
Ceramide mediates lung fibrosis in cystic fibrosis

Regan Ziobroa,b, Brian Henrya,b, Michael J. Edwardsb, Alex B. Lentschb, and Erich
Gulbinsa,b,*

aDepartment of Molecular Biology, University Hospital, University of Duisburg-Essen,
Hufelandstrasse 55, 45122 Essen, Germany

bDepartment of Surgery, University of Cincinnati, Cincinnati, OH 45267, USA

Abstract

Fibrosis of the lung is one of the major clinical problems of cystic fibrosis and chronic obstructive

pulmonary disease. However, the molecular mechanisms leading to pulmonary fibrosis are poorly

characterized and require definition. Here, we demonstrate that chronic accumulation of ceramide

in the lung contributes to the development of fibrosis in aged cystic fibrosis mice. Genetic or

pharmacological normalization of ceramide in cystic fibrosis mice, which was achieved by

heterozygosity of acid sphingomyelinase or chronic (6.5 month long) treatment of mice with

pharmacological inhibitors of acid sphingomyelinase significantly decreased the development of

lung fibrosis. Moreover, our studies demonstrate that long-term treatment of cystic fibrosis mice

with pharmacological inhibitors of acid sphingomyelinase or genetic heterozygosity of the enzyme

also minimizes pulmonary inflammatory cytokines in cystic fibrosis mice. This data identifies

ceramide as a key molecule associated with pulmonary fibrosis in cystic fibrosis mice and

demonstrate for the first time that prolonged inhibition of acid sphingomyelinase is able to

attenuate fibrosis and inflammation in this animal model.
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1. Introduction

Cystic fibrosis is the most common autosomal recessive genetic disorder in western

countries. It is caused by mutations of the cystic fibrosis transmembrane conductance

regulator (CFTR) gene [1,2]. The gene frequency of mutations is approximately 1/50 and the

disease affects approximately one newborn out of 2500 births [3,4]. Thus, approximately

80,000 children and young adults in the European Union and the United States are affected.

Mutations of the CFTR molecule cause a variety of clinical abnormalities, the most

important of which involve the pulmonary and gastrointestinal systems. Gastrointestinal
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manifestations include malabsorption, intestinal obstruction, obstruction of pancreas ducts,

pancreatitis, pancreatic insufficiency and cirrhosis. However, at present, the main cause of

morbidity and mortality for patients with cystic fibrosis is due to complications of the

pulmonary system. Almost all patients experience chronic lung infection with Pseudomonas

aeruginosa, Staphylococcus aureus, Burkholderia cepacia and/or Haemophilus influenzae

[3,4].

Cystic fibrosis patients display a slowly progressing fibrosis of the lung, which together with

the chronic infection and inflammation, results in severe lung disease and failure [5].

Previous studies by Durie et al. demonstrated changes of the lung in Cftr-deficient mice such

as areas of acinar dilation, thickening of the interstitial tissue, marked increase of interstitial

connective tissue, an increase of the number of interstitial fibroblasts and focal areas of

increased collagen formation and deposition – all signs of pulmonary fibrosis [6]. While

lung fibrosis is a key hallmark of cystic fibrosis, the molecular events that contribute to

fibrosis are largely unknown. CFTR exhibits chloride channel activity and it has been

suggested that the lack of chloride secretion may result in increased water absorption from

the mucus on tracheal and bronchial epithelial cells. Abnormal absorption was thought to

increase mucus viscosity, reduce mucociliary clearance and possibly obstruct the flow of the

airway [7,8]. However, in vivo studies involving cystic fibrosis patients and animal models

of cystic fibrosis have failed to demonstrate a significant and uniform reduction of water

content in the mucus [9]. Further, it is unknown whether such a change of the mucus would

result in lung fibrosis. Recent studies emphasized that cystic fibrosis patients suffer from

chronic inflammation in the lung with an imbalance between pro-inflammatory and anti-

inflammatory cytokines in the airways [10,11]. Higher amounts of pulmonary IL-1, IL-8/

keratinocyte chemoattractant (KC), TNF-α and macrophage inflammatory protein (Mip)-2

have been documented even prior to infection with P. aeruginosa [10–13]. However, it is

still unknown if and how inflammation in cystic fibrosis contributes to lung fibrosis.

Several recent studies investigated the role of sphingolipids, in particular ceramide, in the

pathogenesis of cystic fibrosis. Ceramide is generated by the hydrolysis of sphingomyelin by

the activity of acid, neutral or alkaline sphingomyelinase or by de novo synthesis. We and

others have shown that ceramide accumulates in the bronchial and tracheal epithelial cells of

cystic fibrosis patients and mice [11,14–17]. We also detected increased levels of ceramide

in intestinal epithelial cells of cystic fibrosis mice [14]. We demonstrated that ceramide

increases death of epithelial cells, triggers a deposition of DNA in cystic fibrosis-bronchi,

causes aseptic inflammation and mediates susceptibility to P. aeruginosa [10]. All of these

changes are corrected by a normalization of ceramide in the airways of cystic fibrosis mice

[10,18]. In these studies the reduction of pulmonary ceramide concentrations was achieved

by acute inhibition of acid sphingomyelinase. Although these studies demonstrate an

important role of ceramide in inflammation and infection of cystic fibrosis mice, its role in

the development of lung fibrosis in cystic fibrosis was not examined.

In the present study we determined the role of pulmonary ceramide for the pathogenesis of

lung fibrosis in cystic fibrosis mice using genetic and pharmacological approaches [18–20].

The data demonstrate that long-term inhibition of acid sphingomyelinase (by approximately

50%) is sufficient to normalize ceramide in the lung of cystic fibrosis mice to levels
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observed in wild-type mice. Most importantly, correction of ceramide levels by long-term

inhibition of acid sphingomyelinase minimized fibrosis, reduced inflammation and

abrogated the increased susceptibility to infection in 6–8 month old cystic fibrosis mice.

2. Methods

2.1. Mice

We used B6.129P2(CF/3)-CftrTgH(neoim)Hgu (abbreviated Cftr−/−) congenic mice on a

C57BL/6 background and syngenic C57BL/6 wildtype mice as controls. Cftr−/− mice were

crossed with acid sphingomyelinase-deficient mice, also on a C57BL/6 background, to

obtain animals lacking Cftr and being heterozygous for acid sphingomyelinase (called

Cftr−/−/Smpd1+/−; Smpd1 is the gene symbol for acid sphingomyelinase). Amitriptyline or

fluoxetine were applied to the mice via the drinking water at 180 mg amitriptyline/L or 120

mg fluoxetine/L. All mice were housed in the Central Laboratory Animal Facility of the

University Hospital Essen, University of Duisburg-Essen, Germany, in isolator cages that

provided a pathogen-free environment. The hygienic status of the mice was repeatedly tested

by a panel of common murine pathogens according to the 2002 recommendations of the

Federation for Laboratory Animal Science Associations. Bacterial and parasite culturing and

serology were always negative. All procedures performed on mice were approved by the

Animal Care and Use Committee of the Bezirksregierung Duesseldorf, Duesseldorf,

Germany.

2.2. Accustain trichrom-stains

Stainings to evaluate for collagen deposition were performed with the Accustain Trichrom-

Stains (Masson) kit from Sigma Aldrich. Stainings were performed directly per kit

directions: Slides were deparaffinized in a series of xylol and ethanol gradiants, warmed in

Bouin's solution at 56 °C for 15 min, and cooled via tap water wash. Slides were incubated

in working Weigert's Iron Hematoxylin solution for five minutes and again washed under

running tap water. Samples were washed in Millipore water, stained with Biebrich Scarlet-

Acid Fuchsin for five minutes, rinsed in Millipore water, and then subjected to a five minute

stain with working phosphotungstic/phosphomolybdic acid solution followed by Aniline

blue solution for five minutes and 1% acetic acid solution for two minutes. Slides were

dehydrated via ethanol and xylol gradients and embedded in Eukitt mounting medium for

microscopy.

2.3. Collagen assay

Complete right and lower left lobes of murine lungs were harvested and snap frozen for in

vivo immunoblot analysis. Following protein quantification with Bradford assay and dilution

with Millipore water for protein standardization, the lysates were analyzed employing the

Sircol Collagen assay kit. The protocol provided with the kit was followed exactly. Sixty

microgram of protein per sample was incubated with 1 ml of Sircol Dye reagent for 30 min

at room temperature. During this step, the collagen absorbs the dye. While shaking, the

tubes were also regularly inverted by hand to effectively mix the complex. The samples

were then centrifuged at 12,000 rpm for 10 min. The supernatant was drained and the pellet

washed in 750 μL of ice-cold acid-salt wash reagent (acetic acid, sodium chloride,
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surfactants and deionized water) to remove any unbound dye. The samples were again

centrifuged at 12,000 rpm for 10 min. and further drained. Pellets were resuspended in 250

μL alkali reagent (0.5 M sodium hydroxide) and again vortexed to mix the pellet of dye

bound collagen. After five min of dissolution, 200 μL of each sample was loaded into a 96

well plate. Each sample was measured with a 555 nm spectrum filter on a BMG Labtech

microplate reader. It is important to note that because of the extreme sensitivity of the assay,

it was necessary to harvest and lyse identical parts of the lung to ensure an accurate

comparison.

2.4. Asm activity

The lungs were removed, shock frozen, and lysed in 250 mM sodium acetate (pH 5.0), 1%

NP40, and 1.3 mM EDTA for 15 min. The tissues were then homogenized with a tip

sonicator. Aliquots of the lysates were diluted to 250 mM sodium acetate (pH 5.0), 0.1%

NP40, and 1.3 mM EDTA and incubated with 50 nCi per sample [14−C]sphingomyelin for

30 min at 37 °C. The substrate was dried prior to the assay, resuspended in 250 mM sodium

acetate (pH 5.0), 0.1% NP40, and 1.3 mM EDTA and bath-sonicated for 10 min to obtain

micelles. The enzyme reaction was terminated by the addition of 800 μL chloroform/

methanol (2:1, v/v), phases were separated by centrifugation and radioactivity of the

aqueous phase was measured by using liquid scintillation counting to determine the release

of [14C]phosphorylcholine from [14C]sphingomyelin as a measure of Asm activity.

2.5. Ceramide measurements

Ceramide concentrations in the lung were determined by the diacylglycerol (DAG) kinase

method. The lungs were removed, shock frozen, and homogenized under liquid nitrogen.

The homogenates were transferred to 300 μL CH3OH and an aliquot was removed to

normalize for protein by a Bradford assay. Homogenates were then brought to 600 μL

CHCl3:CH3OH:1 N HCl (100:100:1, v/v/v), 200 μL H2O was added, the samples were

centrifuged for 5 min at 14,000 rpm, and the lower phase was collected and dried. The

samples were resuspended in 20 μL of a detergent solution (7.5% [w/v] n-octyl

glucopyranoside, 5 mM cardiolipin in 1 mM diethylenetriaminepentaacetic acid) and

sonicated for 10 min, and the kinase reaction was initiated by the addition of 70 μL of a

reaction mixture consisting of 10 μL DAG kinase (GE Healthcare Europe, Munich,

Germany), 0.1 M imidazole/HCl (pH 6.6), 0.2 mM diethylenetriaminepentaacetic acid (pH

6.6), 70 mM NaCl, 17 mM MgCl2 and 1.4 mM EGTA, 2 mM DTT, 1 μM ATP, and 10 μCi

[32P]γATP. The kinase reaction was performed for 30 min at room temperature and

terminated by the addition of 1 mL CHCl3:CH3OH:1 N HCl (100:100:1, v/v/v), 170 μL

buffered saline solution (135 mM NaCl, 1.5 mM CaCl2, 0.5 mM MgCl2, 5.6 mM glucose,

10 mM HEPES, pH 7.2), and 30 μL of a 100 mM EDTA solution. The samples were

vortexed and centrifuged, the phases were separated, and the lower phase was collected,

dried, dissolved in 20 μL CHCl3:CH3OH (1:1, v/v), and separated on Silica G60 Thin Layer

Chromatography (TLC) plates by using chloroform, acetone, methanol, acetic acid, and H2O

(50:20:15:10:5, v/v/v/v/v). The TLC plates were analyzed by autoradiography. Ceramide

spots were identified by co-migration with a ceramide standard and were removed from the

plates. The incorporation of [32P] into ceramide was quantified by liquid scintillation
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counting. Ceramide amounts were determined by comparison with a standard curve using

C16-ceramide as substrate.

2.6. IL-1 and KC-derived chemokine measurements

Murine lungs were homogenized in liquid nitrogen and lysed in 25 mM Tris/HCl, pH 7.4,

2% Nonidet P40, 125 mM NaCl, 10 mM EDTA and 10 mM sodiumpyrophosphate.

Cytokine concentrations were determined by commercial ELISA assays according to the

manufacturer's instructions (R&D, Wiesbaden-Nordenstedt, Germany).

2.7. Statistics

Data were analyzed by ANOVA followed by post hoc T test and are expressed as arithmetic

means ± SD. Statistical significance was set at the level of p ≤ 0.05.

3. Results

To determine the role of ceramide in the development of pulmonary fibrosis in cystic

fibrosis, we employed Cftr-deficient mice crossed with mice lacking acid sphingomyelinase

to obtain mice lacking Cftr and heterozygous for acid sphingomyelinase. These mice show

an approximately 50% reduction of the activity of acid sphingomyelinase in the lung

compared to wt mice or Cftr-deficient mice (Fig. 1). In addition, we treated Cftr-deficient

mice with functional inhibitors of acid sphingomyelinase, i.e. amitriptyline or fluoxetine,

starting at 1.5 months of age. The mice were continuously treated via the drinking water

until the age of 8 months. The two drugs reduced the activity of acid sphingomyelinase by

40–50% throughout the duration of treatment (Fig. 1).

Next, we analyzed whether genetic heterozygosity of acid sphingomyelinase or functional

inhibition of acid sphingomyelinase with amitriptyline or fluoxetine reduced ceramide levels

in the lungs of Cftr-deficient mice. The results demonstrate that genetic or long-term

pharmacological inhibition of acid sphingomyelinase (by approximately 50%) reduced

pulmonary ceramide levels in 8 month-old Cftr-deficient mice to a similar level observed in

age matched wild-type mice (Fig. 2). This remarkable finding indicates that long-term

treatment of Cftr-deficient mice with functional inhibitors of acid sphingomyelinase is able

to reduce the activity of the enzyme and normalize ceramide levels in ageing Cftr-deficient

mice.

To investigate whether long-term correction of ceramide levels in Cftr-deficient mice also

prevents important pathophysiological hallmarks of cystic fibrosis, we examined the

development of fibrosis in 8 month-old Cftr-deficient mice by quantification of collagen in

the lung and by qualitative analysis with masson trichrome staining. The results show a

marked increase of collagen in the lungs of 8 month-old Cftr-deficient mice (Fig. 3A) and

patchy increases of masson trichrome staining, in particular in peribronchial areas of the

lung (Fig. 3B). These findings are consistent with development of lung fibrosis in Cftr-

deficient mice. Analysis of younger and older mice (data not shown) showed a progression

of the fibrosis with greatest contrast visualized at 8 months of age. Eight month-old Cftr-

deficient mice that were heterozygous for acid sphingomyelinase or treated with

amitriptyline for 6.5 months were almost completely protected from the development of
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lung fibrosis (Fig. 3A and B), suggesting that ceramide is a critical factor in the pathogenesis

of pulmonary fibrosis in cystic fibrosis mice.

Next, we tested whether long-term treatment with functional acid sphingomyelinase

inhibitors or genetic heterozygosity also protects old Cftr-deficient mice from chronic

(aseptic) lung inflammation. The results of these studies show increased levels of IL-1 and

KC in the lungs of untreated, eight month old Cftr-deficient mice. These levels were

corrected by long-term treatment with a pharmacological inhibitor of acid sphingomyelinase

or heterozygosity of acid sphingomyelinase (Fig. 4).

4. Discussion

In the present study we provide a novel mechanism for the pathogenesis of pulmonary

fibrosis in cystic fibrosis. We demonstrate that genetic or long-term pharmacological

normalization of ceramide levels in lungs of Cftr-deficient mice is sufficient to prevent the

development of fibrosis. Further, long-term treatment with acid sphingomyelinase inhibitors

or genetic heterozygosity of acid sphingomyelinase also decreases molecular markers for

chronic inflammation. These studies establish that ceramide plays a critical role in the

development of lung fibrosis in cystic fibrosis. The studies also suggest that

pharmacological inhibitors of acid sphingomyelinase might be safely used for long-term

maintenance therapy and that the effect of the drugs on acid sphingomyelinase,

normalization of ceramide and protection of Cftr-deficient mice from progression of the

disease is not blunted by time or a counteracting mechanism.

Our data are consistent with previous studies by Petrache et al., demonstrating the role of

ceramide in the development of fibrosis and lung emphysema in chronic obstructive

pulmonary disease (COPD). Those studies demonstrated that application of ceramide into

the lung induced emphysema [21]. Further, it was shown that cigarette smoke triggered the

accumulation of ceramide in humans and mice, while inhibition of ceramide formation

attenuated the development of emphysema and fibrosis [21]. The molecular mechanisms

associated with COPD are uniquely complex, as inhibition of acid sphingomyelinase was

not sufficient to completely prevent the development of emphysema.

While these studies establish an important function of ceramide in the pathophysiology of

lung fibrosis in cystic fibrosis and COPD, the mechanisms by which ceramide influences

fibrotic development in the lung are presently unknown. Ceramide has been shown to trigger

clustering of NADPH-oxidase subunits and a release of reactive oxygen species [22].

However, we were unable to show a significant increase of ROS in cystic fibrosis epithelia

prior to infection with P. aeruginosa [Henry et al., unpublished data]. Ceramide may also

activate protein kinase C [23,24], Jun-N terminal kinase [25] and NF-κB [26], which may

lead to altered gene transcription and, for instance, in an increased expression of IL-1 and

KC. However, it is unknown whether the continuous release of these pro-inflammatory

mediators induces lung fibrosis in cystic fibrosis mice. We have previously shown that the

increase of ceramide in cystic fibrosis epithelia triggers the constitutive clustering and

activation of CD95, which results in increased death of bronchial epithelial cells [27].

Epithelial cell death resulted in the release of DNA into the bronchial lumen and facilitated
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infection with P. aeruginosa. Although the situation in humans with chronic P. aeruginosa

infections is certainly more complex than in mice, the failure of Pulmozyme, an inhaled

DNase administered to CF patients, to prevent lung fibrosis, suggests that cell death may

only be a minor factor in the development of lung fibrosis. Further, it may be possible that

ceramide induces activation of signaling pathways in epithelial cells that eventually

contribute to epithelial-mesenchymal transition and the associated development of a fibrosis.

Future studies are required to answer questions regarding the molecular mechanisms

involved in the role of ceramide in lung fibrosis.

Our studies are consistent with previous data published by P. Durie et al., which also

described the development of fibrosis in Cftr-deficient mice (6). However, our studies are

novel in that they identify ceramide as a critical factor in the development of lung fibrosis in

cystic fibrosis. The current studies not only identify a novel molecular mechanism of

fibrosis development in cystic fibrosis, but also provide a novel treatment option to prevent

lung fibrosis. We demonstrate that Cftr-deficient mice can be treated long-term with

functional inhibitors of acid sphingomyelinase without overt side effects and that this

treatment prevents the development of lung fibrosis. Since both amitriptyline and fluoxetine

are approved for the treatment of major depression and have been used successfully in the

clinic for decades, our data is easily transferable to a clinical study.
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Fig. 1.
Heterozygosity of or long-term treatment with functional acid sphingomelinase inhibitors

reduces the enzyme activity in the lung. Cftr-deficient mice (CF) were crossed with mice

lacking acid sphingomyelinase (gene symbol Smpd1) to obtain mice lacking Cftr and

heterozygous for acid sphingomyelinase (Cftr−/−/ Smpd1+/−) or treated for 6.5 months with

amitriptyline (Ami) or fluoxetine (Fluo) applied via the drinking water. Untreated Cftr or

wild-type (wt) mice served as controls. The activity of acid sphingomyelinase was

determined in lung extracts by an in vitro enzyme assay. Both, genetic heterozygosity or

treatment with functional acid sphingomyelinase inhibitors reduced the activity of acid

sphingomyelinase. Data are the mean ± SD with n = 5 per group, ***p < 0.001 compared to

wt.
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Fig. 2.
Genetic heterozygosity or functional inhibition of acid sphingomyelinase normalizes

ceramide in lungs of cystic fibrosis mice. Ceramide was measured in lung extracts of

wildtype, Cftr-deficient mice, Cftr-deficient mice heterozygous for acid sphingomyelinase

or Cftr-deficient mice treated for 6.5 months with amitriptyline or fluoxetine. Ceramide was

analyzed by a ceramide kinase assay. Data are the mean ± SD with n = 5 per group, ***p <

0.001 as indicated.
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Fig. 3.
Ceramide mediates lung fibrosis in cystic fibrosis mice. Fibrosis in the lung of 8 month old

Cftr-deficient mice, Cftr-deficient mice heterozygous for acid sphingomyelinase, Cftr-

deficient mice treated with amitriptyline or fluoxetine and wildtype mice was determined by

measuring collagen using the Sircol Dye technique (A) and masson-trichrome staining (B).

Data are the mean ± SD with n = 6 per group. *p < 0.001 compared as indicated. (B).

Genetic or pharmacological inhibition of acid sphingomyelinase minimized lung fibrosis in

Cftr-deficient mice. Representative lung sections from 6 mice per group are shown.

Magnification is 400×.
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Fig. 4.
Long-term treatment with functional acid sphingomyelinase inhibitors or genetic

heterozygosity protects cystic fibrosis mice from lung inflammation. Concentrations of IL-1

and KC are elevated in lungs of untreated, 8 month-old Cftr-deficient mice. Levels of these

inflammatory markers are corrected by long-term treatment with amitriptyline or fluoxetine

or heterozygosity of acid sphingomyelinase. IL-1 and KC levels were measured in lung

homogenates by ELISA. Displayed is the mean ± SD from each 5 mice, ***p < 0.001

compared as indicated.
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