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ABSTRACT 

 

Ssphingolipid synthesis represents a novel metabolic pathway influencing 

airway function. Systemic administration of sphingosine-1-phosphate (S1P), 

the final product of sphingolipid metabolism, without additional adjuvant factors, 

induces in the mouse a disease closely mimicking the cardinal features of 

severe asthma in humans such as airway hyperreactivity and pulmonary 

inflammation. Here, I have investigated the molecular and cellular mechanisms 

underlying the S1P effects on the airway during a pulmonary inflammatory 

disease. For this purpose, I have used different in vivo and in vitro experimental 

models such as asthma-like disease and a model of mild COPD. The results 

obtained showed a concentrated participation of TLR4, epithelium and mast 

cells in S1P-induced airway hyperreactivity and lung inflammation following 

exposure to the allergen. In addition, it has been also demonstrated that airway 

S1P effects are also triggered by other stimuli such as cigarette smoke. Indeed, 

exposure of mice to cigarette smoke induces an S1P-mediated AHR in a time-

dependent manner. Furthermore, I have evaluated the potential contribution of 

sphingolipids in coronary artery diseases (CAD) in ApoE-/- mice following 

pressure overload (TAC), a novel animal model of heart failure. The data 

obtained demonstrate the protective role of de novo sphingolipid biosynthesis 

in the development of coronary atherosclerosis in ApoE-/- mice post-TAC.  In 

conclusion, this study demonstrates that S1P is a common denominator of 

inflammatory based diseases and proposes S1P as a potential new therapeutic 

target for the attenuation of symptoms of lung diseases and in vascular 

dysfunction associated with atherosclerosis. 
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CHAPTER 1 - INTRODUCTION  

1.1Sphingolipids: Overview  

   1.1.1 Structure and chemical features  

Sphingolipids (SLs) are fundamental structural components of eukaryotic cell 

membranes. The origin of the root term “sphingosine” was given by J.L.W. 

Thudichum in his publication “Chemical Constitution of the Brain” in 18841. 

Sphingolipids are composed of a sphingoid base backbone, similar to 

sphingosine which is also called D-erythro-sphingosine. The convenient 

abbreviation for this compound is d18:1 with the first number reflecting the 

number of carbon atoms, the second the number of double bonds, and “d” 

referring to the two (di-) hydroxyl groups. This kind of lipids are amphipathic: 

they are composed of a polar head group attached to a nonpolar long-chain 

sphingoid backbone, sphingosine, amino alcohol linked different fatty acid. 

More complex sphingolipids derived from a modification of the basic structure.  

                   

 

Figure 1: Basic structure of sphingolipids    

Reproduced from Abou-Ghali and Jonny Stiban2 with permission from Elsevier under the CC 

BY-NC-ND license.  
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The biophysical properties of these compounds are related to their hydrophobic 

and hydrophilic chemical elements, their subcellular localization and their 

biological functions. Most of complex sphingolipids, glycosphingolipids (GSL) 

and sphingomyelins (SM), called also “bilayer stabilizing” for non-polar 

properties, are located on the leaflet of the plasma membrane which interact 

with amino group that can exist in both cationic and neutral form depending on 

the pKa (between 7 and 8) or can interact through strong van de Waals 

interactions3. Together with cholesterol, they are the major lipid components of 

the eukaryotic plasma membrane that represents a separation barrier between 

the extracellular environment and intracellular cytosol. In contrast to these 

functions, sphingosine-1-phosphate (S1P) is relatively water-soluble to move 

rapidly between membranes, released from cells and binding with extracellular 

S1P receptors. This represents the reason why the biological functions of S1P 

depend on its interaction with extracellular S1P receptors. Two ATP-binding 

cassette transporter (ABCA1, ABCC1) belong to the ABC transporters 

superfamily as well as the Spinster2 (Spns-2), a member of a family of non-

ATP-dependent organic ion transporters, are involved in the influx and efflux 

movement of S1P across the bilayer4,5. The characteristic and dynamic 

movements of sphingolipids combined with cholesterol, called lipid raft as well 

as the assemblies of protein/glycoprotein through the two leaflets of the bilayer 

create a fluid mosaic with restraining lateral motility in order to preserve the 

physiological functions of cells6.  
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1.1.2 Sphingolipids: biosynthesis, metabolism, and transport 

For a long time, sphingolipids have been considered the main structural 

elements of cell membranes and lipoproteins involved in maintaining cellular 

structural integrity. Recently, highly sphingolipids metabolites such as 

Sphingosine (Sph), Ceramide (Cer) and Sphingosine-1-phosphate (S1P) are 

known to be bioactive lipid mediators which can act by modulating cell survival, 

migration, differentiation, calcium homeostasis and numerous cellular 

responses to stress7. Among sphingolipids, ceramide is considered the central 

scaffold which can be generated by three different pathways: 1- De novo 

biosynthesis in the ER membrane, 2- sphingomyelin catabolism in the plasma 

membrane, 3- lysosome salvage pathway8. The most interesting and 

recognized SLs biosynthetic pathway is the “De novo” synthesis. Sphingolipid 

de novo biosynthesis starts at the cytosolic leaflet of the smooth endoplasmic 

reticulum (ER) where Serine Palmitoyltransferase (SPT), using pyridoxal 5’-

phosphate as a cofactor, catalyzes the condensation of L-serine and palmitoyl-

CoA to produce 3-ketosphinganine, the first and rate-limiting step. 3-

ketosphinganine rapidly reduces to sphinganine (dihydrosphingosine) through 

NADPH-dependent reductase. SPT enzyme belongs to the oxoamine 

synthases family, it is a membrane-bound heterodimer composed of two 

subunits, first purified by chromatography as Lcb1/Lcb2 at a 1:1 ratio in yeast9–

11. The identification of corresponding homologs in mammalian cells followed 

soon: there is   ̴40% identity between yeast and mammalian. In mammalian, 

SPT protein is composed with a single Lcb1 homolog, Serine 

PalmitoylTransferase Long Chain subunit 1 (SPTLC1) and two homologs of 

Lcb2, SPTLC2 and SPTLC3 (SPTLC1/LCB1 and SPTLC2/LCB2 genes, 

respectively)12,13. The active site of SPT is at the interface between each 

subunit contributing to each other to preserve SPT activity. Mutations in the 
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human SPTLC1 gene cause hereditary sensory neuropathy type I and mice 

global knockout for SPTLC1 or SPTLC2 are embryonically lethal14. However, 

the treatment with myriocin, an inhibitor of SPT activity, reduce the area of the 

atherosclerotic lesions in Apo-E deficient mice providing the strongest link 

between sphingolipid metabolism and atherosclerosis15. Clearly, SPT involved 

in critical cell functions and disease suggests the importance of its catalytic 

activity, resulting from the interaction of Spltc1 with Sptlc2 or Sptlc3, depending 

on the tissue where SPT subunits are expressed and on the cellular 

sphingolipid requirement16. The mechanisms underlying the regulation of cell 

sphingolipid homeostasis via de novo synthesis are poorly understood. Triola 

et al (2004), showed the feedback inhibition of SPT activity by accumulation of 

sphingosine-1- phosphate and dihydrosphingosine-1-phosphate with a 

dihydroceramide desaturase inhibitor GT1117 or with myriocin, an inhibitor of 

SPT activity which could reflect completely disruption of sphingolipid de novo 

synthesis18.  

Besides, ORosoMucoiD-Like proteins (ORMDL) and Neurite OutGrowth 

inhibitor (NOGO-B), ER membrane proteins, regulate negatively SPT activity 

meanwhile the SPT small subunits a and b (ssSPTa and ssSPTb) are its 

independent activators19,20. ORMDL-dependent interaction with SPT is involved 

in childhood asthma and inflammation as a negative regulator of SL 

biosynthesis via the inhibition of ceramide levels21,22. NOGO belongs to 

Reticulon4 family proteins situated in the endoplasmic reticulum (ER). There 

are three different isoforms: NOGO-A and NOGO-C are localized in the central 

nervous system and skeletal muscle, NOGO-B is highly expressed in 

endothelial cells regulating the local sphingolipid production with direct effects 

on vascular function and blood pressure through S1P-S1P1-eNOS axis. 

Indeed, mice lacking NOGO-B in endothelial cells (ECs) show an increase of 
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SPT activity and SL intake compare to wild type mice while the protein re-

expression mediated by the lentivirus vector restores the homeostatic activity 

of SPT in blood vessels. Additionally, the pharmacological treatment with 

myriocin inhibits SL biosynthesis and increases blood pressure (BP) in 

AngiotensinII-treated NOGO-B knock-out mice giving a foundation in a 

protective role of de novo sphingolipid biosynthesis during hypertension23,24. 

Following the sphingolipid biosynthetic pathway, dihydroceramide synthase 

converts sphinganine into dihydroceramide and then it is N-acylated to produce 

dihydroceramide. The enzyme dihydroceramide desaturase (DES) reduces 

dihydroceramide to ceramide. 

Ceramide is considered the central metabolite that can be either generated 

from de novo synthesis in the membrane of the endoplasmic reticulum (ER) or 

released from sphingomyelin by sphingomyelinase. Ceramide serves as a 

substrate to the subsequent production of other sphingolipid intermediates: 

structural modifications convert ceramide into more complex sphingolipids as 

glycosphingolipids (GSL) and sphingomyelin (SM) or it can be hydrolyzed to 

sphingosine by ceramidase.Three different ceramidases at different pH as 

neutral ceramidase in the ER, alkaline ceramidase in the plasma membrane 

and acid ceramidase in the lysosome can carry out the hydrolysis reaction24. 

Once produced, Ceramide must be travel from ER to the Golgi with the action 

of a ceramide transfer protein CERT. Here, the sphingomyelin synthase (SMS) 

enzyme catalyzes the reaction among phosphorylcholine groups with ceramide 

to form SM and release of diacylglycerol (DAG)25. Turning back to this 

reversible reaction is possible to generate ceramide from SM by 

sphingomyelinase (SMase) enzyme, neutral and alkaline at the plasma 

membrane or acid at the lysosome. Moreover, through the action of membrane-
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bound glucosylceramide synthase (GCS) enzyme, ceramide can be 

transformed into complex GLS. 

Complex sphingolipids (SM and GLS) moving up from the cytosol until the 

plasma membrane by vesicular trafficking, can be a substrate of ceramide 

production by sphingomyelinase and then converted in sphingosine by 

ceramidase. 

In addition to de novo sphingolipid synthesis, the “salvage pathway” is a 

partially overlapping pathway of sphingolipid turnover in lysosomes to modulate 

sphingolipid levels26.  

These two synthetic pathways, localized in different organelles of eukaryotic 

cells and associated with the “recycling pathway” of complex SL in the 

lysosome, are highly regulated by selective intracellular trafficking to preserve 

physiological sphingolipids levels in order to maintain the structure and 

biological functions of cells. 

Sphingosine-1-phosphate (S1P), a high bioactive lipid, is produced from the 

phosphorylation of sphingosine by two isoforms of the same kinase, the 

sphingosine kinase I and II (Sphk1 and Sphk2). These enzymes catalyze the 

phosphorylation of the -OH of sphingosine27.  

S1P regulates many important biological functions as a ligand for its 

extracellular receptors and as an intracellular second messenger. S1P levels 

are finely regulated by the balance between its synthesis, catalyzed by two 

sphingosine kinase isoenzymes, Sphk1 and Sphk2 and its degradation by S1P 

lyase and S1P phosphatases. Different substrate, functions and subcellular 

localization are linked with these two enzyme isoforms encoded by separate 

genes and showing divergent antithetic properties28.  
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Sphk1 is a cytosolic enzyme and its activation is required for the biological 

effect of S1P. Spkh1 can be activated by different stimuli including growth 

factors as EGF and VEGF, cytokines and lipopolysaccharide (LPS). Trough 

ERK-dependent phosphorylation on Serine225 or Thr54, Sphk1 can be 

translocated to membranes where its substrate, sphingosine, is formed29. On 

the contrary, the SphK2 enzyme is mainly localized to the nucleus where it acts 

as an epigenetic regulator binding to HDACs and inhibiting histone acetylate to 

regulate the memory, one of the neurodegenerative disorders. Also, with 

nuclear export after phosphorylation on Ser351 and Thr578 by PKC activator, 

Sphk2 may protome platelet aggregation and subsequent thrombosis, the 

proliferation of cancer cells and inflammation progression 30,31.  

Ceramide, sphingosine, and sphingosine-1-phosphate are three inter-

convertible compounds. All of them often have opposite signaling functions: 

ceramide and sphingosine typically are pro-apoptotic signals and inhibit cell 

growth meanwhile S1P stimulates cell growth and inhibits apoptotic. This event 

has been called ‘‘cellular rheostat’’, where cells utilize this hemodynamic 

balance between ceramide/sphingosine-1- phosphate with opposite effects to 

determine growth arrest/ apoptosis versus proliferation/ survival32.  

Sphingosine-1-phosphate signaling ends in different ways:  it may be 

dephosphorylated by S1P phosphatase (SPPase) into sphingosine or 

irreversibly degraded by sphingosine -1-phosphate lyase (SPL) with the 

formation of two products, ethanolamine phosphate + hexadecenal. Also, S1P 

can be transported out of the cell and regulate multiple signaling pathways by 

binding a family of five S1P receptors, S1P1-5. These are G protein-coupled 

receptors with different heterotrimeric G protein called also endothelial 
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differentiation gene- Edg- receptors: S1P1-(Edg-1), S1P2-(Edg-5), S1P3(Edg-

3), S1P4 (Edg-6) and S1P5 (Edg-8). 

These receptors have different cell and tissue distribution triggers, multiple 

signaling pathways  and mediate different biological functions.33–35 

S1P1, S1P2 and S1P3 are the best characterized. S1P1 mainly activate Gi and 

both S1P2 -S1P3 are linked to Gi, Gq and G12/13.  They are widely expressed 

meanwhile S1P4 is located to cells in the immune system and S1P5 to cells of 

the nervous system. 

 

 

1.1.3 Sphingosine-1-phosphate (S1P): source and receptors 

Sphingosine-1-phosphate (S1P) is a high bioactive lipid generated from 

sphingomyelin on the cell membrane. S1P levels are finely regulated by the 

balance between sphingosine kinase enzymes for the synthesis and S1P lyase 

enzymes responsible for its degradation23,36,37. S1P is produced inside of 

plasma membrane but is noting that it needs to be transported out of cells for 

its biological function through its interaction with S1PRs receptors. Different 

transporters have been recognized: ABCA1, ABCC1 and the recent discovery 

about another S1P transporter specifically in endothelial cells, Spinster2 (Spns-

2)38–40. Once outside of the cell, S1P bound to apolipoprotein M (ApoM) on HDL 

(65%) and albumin (35%). Erythrocytes, endothelial cells, and platelets 

represent the best source of S1P in the plasma41,42. Thus, the concentration of 

S1P in plasma is between 0.1 and 0.6 mM and the amounts of S1P in the 

tissues are very low. The different concentration gradient of S1P “inside-outside 

the cells” is precisely organized preserving and driving its biological functions. 
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S1P can bind and act through a family of five S1P receptors, S1P1-5. These are 

G protein-coupled receptors with different heterotrimeric G protein expressed 

in the whole body. These receptors are associated to different G proteins: Gi, 

Gq, G12/13, activating small signal molecules such as Rho, Rac, and Ras and 

the final downstream effectors are adenylyl cyclase, PI3K, PLC, PKC, and 

intracellular CA2+ regulating different biological actions such as suppression of 

apoptosis and cellular growth. About its binding with S1P1, S1P can regulate 

the immune cell trafficking43, the vascular tone, and permeability as well44.  Both 

S1P2 -S1P3 receptors are linked to Gi, Gq, and G12/13 and activate 

phospholipase C (PLC) and Rho45. S1P4 is involved in neutrophil cell 

movement46 and S1P5 is mainly expressed in the nervous system. S1P 

signaling in the vasculature is mostly mediated by S1P1- S1P2- S1P3 and their 

localization appears different between smooth muscle cells and endothelial 

cells. In particular, S1P2 and S1P3 are GPCR coupled with different α subunits. 

S1P3 is associated with a Gq thus, after activation, increases the intracellular 

intake/influx of Ca2+ leading to a vasoconstriction response while S1P2 is linked 

to  G12/13 with RhoA/Rho pathway activation and lead to the same response, the 

constriction of smooth muscle cells47. Conversely, S1P1 is paired to Gi and its 

activation is associated with the interaction of PI3K/Akt pathway which would 

increase phosphorylation of eNOS in endothelial cells promoting vasodilation. 

Basically, S1P/S1P1 acts via eNOS/NO pathway in endothelial cells by 

supporting the dilatation of vessels. All these receptors contribute to 

maintaining over time the vasculature tone48.    
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Figure 2: Sphingolipid metabolism 

Reprinted from elly M. Kreitzburg and Karina J. Yoon49 with permission from Cancer Drug 

Resist under a Creative Commons Attribution 4.0 International License.  
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1.2 Role of sphingolipids in inflammatory lung disease  

1.2.1 S1P and inflammation  

Sphingosine-1-phosphate is a bioactive lipid intracellularly generated from the 

phosphorylation of sphingosine by two isoforms of the same kinase, SPHK1, 

and SPHK2. Once produced, S1P acts by interacting with its intracellular 

targets or is transported out of the cells in autocrine/paracrine manner as a 

ligand for S1P1-S1P5, a family of five G-protein coupled receptors. S1P activity 

is stopped trough its dephosphorylation by phosphatases to sphingosine or can 

be irreversibly cleaved by S1P lyase.  The amount of S1P is very low in the 

tissue probably due to the high activity of S1P lyase. Conversely, the 

erythrocytes and platelets are the main sources of S1P and contain a high level 

of S1P in the blood ( ̴1µM). In plasma circulation S1P bounds to albumin (30%) 

and high-density lipoproteins (HDL, 60 %). This different gradient between the 

level of S1P in the blood and tissue plays a crucial role in driving S1P functions 

correlated to the trafficking of immune cells50. It has been well characterized by 

the S1P-S1PR signaling in immune cells trafficking and activation in the innate 

and adaptive immune system, regulating most of the biological events in 

physiological state and disease43,51. Clinical relevance of S1P/ S1Pr has shown 

to be an important point in the immunological system. Recent studies using 

pharmacological treatment with Fingolimod (FTY720), a functional antagonist 

of the S1P1 receptor, showed the arrest of lymphocytes egress from the thymus 

to secondary lymphoid organs, resulting in a global lymphopenia52. FTY720  

now is approved by the Food and Drug Administration (FDA) in the treatment 

of multiple sclerosis (MS) and other immune diseases, preventing lymphocyte 

migration trough phosphorylation and internalization of S1P1 receptor53. 
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In addition to their functions in controlling leukocyte migration, S1P and its 

receptors have important roles in regulating allergic responses including 

endothelial barrier integrity, cytokine and adhesion molecule expression. The 

“inside-out signaling” of S1P has important implications for many functions of 

S1P in inflammation such as mast cell degranulation, the main player in the 

initiation of anaphylaxis. For example, mast cell activation and degranulation 

are promoted, at least in part, by upregulation of SPHK154 leading to S1P 

production after crosslinking of high-affinity IgE receptors on mast cells55. S1P 

is then exported out of cells by ATP-binding cassette (ABC) 39 transporter or by 

the newly identified S1P transporter spinster (SPNS2). S1P carries out its 

actions binding its receptors: S1PR1 and S1PR2.  

Interestingly, modification of the S1PR1 gene was recently associated with 

asthma susceptibility and severity56 meanwhile IgE-mediated allergic 

responses are attenuated by an S1PR2 antagonist and, of course, in S1PR2-

deficient mice. In addition, inhalation of SPHK1 inhibitors could attenuate lungs 

and BAL fluid inflammation in ovalbumin OVA-challenged, a mouse model of 

asthma 57. S1P regulates mast cell migration via S1P1 and S1P2 receptors58.   

S1P, when injected locally to rat-paw, causes edema accompanied by 

eosinophilic infiltration and strongly up-regulation of CCR3, the main receptors 

involved in eosinophils functions 59. Moreover, during severe inflammatory 

response, vascular barrier integrity is compromised: capillary leakage with 

subsequent fluid retention and formation of exudate are serious complications 

in infectious disease to contribute a diffuse airways obstruction60.  

Some studies have tried to demonstrate how S1P is involved in the control of 

vascular permeability during inflammation. Lipopolysaccharide (LPS) induced 

barrier permeability is mediated, at least in part, by activation of S1PR2 and 



21 
 

S1PR3 that downstream regulate Rho-dependent cytoskeletal rearrangements 

with totally breakdown adherens junctions61. By contrast, the SPHK1-S1P-

S1PR1 axis is a negative feedback mechanism that limits the increase in 

endothelial-cells permeability by inducting RAC-dependent cytoskeletal 

rearrangements and promotes adherens junctions cell-cell62,63.  

Any pathogen is recognized by our immune system through the TLR receptor. 

Among this, TLR4 recognizes bacterial lipopeptides and LPS from Gram-

negative bacteria and successively activated immune innate cells (monocytes, 

macrophages, and DCs). In this context, two elegant studies highlighted the 

participation of SPHK1 and S1P production in the TLR4 downstream pathway. 

SPHK1 activation induces S1P production that binds with nuclear factor-kappa 

(NF-kb) activation. The deletion of SPHK1 or partially inhibition of SPHK1 

prevent sepsis in a mouse model of LPS challenge64.  Definitely, S1P could be 

a pro or anti-inflammatory signal depending on the source where S1P is 

produced and the context of inflammation65. 

 

1.2.2 S1P in inflammatory respiratory disease  

Sphingosine-1-phosphate (S1P) is a potent lipid mediator that can regulate 

most of the cell signaling pathways during inflammation, including migration of 

mast cells, the proliferation of smooth muscle cells, lymphocyte egress and 

endothelial barrier function 66.S1P is produced from sphingosine when 

ceramide is degraded by ceramidase. The phosphorylation of sphingosine by 

SPHKI and SPHK2 yields S1P. Levels of S1P are regulated by recycling S1P 

back to sphingosine by dephosphorylation or irreversible S1P degradation by 

S1P lyase to form phosphoethanolamine and hexadecenal. 
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S1P acts through a family of G-protein coupled receptors and most of the 

immune cells express S1P family receptors according to cell type and 

differentiation state. it has been clearly established that the S1P-S1P receptor 

axis is dominant regulatory for immune cell trafficking. Among respiratory 

inflammatory diseases, asthma is a chronic inflammatory respiratory disease 

which is estimated by more than 300 million affected individuals with a 

prevalence in children more than adults, females more than males67. Repeated 

episodes of wheezing, shortness of breath, chest tightness and dyspnea are 

typical symptoms in asthma. These symptoms are associated with reversible 

limitation of airflow, bronchoconstriction, and overproduction of mucus, where 

the patients have difficulty moving air in and out of the lungs over time varying 

in intensity and frequency. All these factors perfectly reflect the physiopathology 

of this inflammatory disease: airway hyperresponsiveness (AHR) and activation 

of both, innate and adaptive immune systems68. Especially, AHR is an 

exaggerated response of the airways to non-specific stimuli and the 

progressive airflow obstruction is the result of two different mechanisms: the 

increase in mucus production and the airway remodeling due to smooth muscle 

hyperplasia, collagen deposition and destruction of epithelium and cartilage 

layers. Allergic asthma is mediated by TH2 phenotype with eosinophilia, IgE-

producing B cells, basophils, eosinophils, mast cells and their major cytokines 

such as IL-4, IL-5, and IL-1369. IL-4 is a cytokine that induces differentiation of 

naïve T cells; IL-5 induces eosinophil recruitment and their maturation, IL-4 and 

IL-13 stimulate the IgE production from B cells which binds to mast cells 

releasing proinflammatory mediators such as histamine, eicosanoids 

(leukotrienes) to induce contraction of smooth muscle, mucus production, and 

vasodilation. The inflammatory reaction TH2-mediated in allergic asthma 

requires two consecutive steps including the first contact or “sensitization” to 
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different environmental allergens and the manifestations of allergic response 

after the second exposure70. Allergen-specific TH2 response starts when an 

inhaled allergen taken up by dendritic cells (DCs), binds to the FCεRI, the “high 

affinity” receptor on IgE, which can help antigen-presentation by DCs and the 

complex is then presented to memory TH2 cells: mast cells, basophils, 

eosinophils are rapidly activated. For this reason, Immunoglobulin E is 

responsible for the “early phase” of allergic response via a high-affinity receptor 

(FCεRI) and are correlated with TH2 total number cells. IgE directly activates 

airway smooth muscle cells following their contraction and proliferation. 

Furthermore, the activated cells rapidly release proinflammatory mediators 

such as histamine, eicosanoids (in particular leukotrienes), and ROS that 

induce contraction of smooth muscle, mucus production, and vasodilation. Mast 

cells may have effects on smooth muscle contraction, mucus production and it 

is the best source of PGD2 meanwhile eosinophils and its degranulation are 

the principal effectors of innate immune response by increasing AHR and 

releasing LTs and TGF-beta. 

In addition to be the first line of defense against pathogens and prevents the 

organism from infections, airway epithelium is actively involved in the 

inflammatory process. Airway epithelial leakage following exposure to 

environmental factors causes inflammation. Barrier functions of the lung 

epithelium is mainly provided by adherens junctions. When the epithelial barrier 

is damaged, epithelial bronchial cells release significantly greater amounts of 

IL8, GM-CSF, RANTES, and sICAM-1- VCAM in asthmatic patients than in 

nonallergic controls71–73. Another important feature in chronic asthmatic 

response is the airway remodeling50. It is a phenomenon characterized by 

changes in the airway structures following the abnormal deposition of 

inflammatory cells such as fibroblast, extracellular matrix protein like collagen, 
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smooth muscle cell proliferation, vascular membrane modification, and mucus 

hyperplasia. All together contribute to the irreversible obstruction of airway and 

limitation of airflow. 

Recently, S1P has been shown to play an important role in the pathogenesis of 

asthma. The first finding came from clinical observations: S1P levels were 

increased in the bronchoalveolar lavage (BAL) of asthmatic patients 24h after 

segmental allergen challenge but not in control subjects74. High S1P levels in 

BAL of asthmatic patients are directly correlated with the degree of 

inflammation such as the number of eosinophils and the number of protein 

influx, confirming the hypothesis that S1P is an important marker of airway 

inflammation after exposure of allergen74. Moreover, S1P causes intracellular 

Ca2+  increase and airway smooth muscle cell contraction (ASM), the primary 

effectors in the modulation of bronchial tone74. Indeed, the inhibition of SPHK1 

using DHS (ᴅ,ʟ-threo-dihydrosphingosine) and DMS (N,N-

dimethylsphingosine),  reduces significantly the contraction of peripheral 

airways by acetylcholine-mediated contraction via muscarinic M2 and M3 

subtypes receptors. Cholinergic hypersensitivity is linked in Asthma bronco-

occlusion and these pieces of evidence suggest the involvement of the 

SphK/S1P signaling pathway in cholinergic constriction of murine peripheral 

airways75. 

Airway smooth muscle is implicated in both acute inflammatory response and 

the chronic processes correlated to airway remodeling. One of the mechanisms 

is through the inhibition of myosin phosphatase and stimulation of myosin light 

chain phosphorylation mediated by S1P in RhoA-kinase-dependent manner 76 

or directly on increase intracellular calcium by SPHK1 activation dependent on 

muscarinic receptors 75. 
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Roviezzo et al. hypothesized the role of S1P as a direct modulator of the 

bronchial tone. They evaluated the effects of exogenous S1P administration on 

isolated bronchi and whole lungs harvested from BALBC/c mice sensitized to 

ovalbumin (OVA) by the functional study on bronchial reactivity and lung 

resistance. They found that exogenous administration of S1P in isolated 

bronchi from OVA-sensitised but not in control mice caused airway 

hyperresponsiveness in a dose-dependent manner and increased in lung 

resistance. Indeed, BML-241 that interferes with S1P3 signaling and DL-threo-

Dihydrosphingosine (DTD), significantly inhibits the S1P-induced contraction, 

indicating an involvement of S1P and especially, sphingosine kinases and 

S1P2-S1P3 receptors, in airway hyperreactivity77. Later on, the same research 

group demonstrated the molecular mechanisms underlying the effects of S1P 

on the lungs. The subcutaneous administration of S1P without allergen-

sensitization induces airway hyperresponsiveness correlated with an increase 

in lung TH2 cytokines, IL-4 and IL-13 and circulating IgE in a time and dose-

dependent manner reaching a maximal effect 21 days after S1P 

administration78,79. 

Another hallmark in allergic asthma is represented by mast cells. They act by 

releasing vasoactive mediators, pro-inflammatory cytokines, chemokine, and 

leukotrienes. All together contribute to vascular permeability, 

bronchoconstriction, and recruitment of leukocytes. The number of activated 

mast cells is directly correlated to bronchial hyperreactivity80.Crosslinking of the 

FcεRI on IgE also induces SPHK1 activation and consecutively the production 

of S1P. Also, mast cell production and their degranulation are mediated by 

S1PR1 and S1PR2 activation58. 
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1.2.3 S1P and airway hyperreactivity (AHR) 

Asthma and other pulmonary inflammatory disease are mainly characterized by 

inflammation, airway wall remodeling and airway hyperreactivity (AHR). One of 

the distinctive features of asthma is AHR. During allergic inflammation mast 

cells play an important role in smooth muscle contraction, mucus production 

and it is the best source of PGD2 meanwhile eosinophils and its degranulation 

are the principal effectors of innate immune response by increasing airway 

hyperreactivity (AHR) and releasing LTs and TGF-β. All this mediator 

contributing to AHR during allergic sensitization81. The result of this pathological 

condition is progressive and irreversible obstruction of airflow as well as the 

capacity to eject air out of the lungs ending in emphysema, permanent 

enlargement of alveolar walls. These symptoms increase during acute 

exacerbation of inflammatory respiratory disease until the loss of lung functions 

and their elasticity too. The development is associated with lung failure with 

hypoventilation, hypoxia and respiratory acidosis. These persistent and diffuse 

inflammatory processes go on and lead to airway fibrosis, mediated by 

activation of fibroblast by distinct mediators such as TGF-β, connective tissue 

growth factors, and endothelin. In this context, airway smooth muscle cells 

overtime contribute to bronchial hyperresponsiveness releasing many 

inflammatory mediators such as chemokines, cytokines and growth factors82. 

Airway hyperresponsiveness (AHR) is the key feature of many pulmonary 

diseases. In asthma, AHR is an exaggerated bronchoconstrictor response that 

results in airway bronchoconstriction. AHR develops after various provocative 

agents, not only to allergens in which the subjects are sensitized but also to 

various non-specific stimuli like methacholine, histamine, and cold air83. AHR 

as well the degree of obstruction is measured by various methacholine tests or 

spirometry which are used to identify individuals with high risk to develop 
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asthma or other similar pathological conditions. The results of methacholine 

test are usually expressed as a percentage of decrease in forced expiratory 

volume over 1s (FEV1) and three parameters are examined: 1- the 

concentration of an agonist that induces a fixed decrease in lung function (ie a 

20% decrease in FEV1), 2- the dose-response curve,3- the dose of provocative 

agonist where is possible to reach the plateau84. Usually, the response is 

expressed as either a provocative dose (PD20) or a provocative concentration 

(PC20). Exist a direct relationship between the inflammatory state correlate to 

the severity of airway hyper-responsiveness and the contribution of smooth 

muscle hyperplasia/hypertrophy, collagen deposition, and epithelial fibrosis that 

stronger involved in the development and maintenance of AHR85. All these 

inflammatory processes are connected to each other, at least in part, by the 

biological role of chemokines. Chemokines are a large group of low molecular 

weight proteins belong to four supergene families, classified into groups on the 

basis of the number and homology structure of amino acid sequences at the N 

terminus. Two of these families (the CC and CXC chemokine groups) contain 

over 50 identified ligands and their biological effects are mediated by the 

interaction with seven-transmembrane G-protein-coupled receptors86,87. Their 

main function is the activation and recruitment of leukocytes at the sites of 

inflammation by chemotaxis. In particular, CXC chemokines such as 

interleukin-8 (IL-8) activate predominantly neutrophils, CC chemokines such as 

RANTES target a variety of cell types including macrophages, eosinophils, and 

basophils. Moreover, chemokine receptors expression is not unlimited on 

inflammatory cells: structural cells such as epithelial cells, endothelial cells, 

smooth muscle cells, and fibroblasts also express chemokine receptors88,89. In 

this way, they actively contribute to the inflammatory process. All these effects, 

including recruitment and activation of leukocytes, smooth muscle proliferation, 
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regulation of collagen deposition and coordination of fibrosis, may have key 

individual roles in the activation and maintenance of AHR. It is well known that 

lung eosinophilia and their infiltration in the airway is a central element of 

allergic asthma. Eosinophils and their products have been identified in sputum, 

bronchoalveolar lavage fluid (BALF) and biopsy material of the airways in 

patients with asthma90. Furthermore, the number of these cells and the amount 

of their products correlate with the severity of airway reactivity (AHR)91 92. In 

addition, preclinical and clinical studies have identified a high level of 

chemokines and their receptors in BALF and sputum of allergic asthmatics 

compared to control patients as well in different murine models of allergic 

asthma82.Also, chemokine-induced preferentially recruitment of Th2 cells, 

including monocyte-derived. These cells regulate the persistence and the 

activation of other cells such as eosinophils or mast cells in the airways of 

asthmatic patients via both direct contact and through the release of other 

inflammatory mediators which contribute to increasing the severity of AHR. In 

addition to eosinophilia, mast cells located in mucosal and peribronchovascular 

sites are also the main effectors of allergy response93. These cells can release 

a variety of mediators that can cause acute bronchospasm, activate and/or 

attract other inflammatory cells in the lung, and increase AHR94. Indeed, there 

is a strong direct correlation between amounts of histamine in the airways of 

allergic asthmatics patients and the sensitivity of the airways to methacholine. 

Moreover, histologic studies have reported a marked increase in the number of 

smooth muscle cells in airways from asthmatic subjects; this phenomenon with 

airway inflammation contributes overtime to AHR and the obstruction of 

airway95. In this chronic and prolonged scenario, fibrosis is an essential 

component process of tissue repair: clinical studies have demonstrated that the 

degree of subepithelial fibrosis is correlated with hypersensitivity of the airway 
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to methacholine. Indeed, the interstitial collagen deposition in the airway 

basement membrane and subepithelial fibrosis are present in the airways of 

allergic asthmatics96. Infiltrating inflammatory cells such as macrophages, 

lymphocytes, neutrophils and eosinophils participate in the pathogenesis of 

lung fibrosis, through the activation of fibroblasts. Recent evidence has shown 

that MCP-1 enhances collagen deposition by fibroblasts; therefore, increased 

expression of this chemokine in the lungs of asthmatics might be responsible 

for the airway remodelling that can exacerbate AHR. It has been demonstrated 

that sphingosine-1-phosphate (S1P) could interfere with AHR during allergic 

response through its ability to activate S1PR receptors as well sphingosine 

kinases directly on smooth muscle cells97. Emerging evidence now supports 

the concept that sphingolipids metabolism may interfere with mechanisms that 

sustain and promote the increase in the thickness of airway smooth muscle 

cells (ASM)96. Other evidence suggests that high doses of the sphingosine 

analog FTY720 influence the levels of ceramide that induces apoptosis and 

chronic inflammation98,99. Also, intracellular S1P could interact with smooth 

muscles cells thickness. Importantly, all these observations are sustained by in 

vitro experiments that demostrated a cell amplification and/or survival via 

SphK2-dependent intracellular accumulation of S1P100. 
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Figure 3: Airway hyperresponsiveness (AHR)   

Reproduced from Ian D. Pavord,Ruth H. Green,Pranabashis Haldar101 with permission from 

Elsevier  
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1.3 The relevance of sphingolipids in cardiovascular diseases 

1.3.1 Highlights on S1P in Cardiovascular diseases 

Cardiovascular diseases (CVD) are the principal cause of death in the world. 

They represent a group of pathological conditions of heart and blood vessels, 

including coronary artery disease (CAD) which could lead to myocardial 

infarction (MI) and cerebrovascular disease could end in a stroke102. Overall 

cardiovascular diseases are primarily caused by atherosclerosis and smoking, 

abnormal cholesterol levels, high blood pressure, obesity are the principal risk 

factors 103. The process of atherosclerosis plaque formation implicates vascular 

lesions, platelet aggregation and infiltration of inflammatory cells and smooth 

muscle cells (SMC) in the lumen of blood vessels. Also, the accumulation of 

lipids inside the endothelial cells is another important factor that increases 

plaque formation: oxidised-LDL (low-density lipoproteins) and 

recruitment/infiltration of monocytes which can then differentiate into to 

macrophages lead to form foam cells104.  Moreover, activation of immune cells 

can release pro-inflammatory mediators such as tumor necrosis factor (TNF), 

interferon-gamma and IL-12, IL-15 interleukins are interfering with an increase 

in plaque formation that can cause arterial stenosis and contribute overtime to 

tissue plaque rapture triggering thrombosis, platelet aggregation. This leads to 

partial or complete occlusion of the lumen arterial vessel resulting in myocardial 

infarction (MI) or ischaemic stroke if the occlusion of blood vessels occurred 

respectively in coronary arteries or cerebral arteries105. Heart attack or MI 

occurs when blood flow is blocked resulting in damage to myocardial tissue for 

the hypoxia process. This can occur following plaque rupture or 

thrombotic/embolic events in the coronary arteries106. In this context, the role of 

sphingolipids in the cardiovascular system is not well clarified. Sphingolipids 
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have an important role in the regulation of a multitude of cell functions, including 

cardiovascular homeostasis. Ceramide, sphingosine, sphingosine-1-

phosphate (S1P) are the main protagonists. S1P is formed from sphingosine 

when ceramide is degraded by ceramidase. The phosphorylation of 

sphingosine by SPHKI and SPHK2 yields S1P. Levels of S1P are regulated by 

recycling S1P back to sphingosine by dephosphorylation or irreversible S1P 

degradation by S1P lyase to form phosphoethanolamine and hexadecenal. 

Dysfunction in sphingolipids production or altered sphingolipids levels are 

correlated with cardiovascular diseases and atherosclerosis but specific 

molecular mechanisms are poorly understood and could represent a possible 

good approach to overcome the pathological problem107. It has been shown 

that the overproduction of sphingolipids causes severe damage to the cardiac 

function through the improvement of chronotropic and inotropic action of the 

heart and hypertrophy process. The pathological state as the ischemic heart 

shows a decrease of the cardiac contractility and myocardial apoptosis 

probably due to an increase of TNF alfa production and inhibition of ceramidase 

and sphingomyelinase which then leads to an increase of sphingolipids levels 

and cardiac function108. Conversely, preclinical and clinical studies reported a 

reduced level of S1P in patients with coronary artery diseases and it is inversely 

correlated with the severity of the diseases. The heart is protected from 

ischemia-reperfusion by exogenous administration of S1P, underlying the 

cardioprotective role of S1P signaling109. The protective role of S1P in the heart 

was demonstrated by Zhang et al during a cardiac pressure overload through 

S1P/S1P1r/ eNOS pathway activation. In the heart, NOGO-B, an inhibitor of 

SPT, is only mainly evident in blood vessels and the cardiomyocytes the atria 

of the heart. In mice lacking NOGO-B, the endothelium produces higher levels 

of S1P, which activates S1PR1- S1PR3 inducing NO production and 
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endothelial barrier integrity, improving overtime vessel compliance to the high 

pressure and reducing extravasation of plasma proteins and inflammatory 

cells110. This study is in perfect tune with the evidence that S1P plays also an 

important role in vascular homeostasis through the activation of eNOS/NO 

endothelial pathway. Recently, the research group of Prof Di Lorenzo 

discovered a new regulatory mechanism of the sphingolipid de novo pathway. 

They demonstrated that S1PR1 is a key regulator of blood pressure and flow 

through endothelial S1P-S1PR1-eNOS. Also, a novel mechanism by which 

endothelial sphingolipids biosynthesis is identified: NOGO-B24. NOGO-B is a 

membrane protein that negatively inhibits SPT activity and controls the 

production of sphingolipids, in particular S1P and ceramide, playing and active 

role in the control of hypertension, vascular inflammation, and heart failure 

conditions.  
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AIMS 

The role of sphingolipids in inflammatory airway disease initiation is not well 

defined, however recent literature suggests that it is these early activation 

events resulting in altered sphingolipid pathways that may be a key aspect of 

airway dysfunction. Alterations in de novo sphingolipid metabolism have been 

shown to lead to airway hyperreactivity (AHR), the cardinal feature of asthma, 

without allergic sensitization or inflammation. Here I investigated how S1P, the 

final product of sphingolipid metabolism, could contribute to airway dysfunction 

in inflammatory pulmonary diseases. I also attended as a co-worker in some 

projects where I tested the pharmacological efficacy of different compounds in 

experimental models of asthma. During my second part of my Ph.D. project at 

Weill Cornell Medical College under the supervision of Prof Di Lorenzo, I have 

focused my attention on the cardioprotective role of De novo sphingolipid 

pathway in a novel mouse model of heart failure. 

 The main aims of this study are:  

1. Role of S1P in airway function 

2. Role of mast cells in sensititazion mechanisms  

3. Study of De novo sphingolipid biosynthesis and its cardioprotective 

functions in a mouse model of heart failure 
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CHAPTER 2 - MATERIALS AND METHODS 

Animal studies  

2.1 Mice 

Adult female and male BALB/c and C57BL/6 mice, mast cell-deficient Kit W-Sh/W-

sh mice111,112 and  CH3/HeJ (Tlr4Lps-d)113 mice were purchased from Charles 

River Laboratories (Italy). All mouse strains aged 8-9 weeks; weight male 24-

27g and female 18-22g, were housed at 24±2 °C in a controlled environment 

with a 12-hour light/dark cycle under specific pathogen-free conditions at the 

Department of Pharmacy (University of Naples, Italy). They were supplied with 

standard rodent chow diet and water ad libitum and acclimatized for 4 days 

before experiments. All experiments were conducted during daylight according 

to Italian regulations on the protection of animals used for experimental and 

other scientific purposes (D.lgs. 26/2014) as well as with the European 

Economic Community regulations (EU Directive 2010/63/EU). All the studies 

were conducted under authorizations numbers 2012/0081821, 1092/2015, 

186/2015 released by Healthy Italian Ministry. 

 

 2.2 Experimental protocols 

 Exposure to S1P  

Female BALB/c mice, mast cell-deficient Kit W-Sh/W-sh mice111,112 , C3H/HeJ 

(Tlr4Lps-d)113 mice received subcutaneous injection (s.c.) of  0.1ml of S1P 

(10ng/µl); Enzo Life Science, Italy) dissolved in sterile saline containing BSA 

(0,001 %) on days 0 and 7 and sacrificed at different time points: 14 and 21 

days after the first administration of S1P. Control mice received only 0.1ml of 

BSA (0,001%) as a vehicle78,79. 
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Part of female BALB/c mice also received 30 min before S1P or vehicle 

administration, intraperitoneal injection of disodium cromoglycate (DSCG; 

50mg/Kg; Sigma Aldrich, Italy) or they were intraperitoneally pretreated with 

compound 48/80, a mast cell degranulator, every 12h for four days following 

the template: day1  0.6mg/kg; day2 1.0mg/kg; day3  1.2 mg/kg and day4  

2.4mg/kg. After 24h of the last administration of CM48/80 the S1P protocol was 

made114. 

We already published that the systemic administration of S1P induces in 

BALB/c mice a disease mimicking the cardinal features of severe asthma in 

humans sustained by Th2 response with bronchial hyperresponsiveness and 

pulmonary eosinophil inflammation78,79. 

In another set of experiments, female BALB/c or C3H/HeJ (Tlr4Lps-d) mice 

received intranasal instillation of lipopolysaccharide (0.1 µg/mouse of LPS from 

Escherichia coli O111:B4; Sigma Aldrich, Italy) or subcutaneous injection of 

S1P (10ng/µl) or the combination LPS+S1P at days 0 and 7. 

In another group of experiments, BALB/c mice were treated with purified rabbit 

anti-TLR4 (10 µg/mouse; i.p., sc-10741, Santa Cruz) in the same days but 30 

min before subcutaneous administration of S1P or vehicle.  

The growth factor-beta (TGF-beta) signaling has been implicated in the develop 

of fibrosis as a result of airway remodeling after persistent inflammation115. For 

this, in another set of experiments, a novel small-molecule inhibitor of the TGF-

β receptor I kinase (LY2109761) 116,117  was used in female BALB/c mice at the 

dose of 50mg/Kg 15 min before S1P is administrated. Again, non-selective 

sphingosine kinases inhibitor for SKI-SKII was administered at doses of 

3mg/Kg before ovalbumin (OVA) sensitization, a common allergen used in a 

mouse model of allergic asthma118. In this procedure, mice were injected 
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subcutaneously with 0.4 ml of OVA (100 μg/mouse) absorbed to 3.3mg of 

aluminium hydroxide gel (13 mg/ml Al(OH)3 stock solution) in sterile saline or 

only vehicle (sterile saline) on days 0 and 7. 

 

 Exposure to cigarette smoke  

The experimental animal models with smoking mice that better summarises the 

several features of human COPD were made in collaboration with University of 

Siena (Italy) 119,120. 

Male C57BL/6 mice (4 to 6 weeks old) were exposed to cigarette (CS) smoke 

(Marlboro Red, 12mg of tar and 0.9mg of nicotine) or room air as control mice. 

The experimental design consists of three cigarettes per day, 5 days per week 

for 9, 10 and 11 months from the start of the experiment. 

The mice were housed in groups of two to four in specially designated macrolon 

cages with a removable filter cover where the air flows out of the cages and to 

be continuously renovated. The smoke was originated by the combustion of 

three cigarettes/day/cage and was introduced into the chamber through the 

airflow generated by a mechanical ventilator (7025 Rodent Ventilator, Ugo 

Basile, Biological Research Instruments, Comerio, Italy) for a total duration of 

90 min. 
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Exposure to Ovalbumin  

Adult male and female BALB/c and C57BL/6 mice were treated subcutaneously 

(s.c.) with 0.4mL (100μg) of ovalbumin (OVA) complexed to 3.3mg of aluminum 

hydroxide gel (13 mg/ml Al(OH)3 stock solution) in sterile saline on days 0 and 

7, while control mice received an equal volume of vehicle ( sterile saline). 

In another set of experiments, animals received intraperitoneal administration 

(i.p.) of montelukast (MS,1mg/kg cys-LT receptor antagonist), 30min before 

each OVA injection and 3 times per week until day 21. Similarly, mice were 

treated with zileuton (ZIL, 35mg/kg inhibitor of 5-LOX) and MK886 (MK, 

0.1mg/kg FLAP inhibitor) or vehicle (0.5mL DMSO 2%) 30min before each OVA 

injection and at 14 days. 

In another set of experiments, only female BALB/c mice were intraperitoneally 

(i.p.) treated with Palmitoylethanolamide (PEA 10mg/kg) or vehicle (ETOH and 

Tween-20, ratio 8:1:1) 15 min before each OVA administration. 

In another set of experiments, only female BALB/c received an intraperitoneal 

injection (i.p.) of Salvinorin A (10mg/kg, diterpene isolated from Salvia 

divinorum) or vehicle (dimethyl sulfoxide 4% in 0.5ml) 30 min before each OVA 

sensitization. 

All treated mice were sacrificed 14 and 21 days after OVA-sensitization and 

blood, main bronchi and lungs were collected and processed for functional and 

molecular studies. Each lung was divided into two parts: right lobes were frozen 

in liquid nitrogen for 2h before storage at -80 °C and successively homogenate 

for cytokine measurements by ELISA kit, while the left lobes were fixed in 10% 

formalin buffer for histopathological analysis. 
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2.3 Bronchial reactivity   

Mice were anesthetized by isoflurane and then subjected to euthanasia. A 25G 

needle was inserted into the heart and blood was extracted and mixed with 

anticoagulant (sodium citrate 3.8%) in a ratio 1:10. Per mouse was collected 

approximately 0.5ml of blood. Blood samples were transferred to ice and 

centrifuged at 12000 rpm for 15 min at 4°C. Once plasma was separated 

samples were placed into -80 until use for molecular dosage. 

Following a vertical middle incision of the thorax to expose the respiratory 

system, right and left main bronchial tissue was dissected from the lungs out of 

the mouse and rapidly cleaned from fat and connective tissue. Bronchial rings 

of 1 to 2 mm length were cut and transferred in organ baths (3 ml) filled with 

Krebs solution at 37°C (mol/l: NaCl 0.118, KCl 0.0047, MgCl2 0.0012, KH2PO4 

0.0012, CaCl2 0.0025, NaHCO3 0.025, and glucose 0.01) and oxygenated with 

a mix of 95% O2 and 5% CO2. 

Rings were mounted to isometric force transducers (type 7006; Ugo Basile, 

Comerio, Italy), and connected to a Powerlab 800 (ADInstruments, Italy). 

Rings were initially stretched until a resting tension of 0.5 g was reached and 

left to equilibrate for at least 30 minutes, during which tension was adjusted to 

0.5 g, if necessary, and the bathing solution was periodically changed. During 

the preliminary study, we found the optimal resting tension corresponding to 0.5 

g to develop the perfect response to stimulation with contracting agents. In each 

experiment, bronchial rings were firstly challenged with carbachol (10µM or 10-

6 M) until the responses were reproducible. Once reproducible, bronchial 

reactivity was tested performing a cumulative concentration-response curve to 

carbachol (10nM-30µM 10-9-3×10-6 M or 10nM-30µM) or S1P (10-8-3×10-5 M). 

In another set of experiments, main bronchial tissues were incubated with S1P2 
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antagonist (TY52156, 10µM, 15min; Tocris Bioscience, UK), S1P3 antagonist 

(JTE-013, 10µM, 15min) or Sph-K inhibitor (SK-I, 10µM, 30min; Tocris, Bristol, 

UK). After incubation, bronchial reactivity was assessed as previously 

described. 

Data were expressed as contraction capacity (dine/mg of tissue) compared to 

increasing concentrations of carbachol or S1P.     

 

2.4 Isolated perfused mouse lung preparation  

Lung function was measured using an isolated and perfused mouse lung 

system in collaboration with the University of Campania Luigi Vanvitelli, Italy. 

Pulmonary artery was cannulated, and the lungs were perfused at a constant 

flow of 1 ml/minute, resulting in a pulmonary artery pressure of 2 to 3 cmH2O. 

The perfusion medium used was RPMI1640 lacking phenol red (37°C).  

The lungs were ventilated by negative pressure (-3 and -9 cmH2O) with 90 

breaths/min and a tidal volume of approximately 200 µl. Hyperinflation (-20 

cmH2O) was performed every 5 minutes. Artificial thorax chamber pressure 

was measured with a differential pressure transducer (Validyne DP 45–24, 

Validyne Engineering, Los Angeles,CA) and airflow velocity with a 

pneumotachograph tube connected to a differential pressure transducer 

(Validyne DP 45–15, Validyne Engineering, Los Angeles,CA). The lungs 

respired humidified air. The arterial blood pressure was continuously monitored 

using a pressure transducer (Isotec Healthdyne, Irvine, USA) which related to 

the cannula ending in the pulmonary artery. All data were transmitted to a 

computer and analyzed with the Pulmodyn software (Hugo Sachs Elektronik, 

Germany). The data were analyzed through the following formula: P = V × C-1 
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+ RL × dV∙dt-1, where P is chamber pressure, C pulmonary compliance, V tidal 

volume, RL airway resistance. Subsequently, the airway resistance value 

registered was corrected for the resistance of the pneumotachometer and the 

tracheal cannula of 0.6 cmH2O s ml-1. Lungs harvested from mice of each group 

treated as described before were perfused and ventilated for 45 minutes without 

any treatment to obtain a baseline state. Subsequently, the lungs were 

challenged with carbachol. Repetitive dose-response curves of carbachol or 

S1P (10-8-3x10-5 M) were administered as 50 µl bolus, followed by intervals of 

15 minutes, in which lungs were perfused with buffer only. In another set of 

experiments, lungs were pretreated with SK-1 inhibitor, TY52156 (S1P2 

antagonist) or JTE-013 (S1P3 antagonist) before challenging with carbachol or 

S1P. 

 

2.5 Histology  

Left lung lobes from each treated group mice were collected and processed for 

morphological, immunohistochemical and immunofluorescence analysis. 

Lungs were fixed with formalin (4%) at least for 24h, washed in PBS and then 

dehydrated. All lungs were then embedded in OCT or paraffin medium. The 

blocks were cut with a thickness of 7µm per section and stained to evaluate 

different parameters. 

The morphology of the lungs was observed with hematoxylin and eosin (H&E) 

staining and the fibrotic tissue was determined using a Masson’s trichrome stain 

kit according to the manufacturer’s instructions. 

The degree of inflammation was scored with Periodic Acid/Alcian blue/Schiff 

(PAS) staining (Sigma-Aldrich, Italy). PAS staining was performed according to 
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the manufacturer’s instructions. Positive PAS+ cryosections were classified 

with arbitrary scores 0 to 4 to describe low to severe lung inflammation as 

follows: 0: <5%; 1: 5–25%; 2: 25–50%; 3: 50–75%; 4: >75% positive 

staining/total lung area. 

For each animal was considered at least five sections and the mean of the 

positive staining was compared with the total lung area. 

For immunohistochemistry analysis, the lung sections were pre-treated with 

hydrogen peroxide for blocking the endogenous peroxidase. After that, antigen 

retrieval was made, and sections were put in a microwave for 20 min in 0.01 M 

pH 6.0 citrate buffer and cool down to room temperature. All sections were 

incubated with 3% BSA for 30 min at room temperature to block non-specific 

antibody binding. Next, lung sections were incubated overnight at 4°C with 

primary antibody: anti-sphkI antibody (1:200, Bioss Cat# bs2652R), anti-sphkII 

antibody (1:70, Abcam Cat# ab37977), anti-S1P2 antibody (1:150, Biorbyt Cat# 

orb5558), anti-S1P3 antibody  (1:100, Bioss Antibodies, Woburn, US), anti- α-

SMA antibody (1:400, Sigma, St. Louis, US), anti-CD23 antibody (eBioscience, 

San Diego, CA), anti-TLR4 antibody ( Santa Cruz, CA, USA), anti-FGF2 (1:250, 

Santa Cruz Technology, USA), anti-IL-33( 1:250, Termofischer, Italy) in 3% 

BSA. After 3 washes in TBST, secondary antibodies anti-rat IgG (1:200) was 

added for 30 min at room temperature followed by incubation with peroxidase-

anti peroxidase complex. The diamino-benzidinic acid system (DAB) was used 

to detect complexes as a chromogen (Vector Laboratories, Burlingame, CA).  

Mast cell activation was evaluated by toluidine blue (Sigma-Aldrich, Italy) 

positive staining by immunohistochemistry. 

All Positive staining was quantified by means of Image J software (NIH, USA) 

and expressed as positive staining compared with the total lung area. 
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Immunohistochemical images were captured under light microscopy at 10X 

magnification. 

To assess lipid deposition was performed Oil red O staining in the coronary 

arteries. Frozen heart sections were stained with Oil Red O (MilliporeSigma) as 

previously described. Briefly, heart cryosections were washed in PBS, stained 

with 0.2% Oil Red O in 60% isopropanol for 20 minutes, and washed with 60% 

isopropanol. After counterstaining performed with hematoxylin, sections were 

washed and coverslipped with aqueous mounting medium. Images were 

acquired by using a Zeiss Axio Observer.Z1 microscope, and the area of Oil 

Red O staining was calculated by using ImagePro (Media Cybernetics). 

Coronary stenosis was calculated by measuring the area of the lumen (AL) and 

the internal elastic lamina (AIEL); the percentage of stenosis was calculated as 

follows: (AIEL – AL)/AIEL × 100. Oil Red O percentage in the plaque stenosis 

was calculated as the ratio of positive Oil Red O staining area to the percentage 

plaque area. 

Lung paraffin-sections were also used for immunofluorescence staining.  

The lung sections were first permeabilized with 0.5% Triton X-100 in a solution 

of 5% BSA and followed by blocking with BSA 5% for 45 min at room 

temperature. Then, the sections were incubated with primary antibodies 

overnight at 4% and subsequently, conjugated-secondary antibodies were 

added for 1 hour at room temperature.  Lung sections were stained for TLR4-

AlexaFluor488 (Invitrogen, CA, USA) or S1P1-AlexaFluor555 (Invitrogen, CA, 

USA). Nuclei were counterstained with DAPI (Sigma Aldrich, Rome, Italy). 

Immunofluorescence images of lungs were captured with Carl Zeiss confocal 

microscopy at 40X magnification. 
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2.6 Flow cytometry   

At 10 or 14 days after S1P challenge, the mice were sacrificed, and lungs were 

immediately picked up. The composition of lung inflammatory cells was 

determined by flow cytometry (BD FacsCalibur, Italy) using different antibodies 

for each cell subtypes and an appropriate isotype control. Lungs were isolated 

and digested with 1 U/ml collagenase. Cell suspensions were passed through 

70 μm cell strainers and red blood cells were lysed. Cell suspensions were used 

for flow cytometric analysis of different cell subtypes. 

 

2.7 ELISA assay   

 For each different group mice, blood and lung were collected for biochemical 

dosage. Blood was collected through intracardiac puncture using 25G needle 

and sodium citrate 3.8% as anti-coagulant in 1:10 ratio. Per mouse was 

collected approximately 0.5ml of blood. Blood samples were transferred to ice 

and centrifuged at 12000 rpm for 15 min at 4°C. Once plasma was separated 

samples were immediately frozen at -80°C until use for molecular dosage. 

Moreover, frozen lungs were digested with 1U/ml collagenase (Sigma Aldrich, 

Milan, Italy). The homogenate is centrifugated at 12000 rpm for 10 min at 4 °C. 

The levels of IL-13, IL-4 or plasma IgE were measured with commercially 

available enzyme-linked immunosorbent assay (ELISA) kit according to 

manufacturer’s instructions. Levels of cytokines were expressed as pg/mg 

tissue.  
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2.8 Western blotting 

Lungs were homogenized in ice-cold lysis buffer (RIPA: 50mM Tris/HCl, pH 

7.4, 1% Triton X-100, 0.25%, sodium deoxycholate, 150 mM NaCl, 1 mM 

EDTA, 1 mM PMSF, 10 μg/ml aprotinin, 20 μM leupeptin, and 50 mM sodium 

fluoride) containing protease inhibitors added just before use and centrifuged 

at 14,000 g in a precooled centrifuge for 15 minutes. The total supernatant 

protein concentration was measured using Bradford’s method. The 

supernatant was collected, added to 6X SDS sample buffer, containing 333 

mM Tris-HCL (pH 6.8), 13% SDS, 67% glycerol, 665 mM DL-Dithiothreitol and 

a pinch of bromophenol blue, to a final concentration of 1X and incubated at 

95°C for 5 min. The samples were separated on a 10% SDS-PAGE gel and 

transferred to a PVDF membrane. After the transfer was complete the 

nitrocellulose membrane was reversibly stained with Ponceau S to confirm 

protein transfer. Excess Ponceau S was rinsed off with dH2O. The 

nitrocellulose membrane was blocked in 5% fat-free milk power PBS 

containing 0.1% Tween-20 for 1 h.  The membrane was briefly rinsed with 

PBS and incubated with primary antibody overnight at 4°C under constant 

agitation. The primary antibodies are: rabbit polyclonal anti-TLR4(1:1000, H-

80, sc-10741; Santa Cruz) or rabbit monoclonal ant-S1P1(1:1000, ab125074; 

Abcam, UK). After the overnight incubation primary antibody was removed 

and membrane washed 3 x 10 min PBS containing 0.1% Tween-20 and then 

the membrane was incubated in anti-horseradish peroxidase (HRP)-

conjugated secondary antibody prepared in PBS (1:1000) for 2 h at room 

temperature under constant agitation.  After detection with secondary 

antibody, the nitrocellulose membrane was washed 3 x 10 min in PBS and 

developed using enhanced chemiluminescence (ECL) to visualize 

immunoreactive bands. Enhanced chemiluminescence was carried out using 
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previously prepared detection reagents luminol and coumaric acid stored at -

20°C.  50 µl of 3% HRP and 100 µl 68 mM coumaric acid (in DMSO) were 

added to 10 ml of 1.25 M luminol (in 0.1M Tris-HCl, pH 8.5). Cover the 

membrane and incubated for 1 min. The band intensity was quantified by 

densitometric analysis using ImageJ program and normalized with GADPH 

expression as housekeeping.  

 

 

2.9 Gene expression analysis by quantitative Real-Time RT-PCR  

Mouse bronchi tissue from each treated group mice were immediately stored 

at -80°C until RT-PCR analysis. Tissues were homogenized in 1.0 ml of 

TRIZOL (Invitrogen) and RNA was extracted by the use of PureZOL RNA 

isolation reagent (Bio-Rad, Hercules, CA) following the manufacturer’s 

instructions. Total RNA was purified, quantified, characterized and 

retrotranscribed. Quantitative real-time PCR was carried out in Biorad system 

by use of SYBER Green Mix (ThermoFisher Scientific, Monza, Italy). Each 

sample was amplified simultaneously and GAPDH (glyceraldehyde-3-

phosphate dehydrogenase, constitutively expressed proteins) expression was 

used as the housekeeping gene for PCR efficiency determination. Data were 

calculated using the 2^-ΔΔCt method. 

 

2.10 Fibroblast culture 

Murine lung fibroblasts were isolated from control mice and treated mice. Mice 

were sacrificed and lungs were removed. Lungs were chopped and incubated 

with DMEM containing two different digestive enzymes: 0.7 mg/ml of 
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collagenase type XI (Sigma C9407) and 30 µg/ml DNAse I (Sigma D5025). 

Then, with 5ml syringe aspirated and released the solution with the pieces of 

the heart in order to break down gently the lung. The cell suspension was 

filtered through 150 µm filter and spin down at 1200 rpm 10 min. Isolated 

fibroblasts were incubated with DMEM containing 15% FCS and cultures were 

replaced three times a week. Fibroblast proliferation was assessed by the 

MTT, (3-[4,5- dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, 

colorimetric assay. Fibroblast differentiation was tested by incubating cells 

with mouse monoclonal antibody against α-SMA (SigmaAldrich, Italy) or rabbit 

polyclonal antibody against vimentin (Santa Cruz, CA). For detection 

fluorescein-labeled anti-mouse IgG (ABNOVA, Italy) or Texas-Red labeled 

anti-rabbit IgG (ABNOVA, Italy) were used.  

 

2.11 Cell culture  

A549 cells were maintained under standard culture conditions. Cells were 

harvested at 80% confluence. Morphology of the cells on phase-contrast 

microscopy was examined and photographed at 20X magnification.  In 

another set of experiments primary murine cells harvested by naive animals 

were treated in vitro with TGF-β (2ng/ml) or S1P (10-7M) for 72h in presence 

of the vehicle or incubated with LY2109761 (2 µM).  

 

 

2.12 Statistical analysis  

For each experiment, mice were divided into equal groups (n=6 per group). 

Results are expressed as means ± SEM. Observation in treated groups 
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compared with controls were analyzed using one-way analysis of variance 

(ANOVA), followed by Bonferroni’s post-test for multiple comparisons, and/or 

Student’s t-test, by using the GraphPad Prism software (USA). Two-way 

ANOVA was applied where required. p-values less than 0.05 were considered 

significant. 
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CHAPTER 3 - RESULTS  
Role of S1P in airway dysfunction 

3.1 Effect of Disodium cromoglycate in S1P-induced asthma-like disease 

in mice. 

3.1.1 In-vivo treatment with Disodium cromoglycate (DSCG) and CM 48/80 

abrogates bronchial hyperreactivity induced by S1P 

Female BALB/c mice received subcutaneous administration (s.c.)  of S1P on 

days 0 and 7 and bronchial reactivity was assessed at 21 days after S1P 

challenge (Figure 3.1.1A). Systemic administration of S1P in mice induced 

airway smooth muscle hyperreactivity with maximal effect at 21 days. This 

effect on airways was associated, at least in part, to pulmonary mast cell 

recruitment. Intraperitoneal administration of Disodium cromoglycate DSCG 

(50mg/kg) on the same days but 30 min before S1P challenge (Figure 3.1.1B) 

or treatment with CM48/80 compound inhibits bronchial hyperreactivity induced 

by S1P (Figure 3.1.1D). CM48/80, the mast cell degranulation compound 

dissolved in phosphate-buffered saline (PBS), was injected at 200µl/cavity to 

mice i.p. every 12h for four days, according to scheme below:0.6 mg/kg day1, 

1.0 mg/kg day2, 1.2mg/kg day3, 2.4mg/kg day4. S1P was injected 24h after the 

last dose of CM48/80 compound. Mice were killed on day 21 and the bronchial 

reactivity was performed through a cumulative concentration-response to 

carbachol (10-9-3×10-6 M) on bronchial rings in isolated organ baths. The same 

results have been also observed on lung function via pulmonary resistance (RL) 

measurement. DSCG treatment significantly reverts S1P-induced 

bronchoconstriction (Figure 3.1.1C). 
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B                                                                 C 

                        

                                          D 

                                         

 Figure 3.1.1:  DSCG and CM48/80 inhibit S1P-induced bronchial hyper-responsiveness.                     

 (A) BALB/c mice received subcutaneous administration of S1P (0.1ng/µl) or vehicle (BSA 0.001%) 

on days 0 and 7. (B-C) DSCG (50mg/kg) was injected i.p. 30 min before S1P or vehicle on days 0 

and 7. Bronchial reactivity and lung resistance to carbachol were evaluated (*** p<0.001 vs. S1P, 

two-way ANOVA with Bonferroni’s post-test). (D) Administration of CM48/80 compound dissolved in 

PBS to mice every 12h for 4 days. S1P was injected 24h after the last dose of CM 48/80. On day 21, 

bronchial reactivity to carbachol was assessed (*** p< 0.001 vs S1P, two-way ANOVA with 

Bonferroni’s post-test). Data are mean  ± SEM, n=6 mice in each group. 

 

Day       0                        7                       14                              21 

  S1P              S1P                                                                                          

(s.c 10ng)    (s.c. 10ng)                                                                               
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3.1.2 DSCG inhibits S1P-induced lung inflammation. 

Inflammatory cytokines and immunoglobulin E were quantified in homogenate 

lungs and plasma respectively by ELISA assay. A significant reduction was 

observed in IgE plasma levels (Figure 3.1.2A) and IL-13 pulmonary cytokine 

(Figure 3.1.2C) after treatment with DSCG in S1P challenged mice but did not 

show any effect on IL-4 compared with control mice (Figure 3.1.2B). Lung 

sections were stained with Hematoxylin and eosin (H&E). Lungs from S1P-

treated mice displayed an alteration in lung morphology with marked 

hyperplasia (Figure 3.1.2D) and was associated with an increase in mucus 

production. Pre-treatment with DSCG significantly reduced goblet cells 

determined by PAS staining (Figure 3.1.2E). 

  

3.1.3 DSCG treatment interferes with mast cells activity 

At 14 days after S1P challenge molecular studies were performed. Flow 

cytometry analysis on lungs from S1P treated mice showed an increase in the 

percentage of mast cell recruitment that was significantly reduced after DSCG 

treatment (Figure 3.1.3B). These beneficial effects well correlate to a drastic 

reduction in PGD2, a major prostaglandin produced by mast cells and it is 

critical during the development of allergic disease. PGD2 quantification has 

been measured in bronchoalveolar lavage (BAL) by specific ELISA Kit (Figure 

3.1.3C). 
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D                                                                                     E 

                                 

                     

 Figure3.1.2: inhibitory effects of DSCG on S1P-induced lung inflammation.                                                                      

(A)Serum was collected and levels of total IgE were determined by using specific ELISA (*p<0.05; 

**P<0.01 vs S1P, one-way ANOVA with Bonferroni’s post-test).(B-C)Right lungs were collected and 

digested with 1U/mL collagenase.IL-4 and IL-13 levels were detected by using specific ELISA ( *p< 

0.05 vs S1P, one-way ANOVA with Bonferroni’s post-test).(D)Representative images of lung sections 

stained with H&E. Lung sections were captured under light microscopy at 10X magnification. (E) PAS 

staining for mucus in airways was quantified with arbitrary scores 0 to 4 to describe low to severe 

lung inflammation in the following manner: 0:<5%; 1: 5-25%; 2: 25-50%; 3: 50-75%; 4: >75% positive 

staining/total lung area. (* p<0.05 vs S1P ,Student’s t-test).Data are mean ± SEM, n=6 mice in each 

group.                                       
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Figure3.1.3: DSCG reverses mast cell recruitment induced by S1P.                                                               

(A) Illustrative images of Toluidine blue staining on formalin-embedded lung sections captured under 

light microscopy at 10X magnification. (B) Quantification of lung mast cells identified as 

CD11+cKit+IgE+ positive cells by flow cytometry at 14 days following S1P administration, as exposed 

in dot plot (*p<0.05 vs vehicle, one-way ANOVA with Bonferroni’s post-test). (C) At 14 day, 

bronchoalveolar lavage (BAL) was collected and PGD2 levels were determined by specific ELISA 

(**p<0.01 vs vehicle, *p< 0.05 vs S1P one-way ANOVA with Bonferroni’s post-test). Data are mean 

± SEM, n=6 mice in each group.                                        
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3.1.4 Treatment with DSCG reduces CD23 expression in the lung in S1P 

challenged mice. 

CD23 or FcεRII is the "low-affinity" receptor for IgE and it is found on mature B 

cells. CD23 is known to have an important regulatory role in IgE production. As 

previously demonstrated in our experimental model, S1P induces smooth 

muscle bronchial hyperreactivity by engaging mast cell recruitment associated 

with an increase in plasma IgE levels with an up-regulation of CD23 expression. 

To support this, pulmonary immunohistochemical detection of CD23 (Figure 

3.1.4A) established an up-regulation after S1P exposure and a decrease in 

DSCG treated mice (Figure 3.1.4B). Again, similar quantification was made by 

using mast cell-deficient Kit W-Sh/W-sh mice. 0 and after 7 days, mast cell-deficient 

Kit W-Sh/W-sh mice received subcutaneous (s.c.) administration of S1P (10ng) or 

vehicle (BSA 0.001%). Lung harvested from Kit W-Sh/W-sh mice did not show any 

increment in CD23 expression following S1P (Figure 3.1.4C). To better 

summarized the beneficial action of DSCG, we carried out the flow cytometry 

analysis on the whole lung at 14 days following the S1P challenge. We 

observed a total number reduction of CD23 expression on both CD4 and CD8 

T cells (Figure 3.1.4D-E) and B cells (Figure 3.1.4F) after pharmacological 

treatment with DSCG. All this data confirms a direct correlation with mast cells/ 

IgE/CD23 signaling that driving the effects of S1P in the airways and the 

beneficial effects of DSCG treatment. 

 

https://en.wikipedia.org/wiki/Biochemistry
https://en.wikipedia.org/wiki/IgE
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Figure3.1.4: Effect of DSCG on CD23 expression in the lung.                                                                            

(A)Immunohistochemical detection of CD23 was made on lung sections harvested from mice treated 

with vehicle, S1P or DSCG+S1P. Lung images were captured under light microscopy at 10X 

magnification. (B) CD23 positive staining was quantified by comparison with the total area of the lung 

section. For each animal in each treated group was considered, at least, five sections (**p< 0.01 vs 

vehicle, **p< 0.01 vs S1P, Student’s t-test). (C) CD23 quantification on lung sections of mast cell-

deficient Kit W-Sh/W-sh mice treated with S1P or vehicle. CD23 was detected by using anti-CD23-PE by 

flow cytometry. CD23 expression was reduced on CD4+ T cells (D), CD8+ T cells (E) and B cells (F) 

on lung harvested from DSCG+S1P treated mice compared to S1P treated mice (*p< 0.05, **p< 0.01 

vs S1P, Student’s t-test). Data are mean ± SEM, n=6 mice in each group.                                                                                                       
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3.2 TLR4 contributes to the effects of S1P in airways 

3.2.1 Systemic administration of S1P does not induce bronchial 

hyperreactivity in C3H/HeJ (Tlr4Lps-d) mice. 

In order to investigate how and what are the molecular mechanisms underlying 

the onset of the effects of S1P on the respiratory system, we used a specific 

animal strain: C3H/HeJ (Tlr4Lps-d) mice. Following exposure to S1P bronchial 

reactivity was measured in BALB/c mice and C3H/HeJ (Tlr4Lps-d) mice. 

Subcutaneous administration of S1P in two specific time-point (Figure 3.2.1A) 

induces bronchial hyperresponsiveness. In bronchi rings carbachol-induced 

concentration-dependent bronchoconstriction, which reached a maximum 

value at a concentration of 30 µM in control mice, while this effect was 

significantly increased after S1P challenged in BALB/c mice shifting the dose-

effect curve of carbachol to lower concentrations (Figure 3.2.1E). The 

development of airway hyperreactivity is associated also with pulmonary 

inflammation as an increment in the percentage of dendritic cells (DCs) (Figure 

3.2.1B) and macrophage into the lung of BALB/c mice (Figure 3.2.1C) and 

reduction of the percentage of DCs in mediastinal lymph node (Figure 3.2.1D). 

All these effects were absent when C3H/HeJ (Tlr4Lps-d) mice have undergone 

the same treatments (Figure 3.2.1E). 
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Figure3.2.1: S1P-induced bronchial hyperreactivity is abrogated in C3H/HeJ (Tlr4Lps-d) mice. 

 (A) Experimental protocol: 0- and 7-days, BALB/c and C3H/HeJ (Tlr4Lps-d) mice received s.c. S1P 

(10ng) or vehicle (BSA 0.001%). After 10 days flow cytometry analysis was performed: pulmonary 

and lymph node dendritic cells (DCs) (B-D) were identified as CD11c+CD11int F4/80- cells and 

macrophage (MΦ) as CD11c+CD11int F4/80+ cells (C). macrophage and dendritic cells were 

quantified after 10 days following S1P administration (*p< 0.05, **p< 0.01 vs vehicle, Student’s t-

test). (E) Assessment of bronchial reactivity to carbachol after 21 days to S1P exposure (*** p< 0.001 

vs vehicle, two-way ANOVA with Bonferroni’s post-test). Data are mean ± SEM, n=6 mice in each 

group.   
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3.2.2 Pharmacological treatment with TLR4 antibody in BALB/c mice 

inhibits airway hyperreactivity, lung resistance and inflammation by S1P.   

In order to investigate the role of TLR4 in S1P-induced airway disfunction, we 

used a pharmacological treatment with TLR4 neutralizing antibody. Pre-

treatment with purified anti-TLR4 to S1P-treated BALB/c mice prevented airway 

smooth muscle hyperresponsiveness lung resistance (Figure 3.2.2A) as well as 

mucus production by PAS staining (Figure 3.2.2B). 
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A                                                                  B                                                                             

 

 

Figure3.2.2: Anti-TLR4 attenuates S1P-mediated effects on the airway.                                                                  

(A) BALB/c mice received intraperitoneally anti-TLR4 (10µg) 30 minutes before S1P on days 0 and 

7. Mice were sacrificed on day 21. Bronchial response and lung resistance to carbachol were 

evaluated (*** p< 0.001 vs vehicle, two-way ANOVA with Bonferroni’s post-test). (B) Periodic 

acid/Alcian blue/Schiff staining was made on lung sections from mice treated with vehicle, S1P, anti-

TLR4 or S1P+anti-TLR4.Quantification of PAS-positive staining with arbitrary scores 0 to 4 to 

describe low to severe lung inflammation in the following manner: 0:<5%; 1: 5-25%; 2: 25-50%; 3: 

50-75%; 4: >75% positive staining/total lung area (**p<0.01 vs vehicle, #p<0.05 vs S1P,  Student’s t-

test). Data are mean ± SEM, n=6 mice in each group.    
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3.2.3 Intranasal instillation with Lipopolysaccharide (LPS) exacerbates 

the effects of S1P on airway function. 

In order to amplify and elucidate our observations since the role of TLR4 in S1P 

airway signaling, BALB/c mice and C3H/HeJ (Tlr4Lps-d) mice were treated with 

intranasal instillation of LPS (0.1µg/mouse) at 0 and after 8 days (Figure 

3.2.3A). Administration of LPS induced a significant increase in bronchial 

reactivity to cumulative concentration-response to carbachol when compared 

to control mice. In addition, the simultaneous administration of S1P and LPS in 

BALB/c mice increases, even more, the response to carbachol compared to 

mice when treated separately with S1P or LPS (Figure 3.2.3B). All these 

experimental applications did not induce any effect on bronchi harvested from 

C3H/HeJ (Tlr4Lps-d) mice (Figure 3.2.3C). Ex-vivo bronchial reactivity 

experimental data are supported by immunohistochemical quantification of 

mucus production in lung harvested from each treated group mice (data not 

show). Lungs from BALB/c mice receiving co-administration of S1P+LPS 

displayed a significantly higher alteration of lung structure than vehicle or mice 

treated separately with S1P and LPS. 
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Figure 3.2.3: LPS emphasizes all the effects of S1P on the lung. 

(A) An experimental treatment: BALB/c or C3H/HeJ (Tlr4Lps-d) mice received intranasal instillation of 

LPS (0.1µg/mouse) alone or in association with S1P on days 0 and 7. Bronchial reactivity 

measurement was evaluated after 21 days of treatment (*** p< 0.001 vs vehicle,  #p<0.05 vs S1P 

two-way ANOVA followed Bonferroni’s post-test). Data are mean ± SEM, n=6 mice in each group 
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3.2.4 S1P increases TLR4 but not S1P1 expression in BALB/c mice and 

promotes S1P1/TLR4 association. 

Given that S1P1 receptor is a key regulator of endothelial cell (EC) barrier 

integrity 121and considering the role of those cells in the regulation of pulmonary 

inflammation122, we tested the hypothesis if there is a correlation between S1P1 

and TLR4 following S1P challenge. We have evaluated the expression of TLR4 

and S1P1 on homogenized bronchi and lung from S1P or vehicle-treated 

BALB/c mice. Western blot analysis demonstrated an up-regulation of TLR4 in 

bronchi harvested from S1P1-treated mice compared to the vehicle but not for 

the S1P1 receptor (Figure 3.2.4B). In support, immunohistochemical analysis 

for TLR4 quantification on lung sections confirms a significant increase in TLR4 

positive staining in S1P-treated mice compared to vehicle mice (Figure 3.2.4A). 

Interestingly, immunofluorescence staining on paraffin-embedded lung 

sections evidenced an increase in the number of TLR4 positive cells on mice 

received the co-administration LPS+S1P and showing co-localization 

TLR4/S1P1following exposure to S1P (Figure 3.2.4D). Also, 

immunoprecipitation for S1P1 confirm the interaction with TLR4 in the lung after 

S1P exposure (Figure 3.2.4C). These data, taken together, suggest that S1P 

exerts a positive action on TLR4 signaling in innate immune response as well 

as in allergy. 
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Figure 3.2.4: S1P increases TLR4 expression and promotes S1P1/TLR4 association. 

(A) Immunohistochemical quantification for TLR4 in lung sections of S1P or vehicle BALB/C treated 

mice. Lung images were captured under light microscopy at 40X magnification. (B)Western blot for 

TLR4 and S1P1 expression on total cell bronchi lysates. Corresponding densitometric quantification 

normalized to GADPH housekeeping. (C) Western blot of TLR4 in lung lysates cells 

immunoprecipitated with S1P1 and in the eluted fraction (EP). Densitometric quantification 

normalized to IgG or GADPH expression respectively for IP and western blot. (*p<0.05;  **p<0.01 vs 

vehicle, Student’s t-test).    
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Figure 3.2.4: S1P increases TLR4 expression and promotes the S1P1/TLR4 association. 

(D) Representative confocal immunofluorescence images for TLR4-AlexaFluor 488, S1P1-

AlexaFluor 555 and DAPI on lung section harvested from BALB/c mice treated with vehicle, S1P, 

LPS or S1P+LPS association. Lung images were observed and captured with Carl Zeiss confocal 

microscopy at 40X magnification.  
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3.3 The contribute of S1P signaling in a mouse model of mild COPD 

3.3.1 Smoking mice develop progressive airway disfunction 

C57BL/6 mice were exposed to cigarette smoke or room air. Airway function 

was assessed evaluating both bronchial reactivity and lung resistance after 

carbachol challenge. Bronchi harvested from mice exposed for 9 months to 

cigarette smoke showed an increased but not significant in bronchial reactivity 

to carbachol in comparison to control mice, reaching the maximal effect after 

11 months to the same continuous exposure (Figure 3.3.1A). On the other 

hand, hypersensitivity to carbachol in lung resistance measured in 

anesthetized, tracheotomized and ventilated mice was already considerable 

evidence at 9 months relative to the first one (Figure 3.3.1B). Similarly, 

cumulative administration of S1P (10-8-3x10-5 M) on isolated control mouse 

bronchi does not induce any significant contraction up to 10-5 M but only at very 

high concentrations 3x10-5 M S1P produces a faint but not significant 

constriction. Conversely, when mice were exposed to cigarette smoke, S1P 

caused bronchial contraction was already present at a lower concentration than 

< 10-6M. Additionally, bronchi harvested from mice exposed to cigarette smoke 

for 10 and 11 months showed a significant increase in the maximum S1P-

induced contraction (Figure 3.3.1C). The same effects were observed in the 

measurement of lung resistance at the same time-point (Figure 3.3.1D). As we 

expect, in control mice cumulative concentration-response curve of S1P or 

carbachol did not change and did not cause any contraction all the time. 
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Figure 3.3.1 Cigarette smoke (CS) induces bronchial hyperreactivity and lung dysfunction. 

C57BL/6 mice were exposed to cigarette smoke or air room (control) for 9, 10 and 11 months. Ex-

vivo bronchial reactivity assessment to carbachol (A) or S1P (B). Lung resistances to carbachol (C) 

or S1P (D) were measured (* p<0.05 vs. vehicle, two-way ANOVA with Bonferroni’s post-test). Data 

are mean ± SEM, n=6 mice in each group. 
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3.3.2 Progressive airway remodeling develops in cigarette smoking mice. 

In order to evaluate if cigarette-smoke exposure also produces airway 

remodeling, immunohistochemical analysis for α smooth muscle actin (α-SMA) 

(Figure 3.3.2A-B) was assessed on lung paraffin-embedded sections 

demonstrating a tight layer of α-SMA positive staining in main and distal bronchi 

of mice chronically exposed to cigarette smoke. In our series, it was evaluated 

also collagen deposition by Masson’s trichrome staining progressively 

increased during the chronic exposure of cigarette smoke (Figure 3.3.2 C-D).  

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

 

 

Figure 3.3.2: Cigarette smoke induces pulmonary α-SMA up-regulation and collagen 

deposition. 

Immunohistochemical staining for α-SMA in lung paraffin-embedded sections of control mice(A) and 

smoking mice after 11 months of od treatment (B). Collagen deposition was determined by using 

Masson’s trichome staining on lung paraffin-embedded sections from mice exposed to cigarette 

smoke for 10 (C) and 11 (D) months. Collagen deposition is evident around bronchioles and main 

bronchi. Were used n=6 mice in each group and lung images were captured under light microscopy 

at 40X magnification.    
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3.3.3 Role of SPK/S1P in smoking mice  

To understand the contribution of S1P signaling in cholinergic 

bronchoconstriction as well in the control of bronchial tone, bronchial ring 

preparations were incubated with a selective sphingosine kinase inhibitor, SK-

I, and a cumulative concentration-response curve of carbachol was performed. 

This pre-treatment of bronchial rings harvested from control and smoking mice 

up to 9 months does not induce any effect on carbachol-induced contraction 

(Figure 3.3.3A). However, incubation with SK-I inhibitor on bronchi from mice 

exposed to cigarette smoke for 10 (Figure 3.3.3B) and 11 months (Figure 

3.3.3C) prevents the increment of reactivity to carbachol-contraction. All this 

data was confirmed by measuring the lung resistance in the same experimental 

condition (Figure 3.3.3 D) 
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Figure 3.3.3: Pharmacological treatment with sphingosine kinases inhibitor (SK-I) reverts 

airway hyperreactivity induced by cigarette smoke. 

 Pre-incubation of sphingosine kinases inhibitor (SK-I; 30min; 10µM) and successive assessment of 

bronchial reactivity to carbachol in isolated bronchi harvested from control mice and mice exposed 

to cigarette smoke for 9 (A), 10 (B) and C (11) months. Lung resistance to carbachol was evaluated 

in control mice or 11 months of cigarette smoke exposure (CS) after administration of SKI-I inhibitor 

bolus in the pulmonary artery (D). (* p<0.05 vs. control vehicle, °p<0.05 vs CS vehicle, two-way 

ANOVA with Bonferroni’s post-test). Data are mean ± SEM, n=6 mice in each group. 
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3.3.4 Modulation of S1P receptors interfering with airway function in 

smoking mice. 

Precedent functional studies suggest an important role for sphingosine kinases 

in controlling of airway hyperreactivity and lung inflammation in a well-know 

murine model of COPD. To explore the exact molecular mechanisms of S1P 

pathway in the control of cigarette smoke-induced airway hyperresponsive, 

bronchial rings were pre-incubated with S1P2 (JTE-013) or S1P3 (TY52156) 

receptor antagonists and then exposed to the cumulative concentration-

response curve of S1P (10-8-3x10-5 M) (Figure 3.3.4A-B). This in vitro treatment 

abrogated S1P-induced contraction on bronchi of smoking mice. Accordingly, 

the same results were obtained by using a bolus administration of each 

antagonist in the pulmonary artery ad then evaluated the lung resistance in an 

isolated and perfused mouse lung preparation (Figure 3.3.4C-D). 

Immunohistochemical analysis confirms the up-regulation of S1P pathway, 

showing increased expression of S1P2 and S1P3 in lung sections from smoking 

mice when compared with control mice (Figure 3.3.4E-F-G). The role of S1P 

pathway in the development of airway hyperresponsiveness and lung 

dysfunction in smoking mice, in perfect tune with our molecular and functional 

studies, was also investigated by measurement of S1P levels using a specific 

ELISA kit. We found a significant increase in S1P levels in the lung from 

smoking mice at 11 months when compared to control mice (Figure 3.3.4H). 
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Figure 3.3.4: S1P2 and S1P3 are involved in S1P effects on the airway.  

Isolated bronchi from control mice and mice exposed to cigarette smoke (CS) for 11 months were in 

vitro pre-treated with S1P3 antagonist (10µM) (A) or S1P3 antagonist JTE-013 (10µM) (B) before 

cumulative concentration-curve of S1P. Lung resistance to S1P was also measured after the 

administration of TY-52156 (C) or JTE-013 (D). (* p<0.05 vs. control vehicle, °p<0.05 vs CS vehicle, 

# p<0.05 vs control +TY52156 or JTE, two-way ANOVA with Bonferroni’s post-test). Representative 

immunostaining images in smoking mice at 11 months for S1P2 (F) or S1P3(G) and control mice (E). 

Lung images were captured under light microscopy at 40X magnification. (H) Lungs from control mice 

and mice exposed to CS for 11 months were collected and homogenate with 1U/ml collagenase. 

Levels of S1P were determined with specific ELISA kit (* p<0.05 vs control; Student’s t-test). Data 

are mean ± SEM, n=6 mice in each group. 
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3.4 Cross talk between S1P signaling and epithelial-mesenchymal 

transition (EMT) process                                                                                                   

3.4.1 S1P is involved in the fibroproliferative process 

Female BALB/c mice injected with S1P develop bronchial hyperresponsiveness 

(AHR) and lung hyperplasia in a time-dose dependent manner (Figure 3.4.1A). 

These effects are coupled with an increase in the lung of TGF β (Figure 3.4.1B), 

IL-33 (Figure 3.4.1C) and FGF-2 (Figure 3.4.1C) in a time-dependent manner. 

Interestingly, at 14 days after S1P challenge flow cytometry analysis on bronchi 

from S1P-treated mice displayed an increase in the expression of 

mesenchymal markers to epithelial one compared with control mice (Figure 

3.4.1E). We have been exanimated two different markers: CD90, a 

mesenchymal marker and CD326 marker expressed on epithelial cell adhesion 

molecule. In connection with this data, fibroblasts isolated from the lung of S1P 

or vehicle-treated BALB/c mice showed an up-regulation of α-SMA expression 

after S1P exposure (Figure 3.4.1G). In addition, a significant increase occurs 

also in the proliferative rate in the cells from S1P treated mice compared to 

vehicle by using MTT assay ( Figure 3.4.1.H).  
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Figure 3.4.1: Systemic administration of S1P induces a fibroproliferative environment in the 

lung. 

(A)Female BALB/c mice received subcutaneous administration of S1P (10ng) or vehicle (BSA 

0.001%) at days 0 and 7. Mice were sacrificed at 7,14 and 21 days. (B) Lungs were collected and 

homogenate with 1U/ml collagenase. TGF β levels were measured by using specific ELISA (** 

p<0.01 vs. vehicle Student’s t-test). Immunohistochemical quantification for IL-33 (C) and FGF-2 (D) 

on lung sections (** p<0.01 vs. vehicle Student’s t-test). At 14 days, isolated bronchi from the vehicle 

and treated mice were used for flow cytometry analysis (E) of CD326 (epithelial marker) and CD90 

(mesenchymal marker). (F) Morphology and proliferation of fibroblast isolated from lungs of vehicle 

and S1P treated mice at 14 days. (G) Immunofluorescence staining on isolated cells for fibroblast 

differentiation by using α-SMA and counterstain with DAPI. (H) Fibroblast proliferation was measured 

with MTT assay after 24, 48 AND 72h to S1P exposure. (**p<0.01 vs vehicle; ***<0.001 vs vehicle). 

Data are mean ± SEM, n=6 mice in each group.   
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3.4.2 S1P promotes epithelial-mesenchymal transition (EMT) in mouse 

airway. 

The involvement of S1P in EMT process has been confirmed also from 

molecular studies. RT-PCR performed on bronchi harvested from both vehicle 

and S1P treated mice, at 14 days after S1P challenge, showed an increase in 

mRMA levels of type I (COL1A1) and type III (COL3A1) collagens as 

myofibroblast and EMT markers, respectively (Figure 3.4.2C-D). Also, the 

transcriptional regulators of EMT such as TWIST and SNAIL significantly 

increase at 14 days in S1P treated mice (Figure 3.4.2A-B). This improvement 

well linked to the development of cardinal features of severe asthma induced 

by S1P in mice.  
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Figure 3.4.2: S1P promotes EMT in bronchi. 

At 14 days, Bronchi harvested from mice treated with vehicle or S1P were used for molecular studies. 

mRNA expression levels of TWIST (A), SNAI 1 (B), COL2A1 (C) and COL3A1 (D) were measured 

by reverse-transcription polymerase chain reaction (qRT-PCR). Data are expressed as mean ± SEM 

and the results were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA by 

using the 2-ΔCt formula. (*p<0.05, **p<0.01 and ***p<0.001 vs vehicle). Data are mean ± SEM, n=6 

mice in each group.   
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3.4.3 S1P shift epithelial-mesenchymal repertoire in mouse airway. 

Further development was to analyzed other specific markers of both epithelial 

and mesenchymal cells on isolated bronchi from S1P treated mice. We 

observed a marked shift in epithelial markers to mesenchymal markers: 

vimentin, fibronectin 1 and α-SMA strongly increased in contrast to E-cadherin, 

cytokeratin, and ZO-1 that were reduced (Figure 3.4.3). 
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Figure 3.4.3: Shift from epithelial to mesenchymal morphology cells in the airway. 

Main bronchi were harvested from mice treated with either the vehicle or S1P and sacrificed at 14 

days. The markers changes were evaluated by qRT-PCR. mRNA expression levels of epithelial 

markers E-Cadherin (A), cytokeratin-1 (KRT1) (E) and ZOI-1 or mesenchymal vimentin (VIM) (D), 

fibronectin 1 (FN1) (B) and alpha-smooth muscle actin (α-SMA) (F) were measured. Data are 

expressed as mean ± SEM and the results were normalized to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) mRNA by using the 2-ΔCt formula (*p<0.05, **p<0.01 vs vehicle). 
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3.4.4 S1P promotes EMT activation in a TGF β-dependent manner in vitro 

model of epithelial cells 

In vivo results suggest the ability of S1P to induce EMT. Next, we move on 

about in vitro studies in order to correlate the direct effect of S1P on epithelial 

cells. Starting with adenocarcinomic human alveolar basal epithelial cells 

(A549), we have demonstrated that A549 cells incubated with both S1P or TGF 

β shall obtain a fibroblast-like morphology characterized by elongated branched 

surrounding a central nucleus. When cells are cultured and incubated with 

LY2109761, an antagonist of the receptor of TGF β type I and II, the effects are 

reversed and restores the physiological pattern observed without any 

incubation (Figure 3.4.4A). Indeed, S1P increases the levels of mesenchymal 

marker CD90 and reduce the epithelial marker as CD326, in support with our 

in vivo data. Then, cell incubation with LY2109761 prior to TGFβ or S1P does 

not induce any effects (Figure 3.4.4B). Supplementary, immunofluorescence 

staining showed an up-regulation of vimentin and down-regulation of 

cytokeratin in both S1P or TGF β treated cells when compared to the control 

condition. Obviously, cells pre-treatment with LY2109761 prior to standard 

treatment reverse all previously observed effects (Figure 3.4.4C).  

Overall these data indicate the direct action of S1P on epithelial cells in the 

epithelial-mesenchymal transition (EMT) process. 

https://en.wikipedia.org/wiki/Adenocarcinoma
https://en.wikipedia.org/wiki/Human
https://en.wikipedia.org/wiki/Pulmonary_alveolus
https://en.wikipedia.org/wiki/Basal_lamina
https://en.wikipedia.org/wiki/Epithelial
https://en.wikipedia.org/wiki/Cell_(biology)
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Figure 3.4.4: S1P-induced EMT in vitro is mediated by TGF-β. 

(A) A549 cells were exposed to vehicle, TGF-β or S1P in the presence or absence of LY2109761 

(antagonist of receptor type I and II of TGF-β) Morphological changes were assessed under light 

microscopy 20X. (B) Changes of CD326 (epithelial markers) and CD90 (mesenchymal markers) 

were evaluated utilizing flow cytometry. Data are expressed as mean ±SEM (***p<0.001 vs 

vehicle). (C) Immunofluorescence staining was made for the following markers: cytokeratin the 

epithelial marker (red fluorescence, left panels) and vimentin the mesenchymal markers (green 

fluorescence, right panels). Cells were photographed at 20X magnification.  
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3.4.5 TGF-β obligatory role in S1P-induced effects on airways.  

In order to confirm the direct effect of S1P on EMT involves the TGF β signaling, 

we pretreated BALB/c mice with LY2109761 antagonist. Pharmacological 

treatment in this murine model S1P-induced bronchial hyperresponsiveness 

(AHR) is completely abrogated (Figure 3.4.5A) in addition to a reduction in 

mucus production detected by PAS staining and inhibition of cell infiltration by 

immunohistochemical analysis (Figure 3.4.5B). To consider whether the 

inhibitory action of LY2109761 on airway function translates into a modulation 

of EMT, flow cytometry analysis has been performed on main bronchi and 

clearly confirms the involvement of TGF β in the EMT action induced by S1P 

thought CD90 up-regulation and CD326 downregulation (Figure 3.4.5C). 
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Figure 3.4.5: LY2109761 abrogates any effects induced by S1P on the airway.  

BALB/c mice were treated in vivo with vehicle, S1P or LY2109761 + S1P. (A) Bronchial reactivity to 

carbachol was assessed (*** P<0.001 vs vehicle, two-way ANOVA with Bonferroni’s post-test). 

(B)The degree of inflammation was scored by using PAS staining. PAS-positive cryosections were 

analysed with scores 0 to 4 to describe low to severe lung inflammation as follows: 0: <5%; 1: 5 to 

25%; 2: 25-50%; 3: 50-75%; 4: <75% positive staining/total lung area (*p<0.05 vs vehicle, Student’s 

t-test).  (C) Representative H&E staining on pulmonary sections of each treated mice group. (D) Flow 

cytometry analysis of CD326 (epithelial markers) and CD90 (mesenchymal markers) was performed 

on isolate bronchi (*** p<0.001 vs vehicle).  Data are expressed as mean ±SEM n=6 mice in each 

group. 
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3.4.6 S1P drives EMT in OVA-sensitized mice 

We already demonstrated that S1P signaling is involved in airway allergic TH2 

response to different common allergens and, in particular, the S1P/SphK1/2 is 

involved in airway hyperresponsiveness in OVA-sensitised mice 123. For this 

purpose, we decided to verify the link between S1P and EMT also in a common 

mouse model of allergic asthma obtained by exposure of mice to Ovalbumin. 

Allergen sensitization induced marked bronchoconstriction and the injection of 

Sphk1/2 inhibitor in OVA-treated mice reduced airway reactivity to carbachol 

(Figure 3.4.6A). Because EMT features are well characterized by the high 

levels of TGF β, we continued by evaluating the presence of TGF β by ELISA 

(Figure 3.4.6B) as well as the main markers of epithelial-mesenchymal 

transition in OVA-sensitized mice. Flow cytometry analysis performed on main 

bronchi clearly identify the upregulation of mesenchymal marker CD90 and 

downregulation of the epithelial marker CD326 in bronchi of OVA-sensitized 

mice (Figure 3.4.6C). Interestingly, we observed a significant reduction of CD90 

and CD326 in the bronchi of OVA-sensitized mice treated with Sphk1/2 

inhibitor. Sphk1/2 treatment reverses also OVA-induced fibroblast 

differentiation into myofibroblast as evident by light microscopy and determined 

by immunofluorescence analysis (Figure 3.4.6D). These data further confirm 

the role of S1P in EMT process, especially, the crosstalk S1P/SPK and TGF β 

pathway in epithelial plasticity.  
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Figure 3.4.6: Inhibition of sphingosine kinases reverts changes in airway hyperreactivity, EMT 

and TGF β by Ovalbumin in vivo. 

 BALB/c mice were exposed to vehicle, OVA (10µg) or to SKI-II (sphingosine kinases inhibitor; 

3mg/Kg) prior to OVA challenge. (A) Airway reactivity to carbachol was assessed on isolated 

bronchi (*** p<0.001 vs vehicle, two-way ANOVA with Bonferroni’s post-test). (B) TGF-β levels 

were measured in lung homogenates by using specific ELISA (**p<0.01 vs vehicle, Student’s t-

test). (C) The epithelial marker CD326 and the mesenchymal marker CD90 were assessed in 

bronchi by using flow cytometry (* p<0.05 and **p<0.01 vs vehicle). (D) Pulmonary fibroblasts 

were harvested from each treated mouse and their differentiation was assessed by 

immunofluorescence analysis by using a monoclonal antibody against α-SMA. Data are 

expressed as mean ±SEM. 



88 
 

 

 

 

 

 

 

Chapter 4 

Results 

 

 

 

 

 

 

  

 

 

 



89 
 

CHAPTER 4- RESULTS  

Role of mast cells in sensitization mechanisms 

 4.1 Salvinorin A reduces bronchial hyperreactivity induced by OVA-

sensitization in mouse 

Salvinorin A is the principal active terpenoid molecule isolated from Salvia 

divinorum (Lamiaceae). Its action is mainly due to psychoactive and 

hallucinogen effects on the central nervous system. It has recently been 

demonstrated that Salvinorin A exerts some anti-inflammatory actions 

interfering, at least in part, on the inhibition of leukotrienes (LT) biosynthesis. 

Leukotrienes (LT) are predominantly known to promote inflammation in 

numerous inflammatory models in vitro and in vivo.  Indeed, leukotrienes are 

considered crucial lipid mediators in allergic diseases such as asthma causing 

bronchoconstriction, inflammatory cell recruitment and liquid extravasation 

ending in edema. In collaboration with prof. Capasso, it was hypothesized 

whether Salvinorin A could positively modulate bronchial hyperresponsiveness 

and lung inflammation following OVA-sensitization in the mouse. 

Female BALB/c mice were subcutaneously injected with 0.4 ml of a suspension 

containing OVA (100 μg/mouse) dissolved in Al(OH)3 gel (13 mg/ml in sterile 

saline) or vehicle (nonsensitized mice) at day 0 and 7. Salvinorin A (10mg/kg) 

or vehicle (DMS0 4% 0.5ml) were administered i.p. 30 min before each OVA 

challenging (Figure 4.1A). Bronchial reactivity to the cumulative concentration-

response curve of carbachol in isolated organ Baths was performed on each 

treated mice group: vehicle, OVA or OVA+Salvinorin. Bronchi from OVA-

sensitized mice showed a significant increase in Carbachol-induced contraction 

compared to the vehicle group. Pre-treatment with Salvinorin A ameliorates 

carbachol response and reported bronchial reactivity at the same values 
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observed in vehicle-treated mice (Figure 4.1B). Additionally, in perfect tune with 

functional studies, Salvinorin A reduces IL-13 lung levels (data not shown). 

Conversely, Salvinorin A does not affect by itself on pulmonary inflammation 

and does not affect IL-4 up-regulation and IgE plasma levels in OVA-sensitized 

mice (Figure 4.1C).  
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Figure 4.1: Effect of Salvinorin A on allergen-induced bronchial hyperreactivity. 

(A)Schematic representation of experimental protocol. BALB/c mice received subcutaneous 

administration of OVA (100 µg) condensed with alum at day 0 and 8. Intraperitoneal administration 

of Salvinorin A or vehicle was performed 30min before each OVA challenge. (B) Measurement of 

bronchial reactivity to carbachol in isolated organ baths was evaluated 22 days after OVA injection 

(*** p<0.001 vs. control, two-way ANOVA with Bonferroni’s post-test). (C) IgE plasma levels 

quantification by ELISA kit (* p<0.05, ***p< 0.001). (D) Quantification of toluidine staining and 

percentage of mast cell degranulation evaluated as the ratio between degranulated and non 

degranulated mast cells. Data are mean ± SEM, n=6 mice in each group  
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4.2 Palmitoylethanolamide (PEA) prevents airway dysfunction in OVA-

sensitized mice 

Palmitoylethanolamide (PEA) is an endogenous lipid mediator belong to the 

class of fatty acid ethanolamides as well as a natural lipid ingredient contained 

in food/dietary supplementation. Evidence suggests an involvement of PEA in 

mast recruitment and degranulation which are considered the principal 

orchestrator for airway hyperreactivity. We have already demonstrated that 

mast cell activation during allergen sensitization is responsible for bronchial 

reactivity79. Here, with prof. Izzo, we have further investigated the role of PEA 

in a well-established model of allergic asthma. Functional experiments using 

isolated organ baths were performed on isolated bronchi from OVA-sensitized 

mice treated with PEA (10mg/kg) or with the vehicle (saline, ETOH and tween-

20, 8:1:1 v/v) 15 min before each OVA administration (Figure 4.2A). Bronchi 

harvested from OVA-treated mice showed increased reactivity to carbachol in 

comparison to vehicle-treated mice. In addition, hyperreactivity to carbachol 

was reverted by pre-treatment with PEA (Figure 4.2B). In another set of 

experiments, isolated bronchi were incubated with PEA and evaluate its action 

on a carbachol-induced contraction of both control and sensitized mice. In this 

case, PEA did not bring down the hyperresponsiveness to carbachol in OVA-

treated mice suggesting that its role only correlates to the infiltration of immune 

cells during an allergic response and doesn’t have a direct effect on smooth 

muscle cells responsible for bronchoconstriction (Figure 4.2 C). Similarly, PEA 

inhibits mast cell infiltration and cytokines expression in the lung but did not 

cause any change in plasma IgE levels (Figure 4.2 D). Indeed, toluidine staining 

on lung sections demonstrated a significant increase in mast cell recruitment in 

OVA-sensitised mice. PEA treatment prevented both mast cell recruitment and 

degranulation (Figure 4.2E). Sensitization caused also a significant increase in 
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IgE plasma levels that was not modified by PEA but prevented the increase in 

IL-13 and IL-4 pulmonary levels following sensitization. 
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Figure 4.2: Effect of PEA on bronchial reactivity and lung inflammation in OVA-sensitized 

mice. 

(A)Experimental protocol of sensitization and drug treatment. Mice were injected with subcutaneous 

administration of OVA (100 µg) adsorbed into aluminum hydroxide gel or vehicle on days 1 and 8. 

PEA was intraperitoneally administered 15 min before each OVA administration. (B) Measurement 

of bronchial reactivity to carbachol after 22 days of OVA sensitization (*** p<0.001 vs. control, two-

way ANOVA with Bonferroni’s post-test). (C) Direct administration of PEA (10^-5M) on isolated 

bronchi harvested from both control and OVA sensitized-mice. (D) IgE plasma levels, as well as IL-

13 and IL-4 pulmonary levels, were quantified by specific ELISA kit (*p<0.05, ** p<0.01, *** p<0.001 

vs. control or OVA, one way ANOVA with Bonferroni’s post-test). (E) Quantification of toluidine 

staining and percentage of mast cell degranulation evaluated as a ratio between degranulated and 

non degranulated mast cells.  Data are mean ± SEM, n=6 mice in each group 
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4.3 LT- dependent sex bias in AHR 

Sex-difference with predominance in female versus male has been observed in 

most of the experimental animal model of asthma. Leukotrienes (LT) 

biosynthesis is implicated in allergic diseases participating over time to 

bronchoconstriction and lung inflammation leads to progressive asthma 

symptoms exacerbations. With prof Rossi, we have demonstrated the direct 

correlation with LT biosynthesis and sex-difference following allergen 

sensitization. This finding was translated into differences in bronchial reactivity, 

lung inflammation and mast cell recruitment/degranulation in female versus 

male. For this reason, pharmacological treatment with antagonist or inhibitor of 

leukotrienes metabolism protected female mice more efficiently than male 

mice. Bronchial reactivity in vitro to carbachol and lung inflammation using H&E 

staining were observed at different time points: 3 days, 8days, 14 days and 21 

days after OVA-sensitization. For each time point, female mice are more prone 

to develop key asthma-like features than male as well as IgE levels in the 

plasma and pulmonary cytokine IL-13 and PGD2 correlate to mast cell 

degranulation (Figure 4.3). Also, we investigate trough bronchial reactivity to 

carbachol, the efficiency of different kinds of LT modifiers drugs in OVA-

sensitized male and female BALB/c mice. Montelukast, Zileuton and MK886 

significantly inhibited OVA-induced bronchial hyperreactivity in female but not 

in male animals (data not show). 
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Figure 4.3: SEX difference in airway hyperreactivity, lung, and systemic inflammation during 

allergen sensitization. 

Male and Female BALB/c received subcutaneous administration of Ovalbumin complexed with alum 

o days 0 and 7. Bronchial reactivity to carbachol was assessed in vitro after different time points: 3 

days (A), 8 days (B), 14 days (C), 21 days (D) (**p<0.01, *** p<0.001 vs. male two-way ANOVA with 

Bonferroni’s post-test). (E) IgE plasma levels and pulmonary IL-13 (F) and PGD2 (G) were measured 

at different time points by using specific ELIS kit (*** p<0.001, n.s., not significant (P> 0.05). One-

way ANOVA plus Bonferroni’s post-test). Data are mean ± SEM, n=6 mice in each group 
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Study of De novo sphingolipid biosynthesis and its 

cardioprotective functions in a mouse model of heart failure 

 

Cardiovascular disease, including coronary artery disease (CAD), is the 

number one cause of death worldwide and hypercholesterolemia and 

hypertension are two major risk factors for coronary artery disease. ApoE-/- as 

well LDL -/- (receptor-knockout) mice have been extensively utilized to study 

atherosclerosis pathogenesis, but they develop these pathological conditions 

only when they fed with Western-type diet, resulting in high cholesterol levels 

>1400mg/dl compared to humans124,125. In addition, the principal limitation for 

this experimental animal model when mice, with a high-fat diet, develop 

atherosclerosis only in the aorta and aortic root but not in coronary artery 

vessels, the principal site where atherosclerosis plaque is formed in human126. 

Current animal models of atherosclerosis do not recapitulate coronary plaque 

rupture, myocardial infarction (MI) developing in humans. To overcome this 

inconvenient, transverse aortic constriction in  ApoE-/-  mice, on a regular chow 

diet,  induce coronary lesions by combining hypercholesterolemia and high 

pressure127. In particular, atherosclerotic lesions develop only on right carotids 

and coronary artery which are exposed to high pressure induced by TAC 

surgery, and not in the vessel at low pressure as the aorta or left carotid. Here, 

we characterized the magnitude and the locations of coronary lesions and 

identified thrombotic events leading to myocardial infarction (MI) in ApoE-/- mice 

through the exposition of heart to high pressure by transverse aortic constriction 

(TAC) on chow diet (the combination of atherosclerosis and high pressure). 

Next, we investigate the potential role of NOGO-B protein as a negative 

regulator of sphingolipid biosynthesis in macrophages in the development of 
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coronary atherosclerosis, plaque stability, and cardiac function. We speculated 

on the idea that specific deletion of NOGO-B in macrophages (MΦNgKO) 

reduces coronary inflammation and atherogenesis in ApoE-/- post-TAC 

(MΦNgKO-ApoE
-/-

) protecting the heart from CAD.  

 

5.1 Characterization and distribution of coronary lesions in ApoE-/- mice 

after TAC 

WT C57BL/6J male mice (11-14 weeks of age; 25-27g) were subjected to TAC 

or sham surgery. Minimally invasive TAC surgery was performed on ApoE-/- 

mice (25g) leading to a transthoracic pressure overload. Briefly, mice were 

anesthetized with a single injection of a cocktail of ketamine (100mg/kg) and 

xylazine (5mg/kg). After lateral thoracotomy at the second intercostal space, 

the thymus was opened, and the aortic arch was visualized with a dissecting 

scope (Zeiss Discovery V8Stereo). A 7.0 nylon ligature is placed between the 

innominate and left common carotid arteries with an overlapping 28-gauge 

needle, which was then rapidly removed. In sham-operated animals, the 

ligature was just tied loosely in the same space.  

After TAC, different parameters were evaluated at different time point including 

the magnitude and presence of localization of coronary lesions, ECG analysis, 

and histology of the heart. At 8 weeks post-TAC histological analysis on the 

whole heart from the aortic valve (AV) to the apex was performed to identify the 

presence of coronary lesions, the degree of occlusion (Figure 5.1).  
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Figure 5.1: Characterization and distribution of coronary lesions in ApoE-/- mice after TAC.  

(A)Experimental protocol scheme. Transverse aortic constriction (TAC) was made in male ApoE -/- 

mice (25 g) on chow diet following histological echocardiographic analysis at different time points. 

(B) Representative images of the coronary plaque in the LAD after 8 weeks post-TAC at a different 

distance from aortic valve (AV) showed different degrees of stenosis. (C)Quantification of LAD 

stenosis from di AV to te apex of 8-week TAC operated mice (n=10). (D) Lipid accumulation 

expressed as a percentage of plaque area to total area vessel (n=10)  
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5.2 Immunofluorescence staining for coronary lesions characterization 

After 8 weeks post-TAC OIL-red O staining and immunofluorescence staining 

a whole heart from the aortic valve to the apex was performed to identify the 

presence and the quantification of coronary lesions. In early lesions, the 

accumulation of the lipids was limited to the intima or media, such as in humans 

with activation of smooth muscle cells. In contrast, the advanced coronary 

lesions presented a significant lipid accumulation in the lumen with different 

degrees of stenosis and macrophage infiltration (Figure 5.2).  
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Figure 5.2: coronary lesions immunofluorescence. 

(A)At 8 weeks after TAC, sequential myocardial sections were stained with Oil Red O (binding to 

lipids) and on the same sections was made immunofluorescence staining with αSMA (SMCs), CD68 

(monocyte/macrophages), and Hoechst (nuclei). Oil Red O showed lipid accumulation in the vascular 

wall, including endothelial cells (ECs), SMCs, and macrophages, of early and advanced coronary 

lesions. Consecutive heart sections in immunofluorescence staining showed macrophage (green) 

infiltration into the intima and media of the coronary arteries Scale bar: 50 μm. 
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5.3 Effects of TAC on lipid deposition in carotid arteries and aortic valve 

(AV) in MΦNgKO-ApoE-/- and control mice. 

After 10 weeks post-TAC, ApoE
-/-

 but not MΦNgKO-ApoE
-/-

 mice were 

sacrificed, the heart was excised and fixed with paraformaldehyde (PFA 4%) 

and embedded in OCT. In order to score and map the distribution of lipid 

accumulation in the coronary artery, I sectioned the whole heart and collecting 

6x10 micron sections every 100 microns. Aortic valve (AV) and left and right 

carotids were stained with Oil red O. TAC induces remarkable atherosclerotic 

lesions in the high-pressure carotid artery and ascending aorta ApoE
-/-

 but not 

MΦNgKO-ApoE
-/-

 mice after 10 weeks post-TAC (Figure 5.3).  
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Figure 5.3: Oil red O staining quantification. 

Quantification of lipid accumulation by Oil red O staining in left and right carotids (A) and aortic valves 

(B) in ApoE
-/-

 and MΦNgKO-ApoE-/- after 10weeks post-TAC. Quantification of the atherosclerotic 

area (n=4 per each group). P<** by unpaired t-test.             
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Discussion 

Asthma is a common chronic inflammatory respiratory disease that affects over 

300 million people worldwide, resulting in a considerable impact on lifestyle, 

especially for their complications. It has been introduced in therapy many signs 

of progress and many new drugs, including monoclonal antibodies but they 

have still some limitations: a lot of patients, especially males, do not respond to 

conventional treatments such as corticosteroids or long term β-agonists. My 

research study is focused on exploring the new pharmacological tools that 

could be introduced in therapy. My first goal was to clarify the role of 

sphingosine-1-phosphate (S1P) in lung pathophysiology. The animal model 

that I used and finely characterized in my research study, represent an 

important tool to investigate the molecular and cellular mechanisms involving 

in S1P effects on airway function by using different experimental approaches 

trying to decrease the ongoing inflammation and reducing bronchial 

constriction. Reversible bronchoconstriction, lung inflammation, and mucus 

hyperproduction are the main hallmarks in the pathogenesis of allergic asthma. 

In Recent studies, sphingolipid metabolites and sphingosine-1-phosphate 

(S1P) are emerging as important signaling molecules in allergic disease 

especially asthma.  Roviezzo et al. have previously demonstrated that S1P 

plays a critical role in pathological conditions regulating bronchial tone trough 

direct effects on smooth muscle cells via sphingosine kinases signaling. This 

hypothesis was confirmed by in vitro use of SPK inhibitor, ᴅ,ʟ-threo-

dihydrosphingosine (DTD), that abrogate the acetylcholine exacerbation 

contraction in OVA-sensitized bronchi123. In addition, systemic administration of 

S1P without additional adjuvant factors promotes in the mouse a disease 

mimicking asthma-like features such as bronchial hyperreactivity and 

pulmonary inflammation. These morphological and functional alterations were 
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associated with high circulating IgE plasma levels as well as an increase in Th2 

pulmonary cytokines78. Furthermore, S1P is an endogenous mediator for mast 

cells (MCs) activation trough the crosslinking of the FcεRI on IgE. This 

engagement induces intracellular SPHKs activation, S1P production and 

subsequently the trans-activation of S1PR1 and S1PR2 receptors, resulting in 

enhanced cell functions. S1PR1 is involved in the MCs migration whereas 

S1PR2 contributes to the FcεRI- induced degranulation and the release of 

many inflammatory mediators such as histamine, PGD2, Cys-LTs, LTB4 and 

cytokines as IL-4, IL-13, IL-5, TGF-β, and TNF-α.58,128,129.   

Based on this evidence, I have evaluated the effect of Disodium Cromoglycate 

(DSCG), a common mast cell stabilizer widely used in human therapy, on S1P-

induced asthma-likee features in the mouse. This pharmacological treatment 

completely inhibits airway hyperreactivity as well as lung inflammation, IgE 

plasma levels, and mucus production. The beneficial ability of DSCG to 

modulate mast cell activity is confirmed by the inhibition of PGD2,  as a marker 

of mast cells activation130. S1P-induced asthma-like features are associated 

with a predominant Th2 bias and obligatory role of CD23/IgE signaling in mast 

cell recruitment/ activation. In order to look deeply into cellular mechanisms of 

positive DSCG effects in S1P-mediated asthma-like features, my attention has 

been focused on the CD23 receptor, the “low-affinity” receptor for IgE (FcεRII) 

responsible of IgE production131. Pre-treatment with DSCG (i.p. 50mg/Kg) 

inhibits pulmonary CD23 upregulation following S1P and, in particular, reduces 

expression of CD23 in both B and T cells with complementary attenuation of 

pulmonary inflammation such as low levels of circulating IgE, IL-13, and PGD2. 

The obtained results demonstrate the crucial involvement of CD23 signaling in 

the beneficial effects of DSCG. These data further confirm the clinical relevance 

of S1P in asthma pathogenesis. To note, all data concerning S1P airway effects 
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have been focused on its role in the development of adaptive immune cells. In 

addition to this phenomenon mainly found in severe and chronic asthma, the 

starting point of allergic response after exposure to ambient air pollution or other 

any pathogens, is still fully unclear. Emerging data suggest a key role for Toll-

like-receptor (TLR4) in pathogen-induced immune innate response leading to 

activation and production of many innate molecules signaling cascade132.Here, 

I have focused my attention on the involvement of innate response in S1P-

induced allergic pulmonary inflammation. Emerging data suggest a key role for 

Toll-like-receptor (TLR4) in pathogen-induced immune innate response leading 

to asthma development132. Here I have assessed the effects of systemic 

administration of S1P in C3H/HeJ (Tlr4Lps-d) mice. TLR4 defective mice are not 

inclined to develop airway hyperreactivity and lung inflammation following S1P 

exposure. Accordingly, exogenous administration of anti-TLR4 antibody in 

BALB/c mice abrogates all S1P effects in the lung. Thus, these data suggest 

an alternative and crucial role of S1P in innate immune response as sentinel 

mediator, together with TLR4, in the detection of the host. Interestingly, we 

found a physical association and combination between TLR4 and S1P1 

receptors by immunofluorescence co-staining. Additionally, an increase of 

TLR4 positive cells occurs in the lung section when mice were treated with a 

co-administration of LPS+S1P. Immunoprecipitation and western blot analysis 

show an up-regulation of TLR4 expression in the main bronchi from mice 

treated with S1P compared to the vehicle. Altogether these data demonstrate 

that S1P triggers an innate immune response that in turn promotes a Th2 

response responsible for asthma features manifestations.  Since epithelial cells 

contribute to the innate response by promoting the release of inflammatory 

mediators such as a cytokine, I have also evaluated the role of the epithelium 

in our experimental model. Indeed, another important thing to consider in 
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asthma pathogenesis is the airway epithelium133.After extensive and chronic 

airway inflammation, the structure of airway walls changes with irreversible 

reduction of airflow input/output and an accelerated decline in lung function. 

Fibroblasts are the major driver in airway remodeling but recent evidence 

supports the hypothesis of the epithelial-mesenchymal transition process or 

rather the trans-differentiation of epithelial cells into fibroblasts accompanied by 

pro-fibrotic cytokines such as TGF-β134or S1P135,136. For this purpose, in this set 

of experiments, the main bronchi harvested from S1P-treated mice show an 

increased expression of the mesenchymal and fibrosis markers and a reduction 

of the epithelial marker correlating EMT with S1P effects on airway and, of 

course, airway hyperreactivity (AHR). Also, we reproduced in vitro EMT by 

incubating airway epithelial cells with either TGF-β or S1P, and all the effects 

are reversed by pretreatment with LY2109761, a TGF-β antagonist.  In perfect 

tune in vivo pre-treatment with LY2109761 inhibits bronchial hyperreactivity 

induced by S1P and reverses EMT as well. Also, in a common mouse model of 

asthma reproduced by exposure to Ovalbumin the sphingosine kinases 

inhibitor prevents EMT process. In conclusion, our findings confirm the direct 

correlation between S1P induced EMT and lung function by engaging TGF-β. 

Then, we wondered if airway S1P effects could be triggered also from other 

stimuli such as exposure to cigarette smoke.  I measured the bronchial 

reactivity and pulmonary resistances in a well-established model of mild COPD. 

C57BL/6 mice were continuously exposed to cigarette smoke or room air 

(control mice) and sacrificed at different time points: 9, 10 and 11 months. 

Exposure to cigarette smoke leads to a progressive and increased bronchial 

hyperresponsiveness as well as the response to carbachol ending a plateau at 

11 months. Pharmacological inhibition of the S1P pathway using non-selective 

inhibitors of sphingosine kinases or specific antagonists for S1P2 or S1P3 
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receptors abrogate the increased reactivity to carbachol following 11 months of 

cigarette smoke exposure reporting back the response to carbachol as control 

values. The involvement of the S1P pathway was confirmed by the increase in 

pulmonary S1P levels, too. 

Considering the prominent role of mast cells in asthma pathogenesis, during 

my Ph.D. training I have also evaluated mast cells role in molecular 

mechanisms underlying allergen sensitization. Mast cells infiltrate the bronchial 

epithelium in asthma and act as effector cells in IgE-associated allergic 

disorders with immunoregulatory roles. This is of importance in disease 

pathogenesis for two reasons. First, mast cells are placed at the portal of entry 

of noxious stimuli such as aeroallergens, where they play an effector role in the 

ongoing immunologic response. Second, mast cell degranulation influences 

epithelial function. Indeed, mast cells adhere avidly to bronchial epithelial cells, 

and tryptase release stimulates airway epithelial activation. For this purpose, I 

have treated sensitized mice with Palmitoylethanolamide (PEA) and Salvinorin 

A, known for their ability to affect mast cell activation. Final data indicate that 

PEA as well as Salvinorin A significantly abrogate asthma features such as 

airway hyperreactivity. The beneficial actions of PEA and Salvinorin A in the 

airway have been demonstrated also by a significant reduction of IL-4 and IL-

13 cytokine. In addition, both compounds do not affect sensitization 

mechanisms, but reduce the recruitment and degranulation of mast cells, 

confirming a critical role of mast cell in asthma symptoms manifestations. 

Literature data suggest that asthma has a higher incidence in females137. The 

prevalence and severity of asthma in women are frequently linked with 

hormonal fluctuations during the menstrual cycle. Indeed, asthma-related 

symptoms were related to hormonal changes and female patients develop a 

more prevalent hyper-responsiveness than male patients. The difference in the 

https://www.sciencedirect.com/topics/medicine-and-dentistry/pathogenesis
https://www.sciencedirect.com/topics/medicine-and-dentistry/aeroallergen
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gender associated with the incidence of asthma was assessed: Between the 

age of 4 and 14 years, asthma has more prevalent in males compared to 

females (11.5 vs. 9.9%). However, after puberty, asthma became more 

prevalent and severe in women67. Interestingly, after the menopause asthma 

becomes once again more severe in males. Additionally, sex dimorphism in 

asthma disease has been associated with different roles of sex hormones as 

well as leukotrienes (LT) synthesis on the immune response that drives 

sensitization138. In this context, I have also participated in a study demonstrating 

that a mast cell-dependent sex bias exists in allergen-induced airway 

hyperreactivity. During my last year of Ph.D. program at Weill Cornell Medical 

College, I have participated in a project focused on the contribution of S1P in 

coronary artery disease. Some murine models of atherosclerosis recapitulate 

several aspects of human disease, including high plasma cholesterol levels and 

lesion formation in the aortic root; however, these lesions rarely carried out to 

plaque rupture and MI. Furthermore, atherosclerosis is not observed in the 

coronary arteries, which is the major site of human plaque formation. Recently, 

transverse aortic constriction (TAC) was shown to induce coronary lesions in 

apolipoprotein E–deficient (ApoE-deficient) mice. In this context, my project has 

been centered on the characterization of development and progression of 

coronary lesions in ApoE-/- mice ending in myocardial events as a result of 

coronary plaque thrombosis and/or occlusion. Cumulatively, the results of these 

studies reveal that the TAC ApoE-deficient model recapitulates important 

aspects of human disease and indicates that this model has potential as an 

important tool for studying coronary lesion formation and rupture in human 

diseases. In addition, I investigated how the specific deletion of NOGO-B in 

macrophages (MΦNgKO) reduces coronary inflammation and atherogenesis in 

ApoE-/- mice (MΦNgKO-ApoE-/-) after 10 weeks TAC.  
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