:

Tracheotomy was performed, and the trachea was cannulated with a 20-G intravenous catheter
through the mouth. Ventilation was performed at 30 ml/kg tidal volume, 0 PEEP for 4 hours at the
rate of 75 breaths per minute. Non-ventilated animals were used as controls. The mice received
boluses 0.1 ml/hr of phosphate buffered saline (PBS) to maintain arterial blood pressure in the
normal range. 4

Animals were euthanized, a median sternotomy was performed, and perfusion of the lungs was
done by injection of calcium and magnesium-free PBS through the right ventricle of the heart, to
clear the pulmonary intravascular space. The lungs were harvested, snap-frozen and later stored at

-80°C, until further analysis.
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Fig.12: Schema showing the analysis of VILI.

3. BAL Collection and guantitative measures of VILI

Bronchoalveolar lavage (BALF) collection with PBS was undertaken as follows: 1 ml of
PBS with 0.1% bovine serum albumin was injected into the airway through tracheal catether, then
gently aspirated. The collected lavage fluid was centrifuged at 500g for 20 minutes at 4°C. The
supernatant was centrifuged at 9600g for 10 min at +4°C. The resultant supernatant, termed the
BALF was removed and frozen at —80°C for further analysis. Cell pellets from initial
centrifugation were resuspended in 200ul PBS and total cell counts were determined using a
hemocytometer. Aliquots were spun onto microscope slides and stained for differential cell counts.

Lung inflammation was measured by evaluating the differential cell counts in the BALF,
using Diff-Quik stain set (Dade-Behring, Newark, DE). The number of macrophages and
neutrophils were enumerated. Cytokine levels in the cell-free BAL samples were measured using
ELISA kits (Peprotech, NJ), according to the manufacturer’s instructions. Levels of active IL-6
were quantified.

The lung injury, in terms of alveolar permeability, was evaluated by measuring the protein
concentrations in BAL fluid using the BCA protein assay kit (Pierce Thermo scientific, Rockford,

IL). Optical density readings of samples were converted to milligrams/milliliters, using values
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obtained from a standard curve generated with 0.1 to 2 mg/mL serial dilutions of bovine serum

albumin.

4. Lung Tissue harvesting and analysis:

The lungs were excised, rapidly frozen in liquid nitrogen and stored at -80°C. Pieces of lung tissue
were homogenized, and whole tissue lysates were prepared for further analysis. RNA was isolated
from frozen lungs using TRIzol reagent (Life Technologies, Grand Island, NY) according to the
manufacturer's instructions. Portion of the lung tissue and BALF were also used for the

measurement of sphingoid bases by Mass Spectrometry.

a. Electrospray ionization liquid chromatography tandem mass spectrometry for
analysis of Sphingoid Bases, Sphingoid Base 1-Phosphates, Sphingosine and
Ceramides—Analyses of the sphingolipids in the lung tissue and BALF were performed
by combined LC/MS/MS on 4000 Q-trap hybrid triple quadrupole linear ion trap mass
spectrometer (Applied Biosystems, Foster City, CA) equipped with a TurbolonSpray
ionization source interfaced with an automated Agilent 1100 series liquid chromatograph
and autosampler (Agilent Technologies, Wilmington, DE). The sphingolipids were ionized
via electrospray ionization (ESI) with detection via multiple reaction monitoring (MRM).
Analysis of sphingoid bases and the molecular species of ceramides used ESI in positive
ions with MRM analysis. Briefly resolution of sphingoid bases was achieved with a
Discovery Cig column (2.1 x 50 mm, 5-um particle size; Supelco, Bellefonte, PA) and a
gradient from methanol/water/formic acid (61:38:1, v/v) with 5 mm ammonium formate to
methanol/acetonitrile/formic acid (39:60:1, v/v) with 5 mm ammonium formate at a flow

rate of 0.5 ml/min. The MRM transitions used for detection of sphingoid bases were as
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follows: m/z 286 — 268 (C17-Sph, internal standard), m/z 300 — 282 (Sph), and m/z 302

— 284 (DHSph).

Ceramide molecular species were resolved using a 3 x 100-mm X-Terra XDB-Cg column (3.5-um
particle size; Waters, Milford, MA) and a gradient from methanol/water/formic acid (61:39:0.5,
v/v) with 5 mm ammonium formate to acetonitrile/chloroform/water/formic acid (90:10:0.5:0.5,
v/v) with 5 mm ammonium formate at a flow rate of 0.5 ml/min. MRM transitions monitored for
the elution of ceramide molecular species were as follows: m/z 510 — 264, 14:0-Cer; m/z 538 —
264, 16:0-Cer; m/z 540 — 284, 16:0-DHCer; m/z 552 — 264, 17:0-Cer (internal standard); m/z 564
— 264, 18:1-Cer; m/z 566 — 284, 18:1-DHCer; m/z 566 — 264, 18:0-Cer; m/z 568 — 284, 18:0-
DHCer; m/z 594 — 264, 20:0-Cer; m/z 596 — 284, 20:0-DHCer; m/z 624 — 284, 22:0-
DHCer; m/z 650 — 264, 24:1-Cer; m/z 652 — 284, 24:1-DHCer; m/z 652 — 264, 24:0-
Cer; m/z 654 — 284, 24:0-DHCer; m/z 680 — 264, 26:1-Cer; m/z 682 — 264, 26:0-Cer; m/z 708

— 264, 28:1-Cer; and m/z 710 — 264, 28:0-Cer.

S1P and DHS1P were quantified as bisacetylated derivatives with C17-S1P as the internal standard
using reverse-phase high pressure liquid chromatography separation, negative ion ESI, and MRM
analysis. Standard curves for each of the sphingoid bases, sphingoid base 1-phosphates, ceramide
molecular species, were constructed via the addition of increasing concentrations of the individual
analyte to 30 pmol of the structural analogs of the sphingolipid classes used as the internal
standards. Linearity and the correlation coefficients of the standard curves were obtained via a
linear regression analysis. The standard curves were linear over the range of 0.0-300 pmol of each

of the sphingolipid analytes with correlation coefficients (R?) > 0.98.
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b. Western Blotting:
The lung tissue was dissected with clean tools, on ice preferably, and rapidly frozen to prevent
degradation by proteases. Small fraction of the lung tissue was suspended in ~200ul of lysis buffer
along with protease and phosphatase inhibitors and homogenized with an electric homogenizer.
The sample was then sonicated and centrifuged at 10,000g at 4°C for 10 minutes. The supernatant
was collected into fresh tubes on ice and the total protein concentration was determined by BCA
protein assay (Pierce Chemical, Rockford, IL) for equal protein loading. The lung tissue lysates
with equal protein concentration were boiled with 6X lamelli buffer for five minutes. Cell lysates
(30 pg/lane) were separated by SDS polyacrylamide gel electrophoresis (PAGE) on a 10% pre-
cast gel run at constant voltage (125 V) and transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA) in transfer buffer (Novex). The membrane was incubated for 1h at room temperature
in blocking buffer (Tris-buffered saline + Tween 20 with 1% BSA) to reduce non-specific binding.
The membrane was then incubated with the respective primary antibody S1P Lyase (Santa Cruz),
SphK1 (AbCam) and SphK2 (AbCam) overnight. After four 10-min washes with TBST, the
membrane was incubated (1 h) with the respective secondary antibody in TBST with 1% BSA.
The membrane was rinsed again four times with TBST, and the bands were detected using
Supersignal luminol enhancer (Perbio Science UK Ltd., Cheshire, UK) followed by exposure on

blue-light-sensitive film (Hyperfilm; Amersham Biosciences UK Limited, Little Chalfont, UK).

Equal protein loading was verified by re-probing membranes with anti-p-actin antibody. The
relative intensities of protein bands (relative density units) were quantified by scanning

densitometry using ImageJ software (Molecular Dynamics, Sunnyvale, CA).

27



c. RNAisolation and RT-PCR:
Total RNA was isolated from mouse lung homogenate using TRIzol reagent (Life Technologies,
Grand Island, NY), according to the manufacturer’s instructions. iQ SYBR Green Supermix (Life
Technologies) was used to perform real-time PCR using iCycler by Bio-Rad.

GAPDH (sense) 5-GGTCCTCAGTGTAGCCCAAG-3’;
and  (antisense), 5-TGCCCAGAACATCATCCCT-3" was used as an external control to

normalize expression. Quantitative RT-PCR was performed as previously described. All primers
were designed by inspection of the genes of interest and were designed using Beacon Designer
software version 2.1 (Premier Biosoft, Palo Alto, CA). The sequence descriptions of mouse
primers used are as follows:

Mouse SphK1: 5-GCTGTCAGGCTGGTGTTATG-3" (forward) and

5-ATATGCTTGCCCTTCTGCAT-3" (reverse);

Mouse SphK2, 5-ACTGCTCGCT-TCTTCTCTGC-3" (forward) and
5-CCACTGACAGGAAGGAAAA- 3" (reverse);

Mouse Sgpll, 5-AACTCTGCCTGCTCAGGGTA-3" (forward) and
5-CTCCTGAGGCTTTCCCTTCT-3" (reverse);

Negative controls, consisting of reaction mixtures containing all components except target RNA,
were included with each of the real-time PCR runs. To verify that amplified products were derived
from mRNA and did not represent genomic DNA contamination, representative PCR mixtures for
each gene were run in the absence of the reverse transcriptase enzyme after first being cycled to
95°C for 15 minutes.

Amplicon expression in each sample was normalized to GAPDH content. Analysis of
results and fold differences were determined using the comparative CT method. Fold change was

calculated using a comparative quantification algorithm from the AACt values with the formula
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(2—AACt), and data are presented as relative to the endogenous normalizer GAPDH mRNA

expression.

d. Lung Histology Analysis
After washing with fresh PBS, fixed tissues were dehydrated, cleared, and embedded in paraffin
by routine methods. The lungs were then removed en bloc, fixed to pressure (15-cm water) with
neutral-buffered 2% paraformaldehyde overnight, embedded in paraffin, divided into sections (5
mm thick), and stained with H&E at the Research Histology Laboratory (Department of Pathology,
University of Illinois at Chicago).2 Sections (5 mm) were collected on Superfrost Plus positively
charged microscope slides (Fisher Scientific Co., Houston, TX), deparaffinized, and stained with
hemotoxylin and eosin.

e. TUNEL Assay
End labeling of exposed 3°-OH ends of DNA fragments was undertaken with the TUNEL in situ
cell death detection kit Alkaline Phosphatase (Roche Diagnostics, Indianapolis, IN), as per the

manufacturer’s instructions. At least two sections were used from each mice for analyses.

IN VITRO
Cell culture:

Mouse transformed lung epithelial cells (MLE-12 cells) were cultured in DMEM complete
medium (5% FBS, 100 U/mL penicillin, and streptomycin) at 37°C and 5% CO2. They were
allowed to grow to approximately 90% confluence, as characterized by typical cobblestone
morphology. Cells from T-75 flasks were detached with 0.05% trypsin, suspended in fresh

complete medium, and seeded at standard densities (8 x 10° cells/well) onto collagen I-coated
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flexible- silicone membrane bottomed BioFlex plates (V Flexcell International, Hillsborough,
NC). Both static and cells exposed to different magnitudes of cyclic stretch (5% and 18%) were
seeded onto identical plates and placed in the same cell culture incubator to ensure standard culture

conditions. All CS experiments were performed in the presence of complete culture medium.

5. Cyclic stretch:

Cyclic stretch experiments were performed with the FX-5000T Flexercell Tension Plus system
(Flexcell International, McKeesport, PA). After the cells attained 80% confluence, the media was
replenished and two hours later, they were mounted onto the Flexercell Tension Plus system (FX-
5000T, Flexcell International). Cells were then subjected to different regimens and exposed to
sinusoidal cyclic stretch of desired magnitude (5 or 18% elongation) for 48 hours. The 18% linear
elongation with equibiaxial stretch (0.2 Hz, 25 cycles/min, sinusoidal wave) was high magnitude
cyclic stretch reprising the mechanical stretch underwent by the alveolar epithelium during high

tidal volume ventilation, whereas 5% simulates physiological conditions.

5.a Lipid Extraction and Sample Preparation for LC/MS/MS for analysis of Sphingoid
bases:

Cellular lipids were extracted by a modified Bligh and Dyer procedure with the use of 0.1N HCI
for phase separation. C17-S1P (40 pmol) was employed as internal standard, and was added during
the initial step of lipid extraction. The extracted lipids were dissolved in methanol/chloroform (2:
1, vIv), and aliquots were taken to determine the total phospholipid content as described. Samples
were concentrated under a stream of nitrogen, re-dissolved in methanol, transferred to auto sampler
vials, and subjected to S1IP-DHS1P LC/MS/MS analysis. Details of the method are mentioned

above.
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5.b Western Blotting:
MLE-12 cells were cultured in cyclic stretch six-well plates and subjected to cyclic stretch of 5%
and 18% for 48-hours. After 48-hours, the cells were washed with PBS and lysed with 75ul lysis
buffer containing protease and phosphatase inhibitors. The cell lysates were sonicated and the total
protein contents were determined by the BCA protein assay (Pierce Chemical, Rockford, IL). The
cell lysates with equal protein concentration were boiled with 6X lamelli buffer for five minutes.
Cell lysates 25 pg/lane) were separated by SDS polyacrylamide gel electrophoresis (PAGE) on a
4-20% gel or a 10% pre-cast gel) run at constant voltage (125 V) and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA) in transfer buffer (Novex). Membranes were incubated for
1h at room temperature in blocking buffer (Tris-buffered saline + Tween 20 with 1% BSA) to
reduce nonspecific binding. The membrane was then incubated overnight with the primary
antibody S1P Lyase (Santa Cruz), SphK1 (AbCam) and SphK2. After three 10-min washes with
TBST, the membrane was incubated (1 h) with the respective secondary antibody in TBST with
1% BSA. The membrane was rinsed, and bands were detected using Supersignal luminol enhancer
(Perbio Science UK Ltd., Cheshire, UK) followed by exposure on blue-light-sensitive film
(Hyperfilm; Amersham Biosciences UK Limited, Little Chalfont, UK). Bands were quantified

using densitometry (Leica Q600S; Quantimet 6,000 v01.06A, Leica Microsystems Inc., Chantilly).

Equal protein loading was verified by re-probing of membranes with anti-p-actin antibody.
The relative intensities of protein bands (relative density units) were quantified by scanning
densitometry using ImageJ software (Molecular Dynamics, Sunnyvale, CA). Densitometry results
were expressed as a ratio of specific protein signal to - actin signal. Protein density was

normalized by the unstretched control density.
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5.c RNA isolation and RT-PCR:

Total RNA was isolated from mouse lung homogenate using TRIzol reagent (Life Technologies,

Grand Island, NY), according to the manufacturer’s instructions. iQ SYBR Green Supermix (Life

Technologies) was used to perform real-time PCR using iCycler by Bio-Rad.

Quantitative RT-PCR was performed as previously described. All primers were designed by

inspection of the genes of interest and were designed using Beacon Designer software version

2.1 (Premier Biosoft, Palo Alto, CA). The sequence descriptions of mouse primers used are as

follows:

Mouse SphK1: 5-GCTGTCAGGCTGGTGTTATG-3" (forward) and

X 5-ATATGCTTGCCCTTCTGCAT-3" (reverse);

Mouse SphK2: 5-ACTGCTCGCT-TCTTCTCTGC-3" (forward) and
5-CCACTGACAGGAAGGAAAA- 3 (reverse);

Mouse Sgpll: 5-AACTCTGCCTGCTCAGGGTA-3" (forward) and
5-CTCCTGAGGCTTTCCCTTCT-3 (reverse);

18S RNA (sense, 5-GTAACCCGTTGAACCCCATT-3’; and
antisense, 5’-CCATCCAATCGGTAGTAGCG-3)

18S RNA was used as an external control to normalize expression. Negative controls, consisting
of reaction mixtures containing all components except target RNA, were included with each of the
real-time PCR runs. To verify that amplified products were derived from mRNA and did not
represent genomic DNA contamination, representative PCR mixtures for each gene were run in
the absence of the reverse transcriptase enzyme after first being cycled to 95°C for 15 minutes. In
the absence of reverse transcription, no PCR products were observed.

Amplicon expression in each sample was normalized to 18S RNA content. Analysis of results

and fold differences were determined using the comparative CT method. Fold change was
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calculated using a comparative quantification algorithm from the AACt values with the formula
(2—AACt), and data are presented as relative to the endogenous normalizer 18S mRNA expression.

6. Immunofluorescence:

The elastic bottom of the BioFlex plates were excised with a scalpel and transferred to a
polystyrene 6-well cell culture plate. Each membrane was covered with 2ml PBS. Small portions
of the membrane were cut and the pieces placed in a 96-well plate. MLE-12 cells subjected to
cyclic stretch were washed three times with PBS and then fixed with 3.7% paraformaldehyde in
PBS for 10 min at room temperature. After they had been washed three times with PBS, the cells
were permeabilized with 0.5% Triton X-100 in PBS for 10 min, rinsed with PBS, and blocked with
1% bovine serum albumin for 30 min. The elastic membranes of the wells with the cells were
excised into 12-well dishes for staining.

The cells were then immunostained with primary antibodies as indicated for 1 h at room
temperature. After they had been washed three times with TBST, the cells were incubated with
FITC-conjugated phalloidin for 1 h and then stained with DAPI for nuclei. The coverslips were
mounted in anti-fade solution, and images were taken with the confocal microscope.

Following immunostaining, the elastic membranes of the wells with cells were mounted
onto large coverslips and then the slides were examined under a Nikon Eclipse TE 2000-S
fluorescence microscope (Tokyo, Japan) with a Hamamatsu digital charge-coupled device camera
(Hamamatsu, Japan) using a 20X objective lens and MetaVue software version 1.0 (Universal
Imaging Corp, Downingtown, PA). All images were acquired randomly with 40X objective with
consistent intensity setting.

7. Flow Cytometry analysis for apoptosis:

Apoptosis, driven by high amplitude cyclic stretch can be enumerated by flow cytometry. The cells
were co-stained with FITC- Annexin V (25 ng/ml; green fluorescence) and Propidium lodide (dye
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exclusion, red fluorescence), following manufacturer’s instructions (BD BioSciences) and was
analyzed by flow cytometry (Beckman Coulter Co, USA). Briefly, the cells subjected to cyclic
stretch were rinsed with PBS and detached from the plates using 1ml cell stripper solution. The
cells were suspended in binding buffer at 3x10° cells/100 pl, supplemented with 5ul of FITC-
Annexin-V and incubated for 15 min at room temperature in the dark. 3ul of Pl was conjugated
and finally the cells were suspended in 400 pl 1X binding buffer. The cell were sorted by flow
cytometer. Flow cytometric analysis was performed with a FACScan Xow cytometer (Becton—
Dickinson, San Jose, CA). Comparative experiments were performed at the same time by bivariate
flow cytometry using a FACScan (BD) and analyzed with CellQuest software on data obtained

from the cell population from which debris was gated out.
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2. RESULTS
IN VIVO

We used rodent models to investigate the effect of mechanical ventilation.

WT 129SV mice, were subjected to normal breathing (control) or ventilator-assisted breathing
(VILI) at 0 PEEP, 30ml/kg tidal volume for 4 hours. The whole lungs were lavaged and BAL
fluids were collected and right lung was embedded in formalin and the remaining lung tissue was
rapidly frozen. The whole lung tissue was processed accordingly to be used for measuring the

sphingolipid levels, protein expression and measuring the mRNA levels.

1. Expression of sphingoid bases and sphingolipids metabolizing enzymes

after VILI:

I. Levels of sphingoid bases in mouse lung and BALF after VILI
Analysis of lung tissue and BALF from WT mice subjected to ventilation for sphingolipid levels
by LC-MS/MS revealed a significant decrease in the S1P levels, whereas a significant increase in
the ceramide levels in the lung tissue was observed, when compared to animals with spontaneous

breathing, as shown in Fig 13. No change in sphingosine level was noted between the two groups.
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Fig. 13: Levels of sphingoid bases in mouse lung after VILI

35



In contrast to mouse lung, no change in S1P, ceramide and sphingosine levels was observed in

BALF from control and VILI mice, as shown in Fig. 14.
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Fig. 14: Levels of sphingoid bases in BALF after VILI

ii. Expression of sphingolipid metabolizing enzymes in mouse lung after VILI:
The relative protein expression levels of SphK 1 and 2 and S1PLyase in lung tissues from
animals subjected to spontaneous breathing and animals subjected to mechanical ventilation, were

determined by Western blotting, as shown in Fig. 15.
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Fig 15: Expression of S1P Lyase, SphK1, SphK2 and actin in mouse lung after VILI.

Whole lung homogenates were subjected to SDS-PAGE and it was observed that Sgpll and
SphK1 levels were significantly elevated in lung tissues of ventilated mice compared to control
animals. SphK2 protein expression, however, remained unaltered in response to ventilation. There
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was some discrepancy between protein and mRNA levels. Mechanical ventilation resulted in a

decreased mRNA expression of S1P Lyase, SphK1 and Sphk2, as shown in Figure 16.
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Fig. 16: mRNA levels of S1PLyase, SphK1 and SphK2 and in mouse lung after VILI.
These results suggests that mechanical ventilation alters ceramide and S1P levels as well as the

expression of S1P Lyase enzyme and SphK1 involved in S1P metabolism.

ii. Expression of S1P Lyase in BALF after VILI
Analysis of the protein expression of the sphingolipid metabolizing enzymes in the BALF from
WT mice exposed to the ventilation revealed a two-fold increase in S1P Lyase protein
expression, as shown in Fig. 17.
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Fig 17: Western blots of BALF after VILI probed with anti-S1P lyase Antibody.

On the other hand, SphK1 and SphK2 protein expression was not observed in BALF from
ventilated and control mice (data not shown). This clearly unveils the vital role of S1P Lyase in

ventilator induced lung injury.
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As VILI modulated S1PLyase expression, we investigated the role of S1P Lyase in ventilator

induced lung injury by using 129SV background wild type and Sgpl1*"- mice.

2. Role of sphingolipid metabolizing enzymes in VILI

Sgpl1*"- mice do not survive for more than six weeks after birth as they exhibit vascular
defects [42]. Hence, we used the Sgpl1*" (heterozygous) mice wherein there was partial restoration
of the S1P Lyase activity, which was sufficient to protect from organ damage.

After three weeks of birth, the mice were genotyped. The wild-type Sgpll gene fragment is ~300

bp in length, and the mutant Sgpl1 gene fragment is ~600 bp in length, as shown from Figure 18.

Fig. 18: Genotyping for Sgpl1** and Sgpl1*- mice

Analysis by LC-MS/MS revealed a small but significant increase of S1P levels in lung
tissue and BAL fluids, but not in plasma of Sgpl1™~ mice, as compared with WT mice, as shown
in Fig 19A. SIPL mRNA in Sgpl1*" mice were approximately 50% of WT mice, as shown in Fig

19B. A reduction in S1PL activity of lung homogenates from Sgpl1*"- mice. [43]
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Fig.19: A. S1P levels of wild type and Sgpl1*" mice  B. mRNA levels of wild type and Sgpl1*" mice.

I Assessment of VILI in wild type and Sgpl1*- mice:

To assess whether S1PL plays a role in ventilator-induced lung injury, control WT and Sgpl1*"
mice were subjected to ventilation under the same conditions as described above. Analysis of
BALF from WT mice exposed to the ventilation demonstrated significantly greater inflammation

and injury compared to that from animals in the control groups, as shown in Fig. 20.
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Fig.20: Assessment of VILI in WT and Sgpl1*- mice

BAL from wild type mice exposed to the model of ventilator induced lung injury showed
significantly higher total cell counts (Fig. 20A), total protein (Fig. 20B); and infiltration of
neutrophils and macrophages (Fig. 20C), compared to that from Sgpl1*"- mice. BAL levels of IL-
6 in animals exposed to the ventilation model were significantly higher than those in the VILI in

Sgpl1*" groups, as shown in Fig 20 D.

ii. Alveolar infiltration in wild type and Sgpl1*- mice after VILI:
Using hematoxylin and eosin staining, no significant differences in lung morphology between WT
and Sgpl1*/- controls were observed; however, influx of inflammatory cells into alveolar space and
injury in response to mechanical ventilation was attenuated in Sgpl1*"- mice compared with WT

mice (Figure 21).
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Fig 21: Alveolar infiltration after VILI in wild type and Sgpl1*- mice

iii. TUNEL positive cells after VILI in wild type and Sgpl1* mice:
DNA fragmentation is a hallmark of apoptosis. Single-stranded/ double stranded breaks during
DNA cleavage can be detected by labelling the free ends with modified nucleotides like
fluorescein-dUTP, whose polymerization is catalyzed by the deoxynucleotidyl transferase (TdT).
This TUNEL (TdT-mediated dUTP-X nick end labeling) was used to quantify the cellular

apoptosis caused due to the ventilator induced lung injury was estimated by TUNEL. TUNEL
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staining was done on the lung sections from mice after termination of the mechanical ventilation.
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Fig 22: TUNEL Positive cells in WT and Sgpl1*- mice after VILI

Mechanical ventilation induced increase in terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL)* cells was attenuated in Sgpll*" mice, when compared to
mechanically ventilated wild type mice, as shown in Fig. 22. The mean numbers of TUNEL" cells

per high-power field 6 SEM in lung sections of WT and Sgpl1*" mice is quantitated.
Together these finding suggest the pathophysiological contribution of S1P Lyase to acute lung
injury. The Sgpl1* mice are genetically programmed for deletion of single Sgpll allele that
modulates S1P levels in lung tissue and BAL fluids, and partially protects mice against ventilator-

induced lung injury.
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iv. Assessment of VILI in C57B WT and Sphk1 7~ mice:

S1P accumulated in the cells is a balance between its synthesis catalyzed by SphK1 and SphK2
and catabolism mediated by S1P phospahtases and S1P Lyase. In this study we determined the
effect of knock down of SphK1 on VILI. WT (C57BL/6J) and Sphk1” mice were exposed to
ventilation for 4 hours at 0 PEEP and 30ml/kg tidal volume. Later, the mice were euthanized, lungs
were lavaged by PBS solution, and BAL fluids were analyzed as described in Materials and

Methods.

Deficiency of SphK1 resulted in an increase in pulmonary vascular leak after ventilation,
as significantly shown by higher total cell counts (Fig. 23.A), increase in BAL fluid protein
concentration (Fig. 23 B), and increased neutrophils and macrophages (Fig. 23 C) in Sphk1”- mice

compared with WT mice subjected to ventilation.
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Fig.23: Assessment of VILI in WT and Sphk1’- mice

V. Alveolar infiltration after VILI in wild type and Sphk1- mice:
Using hematoxylin and eosin staining, no significant differences in lung morphology between WT
and Sphk1” controls were observed; however, influx of inflammatory cells into alveolar space and

injury in response to mechanical ventilation was found to be higher in Sphk1”- mice compared with

WT mice (Figure 24).
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Fig24: Alveolar infiltration after VILI in wild type and Sphk1”- mice.

Deficiency of Sphkl resulted in exacerbation of VILI. Together these finding suggest a vital role
of SphK1/S1P signaling in maintaining lung homeostasis. The Sphk1” mice are genetically

programmed for deletion of Sphkl allele, which resulted in severe injury due to mechanical

ventilation.
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IN VITRO

Having established the role of S1P Lyase in vivo, the expression of S1P Lyase after cyclic stretch
of MLE-12 and HLMVEC was studied.

3. Expression of sphingoid bases and sphingolipids metabolizing enzymes in MLE-12 to

cyclic stretch.
I. Expression of S1P Lyase in epithelial and endothelial cells after cyclic stretch:
Cyclic stretch was found to increase S1P Lyase expression in human lung microvascular
endothelial cells (HLMVECSs) and mouse lung epithelial cells (MLE-12 cells) after 48-hours of

18% equibiaxial cyclic stretch on the cells, as shown in Fig 25.

HLMVEC MLE-12
Control 18% Control 18%
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Fig. 25: S1P Lyase expression after 18% cyclic stretch

ii. Expression levels of sphingoid bases, S1P Lyase in MLE-12 cells after
physiological and pathophysiological conditions of cyclic stretch:

The 18% linear elongation with equibiaxial stretch (0.2 Hz, 25 cycles/min, sinusoidal wave)
was high magnitude cyclic stretch represents the mechanical stretch underwent by the alveolar
epithelium during high tidal volume ventilation, whereas 5% simulates physiological conditions.

MLE-12 cells were simultaneously subjected to 5% and 18% stretch with a static plate as control.

In the whole cell lysates, S1IP Lyase protein expression was elevated in cells after
prolonged 18% cyclic stretch for 48-hours. There was discrepancy between protein and mRNA

levels. Prolonged 18% cyclic stretch for 48-hours, as the S1P Lyase mMRNA levels went lowered.
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Analysis of sphingoid base levels by LC-MS/MS in MLE-cells subjected to
different magnitudes of cyclic stretch revealed a significant decrease in the S1P levels and also
sphingosine levels, whereas a significant increase in the ceramide levels in the MLE-12 after 18%

stretch, when compared static and 5% stretch, as shown in Fig 26.
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Fig 26: Expression levels of sphingoid bases, S1P Lyase in MLE-12 cells after cyclic stretch

4. Effects of CS on cell apoptosis:

I Biochemical Markers of apoptosis
Caspases are the most critical molecules for the execution of apoptosis, out of which Caspase-3,
once activated executes apoptosis by cleaving a variety of substrates, or “death substrates”.
Activation of caspase-3 results in the cleavage of the 34KDa into activated 17KDa and 12KDa
fragments [44]. PARP, a 116 kDa nuclear poly (ADP-ribose) polymerase, is a substrate for
Caspase -3 [45]. It is a DNA repair enzyme, which when cleaved loses its activity and alleviates
cellular disassembly. During the cleavage of PARP, the carboxy-terminal catalytic domain (~89
kDa) is separated from the amino-terminal DNA binding domain (~24 kDa) [46]. The detection of
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~89 kDa PARP fragment with Anti-PARP thus serves as an early marker of apoptosis. Cell lysates
from MLE-12 cells subjected to cyclic stretch were probed for western blotting using anti-PARP
and anti-Caspase antibody. The cleavage of Caspase-3 and PARP after cyclic stretch indicates

apoptosis.

PARFP - ~116 KDa
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Cleaved Caspase-3 A s | ~17/19 KDa
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C 5% 18%
Fig 27: Cleavage of apoptotic proteins Caspase-3 and PARP

ii. Flow cytometry for analysis of apoptosis
The permeability of the cell and the plasma membrane integrity of the cell during apoptosis, help
us to recognize them from normal cells [47]. To confirm MLE-12 cell apoptosis, an Annexin V
binding and PI staining was used for cell apoptosis analysis. Annexin V binds to the
phosphatidylserine on the cell membrane, which flips outside during cell membrane damage. Pl is
permeable only through the membranes of dead cells. Viable cells are those which are negative for
both Annexin V and PI (bottom left quadrant of Flow Cytometry). The cells in their early phase
of the apoptotic process bind to Annexin V but are Pl-negative (bottom right quadrant of Flow

figure).
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Fig28: MLE-12 cells incubated with Annexin V and PI.
The cells in their late phase in apoptosis stain positive for both Annexin V and PI (top right

quadrant of Flow Cytometry). A series of the representative plots of the flow cytometry analysis

can be seen in Fig.28
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Fig.29: Late apoptotic and early apoptotic cells after different magnitudes of cyclic stretch.

50



5. Cell orientation after cyclic stretch:

The cytoskeletal remodeling, visualized by the remodeling of F-actin remodeling was examined
by immunofluorescence staining of F-actin in the monolayer. This would also give the extent of
paracellular gap formation. MLE-12 cells exposed to 5% CS and 18% CS, were found to undergo
cytoskeletal arrangement, which was ascertained and characterized by circumferential F-actin rim.
Also, the central stress fibers were found to be oriented in a perpendicular direction to the main

distension vector. Larger paracellular gaps were observed in 18% stretch, as shown in Fig. 30

Control 5% CS 18% CS

Fig 30: Actin remodeling and gap formation after cyclic stretch.

6. Effect of inhibition of S1P Lvyase by 4-DP:

I. Effect of 4-DP on cyclic stretch induced apoptosis:
To determine the effect of increased S1P Lyase expression on apoptosis, cells were pretreated with
a S1P Lyase inhibitor 4DP (1mM) before subjecting the cells to stretch. 4-deoxypyridoxine (DOP),
inhibits S1P Lyase and all pyridoxal phosphate-dependent enzymes [48]. MLE-12 cells were
treated with 4-DP (1mM) for 3 hours before cyclic stretch.
Compared to static conditions, the apoptosis was enhanced after 48 hours of 18% cyclic stretch.
Pretreatment of MLE-12 cells with 4-DP, reduced apoptosis in 18% cyclic stretch cells, compared

to 4-DP non-treated cells, as shown in Fig 31. These results suggest that high-magnitude CS (18%
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elongation) could propagate the progressive death of alveolar epithelial cells, which was partially

rescued in cells treated with 4-DP.

b
1]
i

[
¢

0S1s
n

Fold Change in
popt

‘EC oLs 4 | ‘
Control 4-DP Treatment
= w )
& o -
= = -
S & &

Fig31: Effect of S1P Lyase inhibition on apoptosis

ii. Effect of 4-DP on paracellular gaps caused by high magnitude stretch:
Analysis on the effect of 4-DP, showed that pre-treatment with 4-DP stimulated the closure of
paracellualr gaps. A dramatic reduction in the extent of paracellular gap formation was observed
in cells treated with 4DP, as shown in Fig.32, The paracellular gap formation in Fig. was only
observed in MLE-12 cells exposed to pathologically relevant CS levels (18% elongation) without

prior 4DP treatment.
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Fig. 32: Effect of S1P Lyase inhibition on paracellular gap formation
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These results suggest the protective effects of inhibition of S1P Lyase, thereby elucidating the

therapeutic potential of inhibitors of the sphingolipid metabolizing enzyme.



IV. DISCUSSION

Ventilator-induced lung injury (VILI) is a side-effect of mechanical ventilation and is a
substantial problem for patients, leading to the impairment of the airway epithelium. Due to
repeated collapse and reopening of the airways, the epithelium can be damaged due to a
miscellanea of mechanisms. (10). The mechanical forces which often result in overstretching of
the cells cause cellular deformation, apoptosis, pro-inflammatory cytokines release, plasma

membrane breaks, and structural changes in tight junctions and modified protein expression.

Mechanical stimulation triggers apoptosis in the vascular system [50]. Reactive oxygen species
signaling, activated by mechanical stress has a role in inducing vascular barrier dysfunction and
eventually VILI [51]. VILI results in an immune response that is elicited by the fine balance
between the pro-inflammatory and the anti-inflammatory cytokines. In the case of VILI, the effect
of pro-inflammatory cytokines is predominant over the effect of anti-inflammatory cytokines [52].
These cytokines eventually enter the systemic circulation, resulting in multiple organ distress

syndromes.

These cytokines induce alveolar leakage of proteins in a wide variety of ways by attenuating
the production of surfactant in the lungs, thereby losing the surfactant function in the lung and
aggravating injury [53]. Cytokines induce the activation of transcription factors, and eventually
leading to recruitment of polymorphonuclear leucocytes (PMSs) and immune cells, leading to bio

trauma [54].

Tremendous research has been done in elucidating the molecular mechanism causing VILI.

Nonetheless there is still need to deeply explore the molecular basis of the transduction of the
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mechanical forces into biochemical changes. In this study, we were the first to explore the role of

sphingoid bases and sphingolipid metabolizing enzymes in VILI.

Sphingolipids elicit a plethora of cellular responses including proliferation, survival, barrier
regulation, apoptosis, and inflammation. S1P synthesis requires the concerted action of ceramidase
and sphingosine kinases, and once formed, S1P is either metabolized to hexadecenal and
ethanolamine phosphate by the S1P Lyase or recycled to sphingosine and ceramides. The
imbalance in this fine regulation of the S1P and ceramide levels has a vital role in the induction of

lung injury.

In this study, we found that the mechanical ventilation differentially modulates the expression
levels of the S1P-metabolizing enzymes and generation of sphingoid bases in lung tissues. During
mechanical ventilation and cyclic stretch, increased expression of S1P Lyase and its activity would
enhances S1P degradation resulting in reduced S1P levels in cells and tissues. Also, there is
accumulation of ceramides. Therefore, blocking S1P Lyase with inhibitor(s) or activation of

SphK1 should be beneficial against VILI.

Mechanical ventilation at high tidal volume was found to aggravate acute lung injury as
assessed by histological changes, increased total cell counts in BAL, alveolar infiltration of
neutrophils, increased capillary leakage and apoptosis. Partial knockdown of Sgpl1 gene (Sgpl1*"
) offered some protection against ALI caused due to mechanical ventilation. On the other hand,
knockdown of SphK1 aggravated VILI. Inhibition of S1P Lyase in vitro was also found to enhance
barrier integrity and reduce apoptosis after mechanical stress. These results suggest that:
Sphingosine-1-phosphate has a protective role in maintaining lung permeability in normal

ventilation.
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Thus activation of SphKZ1; inhibition of S1P Lyase or exogenous addition of S1P would render
some protection against injury caused due to the abnormal mechanical forces acting on the lung.
There are various inhibitors available, but each has its own limitations. For example, (2-acetyl-4-
tetrahydroxybutylimidazole) or its analogs inhibit S1P Lyase directly as they need
biotransformation. On the other hand, 4-deoxypyridoxine (4-DP) not only inhibits S1P Lyase, but
also inhibits all pyridoxal phosphate dependent enzymes [55]. So, future research has to go into
the direction of exploring specific inhibitor of S1P Lyase or activators of SphK1 or ways to directly

supplement S1P or S1P analogs such as FTY720 in vivo.

Succinctly, the present study using rodent and MLE-12 cell culture model concludes that
there is a significant increase in the ceramide levels and a significant reduction in the S1P levels
that accord with the elevated S1P Lyase expression after high tidal volume mechanical ventilation
and high magnitude cyclic stretch in mouse lung and murine alveolar type-11 cells respectively. It
opens new era of therapeutic potential and we envision a nanocarrier that would site-specifically
deliver the S1P Lyase inhibitor or SphK1 activator, that would contribute to the elevation of S1P
levels, specifically to the pulmonary epithelium/ endothelium before the commencement of

mechanical ventilation.
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