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Abstract

Idiopathic pulmonary fibrosis (IPF) is a devastating disease characterized by alveolar epithelial 

cell injury, accumulation of fibroblasts/myofibroblasts and deposition of extracellular matrix 

proteins. Levels of sphingosine-1-phosphate (S1P), a naturally occurring bioactive lipid, are 

elevated in bronchoalveolar fluids and lung tissues from IPF patients and animal models of 

pulmonary fibrosis. However, the in vivo contribution of S1P, regulated by its synthesis catalyzed 

by Sphingosine kinases (SphKs) 1 & 2 and catabolism by S1P phosphatases and S1P lyase 

(S1PL), in the pathogenesis of pulmonary fibrosis is not well defined. Microarray analysis of 

blood mononuclear cells from patients with IPF and SphK1-, SphK2- or S1PL-knockout mice and 

SphK inhibitor were used to assess the role of S1P in fibrogenesis. The expression of SphK1 

negatively correlated with lung function and survival of patients with IPF. Further, the expressions 

of SphK1 and S1PL were increased in lung tissues from patients with IPF and bleomycin-

challenged mice. Genetic knockdown of SphK1, but not SphK2, ameliorated bleomycin-induced 

pulmonary fibrosis in mice while deletion of S1PL (SGPL1+/−) in mice potentiated fibrosis post-

bleomycin challenge. TGF-β increased the expression of SphK1 and S1PL in human lung 

fibroblasts and knockdown of SphK1 or treatment with SphK inhibitor attenuated S1P generation 

and TGF-β mediated signal transduction. Overexpression of S1PL attenuated bleomycin-induced 

TGF-β secretion and S1P mediated differentiation of human lung fibroblasts through regulation of 

autophagy. Administration of SphK1 inhibitor 8 days post-bleomycin challenge reduced 

bleomycin-induced mortality and pulmonary fibrosis. Our results suggest that SphK1 and S1PL 

play critical roles in the pathology of lung fibrosis and may be novel therapeutic targets.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive interstitial lung disease of 

unknown etiology with an average survival of 3–5 years following diagnosis (King, 1998). 

The pathogenesis of IPF is not completely understood; however IPF involves alveolar 

epithelial cell injury, areas of type II cell hyperplasia, accumulation of fibroblasts and 

myofibroblasts, and the deposition of extracellular matrix (ECM) proteins such as 

fibronectin (FN) and collagen (Phan, 2002, Sappino et al., 1990). Fibroblast accumulation 

gradually leads to an excessive scarring of the lung tissue and progressive and irreversible 

destruction of lung architecture leading to loss of lung function, disruption of gas exchange 

and respiratory failure (Selman et al., 2001). Therapies for IPF are mostly ineffective and the 

only effective treatment available is lung transplantation. Emerging strategies to treat 

patients with IPF include inhibition of epithelial injury or enhancement of repair, treating 

with anti-cytokines, and inhibition of fibroblast proliferation or induction of fibroblast 

apoptosis. In light of the poor prognosis and lack of available anti-inflammatory therapies, 

there is a pressing need for alternative approaches including evaluation of new targets and 

pathways in animal models of fibrosis.

Earlier studies provide strong evidence that the bioactive lipids such as lysophosphatidic 

acid (LPA) and sphingosine-1-phosphate (S1P) are critical for inflammation and cancer 

(Zhao et al., 2013, Nagahashi et al., 2014, Pyne et al., 2014). Recent studies strongly suggest 

that LPA and S1P also play an important role in the pathogenesis of IPF. Bronchoalveolar 

lavage (BAL) fluid from IPF patients showed enhanced LPA (Tager et al., 2008) and S1P 

(Milara et al., 2012) levels compared to control subjects. Further, LPA1/LPA2 receptor 

(Huang et al., 2013b, Tager et al., 2008) as well as sphingosine kinase (SphK) 1 (Huang et 

al., 2013a) deficient mice were protected against bleomycin-induced pulmonary fibrosis. 

The source of LPA and mechanism(s) of its generation in IPF are unclear. LPA could be 

generated from phosphatidic acid (PA) by phospholipase A1 or phospholipase A2 and/or 

from lysophosphatidylcholine by autotaxin (Zhao and Natarajan, 2013). Mice with mutated 

cytosolic phospholipase A2 exhibited protection against bleomycin-induced pulmonary 

fibrosis (Ghosh et al., 2004) suggesting a pivotal role for phospholipase A2 in the fibrotic 

process. In mammalian cells, S1P is primarily generated by phosphorylation of sphingosine 

catalyzed by the two isoforms of SphK, SphK1 and SphK2 (Natarajan et al., 2013), and S1P 

is dephosphorylated to sphingosine by S1P phosphatases 1 and 2 or non-specific lipid 

phosphate phosphatases. Also, S1P is irreversibly cleaved by S1P lyase (S1PL) to 

ethanolamine phosphate and trans-2-hexadecenal (Natarajan et al., 2013). This 

dysregulation of glycerophospholipid and sphingolipid metabolism leads to the development 

and progression of pulmonary fibrosis and other lung disorders. Thus, modulation of LPA 

and S1P metabolism and its G-protein coupled receptors offers a novel therapeutic approach 

for ameliorating human pulmonary fibrosis. In this study, the role and regulation of S1P 

production and its metabolism in pulmonary fibrosis is addressed.

S1P levels in IPF patients and animal models of pulmonary fibrosis

S1P is increased in serum and bronchoalveolar lavage (BAL) fluids in patients with IPF 

(Milara et al., 2012), which correlated with diffusion capacity of the lung for carbon 
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monoxide, forced expiratory volume and forced vital capacity in IPF patients. Induction of 

inflammation and pulmonary fibrosis by bleomycin- and radiation in mice modulated 

sphingolipid levels in BAL fluids, lung tissues and plasma (Huang et al., 2013a). S1P and 

dihydro S1P levels were significantly elevated in lung tissues of mice 3, 7, and 14 days post-

bleomycin challenge compared to control animals (Figure 1). Similarly, an increase in 

dihydro S1P and S1P levels was detected in plasma, lung tissue and BAL fluids 18 weeks 

after a 20 Gy thoracic irradiation of mice. Administration of a SphK inhibitor, SKI-II in 

mice on day 8 after bleomycin challenge decreased S1P and dihydro S1P levels in lung 

tissue on day 21 post bleomycin challenge, but did not affect tissue levels of sphingosine 

and ceramides (Huang et al., 2013a). This decrease in S1P and dihydro S1P correlated with 

protection against bleomycin-induced pulmonary fibrosis and mortality. Inhibition of 

sphingolipid de novo biosynthesis by targeting serine palmitoyltransferase with myriocin 

decreased levels of S1P and dihydro S1P in mouse lung and plasma and delayed the onset of 

radiation-induced pulmonary fibrosis (Gorshkova et al., 2012). These studies show that S1P 

and dihydro S1P levels are up-regulated in human IPF and animal models of pulmonary 

fibrosis and blocking S1P and/or dihydro S1P production or enhance their catabolism could 

be of potential value in therapeutic interventions of pulmonary fibrosis.

Expression and role of SphK1 and SphK2 in the development of pulmonary 

fibrosis

S1P accumulation in cells is a balance between its synthesis catalyzed by SphK1 and SphK2 

and catabolism mediated by S1P phosphatases and S1PL. Microarray analysis of peripheral 

blood mononuclear cells (PBMCs) indicated increased expression of SphK1/2 in IPF 

patients, and the expression levels of SPHK1 and SPHK2 were negatively correlated with 

the lung function and survival in patients with IPF (Huang et al., 2013a). In addition to 

mRNA levels, protein expression of SphK1, but not SphK2, was significantly elevated in 

lung tissues from patients with IPF as compared to control subjects (Huang et al., 2013a), 

and this increased expression correlated with elevated α-smooth muscle actin (α-SMA), 

fibronectin (FN) and collagen type I. In murine models of bleomycin- and radiation-induced 

pulmonary fibrosis, the expression of SphK1, but not SphK2, was increased in lung tissues 

(Figures 2 & 3), and genetic knockdown of SphK1, but not SphK2, expression in mice 

protected against bleomycin-induced increase in lung collagen, TGF-β, fibronectin, α-SMA 

and lung fibrogenesis. However, depletion of SphK1 had no effect on lung inflammation on 

day 14 after bleomycin challenge in mice (Huang et al., 2013a). In addition to enhanced 

SphK1 expression, acid sphingomyelinase and acid ceramidases activities were up-regulated 

by bleomycin in lungs of fibrotic mice, and knockdown of acid sphingomyelinase attenuated 

bleomycin-induced lung inflammation and fibrosis (Dhami et al., 2010). Activation of acid 

sphingomyelinase and acid ceramidases could result in elevated production of ceramide and 

sphingosine and phosphorylation of sphingosine to S1P by SphKs (Gorshkova et al., 2012). 

Thus, in animal models of fibrosis, increased S1P levels in lung parenchyma are essential 

for fibrogenesis.
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Role of SphK1/S1P/S1P-receptor signaling axis in TGF-β mediated 

fibrogenesis

Transforming growth factor (TGF)-β is a key growth factor mediating fibroblast to 

myofibroblast transformation and alveolar epithelial to mesenchymal transition (EMT) both 

in vivo and in vitro (Willis and Borok, 2007, Wynn, 2008) and is up-regulated in IPF lungs 

and animal models of fibrosis (Wynn, 2011). In the murine model of fibrosis, bleomycin-

induced secretion of TGF-β was suppressed by SphK1 knockdown or inhibition of activity 

(Huang et al., 2013a). Further, bleomycin-induced SphK1 expression in mouse lung was 

TGF-β dependent (Figure 4), and TGF-β regulated S1P levels in lung fibroblasts by inducing 

the expression of SphK1 (Kono et al., 2007). In vivo, bleomycin-induced phosphorylation of 

Smad2, Akt, JNK1 and p38 MAPK in mouse lung tissue, which was attenuated by blocking 

S1P generation via knockdown of SphK1 expression or inhibition of SphK1 activity using a 

small molecule inhibitor (Huang et al., 2013a). Also, SphK1 knockdown or inhibition 

suppressed the TGF-β mediated fibroblast to myofibroblast transition (Kono et al., 2007) 

suggesting a potential link between TGF-β expression, S1P production and its signaling 

through S1P receptors in pulmonary fibrosis (Figure 5). Down-regulation of S1PR2 and 

S1PR3, but not S1PR1, with siRNA attenuated TGF-β mediated up-regulation of fibronectin 

and α-SMA in human lung fibroblasts (Cencetti et al., 2010, Gellings Lowe et al., 2009; 

Kono et al., 2007). In contrast to human lung fibroblasts, prolonged exposure of S1PR1 

agonists, FTY720 and AUY954, exacerbated bleomycin-induced vascular leak, fibrosis and 

mortality in mice (Shea et al., 2010, Sobel et al., 2013), suggesting that S1P/S1PR1 

signaling may represent an important pathway for limiting the fibrotic response to injury. 

The role of S1P in fibrogenesis is not restricted to the lung. Interestingly, over-expression of 

SphK1 in mouse heart resulted in the development of cardiac fibrosis through reactive 

oxygen species mediated SphK1/S1P/S1PR3 signaling cascade (Takuwa et al., 2010). In an 

animal model of laser-induced retinal fibrosis, intravitreous injection of anti-S1P 

monoclonal antibody dramatically inhibited choroidal neovascularization (CNV) formation 

and sub-retinal collagen deposition compared to control group, thereby identifying S1P as a 

previously unrecognized mediator of angiogenesis and sub-retinal fibrosis in this model 

(Caballero et al., 2009). Thus, a cross-talk between TGF-β/TGF-βR and S1P/S1PR 

represents a molecular mechanism of dysregulated wound repair in the development and 

progression of pulmonary fibrosis.

Expression and role of S1PL in the development of pulmonary fibrosis

S1P can be dephosphorylated to sphingosine by S1P phosphatases, lipid phosphate 

phosphatases or irreversibly cleaved by S1PL to ethanolamine phosphate and hexadecenal. 

Micro-array analysis of human PBMCs from IPF patients revealed a direct correlation 

between SGPL1 expression, pulmonary functions values and overall survival in IPF patients. 

Lower expression of SGPL1 in patients correlated with relatively severe IPF and Kaplan-

Meier survival analysis showed a marginal increase in survival of patients with higher 

expression levels of SGPL1 mRNA (Huang et al., 2014). Similarly, SGPL1 mRNA and 

protein were elevated in IPF lung homogenates and immunostaining of paraffin embedded 

lung tissues revealed increased S1PL expression in IPF specimens, and co-localization with 
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α-SMA, especially in fibrotic foci, as compared to control subjects. The enhanced 

expression of S1PL in IPF was confirmed in murine models of bleomycin- and radiation-

induced pulmonary fibrosis (Figure 6). However, there was no increase in S1PL activity in 

the lung tissues from radiation challenged mice (Gorshkova et al., 2012). While SphK1 

expression increased during early stages of pulmonary fibrosis, changes in the S1PL 

expression occurred during latter stages of fibrogenesis in mice after exposure to bleomycin 

or radiation (Huang et al., 2014).

TGF-β mediates S1PL expression in lung fibroblast

TGF-β, a key cytokine that regulates fibroblast proliferation and differentiation, in a time-

dependent manner increased the mRNA and protein expression of S1PL in human lung 

fibroblasts, which was abolished by pre-treatment of cells with anti-TGF-β antibody (Huang 

et al., 2014). In silico analysis of human SGPL1 promoter sequence indicated at least two 

consensus sequences for Smad2/3 binding localized in the up-stream promoter region of 

SGPL1 gene. ChIP assay revealed increased binding of Smad3 to the consensus sites at 

−75bp and −143bp after TGF-β challenge of human lung fibroblasts. Additionally, 

knockdown of Smad3 with siRNA attenuated the TGF-β-induced protein expression of 

S1PL in human lung fibroblasts, and mutation of the Smad binding site in SGPL1 promoter 

sequence significantly inhibited the TGF-β mediated SGPL1 luciferase reporter activity 

(Huang et al., 2014). These results suggest a role for TGF-β in SGPL1 expression in lung 

fibroblast through activation of Smad pathway.

Over-expression of S1PL attenuates TGF-β- and S1P-induced 

differentiation of fibroblast to myofibroblast

Over-expression of S1PL in human lung fibroblasts decreased intracellular S1P levels, 

attenuated TGF-β- or S1P- induced expression of fibronectin and α-SMA, markers of 

differentiation of lung fibroblasts to myofibroblasts and suppressed bleomycin induced 

TGF-β expression in human lung fibroblast (Figure 7). These results further provide 

evidence for cross-talk between TGF-β/TGF-βR and S1P/S1PR signaling in differentiation 

of fibroblast to myofibroblast and fibrogenesis.

Over-expression of S1PL augments autophagy in human lung fibroblasts

Recent studies suggest a potential link between TGF-β induced activation and differentiation 

of lung fibroblasts and autophagy (Araya et al., 2013). Down-regulation of LC3 or Beclin1 

expression, markers of autophagy, augmented TGF-β induced expression of fibronectin and 

α-SMA in human lung fibroblast (Patel et al., 2012). In human lung fibroblast, over-

expression of S1PL enhanced expression of LC3 (Figure 8). These results show that over-

expression of S1PL attenuated TGF-β-induced intracellular S1P level, and expression of 

fibronectin and α-SMA in lung fibroblasts by up-regulation of autophagy in human lung 

fibroblasts. In the murine model of pulmonary fibrosis, knockdown of S1PL exacerbated 

bleomycin-induced pulmonary fibrosis (Huang et al., 2014). This finding supports the notion 

that S1P signaling via its G-protein coupled receptors plays an important role in regulating 

autophagy and the development of pulmonary fibrosis mediated by TGF-β. Increased 
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expression of S1PL may be a pathophysiological response to injury and repair during 

fibrogenesis and may serve as an endogenous suppressor of pulmonary fibrosis.

Summary

In summary, the balance between SphK1 and S1PL expression regulating S1P signaling axis 

is a novel pathway that promotes proliferation and differentiation of lung fibroblasts and 

development of fibrogenesis. While SphK1 deficiency protected mice against bleomycin-

induced pulmonary fibrosis, S1PL deficiency exacerbated the fibrogenesis. Most 

importantly, cross-talk between TGF-β/TGF-receptor and S1P/S1P receptor signaling 

suggest that SphK1, S1P and S1PL are novel potential therapeutic targets for pulmonary 

fibrosis that should be explored in future pre-clinical and clinical studies (Figure 9).
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Fig. 1. 
S1P and dihydro-S1P levels in lung tissues from mice post bleomycin challenge. C18-S1P 

(A) or C18-DHS1P (B) level in mouse lungs from C57BL/6J mice after bleomycin (2 U/kg, 

i.t.) treatment (0, 3, 7, 14, and 21 days). *P< 0.05, n= 4/group. S1P and dihydro-S1P levels 

were measured by LC/MS/MS and normalized to total lipid phosphorus in the samples.
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Fig. 2. 
Expression of SphK1, SphK2, fibronectin and α-smooth muscle actin in lung tissues from 

mice challenged with bleomycin. (A) Representative Western blot, and (B) quantification of 

the expression of SphK1, SphK2, FN and α-SMA in mouse lung tissue after bleomycin 

challenge (2 U/kg, i.t.) (0, 3, 7, and 14 days). Intensity of each band was quantified and 

normalized to GAPDH. Data are expressed as means ± SEM. *P< 0.05, n =8/group.
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Fig. 3. 
Expression of SphK1 and SphK2 in lung tissues from radiation challenged mice. Mice were 

administered a single dose of thoracic radiation (20 Gy) and lung tissues were collected at 

various time points as shown. (A) Representative Western blot, and quantification of the 

expression of SphK1 (B) and SphK2 (C) in lung tissues from mice 0, 4, 6, 8, 10, 14, 17 

week post irradiation. Intensity of each band was quantified and normalized to GAPDH. 

Data are expressed as means ± SEM. *P< 0.05, n =4/group.
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Fig. 4. 
Bleomycin induces TGF-β and SphK1 expression in human lung fibroblasts. (A) mRNA 

levels of TGF-β and SphK1 in human lung fibroblast challenged with bleomycin (0–3 

mU/ml, 48 h). *P< 0.05, n =4/group. (B) Representative Western blot, and (C) 

quantification of the expression of SphK1 in human lung fibroblast after bleomycin 

challenge.
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Fig. 5. 
SphK1 deficiency attenuates TGF-β induced expression of fibronectin and α-smooth muscle 

actin and activation of Akt and MAPKs in mouse lung fibroblasts. Primary mouse lung 

fibroblasts were isolated from wild type (WT) and SphK1 knockout (SphK1−/−) mice (male, 

8–10 weeks). Following over-night starvation, cells were treated with vehicle (PBS) or 

TGF-β (5ng/ml) for 48 h. (A) Representative Western blot, and (B) quantification of the 

expression of fibronectin (Fn) and α- smooth muscle actin (α-SMA) in mouse lung 

fibroblasts after PBS or TGF-β challenge (5 ng/ml, 48 h). *P< 0.05, n =4/group. (C) 

Representative Western blot, and (D) quantification of the activation of Akt, JNK1 and p38 

MAPK in mouse lung fibroblasts after PBS or TGF-β challenge. *P< 0.05, n =4/group.
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Fig. 6. 
S1P Lyase expression in lung tissues from bleomycin challenged mice. (A) Representative 

Western blot, and (B) quantification of the expression of S1PL in mouse lung tissues from 

mice after bleomycin (2 U/kg, i.t.) challenge (14 days). Intensity of each band was 

quantified and normalized to GAPDH. Data are expressed as means ± SEM. *P< 0.05, n =5/

group.
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Fig. 7. 
Over-expression of S1P Lyase attenuates bleomycin-induced expression of TGF-β in human 

lung fibroblasts. Representative western blot (A) and quantification of TGF-β (B) in human 

lung fibroblasts after bleomycin challenge (3 mU/ml, 48 h). *P<0.05, n =4/group.
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Fig. 8. 
S1P Lyase over-expression enhances LC3 expression in human lung fibroblasts. Human 

lung fibroblasts were transfected with LC3-GFP plasmid (3 µg/ml/35-mm dish) and S1P 

lyase (S1PL) adenovirus (20 MOI/35-mm dish) for 48 h. (A), is a representative 

immunofluorescence micrograph and (B) Western blot of human lung fibroblasts transfected 

with LC3-GFP and S1PL adenovirus for 48 h followed by TGF-β challenge (5 ng/ml) for 48 

h. *P< 0.05, n =4/group.
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Fig. 9. 
Schematic diagram illustrating the effects of TGF-β and S1P and transforming on fibrotic 

gene expression, differentiation, and activation in human lung fibroblasts. TGF-β binding to 

TGF-β receptor 1 and 2 induces activation, translocation and binding of Smad2/3 to Smad 

binding elements (SBE) in the promoter of target genes, and subsequent induction of the 

expression of fibrotic genes (collagen, fibronectin (FN) and α-smooth muscle actin (α-

SMA) and S1P metabolizing enzymes (SphK1 and S1PL). In fibroblasts, SphK1 stimulates 

S1P generation through phosphorylation of sphingosine (Sph), and S1PL degrades S1P to 

ethanolamine phosphate and trans-2-hexadecenal. S1P generated intracellularly is 

transported outside the cell through the S1P transporter, Spns2. The intracellularly 

transported S1P binds to G-protein coupled S1P receptors (S1P1-5) and stimulates the 

activation of PI3K/Akt/MAPK to regulate the development of pulmonary fibrosis.
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