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ABSTRACT Sphingolipids are a distinct class of lipid molecules widely found in nature, principally as
cell membrane constituents. After initial uncertainty about their function, sphingolipids have been
increasingly recognised to be metabolically active entities involved in many biological processes, including
the control of inflammation. Their role as mediators of inflammation may have significant implications for
a range of lung diseases in which inflammation is a central element of pathogenesis. Chronic obstructive
pulmonary disease (COPD), a highly prevalent and morbid condition predominantly affecting cigarette
smokers, is a prime example of a respiratory illness with an inflammatory component. Understandably,
sphingolipids have received growing attention for their increasingly demonstrated role in the
pathophysiology of COPD. The present review aims to be among the first to focus exclusively on the
connection between sphingolipids and lung inflammation in COPD, providing the reader with a clinically
oriented synopsis of this intriguing association.

Introduction
Chronic obstructive pulmonary disease (COPD) is estimated to affect 30 million Americans [1]. In
European adults, the reported prevalence of COPD ranges from 15% to 20% [2]. It is the third leading
cause of death in the USA and the fourth worldwide [3]. COPD is a disease intimately linked to exposure
to cigarette smoking and environmental pollutants, which can cause airway obstruction and inflammation
[4]. The former component is typically treated with bronchodilation [5] and the latter with inhaled
corticosteroids after consideration of symptoms and exacerbation burden [6]. Acute exacerbations of
COPD call for the addition of systemic steroids, antibiotics and, in more severe cases, ventilator support
[7]. In the emphysema phenotype, progressive destruction of the small airways and alveoli can lead to
chronic respiratory failure due to irreversible loss of functional lung units [8]. Inflammation along with
oxidative stress has been implicated in this destructive process through disruption of the balance between
protease and antiprotease activity [9].
Sphingolipids are a unique category of lipids in which the backbone is a long chain (sphingoid) base with
an attached fatty acid [10]. They are found in all types of eukaryotic cells, where they are uniquely suited
as membrane components due to their amphipathic nature. Initially, their function was poorly understood,
hence the root ‘sphinx’ (Greek for enigma) in their name [11]. Over time, sphingolipids have turned out
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to be active participants in a myriad of cellular functions, including growth, differentiation, apoptosis and
protein trafficking [12]. They have also been found to play a role as mediators of cell signalling initiated by
important regulators of inflammation such as tumour necrosis factor (TNF)-α and nuclear factor (NF)-κβ
[13]. In medicine, sphingolipids have been implicated in the development of common disease states,
among them cancer [14], diabetes [15] and neurodegenerative conditions [15]. They have been
increasingly studied in the field of respiratory medicine [16, 17] for their link to lung inflammation and
cell cycle control [18].
The present review briefly summarises the fundamentals of sphingolipid metabolism and then proceeds to
discuss current perspectives on the relationship between sphingolipids and COPD with respect to
pathogenesis and potential therapeutic interventions.

Sphingolipid biochemistry
Ceramide is the most basic of the sphingolipids composed of sphingosine as the backbone attached to a
fatty acid. It lies at the core of sphingolipid metabolism. There are three major pathways that can lead to
the formation of ceramide (figure 1a): 1) de novo synthesis from serine and palmitoyl-CoA; 2) conversion
from sphingomyelin by sphingomyelinase (SMase); and 3) conversion from sphingosine.
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FIGURE 1 a) Schematic depiction of the three major pathways capable of producing ceramide with relevant enzymes (italics) and therapeutic
inhibition points (arrows) indicated. b) Schematic representation of the three major reactions involving ceramide as substrate. Relevant enzymes
are listed in italics, and options for so-called “sphingosine 1-phosphate rescue” are indicated by arrows. −: inhibitory actions; +: promoter actions.
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The important SMase family of enzymes is divided according to an optimal working pH into acidic,
neutral and alkaline. Acid sphingomyelinase (ASMase) activity has been shown to increase in response to
experimental lung injury with a resultant adverse effect on surfactant function [19]. Inflammatory
mediators such as TNF-α can activate neutral sphingomyelinase (NSMase), which in turn is part of a
pathway that increases cyclooxygenase (COX)-2 expression in macrophages [20, 21]. COX-2 is an
inducible enzyme that generates pro-inflammatory prostaglandins from arachidonic acid [22].
Ceramide, in turn, serves as a substrate for three major reactions (figure 1b): 1) conversion to ceramide
1-phosphate (C1P) by ceramide kinase; 2) conversion to sphingomyelin by sphingomyelin synthase; and 3)
conversion to sphingosine by ceramidase, followed by phosphorylation to become sphingosine
1-phosphate (S1P).
Of the many known sphingolipids, ceramide, C1P and S1P have been the most extensively studied. C1P
plays an active role in inflammation and apoptosis [23], whereas S1P is a mediator of cell survival [12].
One theory gaining traction is that it is the balance among competing sphingolipids rather than the
quantity of any specific sphingolipid that determines the net effect they will exert on a given system [24].
The term that has been applied to this concept is the “sphingolipid rheostat” (figure 2).

Sphingolipids and COPD pathogenesis
Chronic airway inflammation is a central element of the pathophysiology of COPD [8]. Cigarette smoking
is the most common aetiologic agent for the inflammation, which persists even after smoking cessation
[25]. However, COPD has also been detected in 25–45% of certain populations of never-smokers, such as
those exposed to indoor consumption of biomass fuel or to high levels of outdoor air pollution [25].
The classic theory of COPD pathogenesis has held that respiratory irritants create an imbalance between
protease and antiprotease activity, which results in the progressive destruction of the bronchoalveolar
epithelium [4]. More recently, murine and human investigations have shown that cigarette smoke leads to
NSMase activation, thereby increasing ceramide levels, which raises oxidative stress and promotes
apoptosis [26]. The effect of ceramide on oxidative stress is multifactorial: it stimulates the synthesis of
reactive oxygen species while at the same time suppressing antioxidants such as superoxide dismutase
[27]. The mechanisms of ceramide-induced apoptosis are likewise diverse and include facilitation of the
pro-apoptotic effects of TNF-α [28]. Conversely, ceramide inhibitors and antioxidants have been shown to
protect against the deleterious effects of ceramide in experimental models [29]. Consistent with these
properties of ceramide, lung ceramide levels have been found to be higher in emphysematous smokers
than in those without emphysema [30]. Experimental data have also suggested that the effect of ceramide
on lung epithelial and endothelial cells may be modulated by chronic cigarette smoke exposure, wherein
the response of long-term smokers may actually be proliferative rather than apoptotic [31]. In the case of
endothelial cells, this could have relevance to the pathogenesis of vascular remodelling in
COPD-associated pulmonary hypertension [32].
It has been recognised that the alveolar macrophages of smokers are deficient in clearing apoptotic
epithelial cells (a process known as efferocytosis) due to an impaired phagocytic function [33].
Accumulation of apoptotic cells in the lung has been hypothesised to contribute to the chronic
inflammation seen in COPD. Acting through its close relative sphingosine, ceramide was found to inhibit
efferocytosis, thus potentially contributing to lung destruction in COPD by both augmenting apoptosis
and interfering with apoptotic cell clearance [32].
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FIGURE 2 Competing sphingolipids with predominantly pro-inflammatory and anti-inflammatory properties,
the net balance of which constitutes the “sphingolipid rheostat”.
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In contrast with ceramide, its derivative C1P is capable of suppressing inflammation. Specifically, it has
been shown to dampen airway injury induced by cigarette smoke, possibly through inhibition of NF-κβ
and NSMase [23]. Another product of ceramide metabolism, S1P, attenuated the pro-apoptotic activity of
its parent compound in an animal study, an effect which was associated with reduced emphysema-like
change on histological sections [34]. Recapitulating the concept of the so-called “sphingolipid rheostat” or
balance as the determinant of net effect, augmentation of S1P activity in murine lung tissue overexpressing
ceramide led to preservation of airspace morphology and blunting of apoptosis, as well as restoration of
the proliferative ability of lung endothelial cells [34, 35].
Clinical evidence for the role of sphingolipids as a class in the pathogenesis of COPD builds on the
finding that the expression of 168 different sphingolipid species is significantly higher in the sputum of
smokers with COPD [36]. The sphingolipids whose expression was most dramatically elevated in people
with COPD correlated strongly with spirometric impairment and inflammatory cell burden in the sputum
[36]. Figure 3 schematically depicts the putative contributions of sphingolipids to the pathogenesis of
COPD.

Therapeutic implications
The search for pharmaceutical agents capable of manipulating sphingolipid metabolism for therapeutic
benefit has mainly focused on suppression of either de novo ceramide synthesis or its generation from
sphingomyelin. Fungal metabolites fumonisin B1 and myriocin are effective synthesis inhibitors in vitro
[37, 38], but their disadvantage is the accumulation of toxic precursors and the depletion of downstream
anti-inflammatory ceramide derivatives, namely S1P [28]. One potential solution to the S1P depletion
problem could be so-called “S1P rescue” in the form of exogenous S1P precursor sphingosine or the S1P
receptor agonist FTY720, itself a fungal product derived from myriocin (figure 1a) [34].
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FIGURE 3 Schematic summary of sphingolipid actions implicated in the pathogenesis of chronic obstructive
pulmonary disease (COPD) with ceramide as the central mediator. C1P: ceramide 1-phosphate; S1P:
sphingosine 1-phosphate; nSMase: neutral sphingomyelinase; ROS: reactive oxygen species; SOD: superoxide
dismutase; TNF-α: tumour necrosis factor-α. +: pro-inflammatory effects of ceramide derivatives; −:
anti-inflammatory.
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Another possible therapeutic target is ASMase, which catalyses the conversion of sphingomyelin to
ceramide [19]. Many widely used antidepressants, among them tricyclic compounds and selective
serotonin reuptake inhibitors, can be considered functional inhibitors of acid sphingomyelinase
(FIASMAs) [39]. They act selectively upon lysosomal ASMase, which is normally resistant to proteolysis
but becomes vulnerable when detached from the lysosome by these agents. As opposed to FIASMAs,
direct ASMase inhibitors such as the bisphosphonate drug family inhibit both lysosomal and plasma
membrane ASMase [40]. Notably, NSMase appears to be more directly involved in cigarette smoke-related
airway injury mediated by ceramide than ASMase [41]. The investigators who demonstrated this finding
also showed that the antioxidant N-acetyl cysteine (NAC) is effective at downregulating NSMase [41]. The
latter observation is intriguing in light of recent randomised controlled trial data suggesting a benefit of
NAC in the prevention of acute exacerbations of COPD [42]. Continued progress in the understanding of
sphingolipid biology and function has yielded numerous other candidate foci for pharmacological
intervention, but no specific agent is currently nearing clinical application.

Conclusion
Sphingolipids have been the subject of active research pertinent to many lung diseases in which
inflammation plays a pivotal role, among them COPD. There is mounting experimental evidence that
ceramide, acting either by itself or through closely related sphingolipids, stimulates lung inflammation by a
variety of mechanisms. However, other derivative sphingolipids such as S1P exert an anti-inflammatory
effect, giving rise to the notion that the cumulative effect of sphingolipids on lung inflammation reflects a
balance of competing influences. In the laboratory, it has been possible to effectively antagonise
pro-inflammatory sphingolipids and promote anti-inflammatory ones, but the direct clinical application of
these pathways for COPD therapy needs further investigation.
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