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BACKGROUND AND PURPOSE 

A critical role for sphingosine kinase/sphingosine-1-phosphate pathway in the control of 

airway function has been demonstrated in respiratory diseases. Here, we address sphingosine-

1-phosphate contribution in a mouse model of mild chronic obstructive pulmonary disease 

(COPD). 

EXPERIMENTAL APPROACH 
C57BL/6J mice have been exposed to room air or cigarette smoke up to 11 months and 

sacrificed at different time points. Functional and molecular studies have been performed.  

KEY RESULTS 

Cigarette smoke caused emphysematous changes throughout the lung parenchyma coupled to 

a progressive collagen deposition in both peribronchiolar and peribronchial areas. The high 

and low airways showed an increased reactivity to cholinergic stimulation and αSMA over-

expression. Similarly, an increase in airway reactivity and lung resistances following S1P 

challenge occurred in smoking mice. A high expression of S1P, Sph-K2 and S1P receptors 

(S1P2 and S1P3) has been detected in the lung of smoking mice. Sphingosine kinases 

inhibition reversed the increased cholinergic response in airways of smoking mice.  

CONCLUSIONS AND IMPLICATION  
S1P signalling up-regulation follows the disease progression in smoking mice and is involved 

in the development of airway hyper-responsiveness. Our study defines a therapeutic potential 

for S1P inhibitors in management of airways hyper-responsiveness associated to emphysema 

in smokers with both asthma and COPD. 

 

Keywords: airway dysfunction, sphingosine-1-phosphate and cigarette smoke. 

 

Abbreviations:3,3′-diaminobenzidine tetra hydrochloride (DAB); Airway hyper-

responsiveness (AHR); alpha smooth muscle actin (α-SMA); chronic obstructive pulmonary 

disease (COPD); cigarette smoke (CS); sphingosine-1-phosphate (S1P); sphingosine kinase 

(Sph-K). 
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Bullet Summary 

 

What is already known: 

a. An efficient therapeutic approach to control airway dysfunction associated to smoke-

induced emphysema is still lacking.  

   

b. S1P signalling is involved in the control of airways function. 

 

What this study adds: S1P signalling contributes to cigarette smoke induced airway hyper-

responsiveness (AHR) in a time-dependent manner walking together with the disease 

progression. 

 

Clinical significance: S1P pathway represents a promising novel therapeutic target for 

treatment of AHR associated to emphysema and asthma in COPD. 

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2205
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Introduction 

Sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid generated from intracellular 

sphingosine, a product of the cell membrane component sphingomyelin. Sphingomyelinase 

isoenzymes catalyze the breakdown of sphingomyelin by cleavage of the phosphorycholine 

linkage releasing ceramide that in turn is converted to sphingosine (Pyne et al., 2002). 

Sphingomyelinase is activated by several stress inductors such as shear stress, TNF, 

oxidative stress and cigarette smoke (Levy et al., 2009; Uhlig et al., 2008). The 

catabolically generated sphingosine is phosphorylated by sphingosine kinases namely Sph-

K1 and Sph-K2. Once formed S1P takes one of three pathways. In one, the sphingosine 

moiety of S1P is recycled to ceramide synthesis after dephosphorylation by specific 

phosphatases. In a second, S1P is irreversiblly degraded by S1P lyase. This reaction 

facilitates transfer of substrate from the sphingolipid to the glycerolipid pathway. In the 

third pathway intracellular S1P is released to the extracellular environment, a process that is 

highly efficient in red blood cells, platelets and endothelial cells. One exported out of cells 

by cell-specific transporters S1P interacts with five plasma membrane G-protein-coupled 

receptors (S1PRn), that promote intracellular signals to regulate cell behaviour (Proia et al., 

2015). 

In the last years, a critical role for the Sph-K/S1P pathway in the control of airway function 

and pulmonary inflammation has been demonstrated (Price et al., 2013; Roviezzo et al., 

2010; Roviezzo et al., 2004; Roviezzo et al., 2007; Roviezzo et al., 2015; Roviezzo et al., 

2016). Compelling evidence from rodent models suggests that S1P signalling represents 

feasible therapeutic target(s) for lung diseases (Arish et al., 2017; Ebenezer et al. 2016). In 

particular  the inhibition of S1P biosynthesis reduces allergen-induced asthma like features 

(Price et al., 2012; Roviezzo et al., 2007),while the administration of S1P worsens antigen-

induced airway inflammation (Chiba et al., 2010) and hyper-responsiveness (AHR). 

Furthermore the systemic administration of S1P, without additional adjuvant factors, 

triggers in the mouse a disease closely mimicking several features of severe asthma such as 

AHR, pulmonary inflammation, high circulating levels of IgE and a predominance of 

CD4+T cell-derived-IL-4 (Roviezzo et al., 2015). This finds a match in the human disease, 

where S1P levels significantly increase in bronchoalveolar lavage (BAL) of asthmatic 

patients following segmental allergen challenge and correlate to pulmonary inflammation 

(Ammit et al., 2009) 

An involvement of S1P signalling in asthma pathogenesis finds further support in genome-

wild associated studies that have linked Orm/ORMDL family proteins, negative regulators 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=911
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=773
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2204
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2204
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2205
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2522
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=135
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of sphingolipid metabolism, to asthma onset in childhood (Breslow et al., 2010; Miller et 

al., 2017a; Miller et al., 2017b; Moffatt et al., 2010). In addition, changes in sphingolipid 

metabolism have been related  to chronic obstructive pulmonary disease (COPD)(Ahmed et 

al., 2014; Yang et al., 2011). 

 

The most important risk factor for COPD is cigarette smoking (Mannino et al., 2006). 

COPD is characterized by progressive obstruction of airflow, not fully reversible, which is 

accompanied by a chronic inflammatory response, caused by deleterious particles or gases, 

in airways and lung parenchyma (Fabbri et al., 2007). There are currently no specific COPD 

treatments and smoking cessation remains the most effective therapeutic intervention 

(Scanlon et al., 2000). Several studies in humans and animals demonstrated that, once 

COPD is initiated, the pulmonary inflammatory response continues (De Cunto et al., 2018; 

Gamble et al., 2007; Lapperre et al., 2006; Scanlon et al., 2000; Willemse et al., 2005) 

leading to a progressive loss of alveolar wall that cannot be reversed. Abnormal amounts of 

sphingomyelinase have been found in smokers with emphysema and the increased ceramide 

levels in alveolar septal cells and macrophages well correlated to lung destruction and 

dysfunction (Petrache et al., 2008; Petrache et al., 2005; Telenga et al., 2014). 

Thus, persistent lung inflammation, associated with a progressive deterioration of 

respiratory function and infections in these patients, is an increasingly important clinical 

problem. Most of the clinical features and physiological abnormalities of mild-to-moderate 

COPD may be linked to anhyper-responsiveness (AHR) state (Cockcroft et al., 2016; 

Hospers et al., 2000). Smokers with both asthma and COPD an Asthma-COPD Overlap 

Syndrome (ACOS) recapitulate the above described clinical features and are exposed to an 

increased risk of disease progression and mortality (Tashkin et al., 1996; Vestbo et al., 

2013). Clinically, the asthma-COPD phenotype is identified by methacholine provocation 

test in 1 out of 4 patients (Tkacova et al., 2016). 

 

It is well established that the airway smooth muscle dysfunction plays a key role in COPD 

pathogenesis being involved in the size of the airways, alterations of contractility, 

inflammatory response and the asthmatic phenotype. These changes are recognized as an 

important cause of airflow obstruction in smoker individuals (Barnes, 2017; Jones et al., 

2016; Page et al., 2017) and are reproduced in animal models (Bartalesi et al., 2005; 

Cavarra et al., 2001; De Cunto et al., 2018). The aim of this study is to assess, by using a 
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well characterised model of mild COPD, the role of S1P signalling in airway dysfunction 

associated to smoke-induced emphysematous lesions. 

 

Materials and methods 

Animal model 

C57BL/6J (MGI Cat# 5659366, RRID: 5659366) mice were housed in a controlled 

temperature, humidity and light/dark cycle environment and with food and water ad libitum 

(Mucedola Global Diet 2018; Harlan, Correzzana, Italy). All animal experiments were 

conducted under license number 186/2015_PR released by Italian Ministry of Health and in 

agreement with the Guiding Principles for Research Involving Animals and Human Beings 

and in compliance with Arrive guidelines (Kilkenny et al., 2010). Mice were exposed to 

either room air (control mice) or to smoke from cigarettes (CS) (Marlboro Red, 12 mg of tar 

and 0.9 mg of nicotine) in especially designed macrolon cages (Tecniplast, Buguggiate, 

Italy). The methodological approach for the exposure to cigarette smoke has been previously 

described in details (Cavarra et al., 2001; De Cunto et al., 2018). Briefly, mice were exposed 

to cigarette smoke from 3 cigarettes per day, 5 days a week, for an overall period of 11 

months. 

 

Bronchial reactivity 

Mice were sacrificed at different time points and bronchial tissues were rapidly dissected 

and cleaned from fat and connective tissue. Rings of 1-2 mm length were cut and placed in 

organ baths filled with Krebs’ solution (mM: 118 NaCl, 4.7 KCl, 1.2 MgCl2, 1.2 KH2PO4, 

2.5 CaCl2, 25 NaHCO3 and 11 glucose) at 37°C and gassed with a mixture of O2/CO2 

(95/5%). Rings were mounted to isometric force transducers (7006, Ugo Basile, Comerio, 

Italy) and connected to a Powerlab 800 (AD Instruments, Sidney, AU). Rings were initially 

stretched until a resting tension of 0.5g was reached and allowed to equilibrate for at least 

30 min. In each experiment bronchial rings were challenged with carbachol (10µM) until 

the response was reproducible. Once a reproducible response was achieved bronchial 

reactivity was assessed performing a cumulative concentration-response curve to carbachol 

(10nM-30µM) or S1P (10nM-30µM). In another set of experiments bronchial tissue 

reactivity was assessed in presence of S1P2 antagonist (TY52156, 10µM, 15min; Tocris 

Bioscience, UK), S1P3 antagonist (JTE-013, 10µM, 15min) or Sph-K inhibitor (SK-I, 

10µM, 30min; Tocris, Bristol, UK). 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=10310
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2917
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6041
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Isolated perfused mouse lung preparation 

Lung function was assessed using an isolated and perfused mouse lung model. Lungs were 

perfused in a non-recirculating fashion through the pulmonary artery at constant flow of 

1ml/min resulting in a pulmonary artery pressure of 2-3 cmH2O. The perfusion medium 

used was RPMI-1640 lacking phenol red (37ºC). The lungs were ventilated by negative 

pressure (-3 and -9 cmH2O) with 90 breaths per min and a tidal volume of about 200μl. A 

hyperinflation (-20 cmH2O) was performed every 5 min. Artificial thorax chamber pressure 

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

Devices, Como, Italy) and airflow velocity with pneumotachograph tube connected to a 

differential pressure transducer (Validyne DP 45-15, Instrumentation Devices, Como, Italy). 

The lungs respired humidified air. The arterial pressure was continuously monitored by 

means of pressure transducer (Isotec Healthdyne, Irvine, US) thatwas connected with the 

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

analysed with Pulmodyn software (Hugo Sachs Elektronik, March Hugstetten, Germany). 

Data were analysed through the following formula: P= V·C-1 + RL·dV·dt-1, where P is 

chamber pressure, C pulmonary compliance, V tidal volume, RL airway resistance. 

Successively, airway resistance value registered was corrected for the resistance of the 

pneumotacometer. Lungs were perfused and ventilated for 45 min without any treatment in 

order to obtain baseline state. Subsequently, lungs were challenged with carbachol. Dose 

response curve of carbacholor S1P was administered as bolus. In another set of experiments 

lungs were perfused with S1P inhibitors before carbachol challenge.  

 

Morphology and Morphometry 

Lungs of 6 mice from each group were processed for histology and lung slides were 

analysed for morphology and morphometry. The lungs from the different groups of mice 

were fixed intratracheally with buffered formalin (5%) at a constant pressure of 20cm H2O 

at least for 24h. All lungs were then dehydrated, cleared in toluene and embedded in 

paraffin. The lungs of mice were then processed for histologic, morphometric and 

immunohistochemical analyses. Lung slices were stained with Haematoxylin/Eosin. 

Morphometric assessment of emphysema included mean linear intercept (Lm) and internal 

surface area (ISA). Peribronchiolar fibrosis was evaluated in paraffin-embedded lung slices 

after Masson’s trichrome staining(Lucattelli et al., 2005). 
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Immunohistochemical analysis 

Tissue sections from mice exposed to room air or CS for 9, 10 and 11 months were also 

stained for alpha-smooth muscle actin (α-SMA), sphingosine 1-phosphate receptor 2 (S1P2), 

sphingosine 1-phosphate receptor 3 (S1P3),sphingosine kinase 1 (Sph-K1) and sphingosine 

kinase 2 (Sph-K2).The sections were pre-treated with 3 % hydrogen peroxide for blocking 

the endogenous peroxidase. Antigen retrieval was performed by heating the sections in a 

microwave for 20 min in 0.01 M pH 6.0 citrate buffer and allowing to cool slowly to room 

temperature. All the sections were incubated with 3 % bovine serum albumin for 30 min at 

room temperature to block non-specific antibody binding. Sections were then incubated 

overnight at 4 °C with the primary antibodies, rabbit Ab to mouse Sph-K1 (Bioss Cat# bs-

2652R, RRID:AB_10856265) diluted 1:200; rabbit Ab to mouse Sph-K2 (Abcam Cat# 

ab37977, RRID:AB_778046) diluted 1:70; rabbit Ab to mouse S1P3 (Bioss Antibodies, 

Woburn, US) diluted 1:100; rabbit Ab to mouse S1P2 (Biorbyt Cat# orb5558, 

RRID:AB_10938778) diluted 1:150. After rinsing with TBST, slides were incubated with 

sheep anti-rabbit IgG (1:200) for 30 min at room temperature followed by incubation with 

peroxidase-antiperoxidase complex, prepared from rabbit serum and diluted 1:200.Colour 

development was performed using 3,3′-diaminobenzidine tetra hydrochloride(DAB; Vector 

Laboratories, Burlingame, CA) as a chromogen. Detection of α-SMA protein was evaluated 

on paraffin sections by using mouse monoclonal α-SMA Ab (Sigma, St. Louis, US) diluted 

1:400. Reaction was visualized using the MOM immunodetection kit (Vector Laboratories, 

Burlingame, US) and DAB as substrate. The MOM immunodetection kit (Vector 

Laboratories) is designed specifically to localize mouse primary monoclonal and polyclonal 

antibodies on mouse tissues by using a novel blocking agent and reducing undesired 

background staining. As negative controls, all primary antibodies were replaced by non-

immunised specific serum. 

 

Sphingosine-1-phosphate measurement 

S1P quantification was performed by using a commercially available ELISA kit (Echelon, 

Tebu-bio, Magenta, Italy) on whole lung samples harvested from control and smoking mice 

at 11 months following CS exposure. Samples were mechanically homogenised in the 

following homogenization buffer: 20 mM Tris-HCl, pH 7.4; 20% glycerol; 1 1. mM β-

mercaptoethanol; 1 mM EDTA; 1 mM Na-orthovanadate; 15 mM NaF; 1 mM PMSF; 
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protease inhibitor cocktail; 0.5 mM deoxypyridoxine; 40 mM β-glycerophosphate. Total 

protein concentration was measured and homogenated samples were then frozen at -80ºC 

until analysis. Samples were standardized according the kit protocol and data were reported 

as pmol of S1P per µg of total protein. 

 

Randomization, blinding and normalization 

Experiments were performed by different operators and animals were randomly used to set 

up control and CS groups. Drug treatments were randomized each day of experiment. 

Immunohistochemical experiments were performed by one operator and analysis of images 

was carried out by a second one in a blind approach. Data were not normalized and were 

expressed as absolute values as they were obtained. 

 

 

 

Unequal group sizes 

The group size was not equal for all experiments, as detailed in figure legends. In some 

cases, n for control groups is higher than 5 since the controls have been repeated in all 

animal experiments. In addition, the procedure does not allow to run the whole set of 

treatments for each type of test. The number of animals has been determined by using G-

Power software with α=0.05 and 1-β=0.85. 

 

Data and statistical analysis 

The data reported were statistically analysed according to the recommendations on 

experimental design and analysis in pharmacology(Curtis et al., 2015). Results are 

presented as mean±SEM or mean±SD. Two-way ANOVA followed by Bonferroni’s post 

hoc test was performed throughout the data shown in figures 2, 4 and 5. The Student’s t-test 

was run for data shown in figure 8E (mean±SEM) and Table 1 (mean±SD). Bonferroni’s 

post hoc test was run only when F was significant. Significance was determined as P<0.05 

(denoted by *, ° or # in figures). All data were plotted and analysed by using Graph Pad 

Prism 5. 

 

Drugs, chemicals and reagents 
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The compounds used here were provided by the following suppliers: sphingosine-1-

phosphate (S1P) by Enzo Life Science, Rome, Italy; S1P2 antagonist (TY52156), S1P3 

antagonist (JTE-013) and non-selectiveSph-K inhibitor (SK-I) by Tocris Bioscience United 

Kingdom. All other reagents were purchased from Sigma Aldrich, Milan, Italy. 

 

Nomenclature of targets and ligands 

Key protein targets and ligands in this article are hyperlinked to corresponding entries in 

http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS 

Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the 

Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a; Alexander et al., 

2017b). 
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RESULTS 

 

Progressive emphysema development in cigarette smoking mice 

As reported in our previous papers (Bartalesi et al., 2005; Cardini et al., 2012) exposure of 

mice to cigarette smoke resulted already at 3 months onwards in emphysematous changes 

disseminated throughout the lung parenchyma, additionally at 7 months only a small 

amount of collagen was found around bronchioles, distal and main bronchi of either control 

or smoking mice (De Cunto et al., 2016).  

In our series, CS-exposed mice developed more evident pulmonary changes at 11 months 

(Figure 1D). After 9 months of treatment, smoking mice showed a mild increase in collagen 

deposition (sea-green stained areas) in peri-bronchiolar, and peri-bronchial regions 

(Figure1B) that progressively increased during the following 2 months of treatment (Figure 

1, panels C and D). As shown in the inset in figure 1C, inflammatory infiltrate is evidently 

widespread in peri-bronchiolar/bronchial areas of the lung. No changes in morphology were 

seen after trichrome staining among air-control mice (Figure 1A). At light microscopy 

examination, the lungs harvested from mice exposed to cigarette smoke for 9, 10 and 11 

months showed significant higher values of mean linear intercepts (Lm) values (p<0.05) and  

significant lower values of internal surface area of lungs (ISA) values (p<0.05) when 

compared to mice exposed to room air at the same time points (Table 1). 

 

Smoking mice airways develop a progressive increased response to cholinergic 

stimulation 

Airway function was tested evaluating both bronchial responsiveness in organ baths (upper 

airway) and lung resistances (RL; lower airways) measured in anesthetized, tracheotomized 

and ventilated mice using a whole-body plethysmography. Airway function was found 

unaltered in mice exposed to cigarette smoke up to 7 months (Supplemental Figure 1). First 

significant changes in the response to carbachol challenge became visible after 9 months of 

cigarette smoke exposure as compared to control mice (Figure 2). This effect was related to 

cigarette exposure time, reaching the plateau at 11 months (Figure 2, panels A and C). 

Interesting, the increased response to carbachol of the lower airways (Figure 2C), already 

visible at 9 months, preceded the hyper-responsiveness of the upper airways, that occurred 

at 10 months (Figure 2A).  

Similarly, cigarette smoke induced an increased response of airways when challenged in 

vitro with S1P. In control mice S1P induced a significant contraction of isolated bronchi 
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(Figure 2B) only at very high concentrations (>10µM). Conversely, when mice were 

exposed to cigarette smoke, S1P-induced bronchial contractions were already present at 

concentrations as low as 1µM. In addition, bronchi harvested from mice exposed to 

cigarette smoke for 10 and 11 months also showed a significant increase in the maximal 

contractile effect of S1P (9,99 mN vs 4,78 mN; Figure2B). Similarly, RL resulted 

significantly increased in smoking mice also following S1P challenge (Figure 2, panels C 

and D). Conversely, in control mice carbachol or S1P-induced contractions did not change 

at all time points considered. In order to assess whether cigarette smoke-induced hyper-

responsiveness was sustained by airway remodelling, α-SMA expression was evaluated by 

immunohistochemical analysis of pulmonary sections. Control mice displayed only a few 

and dispersed staining in bronchi or bronchioles of control mice (Figure 3, panels A and C). 

Conversely, mice chronically exposed to cigarette smoke displayed a thick layer of α-SMA 

positive staining that circled main and distal bronchi of mice (Figure 3B). An increased 

number of such cells was also found in peribronchiolar areas in smoking mice (Figure3D). 

 

S1P signalling is involved in the cholinergic control of airway function of smoking mice 

Cholinergic innervation is the predominant neural bronchoconstrictor pathway in airways, 

thus we tested the effect of a pan sphingosine kinases inhibitor, namely SK-I, on carbachol-

induced contractions in bronchi from control or smoking mice. Pre-treatment of bronchial 

rings harvested from control and smoking mice up to 9 months, with SK-I did not affect 

carbachol-induced contractions of bronchi (Figure 4A). However, SK-I reversed the 

increased reactivity to carbachol in bronchi of mice exposed to cigarette smoke for 10 or 11 

months (Figure 4, panels B and C).  These in vitro findings were also confirmed by using 

whole body plethysmography experiments. Indeed, bolus administration of SK-I in 

pulmonary artery, prior to carbachol challenge, abrogated the increased lung resistances 

observed in mice following 11 months of cigarette smoke exposure (Figure 4D). 

 

 

S1Peffects on airways are mediated by S1P2 and S1P3 receptors.  

To further assess the role of S1P pathway in cigarette smoke-induced airway hyper-

responsiveness, bronchi were pre-treatedwith S1P2 (JTE-013) orS1P3 (TY52156) receptor 

antagonists and then exposed to S1P. TY52156 (S1P3) and JTE-013 (S1P2) abrogated S1P-

induced contractions of bronchi harvested by smoking mice (Figure 5, panels A and C). 

Accordingly, bolus administration of TY52156 or JTE-013 in pulmonary artery abrogated 
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the increased lung resistances induced by S1P challenge when mice were exposed to 

cigarette smoke (Figure 5, panels B and D). 

 

Cigarette smoke induces pulmonary S1P pathway up-regulation.  

In air exposed mice a weak signal for S1P3 was found in airway epithelium (Figure 6, 

panels A, B and C) and pulmonary macrophages (Figure 6C). The reaction for S1P3 was 

more marked in cigarette smoke-exposed mice at 11 months. An evident increase in 

expression of S1P3 was observed in bronchial (Figure 6D), bronchiolar epithelium (Figure 6, 

panels E and F) and in macrophages (inset in Figure 6F). On the other hand, S1P2 up-

regulation was evident in pulmonary epithelium of intra-parenchymal airways  (Figure 7B), 

as well as in airway smooth muscle cells and vessels of CS-exposed mice (Figure 7C). An 

up-regulation of S1P2 was observed in smooth muscle cells of bronchioles and main bronchi 

of smoking mice at the different time points (Figure 7D). A trivial reaction for this receptor 

was seen in control mice (Figure 7A). 

Since the SK-I is a pan inhibitor, we performed an immunohistochemistry study with 

selective antibodies to identify the Sph-K isoforms involved. With respect to Sph-K1 

expression, no significant changes in signal were observed between smoking and air control 

mice (data not shown). On the other hand, Sph-K2 staining was mild in air exposed mice 

(Figure 8, panels A and C), while resulted markedly increased in airways epithelium (Figure 

8, panels B and D) and pulmonary macrophages (insert in Figure8D) from mice exposed to 

cigarette smoke for 11 months. Finally, in perfect tune with the molecular and functional 

studies we found a significant increase in S1P levels in the lungs harvested from CS mice at 

11 months as compared to control mice (Figure 8E). 
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DISCUSSION 

 

Multiple dysfunctions of the airway smooth muscle contribute to alter both the airway 

response to stimuli and the compliance of lungs. In COPD patients the pathological 

abnormalities occur both in the small and large airways and are responsible of the air flow 

limitation and lung inflammation. Here, we demonstrate the involvement of S1P signalling 

in the progression of airway dysfunction associated to emphysematous lesions following 

chronic exposure to cigarette smoke. 

Exposure of mice to the smoke of three cigarettes/day, 5days/week up to11 months caused 

evident pulmonary changes disseminated throughout the lung. Emphysema per se affects 

two key elements: 1) the airway structure through a reduction of lung elastic recoil, which 

decreases the driving force of air from the lung; 2) the attachments between airways and the 

surrounding parenchyma, which are lost causing a dynamic airway collapse during 

expiration. In our experimental conditions C57BL/6J mice developed significant 

emphysema when exposed to cigarette smoke for 6–7 months (Rahman et al., 2017). From  

9 months onwards the emphysematous changes were accompanied by an increased collagen 

deposition in peri-bronchiolar and peri-bronchial regions. All these smoke associated 

features lead to significant structural changes of the airways. The histological study showed 

that there was a time-dependent evolution of the lung damage that in turn affected the 

airway function. At early time (up to 9 months) morphological pulmonary changes were not 

accompanied by significant differences in bronchial reactivity to carbachol in vitro. At this 

time point there were only slight but significant changes in lung resistances. This latter 

finding indicated that, with the progression of the lung damage, the lower airways were the 

first to be interested. Indeed, a significant increase in the contractility to carbachol of the 

main bronchi (upper airways), harvested from smoking mice, becomes significantly marked 

at 10 months, reaching a plateau at 11months of smoke exposure. Accordingly, lung 

resistance measurements demonstrated an even more evident and time related increase in 

cholinergic activation, with a3- and 5-fold increase in maximal response at 10 and 11 

months, respectively. The immunohistochemical study showed the presence of a thick layer 

of α-SMA positive cells in the lung of cigarette smoke exposed mice. In particular α-SMA 

positive reaction is substantial around the main and distal bronchi and it is increased in 

peribronchiolar areas of smoking mice at 11 months implying the activation of remodelling 

process within the peripheral airways. This is in line with clinical data showing that patients 

with COPD show evident signs of remodeling in the large airways, measured as an 
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increased expression of α-SMA positive cells (Hogg et al., 2004; Jones et al., 2016; Skold, 

2010). However, at the present stage only few studies have investigated the presence of 

histopathological changes due to remodeling in the large airways of COPD patients. These 

processes might be responsible of the structural changes in the airway wall leading to lung 

function impairment in COPD.  

 

In our experimental setting cigarette smoke triggers a lung inflammation, that slowly 

develops and promotes the airway structural changes responsible for the cholinergic hyper-

responsiveness of both lower (early response) and upper (late response) airways from month 

9 onwards. Cholinergic innervation of airways is the predominant neural bronchoconstrictor 

pathway. However, chronic irritants such as cigarette smoke and air pollution, or mediators 

released from inflammatory cells further stimulate airway sensory nerve, which in turn 

release acetylcholine causing a more sustained stimulation of muscarinic receptors. In 

addition, more recent findings suggest that acetylcholine regulates additional functions in 

the respiratory tract, including inflammation and remodelling in airway diseases. Indeed, a 

recent clinical trial demonstrates that repeated methacholine inhalations cause airway 

remodelling, characterised by collagen deposition and increased TGF-ß expression (Grainge 

et al., 2011). Muscarinic receptors on airway smooth muscle cells also play an important 

role in regulating immunomodulatory function of airway smooth muscle (Zuyderduyn et al., 

2008). Indeed, inhaled bronchodilator treatment with a long acting muscarinic antagonist 

reduces symptoms and the risk of exacerbations of COPD as well as of asthma (Decramer et 

al., 2009; Tashkin et al., 2008).Measurement of S1Ptotal levels in pulmonary homogenates 

shows that in smoking mice there is a significant increase that is almost doubled as 

compared to control mice. This led us to hypothesize that the higher S1P level might be 

associated with the hyper-responsiveness to cholinergic stimuli. To address this issue,we 

evaluated the effect of a pan sphingosine kinases inhibitor on carbachol-induced 

contractions in vitro. The incubation of bronchial rings with the non-selective inhibitor of 

Sph-Ks (SK-I) did not affect carbachol-induced contractions of bronchi harvested from 

either control (air challenged) or smoking mice in the early phase. Conversely, SK-I 

abrogated the increased reactivity to carbachol following 10 and 11 months of cigarette 

smoke exposure reporting the response to carbachol back to the control values. Similarly, 

injection of SK-I in pulmonary artery before carbachol challenge abrogated the increased 

lung resistances in smoking mice. Thus, in mice that have been exposed to cigarette smoke 
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from 9 month onward, the increased response to cholinergic stimulation involves the Sph-

K/S1P pathway signalling. 

Immunohistochemistry study further confirmed the role of Sph-Ks in the airway 

dysfunction associated to cigarette smoke exposure. Indeed, in the lungs of mice exposed 

for 11 months at CS exposure there was an increased expression of Sph-K2, mainly 

localised in the airway epithelium and pulmonary macrophages. The strong positivity found 

in the airway epithelium well fits with previous evidence showing epithelium as the major 

source for S1P in the airways (Tran et al., 2017). Recent clinical data also suggest a 

potential link between the S1P pathway and the defective macrophage phagocytic function 

in COPD patients (Barnawi et al., 2015). Furthermore, it has been demonstrated that Sph-K2 

contribute is more relevant and directed towards intracellular targets thereby affecting 

transcription and mitochondrial integrity leading to  apoptosis, distinct from inside–out 

signaling via S1P receptors. Indeed, Sph-K2 instead of Sph-K1 enhances ceramide 

biosynthesis and promotes caspase-mediated apoptosis (Kharel et al., 2012; Santos et al., 

2015). Animal models have confirmed the importance of apoptosis in the pathogenesis of 

COPD, since these mechanisms are induced in cigarette smoke-exposed mice that develop 

emphysema and induction of either endothelial or epithelial cell apoptosis is sufficient to 

cause murine emphysema (Sauler et al., 2019). The increased expression of Sph-K2 was 

coupled also to up-regulation of both S1P2 and S1P3 receptors. In particular, while in air-

exposed mice there was a low signal for S1P3 in airway epithelium and pulmonary 

macrophages, its expression increased in bronchial and bronchiolar epithelium after 11 

months of cigarette smoke exposure. Similarly, the signal for S1P2 is greatly enhanced in 

pulmonary epithelium of intra-parenchymal as well as in main bronchi and in smooth 

muscle cells of airways and vessels harvested from smoking mice. 

 

In order to further corroborate our hypothesis, we evaluated if the response to exogenous 

S1P was altered in the same experimental conditions. Indeed, the data obtained so far 

indicated that i) there is an increased production of S1P; ii) the carbachol response is 

reduced by blocking sphingosine kinases. S1P binds to specific G-protein coupled receptors 

and generates downstream signals that play a crucial role in the development of a number of 

lung pathologies (Yang et al., 2011). S1P receptors such as S1P2 and S1P3 are present on 

airways and they regulate many of their actions, such as airway contraction and 

remodelling. In physiological conditions, i.e. in control air exposed mice, S1P induced a 

significant contraction of bronchi in vitro at very high concentrations within an mM range, 



 
This article is protected by copyright. All rights reserved. 

which is well over the physiological S1P concentration. Conversely, in smoking mice 

bronchial response to S1P in vitro occurred within a M range. An analogous effect was 

observed when lung resistances were measured following S1P injection in pulmonary 

artery. These increased responses in both upper and lower airways of cigarette exposed 

mice were markedly evident since the S1P effect was almost doubled. The role played by 

S1P2 and S1P3was confirmed by the inhibition obtained by pre-treatment with the selective 

receptor antagonists. S1P2 and S1P3 are the receptor subtypes involved in the pro-

remodeling response in airways where they promote activation of both epithelial and 

smooth muscle cells. Indeed, S1P can induce smooth muscle contraction by interacting with 

S1P2, while it may indirectly affect airways function upon binding to S1P3. All together, the 

data obtained support our hypothesis of an active role of Sph-K/S1P axis in the altered 

cholinergic control of airway function triggered by cigarette smoke. In addition, our data 

imply a possible complementary role of S1P intracellular (e.g. via Sph-K) and extracellular 

(e.g. S1Pn) pathways that promotes both the lung inflammatory response and the airway 

remodelling processes by converging on different downstream signalling pathways.  

In conclusion the up-regulation of Sph-K/S1P pathway develops progressively in smoking 

mice and follows the disease development leading to an increased response to carbachol. 

This hyper-responsiveness to cholinergic stimulation involves Sph-K2, S1P2 and S1P3 

receptors. Thus, S1P pathway represents a feasible therapeutic target in AHR associated to 

emphysema and particularly in smokers with both asthma and COPD (ACOS patients), a 

patient category more exposed to the disease progression and mortality 
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Figure 1. Representative images after Masson’s trichrome stain. Chronic cigarette smoke 

(CS) exposure results in collagen accumulation in intra- and extra-pulmonary airways. 
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Intrapulmonary and extra-pulmonary airways from air exposed mice showed normal 

architecture (A), while an increased collagen deposition is evident in mice after 9 months of 

CS exposure (see the sea-green stained areas) around bronchioles and intra-parenchymal 

bronchi (B).Collagen deposition around bronchioles, distal and main bronchi markedly 

increased at 10 (C) and 11 months (D) after CS exposure. In Fig. 1 C inflammatory infiltrate 

is seen within a newly deposited matrix(inset).Scale bars = 150 m; Six mice for each 

experimental group (control and CS mice) were used. 
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Figure 2. Cigarette smoke (CS) induces airway hyper-responsiveness. Mice were exposed 

to either room air (control) or to cigarette smoke for 9, 10 and 11 months and bronchial 

reactivity to either carbachol (A) orS1P (B) was evaluated in vitro. Lung resistances to 

carbachol (C) or to S1P  (D) were measured in an isolated and perfused mouse lung 
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preparation. Data are expressed as mean±SEM and have been analyzed by using 2-way 

ANOVA followed by Bonferroni's post hoc analysis.  n=5 (control), 5 (CS 9 months), 5 (CS 

10 months) and 8 (CS 11 months) for data showed in panel A; n=6 (control), 5 (CS 9 

months), 5 (CS 10 months) and 6 (CS 11 months) for data showed in panel B; n=5 for all 

experimental groups showed in C; n=5 (control), 5 (CS 9 months), 5 (CS 10 months) and 6 

(CS 11 months) for data showed in panel D . *P<0.05 vs control.  
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Figure 3. Cigarette smoke (CS) induces pulmonary -SMA up-regulation. 

Immunohistochemical staining for -SMA showed reactivity in peribronchial region of 

control (A) and CS exposed mice (B) following11 months treatment. Peribronchiolar 

regions staining for -SMA is also shown in control (C) and CS exposed (D) mice 

following 11 months treatment. Scale bars = 40 m. Six mice for each experimental group 

(control and CS mice) were used. 
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Figure 4. Inhibition of sphingosine kinases reverts airway hyper-responsiveness associated 

to CS. Carbachol-induced contraction was assessed in bronchi harvested from air exposed 

mice (control) and 9 (A), 10 (B) and 11 (C) months CS exposed mice. Following pre-

incubation with sphingosine kinases inhibitor (SKI-I; 30min; 10µM). In isolated and 
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perfused lung protocol SKI-I was injected within the pulmonary artery and lung resistances 

to carbachol (D) were measured in control or 11 months CS exposed mice. Data are 

expressed as mean±SEM and have been analyzed by using 2-way ANOVA followed by 

Bonferroni's post hoc analysis. n=7 mice (control), 5 mice (control + SKI-I), 8 mice (CS 9 

months) and 5 mice (CS 9 months + SKI-I) for data showed in panel A; n=7 mice  (control), 

5 mice  (control + SKI-I), 8 mice  (CS 10 months) and 5 mice  (CS 10 months + SKI-I) for 

data showed in panel B; n=8 mice  (control), 5 mice  (control + SKI-I), 8 mice (CS 11 

months) and 5 mice (CS 11 months + SKI-I) for data showed in panel C; n=5 mice for all 

experimental groups showed in D. *P<0.05 vs control vehicle; °P<0.05 vs CS vehicle. 
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Figure 5. S1P effects on airways are mediated by S1P2 and S1P3 receptors. Bronchi 

harvested from control and smoking mice were incubated with S1P3 antagonist TY-52156 

(A, 10µM) or S1P2 antagonist JTE-013 (B, 10µM) prior to S1P challenge. In another set of 

experiments, lung resistances toS1P were measured following administration of TY-52156 
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(C) or JTE-013 (D). Data are expressed as mean±SEM and have been analyzed by using 2-

way ANOVA followed by Bonferroni'spost hoc analysis. n=5 mice for all experimental 

groups showed in A, B, C and D. *P<0.05 vs control vehicle; °P<0.05 vs CS vehicle; 

#P<0.05 vs control + TY52156 (A) or + JTE (B). 
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Figure 6. Cigarette smoke induces pulmonary S1P3 up-regulation. Panels (A), (B) and (C) 

representative immunohistochemical reaction for S1P3 in lung tissue from air-exposed mice 

at 11 months. In (A) a mild positivity for S1P3 in epithelial cells of main bronchi as well as 

of bronchioles from air-exposed mice is evident.  In (B) a faint S1P3 staining is detected in 

epithelial cells (arrow) of small airways and in a limited number of macrophages 

(arrowhead). (C) A faint reaction on epithelial cells of bronchiole (arrow) and on 

macrophages (arrowhead) is present in air control mice. 
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(D, E, and F) Micrographs of lung tissue from smoking mice at 11 months. (D) The staining 

for S1P3 is evident and diffuse on airways epithelium (arrow) and on the smooth muscle cell 

layer (wedge). (E) S1P3 staining is evident on bronchial epithelial cells (arrow). (F) 

Epithelial cells from small airways (arrow) and macrophages (arrowhead) show a strong 

positivity for  S1P3 in smoking mice. High magnification of two macrophages are shown in 

the inset. 

Scale bars = 100 m (panels A and D); 60 m (panels B and E);  30m (panels C and F). 

Six mice for each experimental group (control and CS mice) were used. 
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Figure 7. Cigarette smoke induces pulmonary S1P2 up-regulation. A mild positivity for 

S1P2is present in some cells from airways epithelium from control mice (panel A, 

arrowhead). In panel B, S1P2staining is evident on epithelial cells of intraparenchymal 

bronchiole  (arrowhead), on spindle-shaped cells (arrow) and smooth muscle cell layer 

(asterisk) from mice exposed to CS for 11 months. In panel C, S1P2stainingis evident in 

smooth muscle cells (asterisk), on epithelial cells of the bronchus (arrowhead) and blood 
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vessel (arrow) from mice exposed to CS for 11 months. In panel D a representative lung 

section from a mouse exposed to CS for 9 months showing a S1P2 positivity in smooth 

muscle cells (asterisk). Scale bar = 100 m. Six mice for each experimental group (control 

and CS mice) were used. 
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Figure 8.. Cigarette smoke induces S1P release in the lung and a marked increase of 

sphingosine kinase 2. Immunostaining for Sph-K2 in airways epithelium of main bronchi 

(arrow)is reported for control mice (panel A) or mice exposed to CS for 11 months (panel 

B). Bronchiolar epithelium (arrow) and macrophages (arrowhead) staining for Sph-K2is 
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seen as a mild or strong signalling in control mice (panel C) or mice exposed to CS for 11 

months (panel D) respectively. High magnification of a macrophage is shown in the inset. 

Scale bars = 50 m. Six mice for each experimental group (control and CS mice) were used.  

S1P levels have been quantified in control and mice exposed to CS for 11 months (panel E). 

Data are expressed as the mean±SEM. Seven mice for both experimental groups (control 

and CS mice). *P<0.05 vs control. 
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Table 1 

Lung morphometry. Data are shown as mean±SD, n=6 for both experimental 

groups. *P<0.05 vs control mice for each time point  

 

     Time points since the onset of CSa 

exposure  

Experimental groups    9 months          10 months  

               11 months 

  Lmb (µM)     

ISAc 

(cm2) 

Lmb (µM)     

ISAc 

(cm2) 

Lmb (µM)     

ISAc 

(cm2) 

Control  41.6±1.4;     

1190±

11 

41.7±1.1;     

1106±

9 

42.0±1.3;    

1117±

7 

CS  46.9±1.3*;   

1091±

41* 

46.3±1.4*;   

1015±

9* 

46.7±1.7*;    

962±8

* 

 

Footnotes: 
a, cigarette smoke. 

b, mean linear intercept. 

c, internal surface area of the lungs 

 

 


