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Abstract: Oxylipins (e.g. eicosanoids) are endogenous signaling molecules that are formed from fatty acids by mono- or 

dioxygenase-catalyzed oxygenation and have been shown to play an important role in pathophysiological processes in the 

lung. These lipid mediators have been extensively for their role in inflammation in a broad swathe of respiratory diseases 

including asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis and extrinsic allergic alveolitis. Tradi-

tional efforts have employed analytical methods (e.g. radio- and enzyme-immunoassay techniques) capable of measuring 

a limited number of compounds simultaneously. The advent of the omics technologies is changing this approach and 

methods are being developed for the quantification of small molecules (i.e. metabolomics) as well as lipid-focused efforts 

(i.e. lipidomics). This review examines in detail the breadth of oxylipins and their biological activity in the respiratory 

system. In addition, the state-of-the-art methodology in profiling of oxylipins via mass spectrometry is summarized in-

cluding sample work-up and data processing. These methods will greatly increase our ability to probe oxylipin biology 

and examine for cross-talk between biological pathways as well as specific compartments in the body. These new data 

will increase our insight into disease processes and have great potential to identify new biomarkers for disease diagnosis 

as well as novel therapeutic targets. 
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1. INTRODUCTION 

 Respiratory tract diseases such as asthma and chronic 
obstructive pulmonary disease (COPD) are common, glob-
ally growing disorders that are associated with substantial 
morbidity, mortality and economic cost [1-5]. Asthma is 
characterized by airway hyper-responsiveness and chronic 
airway inflammation [6-9], while COPD is a progressive 
condition typified by fixed airway obstruction caused by 
bronchiolitis, small

 
airways disease and emphysema [9-11]. 

Although treatments such as glucocorticoids and -2 ago-
nists are available for asthmatics, this type of therapy is 
symptomatic and not always effective in all patients [12]. 
There is no definitive cure for either asthma or COPD. 
Hence, there is an evident need for increased research into 
these and other respiratory tract diseases to investigate un-
derlying mechanisms in lung pathology. A common denomi-
nator in the etiology of many respiratory disorders is a 
chronic inflammatory component that contributes to disease 
pathology. Accordingly, biomarkers such as inflammatory 
cells, cytokines and other inflammatory mediators are com-
monly studied in order to target disease progress as well as to 
complement the evaluation and therapy guidance provided 
by clinical symptoms and lung function tests. 
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 A new approach in biomedicine is the advent of the om-
ics technologies involving large-scale screening of clinical 
material [13-15]. In the area of small molecule screening and 
quantification, metabolomics applications have increased 
greatly since the inception of the term in 1998 [16]. Metabo-
lite profiling or targeted metabolomics approaches can pro-
vide a useful combination of omics-scale screening, while 
still focusing on biological pathways that are relevant to the 
pathology of interest [17, 18]. This review focuses on appli-
cations of metabolic profiling of inflammatory lipid media-
tors (oxylipins) as targets for the study of respiratory tract 
diseases in clinical samples. The term oxylipin was intro-
duced as an encompassing label for oxygenated compounds 
that are formed from fatty acids by reaction(s) involving at 
least one step of mono- or dioxygenase-catalyzed oxygena-
tion. Accordingly, this term includes the well-known eicosa-
noids synthesized from arachidonic acid Fig. (1) as well as 
related compounds formed by oxygenation of a range of 
polyunsaturated fatty acids of longer and shorter chain length 
[19]. There are three major enzymatic pathways that initiate 
oxylipin biosynthesis, cyclooxygenase (COX), lipoxygenase 
(LOX) and cytochrome P450 (CYP) Fig. (2) [20, 21]. Nu-
merous studies have demonstrated the biological importance 
of lipid metabolic products formed from cell membrane-
associated arachidonic acid Fig. (1); whereas the biological 
role of structurally analogous compounds is unclear. The 
distribution and synthesis of oxylipins are key targets for 
studies involving a range of inflammatory pathologies, not 
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only in the respiratory tract [22-26], but also in nephritis 
[27], cardiovascular diseases [28-30] and cancer [31]. How-
ever, to date, there are no published studies applying large-
scale oxylipin profiling methods to investigate respiratory 
diseases in clinical settings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Unsaturated fatty acids are subject to an acyla-

tion/deacylation cycle. Fatty acids are primarily found esterified in 

glycerophospholipids (GP, where X indicates the polar headgroup) 

and are liberated by phospholipases A (PLA). Following release 

from the membrane, unsaturated fatty acids can be converted to 

oxylipins or, closing the cycle, become associated to coenzyme-A 

to be acylated to lysoglycerophospholipids (LGP) by acyltrans-

ferases. 

 

 The oxylipin regulatory networks are complex with 
cross-talk across multiple biochemical pathways as well as 
both in situ and circulating effects. In addition, molecules 
generated within the oxylipin network can exert potent and 
often opposing effects upon multiple physiological proc-
esses, including inflammation and immunity [20-23, 32, 33]. 
In fact, this diversity and the changes of metabolism between 
different pathways that may occur with disease, pharma-
cologic treatment, or during physiological responses, is one 
of the reasons why products of the oxylipin pathways have a 
central role in medical science. 

 The following section “Oxylipins in respiratory disease” 
(Section 2.0) summarizes the current view on the individual 
role of different oxylipins in respiratory diseases, including 
biological function and available clinical data. The majority 
of these data have been obtained using enzyme-immuno-
assay (EIA)- and high performance liquid chromatography 
(HPLC)-based techniques and provide valuable information 
on the biological activity of individual oxylipins in the lung. 
However, the state-of-the-art approach to oxylipin analysis 
employs liquid chromatography-mass spectrometry (LC-
MS)-based techniques [34-37] that are presented in more 
detail in the section “Oxylipin profiling” (Secion 3.0), which 
provides an overview of the field – including applications 

beyond respiratory disease in order to provide a comprehen-
sive summary of the research area. This section also briefly 
describes the LC- tandem mass spectrometry (MS/MS) 
methodology, sample work-up and data interpretation. This 
review then concludes with a final section on future applica-
tions of oxylipin profiling approaches (Section 4.0), with a 
brief mention of contributions towards personalized medi-
cine. 

2. OXYLIPINS IN RESPIRATORY DISEASE 

 This section focuses on summarizing and highlighting the 
wealth of clinical data available on individual oxylipins in a 
range of respiratory diseases. These data are primarily from 
focused studies on individually targeted oxylipins with dis-
tinct hypotheses regarding their role in the observed pathol-
ogy rather than an omics-based profiling approach as dis-
cussed in Section 3.0. The subsections below provide a brief 
summary of the biological properties of oxylipins originating 
from arachidonic acid (Section 2.1), linoleic acid (Section 
2.2) and -3 fatty acids ( -linolenic-, eicosapentaenoic- and 
docosahexaenoic- acids; Section 2.3) in respiratory pathol-
ogy. The majority of the research to date has focused on the 
arachidonates, and in particular the leukotrienes and prosta-
glandins, with relatively little information available on the 

-3 fatty acid derivatives. 

2.1. Arachidonates (Eicosanoids) 

 Arachidonic acid (20:4 n6, 20:4 -6) is a 20 carbon chain 
polyunsaturated fatty acid (PUFA) with four double bonds 
(eicosa is 20 in Greek), with the final double bond located 6 
carbons from the terminal end of the aliphatic chain opposite 
the carboxyl group ( -6 or n6). It is therefore considered to 
be an -6 fatty acid. The terminology -6 and n6 are used 
interchangeably, and are useful to highlight the location of 
the terminal (omega, ) double bond, which is important for 
determining many physiological properties of the PUFA 
substrate. For the sake of consistency, we primarily employ 
the “ ” nomenclature in this review. While both eicosapen-
taenoic acid (EPA, 20:5 -3) and dihomo- -linolenic acid 
(DGLA, 20:3 -6) derived oxylipins can also technically be 
referred to as eicosanoids, the classical definition refers to 
arachidonic acid-derived products. Multiple oxylipins origi-
nating from arachidonic acid are involved in respiratory pa-
thology, including leukotrienes (LTs; e.g. Cysteinyl LTs and 
LTB4), prostaglandins (PGs; e.g. PGE2 and PGD2) and lipox-
ins (LXs; e.g. LXA4 and 15-epi-LXA4) [22, 23]. We review 
the reported clinical effects of each of these oxylipin groups 
separately based upon their biosynthetic pathway as shown 
in Fig. (2). 

2.1.1. Prostaglandins (PGs) and Thromboxanes 

 Prostaglandins (PGs) are produced following sequential 
oxidation of arachidonic acid by cyclooxygenases (1 and 2; 
COX-1 or COX-2) and prostaglandin synthases Fig. (2), [38-
40]). There is an extensive body of literature describing the 
biological activity of PGs in respiratory disease, and it is 
beyond the scope of this manuscript to fully summarize the 
literature. Interested readers are further directed to a number 
of published studies [41-44] and reviews [23, 45-53]. Below 
is a selected summary of the biological role of PGs in respi-
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Fig. (2). Overview of the arachidonic acid (AA) cascade highlighting the three predominant enzymatic pathways (LOX, COX and CYP450). 

The nonenzymatic isoprostanes are also displayed given their prominent role in asthma pathology [360]. It should be stressed that this figure 

is only an overview and does not represent the full structural diversity of the arachidonic acid cascade, which potentially contains hundreds of 

primary enzymatic and autoxidation products as well as downstream metabolites. 

 

ratory disease. Arguably the most abundant and also the 
most well-studied PG is PGE2, which has a prominent, but 
complex role in lung physiology and pathology [32]. The 
mediator possesses multiple functions that are potentially 
regulated by activation of different receptors and signaling 
pathways [54, 55]. It has for instance been shown that PGE2 
has a bronchodilatory effect and inhibits both early and late 
phase responses to allergens and other triggers of bron-
choconstriction [42, 48, 56-60]. COX-1 inhibition mediated 
through nonsteroidal anti-inflammatory drugs (NSAIDs) 
such as aspirin can, however, also induce acute bronchocon-
striction in the subgroup of asthmatics suffering from aspi-
rin/NSAID intolerance [61-67]. Similarly, in mouse lung, 
COX-1 activity has been shown to be predominately bron-
choprotective, while COX-2 has been indicated to mainly 
promote infiltration of inflammatory cells (particularly eosi-
nophils) in the lung [54, 55]. Clinical studies have found 
significantly higher PGE2 levels and COX-2 expression in 
sputum obtained from normal smokers and COPD smokers 
vs. healthy individuals and COPD former smokers [68]. 
Similarly, PGE2 levels have also been shown to increase in 
exhaled breath condensate (EBC) in stable COPD patients 
and in smokers with asthma in contrast to nonsmokers with 
asthma [69-72]. One study also indicated that PGE2 levels 
were significantly higher in asthmatic smokers compared to 

smoking controls [72]. This observation might be attributed 
to differences in the activation state of macrophages in the 
two groups since cigarette smoke is known to stimulate 
PGE2 formation in alveolar macrophage [72]. It has been 
suggested that the significantly higher PGE2 levels are due to 
a protective bronchodilatory mechanism against the in-
creased inflammatory response in asthmatics who smoke 
[69]. A recent study indicated that PGE2 levels in EBC from 
healthy non-smoking subjects were not significantly differ-
ent compared to current smokers [73]. 

 Thromboxane A2 (TXA2), which is generated from the 
same precursor (PGH2) as PGE2 Fig. (2), is a potent bron-
choconstrictor acting via the TP receptor [74] that has been 
considered as a target for asthma therapy. TXA2 is otherwise 
mainly a pro-aggregatory and vaso-constrictive COX prod-
uct formed by platelets, and the preventive effect of low dose 
aspirin treatment in cardiovascular disease is due to inhibi-
tion of TXA2 biosynthesis [75]. In addition to the effects of 
TXA2 on platelets, bronchial and vascular smooth muscle, 
TXA2 has been implicated in the development of bronchial 
hyperresponsiveness [76], and inhibitors of TXA2 are regis-
tered for treatment of asthma in some countries. 

 The non-enzymatic breakdown product of TXA2, TXB2, 
was not detected in EBC from COPD patients, but was in-
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creased in EBC of asthmatics [70, 71]. This observation sug-
gests that oxylipin profiles in EBC can potentially differenti-
ate between inflammatory lung diseases and raises the hy-
pothesis that oxylipin profiling could contribute to diagnosis 
of disease. Furthermore, TXB2 levels have been found ele-
vated in the urine of cystic fibrosis patients [77]. Increased 
TXB2 levels in airways of asthmatics following allergen 
challenge have also been observed [78]. Several other studies 
have similarly demonstrated elevated levels of TXB2 in 
bronchoalveolar lavage (BAL)-fluid, urine and plasma from 
asthmatic patients [79-81]. The levels of the enzymatically 
formed metabolite of TXA2, 11-dehydro-TXB2 are however 
more reliable as indicators of endogenous biosynthesis of the 
biologically active TXA2, and, interestingly, this metabolite 
is increased in the urine of atopic asthmatics following aller-
gen provocation [79, 82]. In contrast to the EBC measure-
ments, it has been shown that urinary excretion of 11-
dehydro-TXB2 in COPD patients is significantly higher than 
in healthy subjects, suggesting an enhancement of platelet 
TXA2 biosynthesis in the patients [83]. It remains to be es-
tablished if this is due to the common cardiovascular comor-
bidities of COPD patients or directly relates to lung pathol-
ogy. It is known that TXA2 also may be biosynthesized in 
monocytes, macrophages, neutrophils and lung parenchyma 
[53, 84-86]. 

 Prostacyclin (PGI2) is a potent vasodilator that has been 
used clinically to treat pulmonary hypertension as well as 
cardiovascular diseases [87]. Because of this dual role, the 
method of application of PGI2 (intravenous or inhaled) can 
affect one or both diseases [88]. Whereas intravenous injec-
tion of PGI2 evidenced efficacy in both cardiovascular and 
respiratory systems, aerosol inhaled PGI2 improved pulmo-
nary vasodilation, but did not affect systemic blood pressure 
[88]. Several studies have reported improvements in acute 
respiratory distress syndrome (ARDS) following treatment 
with inhaled PGI2 [88-90]. PGI2 has also been studied in the 
infant respiratory system, with results showing that poly-
morphism in the promoter region of PGI2 synthase is associ-
ated with severity in syncytial virus lower respiratory tract 
infections [91]. In addition, inhaled PGI2 improved oxygena-
tion in a preterm neonate (28 weeks of gestation) with persis-
tent pulmonary hypertension [92]. Although PGI2 was used 
in initial clinical studies, the primary drawback in treatment 
is its chemical instability due to a vinyl ether group that is 
readily hydrolyzed at low pH. Therefore, for long-term 
treatments either a continuous supply is required, or more 
commonly, prostacyclin analogues with increased stability 
can be used [93, 94]. 

 While monitoring the parent compounds can be useful, it 
is also important to screen for downstream metabolites of 
these compounds. A common non-invasive matrix used for 
this purpose is urine, and PG and thromboxane metabolites 
have been used as biological markers of pathophysiological 
processes (e.g. respiratory and cardiovascular diseases) [37]. 
A distinct advantage of analyzing metabolites in urine is the 
integrative nature of the matrix, providing an indication of 
whole body production of eicosanoids. Because the lung is a 
well-perfused system and eicosanoid production in other 
tissues is relatively low, urine metabolites have been used to 
trace pulmonary changes in PGs and thromboxanes. On the 
other hand, studying their levels in other relevant biological 

matrices, such as BAL-fluid, EBC, saliva and sputum, can 
yield more specific information about the local biosynthesis 
and metabolism of these compounds in respiratory diseases. 

 Several investigations have studied the levels of PG me-
tabolites in asthma, and some studies have aimed to identify 
predictors of clinical responsiveness to therapy. For example, 
the effectiveness of pranlukast, a competitive leukotriene 
receptor antagonist, has been correlated with the urinary lev-
els of eicosanoid metabolites. Patients with a positive re-
sponse to treatment showed a lower ratio of LTE4 to the PGI2 
metabolite 2,3-dinor-6-keto-PGF1  [95]. In addition, re-
sponders to seratrodast, a competitive TXA2 receptor an-
tagonist, also showed a lower urine ratio of LTE4 to the 
TXA2 metabolite 11-dehydro-TXB2 [96]. These studies gen-
erate interesting hypotheses, but short treatment periods, 
small groups and considerable overlap in results between 
groups call for studies to replicate and extend these observa-
tions. 

 Another recent use of measurements of urinary metabo-
lites was to define pathways for PG biosynthesis in asthmat-
ics [97]. The COX-2 selective inhibitor celecoxib did not 
inhibit urinary excretion of the major tetranor metabolite of 
PGD2. However, in both healthy individuals and asthmatics, 
celecoxib treatment decreased the levels of the correspond-
ing metabolites of PGE2. In addition, in comparing asthmat-
ics with controls, baseline urinary levels of PGD2 metabo-
lites were higher, but levels of PGE2 did not evidence any 
change. These data indicate that the bronchoconstrictor 
PGD2 is increased in asthmatics and is primarily biosynthe-
sized via COX-1, whereas the bronchodilator PGE2 is pro-
duced primarily via COX-2. Monitoring of metabolites can 
also be useful for evaluating the effects or selectivity of in 
vivo or in vitro interventions (e.g. inhibitors, knock-down 
studies, siRNA). In addition, many times the parent com-
pound is not stable (e.g. PGI2), so it is useful to monitor the 
downstream metabolites. For example, 6-keto-PGF1  (an-
other stable metabolite of PGI2) and PGD2 have been shown 
to increase in concentration in BAL-fluid following allergen 
provocation [98] and early measurements of asthmatic re-
sponses to allergens have indicated increased levels of the 
PGD2 metabolite 9 ,11 -PGF2 in plasma [99] and urine 
[100]. Since PGD2 is the main PG generated product in mast 
cells [101], increased PGD2 and 9 ,11 -PGF2 levels are ap-
parent indicators of mast cell activation (important in e.g. 
allergic asthma pathology). In contrast, PGI2 is not a known 
product of activated mast cells, hence it has been speculated 
that the abundant levels of PGI2 produced after provocation 
reflects a secondary effect of mediators acting on endothelial 
cells [23]. 

 Similarly to allergic asthma, mast cell infiltration is 
prominent in acute extrinsic allergic alveolitis (EAA) and 
elevated urinary levels of 9 , 11 -PGF2 have been reported 
in these patients [24]. In addition to interstitial and alveolar 
inflammation, EAA pathophysiology is also characterized by 
oxidative lung damage, which can be partially assessed by 
measuring oxidative species including the isoprostanes [24]. 

2.1.2. Leukotrienes (LTs) 

 Similar to the PGs, there is an extensive body of litera-
ture describing the biological activity of LTs in respiratory 
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disease, and interested readers are further directed to a num-
ber of published papers [44, 102-105] and reviews [106-
111]. We will provide a brief overview of selected papers 
here. Leukotrienes are formed by liberated arachidonic acid, 
which is sequentially converted by 5-LOX to LTA4 via the 
unstable intermediate 5-hydroperoxyeicosatetraenoic acid (5-
HPETE; Fig. (3)) [112]. This conversion requires that 5-
LOX is reversibly translocated from its resting position in 
the nucleoplasm or cytosol to the perinuclear region. 5-LOX 
and the MAPEG (Membrane-Associated Proteins in Eicosa-
noid and Glutathione metabolism) family member FLAP (5-
Lipoxygenase-Activating Protein) together form a functional 
complex that drives the catalysis [113]. LTA4 can then be 
converted further into two main classes; cysteinyl (Cys)LTs 
and LTB4. The classes function synergistically in inflamma-
tory processes and are, for instance, associated with mast cell 
proliferation and cytokine generation [114-117]. Thus, sev-
eral LT receptor antagonists have been developed and pro-
vide anti-inflammatory effects complimentary to inhaled 
corticosteroids [118-120]. 

 LTC4 is formed by conjugation of LTA4 to reduced glu-
tathione via LTC4 synthase (integral nuclear membrane pro-
tein expressed by eosinophils, basophils, mast cells, mono-
cytes and dendritic cells) and serves as precursor for the 
other CysLTs [121, 122]. CysLTs are well known as potent 
contractile agonists on human airway and vascular smooth 
muscle [25, 123, 124]. LTD4 is formed via conversion of 
LTC4 by cleavage of a glutamic acid residue from the glu-
tathione moiety [125, 126]. The mediator is however short-
lived and quickly converted to LTE4 by a dipeptidase, which 
releases a glycine residue [127]. LTE4 is to a large extent 
excreted in the urine without additional metabolism and 
hence, increased urinary LTE4 levels are used as a biomarker 
of e.g. asthma exacerbations [128] and reflect CysLT pro-
duction in vivo [129, 130]. Similarly, increased levels of 
LTE4 have been observed in urine from patients with ARDS 
and EAA [131]. LTE4 can also be measured in other biologi-

cal matrices than urine, with aspirin-intolerant asthmatics 
evidencing higher levels of LTE4 in saliva, sputum and blood 
ex vivo compared to aspirin-tolerant asthmatics [132]. LTC4 
and LTD4 can also be measured directly in vivo. For exam-
ple, the BAL-fluid levels of LTC4 obtained from allergen-
challenged atopic asthmatics were significantly increased 
over pre-challenged levels [133]. A significant challenge in 
mass spectrometry-based quantification of CysLTs relates to 
their instability in some matrices, and it can be difficult to 
accurately measure levels in clinical samples (recoveries as 
low as 25% have been reported [134]). 

 The second LT pathway is regulated by LTA4 hydrolase 
(LTA4), which catalyzes the hydrolysis of LTA4 to LTB4 
Fig. (3) [135]. Alveolar macrophages recovered from the 
BAL-fluid of active sarcoidosis patients release higher quan-
tities of LTB4 than normal subjects, thus a possible indica-
tion of heightened immune response [136]. Patients with 
COPD have also been reported to have ~2.5-fold higher 
LTB4 levels in EBC compared to control subjects [70]. Inter-
estingly, LTE4 levels are however not increased in COPD 
patients [70] in contrast to EBC from mild asthmatics, which 
evidence increased levels for both LTB4 and LTE4 [71]. 
However, the value of LTB4 measurements in EBC is uncer-
tain as salivary contamination may be a significant source 
[137]. 

2.1.3. Lipoxins (LXs) 

 Lipoxins, or lipoxygenase interaction products, are short-
lived eicosanoids that predominantly act to support the reso-
lution of inflammation [22, 138-141]. As shown in Fig. (2), 
there are multiple pathways that may lead to formation of 
lipoxins. For example, the two main lipoxins, LXA4 and 
LXB4, can be formed in reactions initiated either by action of 
platelet-derived 12-LOX, or eosinophil-derived 15-LOX. 
There is also a group of “aspirin-triggered” 15-epimers of 
lipoxins that are biosynthesized from 15-(R)- hydroxyei-
cosatetraenoic acid (HETE) in cells where COX-2 has been 

 

 

 

 

 

 

 

 

Fig. (3). Leukotriene biosynthesis. (A) Scheme for cellular leukotriene biosynthesis at the nuclear membrane. (B) Key enzymes and metabo-

lites in the leukotriene cascade. For a complete list of acronyms employed in the figure, please see the accompanying text. 
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acetylated by aspirin [140, 142, 143]. Observations in ex-
perimental models suggest that both the 15-(S)- and 15-(R)-
epimers may participate in a range of physiological and 
pathophysiological processes and serve as mediators damp-
ening neutrophilic infiltration and initiating resolution [138]. 
A number of studies measuring lipoxins suggest a protective 
role for LXA4 and 15-epi-LXA4 in asthma [26, 34, 144, 
145]. Interestingly, it has been shown that by using a stable 
analog of LXA4, airway hyper responsiveness (AHR) and 
pulmonary inflammation is blocked in a murine model of 
asthma [144]. Additionally, the same study found that trans-
genic expression of human LXA4 receptors in murine leuko-
cytes led to significant inhibition of pulmonary inflammation 
and eicosanoid-initiated eosinophil tissue infiltration [144]. 
When comparing LXA4 levels in activated whole blood from 
severe and moderate asthmatics, the levels in severe asthmat-
ics were significantly lower [146]. Moreover, an inverse re-
lationship was observed between the levels of LXA4 versus 
LTs and airflow obstruction. Similarly, in induced sputum 
supernatants from severe asthmatics, a deficiency of LXA4 
was observed as compared to mild asthmatics [147]. Interest-
ingly, a study in activated whole blood indicated that aspirin-
intolerant asthmatics display a lower biosynthetic capacity to 
generate lipoxins than their aspirin-tolerant counterparts 
[34]. It has also been reported that lipoxin concentrations in 
BAL-fluid from cystic fibrosis patients are significantly sup-
pressed compared to patients with other inflammatory lung 
conditions (e.g. pneumonia, interstitial lung disease and reac-
tive airway disease) [148, 149]. Accordingly, there are ex-
tensive experimental reports on a protective role of lipoxins 
and their derivatives in several models of respiratory disease, 
indicating the need to further explore the clinical relevance 
of this biology. 

2.1.4. Hydroxyeicosatetraenoic Acids (HETEs) and Oxoei-
cosatetraenoic Acids (KETEs) 

 HETEs are monohydroxy fatty acids that are primarily 
produced via LOX metabolism, but can also be generated 
non-enzymatically via autoxidation. The main exception is 
20-HETE, which is a CYP4 product [150, 151]. 5-HETE is 
spontaneously formed via reduction from 5-HPETE by per-
oxidase activity [21], can activate neutrophils independently 
of receptors of other lipid mediators, and is further converted 
to 5-oxoeicosatetraenoic acid (5-KETE) via oxidation by 5-
hydroxyeicosanoid dehydrogenase (5-HEDH) [152]. This 
conversion increases the potency ~100-fold for raising cyto-
solic calcium levels in human neutrophils relative to 5-HETE 
[153]. 5-KETE may induce bronchodilation [154]. Airway 
epithelial cells have also been shown to synthesize 5-KETE 
in response to oxidative stress [155]. 5-KETE exhibits 
chemoattractant effects on eosinophils and neutrophils in 
vitro and when injected in human skin [153, 156] and there 
is one report suggesting that this response was greater in 
atopic asthmatics [157]. A recent study reported elevated 
levels of 5-HETE in EBC of smokers relative to healthy con-
trols [73]. The same trend has been reported in BAL-fluid 
from female smokers versus non-smokers [158]. 

 The well-known lipid mediator 15-HETE is formed by 
reduction via glutathione peroxidase (phGPx) of 15-(S)-
HPETE formed by 12/15-LOX [159] Fig. (2), and is the ma-
jor arachidonic acid metabolite in human bronchi [160, 161]. 

phGPx is under inverse control by IL-4 and IL-13 in human 
lung carcinoma cells (A549) and human monocytes [162]. In 
contrast, 12/15-LOX is up-regulated under the same circum-
stances, thus this inverse relationship may favor generation 
of lipoxins following inflammatory activation. Several stud-
ies have suggested that high 12/15-LOX activity and 15-
HETE levels are mainly indicative of pro-inflammatory re-
sponses in asthma [163-165]. 15-HETE can also modulate 
the activity of the anti-inflammatory peroxisome prolifera-
tor-activated receptor (PPAR)- , which has been suggested 
as a new target for regulation of inflammatory states underly-
ing many airway diseases [159, 166, 167]. For instance, the 
PPAR  agonist rosiglitazone has been shown to display 
bronchodilator effects in a group of patients with glucocorti-
coids-resistant asthma [168]. Interestingly, human BAL-
macrophages evidenced a decrease in 15-HETE levels in 
response to lipopolysaccharide in severe asthmatics relative 
to controls and mild asthmatics [169]. On the contrary, se-
vere asthmatics with persistent airway eosinophils manifest 
significantly higher levels of 15-(S)-HETE in BAL-fluid, 
both compared to severe asthmatics without persistent air-
way eosinophils, mild and moderate asthmatics and normal 
subjects [165]. It has been suggested that this trend may be 
associated with airway fibrosis. Patients with chronic bron-
chitis have also shown significantly elevated concentrations 
of 15-(S)-HETE in induced sputum compared to control sub-
jects [170]. Noteworthy is that the levels were negatively 
correlated with the percentage of neutrophils. Similarly to 5-
HETE, 15-HETE can be oxidized to 15-KETE [171]. How-
ever, whether this process is a major pathway of 15-HETE 
metabolism has yet to be established.  

 20-HETE is generated via the cytochrome P450 pathway 
by / -1-hydroxylases [172]. This HETE has been shown to 
induce concentration dependent relaxations of human bron-
chi [173] and a recent study in a murine model of ozone-
induced airway hyperresponsiveness supports the hypothesis 
that 20-HETE is a mediator of this response [174]. 

2.1.5. Cis-epoxyeicosatrienoic Acids (EETs) and Dihy-
droxyeicosatrienoic Acids (DHETs) 

 Cis-epoxyeicosatrienoic acids are derived from the CYP 
monooxygenase pathway. CYP metabolism of arachidonic 
acid forms a series of regiospecific and stereospecific fatty 
acid epoxides (5,6-, 8,9-, 11,12-, and 14,15- EETs) [175-
177]. The EETs can further be transformed to their corre-
sponding diols, dihydroxyeicosatrienoic acids (DHETs) 
[178] via the soluble epoxide hydrolase (sEH) [179-181]. 
Compared to the COX and LOX arachidonic acid-derived 
pathways, the role of CYP-derived eicosanoids in lung 
physiology and pathophysiology is less well known. How-
ever, given the abundance of CYP2J2 expression in epithe-
lial airway cells (or CYP2C29 in mice), bronchial and vascu-
lar smooth muscle cells, as well as endothelium and alveolar 
macrophages [182, 183] in combination with the detection of 
message for CYP enzymes in human lung RNA [184], it is 
tempting to speculate that EETs may contribute to important 
events in the lung. There are indeed observations suggesting 
that 11,12- and 5,6-EET are involved in regulation of bron-
chomotor tone [185-187], hypoxic pulmonary vasoconstric-
tion [188, 189], control of the composition of airway lining 
fluid and limitation of pulmonary inflammation [175]. Inter-
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estingly, similar to 15-HETE, EETs have been shown to be 
PPAR  ligands with d values in the μM range [190]. 

 It has been demonstrated that EETs have anti-inflamma-
tory properties in particular in vascular inflammation [191-
193]. Thus, given that CYP2J2 is prominent in pulmonary 
artery endothelial cells, it is likely that EETs have similar 
properties in the lung. It has for instance been shown that 
acute tobacco smoke induced inflammation in rats is signifi-
cantly decreased by sEH inhibition (as observed by lower 
levels of neutrophils, alveolar macrophages, and lympho-
cytes in BAL-fluid) [194]. The same study also demonstrated 
that the combination of sEH inhibitor and EETs implantation 
was more significant in reducing inflammation. The combi-
nation of EETs and DHETs were found to be the predomi-
nant eicosanoids in perfused human lung upon stimulation 
with the Ca

2+
 ionophore A23187 [195] and after Escherichia 

coli hemolycin and formyl-methionyl-leucyl-phenylalanin 
challenge [196]. To date the majority of studies targeting 
EET and DHET distribution have been performed in animals 
[194, 197, 198], thus, there is a need to investigate EET and 
DHET alterations in humans in vivo. 

2.1.6. Eoxins (EX) 

 In addition to undergoing reduction to 15-HETE, it has 
also been shown that 15-HPETE can be dehydrated to 14,15-
epoxy-eicosatetraenoic acid (14,15-LTA4) [199, 200]. Simi-
larly to the CysLTs, 14,15-LTA4 can be transformed further 
to 14,15-LTC4, 14,15-LTD4 and 14,15-LTE4. Since eosino-
phils are an abundant source of these compounds [201] and 
in order to clearly distinguish them from their 5-LOX de-
rived counterparts, the 14,15-LT series are referred to as 
eoxins (EX) [201, 202]. It has for instance been shown that 
human eosinophils, cord blood-derived mast cells and nasal 
polyps from allergic subjects can all convert arachidonic acid 
via the 15-LOX-1 pathway to EXC4, EXD4 and EXE4 [201]. 
The same study also indicated that EXs induced increased 
permeability of the endothelial cell monolayer in vitro. Inter-
estingly, the EXs were shown to be 100 times more potent 
than histamine and almost as potent as LTC4 and LTD4. 
However, the corresponding synthetic compounds were 
found to be almost inactive when tested in peripheral airway 
models where CysLTs are potent agonists [203]. Little work 
has been performed to investigate the biological function of 
these compounds, but a recent study reported BAL-fluid 
concentrations of EXC4 for patients with a range of diseases 
(Churg-Strauss syndrome, eosinophilic pneumonia, sarcoi-
dosis, lung cancer, idiopathic pulmonary fibrosis and 
asthma) [202]. Eoxins have also been found in EBC from 
healthy subjects [73] and a recent study reported signifi-
cantly elevated levels of eoxins in EBC from asthmatic chil-
dren and children with bronchial hyperresponsiveness com-
pared to healthy children [204]. These results suggest that 
further efforts should be made to elucidate the potential 
role(s) of these compounds in respiratory diseases. 

2.1.7. Isoprostanes 

 Isoprostanes, which are primarily found in the sn-2 posi-
tion of glycerophospholipids, were described in vivo in the 
early 1990’s [205]. When cells are under oxidative stress, 
different reactive oxygen species (collectively known as 
ROS’s) may react with arachidonic acid to yield the prosta- 
 

glandin-like compounds that are collectively termed iso-
prostanes [206, 207]. Whereas enzymatically mediated reac-
tions are stereo- and enantioselective; radical driven reac-
tions yield a wealth of diastereoisomers structurally similar 
to PGs. According to this structural analogy, isoprostanes 
receive the prefix iso- respective to their enzyme-mediated 
counterparts, showing rings similar to PGs D, E and F that 
give name to the corresponding isoprostane series (e.g. iso-
PGF2 ). Because of the lack of selectivity of the radical-
driven reaction, every isoprostane series covers up to 64 di-
astereoisomers. Notably, whereas the stereochemistry of the 
ring in prostaglandins is “trans”, isoprostanes show both 
configurations, but predominantly “cis”. Due to their ROS-
mediated origin, isoprostanes have been primarily studied as 
oxidative stress markers in lung diseases [208-210]. Oxida-
tive stress and isoprostanes are influenced by several exoge-
nous factors, including smoking, exercise and diet. Although 
they are not enzymatic products, they do possess distinct 
biological activity, that can be potentially important in respi-
ratory diseases [211, 212]. For example, among five iso-
prostanes, only 12-iso-PGF2  activates the prostaglandin F 
receptor (FP) [213]. Therefore, as this receptor may be in-
volved in respiratory diseases (e.g. idiopathic pulmonary 
fibrosis [214]), it can be speculated that there is a relation-
ship between oxidative stress and distinct lipid mediator spe-
cies in respiratory diseases. In addition, depending upon their 
stereochemistry, isoprostanes are catabolized via specific 
pathways [215], suggesting that, whereas their generation is 
not enzyme-mediated, their presence and biological activity 
can be enzyme-regulated. 

 Isoprostanes have been monitored in several clinical 
studies. For example, patients with pulmonary hypertension 
evidenced increased levels of isoprostanes in contrast to con-
trols, and the response to inhaled NO correlated to the basal 
levels of these compounds [216]. Nevertheless, isoprostanes 
constitute a large family related by a similar structure. Con-
sequently, the oxidative stress component in disease has been 
monitored by delimiting the analysis to a few or even indi-
vidual compounds. Among oxidative markers of lung dis-
eases, 8-iso-PGF2  is a good candidate for studying the influ-
ence of oxidative stress in respiratory diseases, as it shows 
strong constriction properties in smooth muscle in vitro 
through activation of several prostanoid receptors [217]. Ac-
cordingly, 8-iso-PGF2  has emerged as the “gold standard” to 
study the oxidative stress in pathophysiological processes. 
Thus as expected, high urinary levels of 8-iso-PGF2  have 
been documented in extrinsic allergic alveolitis patients [24, 
218]. On the other hand, as smoking is associated to oxida-
tive stress and is a risk factor for COPD, 8-iso-PGF2  levels 
have also been studied in the EBC of smoker and non-
smoker COPD patients [219]. Interestingly, there was no 
difference in EBC from heavy smoker and ex-heavy smoker 
COPD patients, suggesting that giving up smoking by heavy 
smoker COPD patients has negligible effect on oxidative 
stress. Furthermore, 8-iso-PGF2  levels in sputum were 
found to correlate with disease severity [220]. Patients with 
pulmonary sarcoidosis showed an increased level of EBC 8-
iso-PGF2  compared with controls, pointing to an oxidative 
stress component in this disease. Furthermore, the levels of 
8-iso-PGF2  in sarcoidosis also correlated with the severity 
of the pathophysiological process [221]. 
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 The inflammatory immune process in the lungs of cystic 
fibrosis patients is also associated with severe oxidative 
stress. This fact can explain the significantly higher 8-iso-
PGF2  levels observed in cystic fibrosis patients as compared 
to healthy controls in urine [77], EBC [222, 223] and plasma 
[224, 225]. These levels were even higher in patients with 
unstable cystic fibrosis compared to patients with stable cys-
tic fibrosis [223]. In asthma, baseline levels of 8-iso-PGF2  
in EBC also correlated with the severity of the disease as it 
was increased in severe compared with mild and moderate 
asthma [226]. A higher level of 8-iso-PGF2  in EBC from 
asthmatic children contrasted with controls points to an in-
crease in oxidative stress in childhood asthma [227]. Also in 
asthmatic children, treatment with prednisone decreased the 
level of EBC 8-iso-PGF2 , although not to the level of con-
trol baseline values. Consistently, several other studies have 
reported a low influence of corticosteroids in the increased 8-
iso-PGF2  levels presented in childhood asthma [227, 228], 
suggesting that this treatment is not completely effective for 
the oxidative component of the disease [229-231]. In one 
study of exercise induced bronchoconstriction in asthmatic 
children, EBC baseline 8-iso-PGF2  levels correlated with 
the fall in expiratory volume in one second (FEV1), despite 
the fact that levels of 8-iso-PGF2  did not evidence any 
change during the challenge [232]. In addition to the studies 
in respiratory related samples, oxidative stress in asthma can 
also be studied via the urinary levels of 2,3-dinor-5,6-
dihydro-15-F2t-IsoP, which is an 8-iso-PGF2  metabolite. 
This metabolite showed an increase at 2 hours following 
allergen challenge, but did not change after challenge with 
inhaled methacholine [233]. Accordingly, there are many 
interesting observations reported, but there are also short-
comings with regard to both analytical methods and clinical 
study designs that warrant inclusion of isoprostanes in profil-
ing methods in order to understand their role in airways dis-
ease. 

2.2. Linoleates 

 Linoleic acid (18:2 n6, 18:2 -6) is an essential fatty acid 
that cannot be synthesized in mammals, and is therefore an 
important dietary component with a prominent role in the 
modern Western diet [234]. Linoleic acid can further be me-
tabolized by 

6
 and 

5
 desaturases and elongases, forming 

the -6 series of fatty acids ( -linoleic  dihomo- -linolein 
 arachidonic acid) [234-236]. The same metabolic route is 

taken by the parent essential -3 fatty acid, -linolenic acid 
(18:3 -3); however, a high linoleic acid intake can interfere 
with desaturation and elongation of -linolenic acid [237]. In 
addition to functioning as precursor to other -6 fatty acids, 
linoleic acid can be directly metabolized via the same enzy-
matic pathways as arachidonic acid [238, 239]. Accordingly, 
there is a linoleic acid pathway analogous to the arachidonic 
acid pathway shown in Fig. (2). The primary enzymatic 
pathways in the linoleic acid cascade are 1) CYP activity, 
producing leukotoxins, i.e. 9(10)- and 12(13)- epoxyoctade-
cenoic acids (EpOME) [178, 240] and 2) lipoxygenation by 
12/15-LOX, which produces 13-(S) and 9-(S)-hydroperoxy-
octadecadienoic acid (HPODE) [159, 241]. The products 
from both pathways as well as their corresponding enanti-
omers can also be produced non-enzymatically by autoxida-
tion. We discuss the main linoleic acid-derived oxylipins on 
a pathway-specific basis in the subsections below. 

2.2.1. Leukotoxins 

 The linoleic acid epoxides 9(10)-EpOME and 12(13)-
EpOME, and their corresponding diols 9,10- and 12,13- di-
hydroxyoctadecenoic acid (DiHOME) [178], are generally 
referred to as leukotoxin/iso-leukotoxin and leukotoxin-
diol/iso-leukotoxin-diol, respectively, due to their biological 
properties and production in leukocytes [242]. Animal stud-
ies have for instance shown that injected leukotoxin causes 
acute lung injury associated with neutrophil infiltration [243, 
244]. When comparing EpOMEs and DiHOMEs, it was re-
ported that the DiHOMEs were more potent [243]. The leu-
kotoxins have in particular been associated with multiple 
organ failure and ARDS, commonly seen in severe burn pa-
tients. It has been suggested that this often fatal condition is 
attributed to the observed high concentrations of leukotoxins 
produced by recruited leukocytes to the burned skin in order 
to control infection [243]. For instance, BAL-fluid obtained 
from ARDS patients contains elevated levels of leukotoxin 
[243]. Other factors may also enhance leukotoxin biosynthe-
sis. For example, in rats exposure to NO2 and other oxidants 
initiates auto-oxidation products of the leukotoxins in the 
lung [245]. Moreover, elevated biosynthesis and metabolism 
of linoleic acid epoxides due to induction of CYP enzymes 
and epoxide hydrolases have been shown in mice [240]. 

2.2.2. Hydroxyoctadecadienoic Acids (HODEs), Oxoocta-

decadienoic Acids (KODEs) and Trihydroxyoctadecenoic 
Acids (TriHOMEs) 

 Similarly, to the synthesis of 15-HETE from 15-HPETE, 
the HPODEs are reduced by phGPx to form their corre-
sponding hydroxyl lipid counterparts, hydroxyoctadecadi-
enoic acids (HODEs). The HODEs can be transformed fur-
ther to their corresponding keto-dienes, oxooctadecadienoic 
acids (KODEs). In addition, 9- and 13-HODE can also be 
metabolized to 9,12,13- trihydroxyoctadecenoic acid (Tri-
HOME) via 12,13-epoxy-9-hydroxyoctadecenoic acid, and 
9-HPODE can likewise give 9,10,13-TriHOME via 9,10-
epoxy-13-hydroxyoctadecenoic acid. Similarly to 15-HETE, 
13-HODE has also shown binding affinity to and activation 
of PPAR  [159, 246]. 13-HODE can also inactivate the re-
ceptor by up-regulation of the mitogen-activated protein 
kinase (MAPK) signaling pathway, which induces PPAR  
phosphorylation with subsequent decrease in transcriptional 
activity [247]. These complex up and down regulatory 
mechanisms are poorly understood, and the local concentra-
tion of 13-HODE may dictate the nature of the response 
[247]. A recent study found that 13-(S)-HODE and 15-(S)-
HETE levels are significantly reduced in human lung cancer 
tissue compared with non-tumorous lung tissue [248]. Fur-
thermore, data from mice in the same study indicated that 
this reduction correlates with decreased PPAR  activity in 
lung tumors and contributes to the development of lung tu-
mors induced by tobacco smoking [248]. Interestingly, three 
other linoleic acid metabolites, 9-HODE, 9-KODE and 13-
KODE have also demonstrated binding affinity to PPAR  
[246, 249, 250]. It could be speculated that alterations in the 
levels of these compounds and in particular 13-HODE may 
be expected in some respiratory sensitive subgroups (e.g. 
smokers). Accordingly, this group of oxylipins warrants fur-
ther investigation for their involvement in respiratory dis-
eases. 
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 Little is known about possible biological functions of the 
TriHOMEs. Generally, accurate measurements of these 
compounds are not trivial since they have high background 
levels in many biological matrices. However, these com-
pounds warrant analysis because alterations may occur that 
are due to active biological functions or effects caused by 
alterations in the 13- and/or 9-HODE precursors. We have 
for instance observed elevated levels of these compounds in 
BAL-fluid from healthy individuals following subway air 
exposure that correlate with shifts in HODE and KODE lev-
els (unpublished data [251]).  

2.3. -3 Fatty Acid-Derived Oxylipins 

 In recent years, the focus in inflammatory research has 
expanded from investigating pro-inflammatory functions to 
understanding the underlying mechanisms of the resolution 
phase. Thus, searching for oxylipins that can control the du-
ration and magnitude of inflammation is a significant area of 
interest. It has been found that oxylipins derived from -3 
fatty acids can be active during the resolution process, pro-
viding increased evidence for the beneficial health effects of 
these fatty acids in the diet [252-258]. -3 fatty acids are 
defined as fatty acids that contain a double bond three car-
bons from the terminal methyl group of the fatty acid back-
bone (analogous to the -6 fatty acids, which have the final 
double bond six carbons from the terminal methyl group as 
described in Section 2.0). This group of fatty acids have been 
shown to have beneficial effects in inflammatory [259] and 
cardiovascular disease [260-263], but have been less well-
studied in respiratory disease. The majority of studies focus 
on the essential fatty acids eicosapentaenoic acid (EPA), 
docosahexaenoic acid (DHA) and -linolenic acid, which 
cannot be directly synthesized in mammalian systems. How-
ever, similarly to linoleic acid, -linolenic acid can be trans-
formed further by 

6
 and 

5
 desaturases and elongases to 

EPA and further to DHA [234-236]. The main dietary 
sources of long chain -3 fatty acids are from cold water 
oily fish such as salmon [234], although there are significant 
botanical sources of the shorter chain -linolenic acid (e.g. 
flax or linseed). There is a current debate that a shift from a 
diet rich in EPA and DHA to -6 fatty acids has contributed 
to the increasing incidence of a number of diseases including 
atherosclerosis, coronary heart disease, hypertension, obesity 
and possibly cancer [234]. This theory remains to be sub-
stantiated, but there is evidence of the health benefits of the 

-3 fatty acids [264, 265]. However, questions remain as to 
the appropriate level of consumption as well as the relative 
balance of which -3 fatty acid species should be provided.  

 In terms of -3 fatty acid-derived oxylipins, there are 
analogous cascades to that shown in Fig. (2). Recent work 
has demonstrated that a number of alcohol, epoxide and diol 

-3-derived oxylipins can be detected in human plasma fol-
lowing a diet of -3 fatty acid ethyl esters [266]. The -3 
fatty acid-derived oxylipins that so far have received the 
most attention are the EPA- and DHA-derived resolvins 
[252]. The resolvin (Rv)E series are formed when EPA is 
converted to 18-(R)-hydroperoxyeicosapentaenoic acid 
(HPEPE) by CYP or aspirin acetylated COX-2 [252, 267]. 
The intermediate can then be transformed further by 5-LOX 
to 5-(S)-18-(R)-HEPE for subsequent enzymatic oxidation to 
RvE1 or reduction to RvE2 [268]. CYP and aspirin acetylated 

COX-2 can similarly convert DHA to the stereoselective 
intermediate 17-(R)-hydroperoxydocosahexaenoic acid (17-
(R)-HpDoHE) for subsequent enzymatic conversion to the 
17-(R)-RvD series [253, 269]. Additionally, DHA can also 
be converted to 17-(S)-HpDoHE via 12/15-LOX, which re-
sults in the 17-(S)-RvD series [253].  

 Several experimental studies have indicated that RvE1 is 
a potent anti-inflammatory mediator. For example, RvE1 
decreases polymorphonuclear leukocytes (PMNs) tissue ac-
cumulation by blocking human PMN transendothelial migra-
tion [267] and facilitates apical PMN clearance from mu-
cosal epithelial cells [270], binds to the LTB4 receptor BLT1 
as a partial agonist and consequently attenuates pro-
inflammatory signaling (i.e. NF- B activation) [271], stimu-
lates macrophage phagocytosis of apoptotic PMNs (108) and 
inhibits dendritic cell migration and cytokine release [272, 
273]. Similarly to RvE1, RvD1 has been shown to regulate 
PMN by limiting PMN infiltration in a dose dependent fash-
ion [274]. The same study also indicated that RvD1 is more 
resistant to metabolic inactivation than LXA4 [274]. 

 The majority of work to date has been performed in ani-
mal models; however, RvE1 has been detected in human 
plasma [272]. There are to date no published reports on re-
solvin levels in BAL-fluid or bronchial wash. However, due 
to the demonstrated anti-inflammatory properties of resolv-
ins in experimental models, it is likely that these compounds 
would have a protective role in the lung, promoting the reso-
lution of inflammation and airway injury.  

 DHA also serves as a precursor for the biosynthesis of 
protectins. The lead member of this family, protectin D1 
(PD1) is generated through conversion of DHA by 15-LOX 
to 17-(S)-HpDoHE via an epoxide intermediate at the 16(17) 
position [275]. Protectin generation is known to occur in, for 
instance, human peripheral blood mononuclear cells 
(PBMCs) and Th2 CD4

+
 T-cells [275, 276]. PD1 and its pre-

cursor 17-S-HDoHE (formed following17-HpDoHE) have 
been observed in EBC from healthy subjects [277]. Further-
more, compared to the healthy individuals, PD1 levels in 
EBC collected during clinical asthma exacerbations were 
significantly reduced to trace amounts [277]. Thus, these 
results suggest that asthma exacerbations are associated with 
reduced airway levels of PD1. Exogenous PD1 administered 
prior to aerosol allergen challenge in allergen sensitized 
mice, has also been shown to block leukocyte infiltration and 
airway hyperresponsiveness. Furthermore, when adminis-
tered after established allergic airway inflammation, PD1 
also accelerated the clearance of eosinophils [277]. Other in 
vivo effects observed for PD1 include decreased T-cell mi-
gration, tumor necrosis factor (TNF) and interferon-  signal-
ing and promotion of T-cell apoptosis [278]. Accordingly, 
there is emerging evidence that PD1 should be further inves-
tigated in clinical studies in order to elucidate its role in al-
lergic airway inflammation. 

 In addition to resolvins and protectins, DHA and EPA 
can be the source of other oxylipin mediators, for example 
the DHA-derived maresins that are formed in murine macro-
phages via 12/15-LOX [279]. EPA can also be converted 
into hydroxyeicosapentaenoic acid (HEPEs) via LOX activ-
ity, for example, 5-HEPE, which similarly to 5-HETE is pro-
duced by 5-LOX [280], and 15-HEPE, generated by 12/15-
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12/15-LOX [281] similarly to 15-HETE. Little is known 
about the potential roles of these compounds in lung pathol-
ogy, but available data indicate that they merit further inves-
tigation. For example, we have observed significantly higher 
levels of 12- and 15-HEPE in BAL-fluid obtained from al-
lergic asthmatics compared to healthy individuals (unpub-
lished data [282]). 

 In combination with exploring the formation and action 
of new families of compounds biosynthesized from EPA and 
DHA, more efforts should be placed on mediators from the 

-linolenic pathway. In particular, the 12/15-LOX derived 9- 
and 13-hydroxyoctadecatrienoic acid (HOTE) and their cor-
responding keto-trienes, oxooctadecatrienoic acids (KOTEs) 
could be of interest. We observed that the levels of 9- and 
13-HOTE in BAL-fluid were significantly increased in 
healthy individuals compared to mild asthmatics following 
exposure to subway air, suggesting that these compounds 
may potentially play a role in the inflammatory response 
and/or subsequent resolution, and that this response is dis-
tinct in healthy individuals versus asthmatics (unpublished 
data [251]). 

2.4. Abnormalities in Polyunsaturated Fatty Acid 

(PUFA) Turnover and Dietary Effects 

 Several studies indicate that an imbalance in the ratio 
between PUFAs can trigger and cause exacerbations in dis-
ease [283-286], creating an interest in the role of lipid sup-
plements in nutritherapy. Epidemiological studies have for 
instance demonstrated that -3 PUFAs are dysregulated in 
respiratory tract diseases such as asthma and cystic fibrosis 
[283, 287]. Interestingly, linoleic acid levels in lung tissue 
obtained from patients with cystic fibrosis and in particular 
those patients with malabsorptions have been reported as 
significantly lower compared to healthy subjects [288]. Fur-
thermore, it has been shown that cystic fibrosis patients 
without clinically evident malabsorption or irregular fat ab-
sorption have better mean clinical scores and milder pulmo-
nary disease [288, 289]. A recent study on F508del homozy-
gous cystic fibrosis mice showed markedly decreased lino-
leic acid levels and high levels of arachidonic acid and -
linolenic acid in cystic fibrosis affected tissue (lung, intestine 
and pancreas) compared to wild type mice [290]. Interest-
ingly, following a 6 week low dose supplementation of glyc-
erophospholipid-liposomes obtained from DHA enriched 
eggs (GPL-DHA), cystic fibrosis mice showed restored lino-
leic acid levels in intestines and lung, but not in pancreas and 
diminished arachidonic acid biosynthesis in all 3 organs 
[290]. Thus, GLP-DHA supplementation could potentially 
be promising for nutritherapy in cystic fibrosis patients simi-
larly to GLP-DHA supplementation in elderly [291]. An 
additional study indicated improvement in lung function 
following 8 months of supplementation with both DHA and 
EPA [292]. However, there are also studies performed with 
DHA supplementation of cystic fibrosis patients that have 
indicated no clinical improvement [293, 294] or even nega-
tive effects [295]. Thus, the observed PUFA abnormalities in 
cystic fibrosis patients are complicated and require additional 
research. It is most likely that the effects of any PUFA feed-
ing studies are complex and based upon multiple genetic and 
environmental factors in combination with disease heteroge- 
 

neity. Interested readers are further directed to reviews on 
the subject [296, 297]. 

 Beneficial effects related to increased dietary intake of 
EPA and -linolenic acid in ARDS patients have also been 
observed. In a randomized double blind study, patients with 
EPA and -linolenic acid supplements showed significant 
decreases (2.5-fold) in the number of total cells and neutro-
phils per mL of BAL-fluid compared to those patients fed on 
control diet [298]. Overall the study improved clinical out-
comes including time to liberation from mechanical ventila-
tion and discharge from the intensive care unit. In a follow-
up study performed on BAL-fluid from the same patients, 
decreased levels of IL-8, and LTB4 were identified and re-
lated to the decreased neutrophils and alveolar membrane 
protein permeability with the EPA and -linolenic acid diet 
[299]. 

 There are indications that intake of -3 PUFAs from fish 
oils can be beneficial and that -6 and trans-fatty acids may 
be detrimental for asthma treatment [284, 286, 300-304]. A 
randomized study in which children with bronchial asthma 
were given fish oil capsules (containing 84 mg EPA and 34 
mg DHA) or control capsules (containing 300 mg olive oil) 
for 10 months indicated decreased asthma symptom scores 
and airway responsiveness in the fish oil group [287]. It has 
also been reported that fish oil supplementation has a protec-
tive effect on exercise induced bronchoconstriction in elite 
athletes and asthmatics [305, 306]. However, there are also 
studies arguing that a high intake of -3 fatty acids does not 
appear to protect against asthma [307, 308]. In the 
MORGEN-EPIC study, which was a cross sectional investi-
gation of ~14,000 subjects, it was concluded that higher in-
take of -6 fatty acids was associated with lower FEV1 and 
that this observation was most prominent for current smokers 
[307]. The study could not find a correlation between a high 
intake of -3 fatty acids and protective effects against 
asthma or COPD. A case control asthmatic study of dietary 
and erythrocyte membrane fatty acids (used as an objective 
biomarker for intake) conversely associated higher levels of 
linoleic acid with lower risk of asthma [308].  

 It is of interest that both -3 and -6 fatty acids can 
serve as substrates for formation of a great number of lipid 
mediators that have the potential to play important roles in 
respiratory health and disease states. It is possible that the 
balance between -3 and -6 fatty acids and their down-
stream metabolic pathways are connected to disease etiol-
ogy. However, more research is needed to investigate the 
relative effects caused by shifts in diet, malabsorption and 
genetic variants in the metabolism of both -3 and -6 fatty 
acids. Accordingly, targeted oxylipin profiling will be a new 
powerful research tool to assist in addressing these questions. 
Given the increase in nutritherapy and so-called functional 
foods, it will be useful to have analytical methods capable of 
simultaneously quantifying shifts in the ratio of -3/ -6 and 
their downstream metabolites. It is particularly important 
that oxylipin profiling methods are applied in these feeding 
studies in order to more fully elucidate mechanisms. For 
example, given the range of downstream metabolites of -3 
and -6 fatty acids, only quantifying levels of the parent 
PUFAs most likely does not provide sufficient information 
to associate shifts in levels with disease. 
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3. OXYLIPIN PROFILING 

As described in the preceding section, numerous studies sup-
port that fundamental mechanistic questions may be ad-
dressed by measurements of oxylipins in patients with respi-
ratory disease. However, few studies have been performed in 
which human clinical samples were subjected to large-scale 
oxylipin profiling, aiming to provide an overview of global 
trends and cross talk between pathways in the cascades con-
stituting this complex regulatory network. This section of the 
review will briefly present the state-of-the-art in analytical 
methodology, and then summarize the oxylipin profiling 
studies performed to date in both respiratory and non-
respiratory systems. The section will conclude with a discus-
sion of methodology limitations and approaches for data 
analysis. 

3.1. LC-MS/MS Quantification and Sample Preparation 

 Due to the potentially large number of oxylipins that are 
present and their short half-life, it is challenging to isolate 
and detect these compounds. The development of LC-MS 
approaches has provided a method in which a large number 
of lipid mediators ( 150 at the present date) can be quanti-
fied simultaneously without derivatization [35, 134, 197, 
309-312]. The details of the method and MS parameters have 
been described in detail elsewhere and are only briefly re-
viewed here. The LC-MS/MS method is based on chroma-
tographic separation of compounds due to their physico-
chemical properties, followed by unambiguous identification 
based upon the characteristic product ions in the MS. The 
majority of oxylipin profiling methods use electrospray ioni-
zation (ESI). With the exception of CysLTs and EXs, most 
oxylipins are suitable for detection in negative ionization 
mode [36, 73], however there are examples in which CysLTs 
also have been screened as negative ions [311]. The most 
frequently used MS analyzers are triple quadrupole- [36, 
313] or hybrid quadrupole ion trap- instruments [73, 309, 
311], which both provide excellent quantification for com-
plex sample analyses. However, the linear ion trap has the 
advantage that it can also perform multiple stages of tandem 
MS (MS

n
) and can be useful for the identification of un-

known compounds. The acquisition rate as well as the sensi-
tivity and selectivity provided by selective reaction monitor-
ing (SRM; Fig. (4)) enables the screening of high quality 
data for more compounds at faster rates [310]. While current 
oxylipin methods are capable of quantifying 150 com-
pounds, there is no theoretical limit. Instead, the number of 

compounds that can be identified in a single run depends 
upon chromatographic separation in combination with the 
ion dwell times (based on the number of analytes in each 
SRM, the inter-scan delays and the peak width of the ana-
lytes). It is expected that the coverage of oxylipin profiling 
methods will continue to increase with advances in mass 
spectrometry in combination with chromatography. Ideally 
oxylipin methods could be combined with screening for 
other biologically active lipid mediators such as the endo-
cannabinoids. 

 Several different methods for sample preparation are 
available for analyzing oxylipins in biological matrices [35, 
37, 309, 314-317] and generally only require a simple extrac-
tion step [315, 318, 319]. The primary extraction method 
used in our laboratory uses C18 solid phase extraction (SPE) 
cartridges and is described in detail in recent publications 
[266, 309, 310]. It should be stressed that the majority of 
these methods focus on isolating and quantifying oxylipins 
in the free fatty acid form. However, there are significant 
levels esterified to membrane lipids and recent work has 
reported a base hydrolysis step to analyze these esterified 
oxylipins [266]. Oxylipin quantification is performed with a 
series of internal, technical and external calibration standards 
[35, 134, 309, 310] involving isotopically labeled internal 
standards (usually deuterated). Interested readers are further 
directed to the published literature for specific details of the 
analytical methods. 

3.2. Oxylipin Profiling In Pulmonary Disease 

 Few studies have examined in depth oxylipin profiles in 
pulmonary research. However, there are data available in the 
literature, both from animal [36, 197, 214] and human clini-
cal studies [73, 214]. For example BAL-fluid from rats fol-
lowing 2, 6 and 24h exposure to 1-nitronaphthalene (1-NN) 
with and without prior long-term exposure to ozone has been 
investigated [36]. Using this approach the inflammatory 
stages (i.e. injury and repair) during the time course were 
targeted and variations between the groups were compared 
with cytokine and chemokine levels. Long-term ozone expo-
sure was associated with increases in PGE2 and 12-HETE. 
Furthermore, long-term ozone exposure causes a remodeling 
of the airways that renders the rats more susceptible to other 
air pollutants, including 1-NN. In terms of oxylipins, these 
synergistic alterations included increased levels of CysLTs. 
Correlation with alterations in cytokine levels indicated that 
the observed synergism may be related to a shift from a Th1 

 

 

 

Fig. (4). Example of selective reaction monitoring (SRM) using a triple quadrupole mass spectrometer. Following LC-based separation, ox-

ylipins are ionized by electrospray ionization (ESI). The molecular ion of interest is selected in the first quadrupole (Q1) and fragmented by 

collision induced dissociation (CID) in the second quadruple (Q2). The third quadrupole (Q3) monitors selected product ions that can be 

identified and quantified in the ion chromatograms. 
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to a Th2 mediated inflammatory response in the airways. In a 
different study, the oxylipin profiles of BAL-fluid obtained 
from patients with idiopathic pulmonary fibrosis (IPF) were 
compared to sarcoidosis patients [214]. High levels of PGF2  
were observed in the IPF patients, supporting the hypothesis 
that PGF2  stimulation via the PGF2  receptor causes prolif-
eration and collage production of lung fibroblasts (which are 
characteristics for IPF) and that this stimulation occurs inde-
pendently of the transforming growth factor (TGF)-  path-
way. Another study found elevated levels of 5-HETE and 8-
iso-PGF2  in EBC of smokers relative to healthy never 
smokers [73], while both 5-HETE and PGF2  were found to 
increase under hypoxic conditions in rabbit lung homogen-
ates [197]. 

 We recently examined BAL-fluid from healthy individu-
als and mild asthmatics following exposure to air in the 
Stockholm subway system relative to a control environment 
(unpublished data [251]). The oxylipin profiles between the 
two populations showed distinct differences in their response 
to subway air. The most prominent differences were signifi-
cantly alterations in 12/15-LOX metabolites from the linoleic 
and -linolenic acid pathways, with levels increasing in the 
healthy individuals, but not in the asthmatics following sub-
way air exposure. Noteworthy is also that we observed the 
same trend in PGE2 alterations. It can be speculated that 

these observations indicate a defense mechanism triggered in 
the healthy individuals, which is absent or repressed in the 
asthmatics. Another ongoing study in our group has shown 
that the profiles of healthy and mild allergic asthmatics differ 
significantly in a number -3 related metabolites (unpub-
lished data [282]). Fig. (5) displays a total ion chromatogram 
(TIC) from BAL-fluid from one asthmatic and healthy indi-
vidual, demonstrating that the profiles are similar, but that 
there are distinct differences in the EPA derivatives 5-, 12- 
and 15-HEPE. 

3.3. Oxylipin Profiling in Non-Respiratory Systems 

 There is a growing body of research in the literature that 
provides data from oxylipin profiling in cell studies [312, 
313, 320], animal models [311, 321, 322] and clinical inves-
tigations in other areas than pulmonary disease [266, 323]. 
Oxylipin profiling has been used in studies investigating 
deletion and/or overexpression of a gene, which can give 
valuable pathway information [311, 321, 324]. For example, 
this approach was taken in a study with transgenic rabbits 
overexpressing human 15-LOX-1 in leukocytes [321]. When 
the profiles were compared directly to non-transgenic con-
trols, it was observed that 15-LOX-1 overexpression leads to 
enhanced LXA4 and 5,15-DiHETE formation and reduced 
LTB4 formation; leading to generally reduced inflammation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Oxylipin profiling performed via LC-MS/MS of BAL-fluid from a patient with mild asthma vs. a healthy individual. (A) Total ion 

chromatogram (TIC). The 32 oxylipins detected above the limit of quantitation, the technical standard 12-[[(cyclohexylamino)-carbonyl] 

amino]-dodecanoic acid (CUDA) and the deuterated internal standards are indicated in the figure. (B) Selected ion chromatograms of 15-, 

12- and 5-HEPE. 12- and 15-HEPE were detected in higher concentrations and 5-HEPE in lower concentrations in the asthmatic individual. 



1038    Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7 Lundström et al. 

and protection from tissue damage in the transgenic rabbits. 
Another more recent study characterized oxylipin production 
during experimental Lyme arthritis in arthritis susceptible- 
and resistant mice infected with Borrelia burgdorferi [311]. 
Temporal and quantitative differences in the profiles were 
observed between the mouse strains, which correlated with 
differences in arthritis development. Additionally, the study 
investigated the profiles of B. burgdorferi-infected COX-2

-/-
 

mice, which revealed not only reductions in COX-2 prod-
ucts, but, interestingly enough, also significant reductions in 
5-LOX metabolites. Thus, fluctuations in the global oxylipin 
profile were observed beyond the COX-2 pathway, demon-
strating the utility of simultaneously monitoring multiple 
oxylipin biosynthetic pathways. Work in cell lines has been 
particularly useful for characterizing the kinetics of lipid 
mediator production. Such an approach can serve as a strat-
egy for understanding the regulatory mechanism of lipid 
mediator production. For example, the time course of ox-
ylipin mediator production after stimulation with calcium 
ionophore has been shown to vary with both macrophage 
type and timeline of lipid species production [320]. 

 In the drive towards integrative systems biology studies, 
the combination of oxylipin profiling with other “omics” 
based datasets can provide key mechanistic insight. A recent 
study used an integrative omics approach to characterize the 
modulation of inflammation in overweight men during an 
intervention with the NSAID diclofenac. Data were acquired 
from multiple analytical platforms including 80 plasma pro-
teins, >300 plasma metabolites (lipids, free fatty acids, ox-
ylipins and polar compounds) and an array of PBMC gene 
expression products. Multivariate and correlation analysis 
were then applied to the full dataset to construct biological 
response networks. Out of this large array of components 
measured, a panel of genes, proteins and metabolites, includ-
ing PGE2 and TNF- , were identified that described a di-
clofenac-response network, with the arachidonic acid me-
tabolite 5,6-DHET identified as a novel candidate marker of 
inflammatory modulation [323]. This study demonstrated the 
power of integrating data from multiple platforms, while 
focusing on the utility of including an oxylipin panel. It is 
expected that the studies of this nature will increase due to 
their ability to capture biological information over a complex 
response network. 

3.4. Intra-Individual Correlations of Oxylipins and other 

Inflammatory Markers 

 In order to examine respiratory pathology, oxylipin levels 
have been measured in a number of different biological ma-
trices including BAL-fluid, bronchial wash, sputum, saliva, 
EBC, blood and urine. However, since there are to date no 
comprehensive data on profiles obtained simultaneously 
from these different matrices, it is difficult to estimate intra-
individual correlations. For example, there is an important 
question on the level of cross-talk between oxylipin levels 
produced in different biological compartments. A recent 
study observed globally higher baseline levels of CysLTs in 
saliva, induced sputum, ex vivo stimulated blood and urine 
from subjects with aspirin intolerant asthma compared to 
subjects with aspirin tolerant asthma [132]. Similarly, glob-
ally elevated levels of 8-iso-PGF2  in cystic fibrosis patients 
have been observed in urine, EBC and plasma [77, 222, 223, 

225, 325]. CysLT and 8-iso-PGF2  levels in EBC and BAL-
fluid from sarcoidosis patients have also been shown to cor-
relate with each other as well as with a high percentage of 
eosinophils [326]. Accordingly, there is evidence for altera-
tions in oxylipin metabolism between multiple biological 
compartments. However, it is likely that the local oxylipin 
profile measured in different bodily compartments also evi-
dence distinct differences, similar to what has been observed 
in cell content and other inflammatory mediators. For exam-
ple, the cell composition in induced sputum is different from 
bronchial wash and BAL-fluid, suggesting an origin of spu-
tum mainly from the larger airways [327-329]. Additionally, 
sputum and BAL-fluid from mild asthmatics have shown to 
be different from blood with higher proportions of T-cells 
and lower proportions of CD19+ T-lymphocytes [330]. The 
same study also reported significantly higher proportions of 
CD4+ T-cells, lower proportions of CD8+ cells and a higher 
CD4+/CD8+ ratio in sputum as compared to blood. These 
results indicate that sputum, blood and BAL-fluid reflect 
different compartments and/or components of inflammation. 
However, there are also examples of global effects observed 
in induced sputum, bronchial wash and BAL-fluid eosino-
philia in subjects with eosinophilic bronchitis or asthma 
[331]. Fig. (6 displays the multivariate analysis (MVA) of a 
recent study in our group on oxylipin profiling from BAL-
fluid, bronchial wash and serum of healthy individuals (un-
published data [332]). As expected, when analyzed on a 
concentration-specific basis, oxylipin profiles of BAL-fluid 
and bronchial wash clustered tightly, compared to those in 
serum. In addition, serum evidenced a significant spread 
among individuals when analyzed on a concentration-
specific level Fig. (6A). In contrast, analyzing the data as 
percent oxylipin composition (based upon the total number 
of oxylipins quantified) notably reduced the inter-individual 
variability observed in the serum, showing that while spe-
cific oxylipin levels demonstrate significant inter-individual 
variability, the relative relationships in the overall composi-
tion are similar Fig. (6B). Interestingly, the oppostive effect 
was observed in the BAL-fluid and bronchial wash samples. 
This observation demonstrates the specificity of the oxylipin 
profiles in the different matrices. It also raises the question of 
how best to perform inter-individual comparisons, because 
the results are specific for the matrix of interest as well as the 
data analysis method. These data unsurprisingly suggest that 
biological fluids from the same compartment exhibit cros-
stalk and/or have similar biosynthetic pathways, whereas 
global integration of tissues such as occurs in serum are less 
likely to evidence a correlated oxylipin signal. It is therefore 
important to examine for distinct patterns of cross-talk across 
biological compartments between healthy individuals and 
those demonstrating symptoms of disease. 

3.5. Methodology Limitations 

 While oxylipin profiling methods are generally robust, 
there are a number of issues that should be considered by 
interested users. For example, while the availability of inter-
nal standards for the range of compounds discussed in this 
review is increasing, there are still multiple compounds for 
which labeled standards are not available. In addition, cali-
bration standards are not available for many of the newer 
oxylipins of interest, including resolvins, protectins and 
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maresins, greatly limiting the progress of the field. One issue 
that is rarely discussed is the stability and reproducibility of 
the analytical standards. In our laboratory, we have observed 
significant batch-to-batch variability (as high as 200%) in 
analytical standards that can have serious repercussions on 
the accuracy of these methods. These issues are further exas-
perated by the instability of many of these oxylipin stan-
dards, which should be stored at low temperatures in an inert 
atmosphere. This point should be further addressed by the 
research community in terms of suggesting minimal qualifi-
cations for reporting standards and providing a repository of 
“gold standard” analytical standards for cross-laboratory 
method standardization. 

 A particular limitation of many of the current oxylipin 
profiling methods is the lack of information on stereochemis-
try. The majority of oxylipins are synthesized enzymatically 
in an enantioselective process, but autoxidation leads to 
equal production of both diastereoisomers. Accordingly, the 
oxylipin synthetic route can be assessed by the stereochemis-
try. This is the case of HPETEs, which can be produced by 
two enzymatic pathways [333] and via autoxidation [334]. 
For example, 15-(S)-HPETE is synthesized via 15-LOX, 

COX-2 and autoxidation; whereas 15-(R)-HPETE is pro-
duced via COX-2 and autoxidation. It would be particularly 
useful to perform an enantioselective analysis of the plethora 
of diastereoisomers in the isoprostane group, as many of 
them have biological activity and are metabolized via spe-
cific pathways [215]. Accordingly, there is a distinct need for 
chiral liquid chromatography-based methods in oxylipin pro-
filing [335, 336], but there are as of yet no comprehensive 
methods published, which is partly due to a lack of availabil-
ity of chiral columns with low particle size (<2 m). 

 In contrast to biological matrices such as urine and 
plasma, a particular issue with measuring oxylipin profiles in 
BAL-fluid and bronchial wash is the variability in fluid re-
covery during sampling (i.e. instilled volume versus recov-
ered volume) and the estimation of the amount of mixing in 
the alveolar space [337]. There have been attempts to use 
both external (methylene blue) and internal markers (urea) in 
order to adjust for the recovery volume [337]. However, 
problems with absorption and inconsistency due to sampling 
procedure are still concerns that have made it difficult to 
address this problem. One option is to normalize the ratio of 
instilled/recovered volume to adjust for recovery variability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). PCA scores plots of oxylipin profiling data from BAL-fluid, bronchial wash (BW) and serum of healthy individuals (n=16). Each 

individual is represented in the plot by 3 symbols, one each from oxylipin levels in BAL-fluid, BW and serum. (A) Model based on oxylipin 

concentrations in nM (R2(cum)=0.82, Q2(cum)=0.59). Oxylipin profiles of BAL-fluid and BW cluster tightly, thus indicating similar ox-

ylipin concentrations compared to those in serum, which are ~100 times higher and evidence a significant spread among individuals. (B) 

Model based on the relative composition (%) of quantified oxylipins (R2(cum)=0.71, Q2(cum)= 0.51). The relative oxylipin composition in 

BAL-fluid and BW also cluster in the 16 individuals, indicating that they are similar relative to those in serum. However, analyzing the data 

as percent composition notably reduces the inter-individual variability observed in the serum, showing that while specific oxylipin levels 

demonstrate significant inter-individual variability, the relative relationships in the compositon are similar. Interestingly, the oppostive effect 

is observed in the BAL-fluid and BW. Accordingly, alternate forms of data analysis can be useful to examine different endpoints. 
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We have observed that the coefficient of variations (CVs), 
tend to decrease following normalization, and routinely ap-
ply this approach. 

 Another obstacle in working with clinical samples is the 
large inter-individual differences observed within subpopula-
tions (e.g. healthy, asthmatics). Coefficient of variation val-
ues of more than 100% are not uncommon. The obvious way 
to address this complicated issue is through appropriate 
study design. Given the high cost of omics analyses, it be-
comes increasingly important to assure selection of maxi-
mally informative experiments. Design of experiment (DOE) 
is a useful tool for estimation of both the systematic variance 
of interest, and the unwanted unsystematic noise through a 
limited number of screening experiments, thereby helping to 
select a subset of representative subjects and simultaneously 
maximizing the statistical power of the study [338]. An addi-
tional complication in data interpretation in working with 
clinical samples is that the results can be profoundly affected 
by environmental factors (e.g. diet, medication, personal 
habits). Accordingly, it is important to control patient inclu-
sion criteria and perform patient phenotyping. However, 
caution should be used in over-interpreting study results 
from narrowly focused studies on discrete populations. 

3.6. Data Processing and Interpretation 

 As with any of the omics approaches to data acquisition, 
the analysis of a large number of variables performed on a 
minimal number of individuals makes the statistical analysis 
challenging. This problem is a chronic issue in the pre-
processing and analysis of metabolomics data, and is espe-
cially acute for clinical studies that often have relatively few 
individuals creating statistical issues with a lack of degrees 
of freedom. The majority of the univariate methods that 
dominate the biological sciences (e.g. Student’s t-test) are 
not well-suited for metabolomics data for a number of rea-
sons. Univariate statistical methods employ repeated testing 
to evaluate whether the null hypothesis for a certain variable 
can be rejected, in other words if it is significantly altered 
compared to the control group. Given the cumulative nature 
of type I errors in repeated testing, metabolomics analyses 
where a large number of variables are tested simultaneously 
become particularly prone to high false positive rates. Even 
though a range of approaches have been developed to correct 
for the resulting large false positive rates, most notably Bon-
ferroni and false discovery rate (FDR) corrections [339], the 
use of univariate methods remains at best a compromise. 
Their sensitivity to missing data points further decreases the 
robustness of analyses based solely on traditional univariate 
statistical analysis of the data. As such, multivariate analysis 
(MVA) represents a more suitable option for the ‘‘short and 
fat’’ data sets typical for metabolomics studies [340, 341]. 
MVA aims to create a model that reduces the complexity of 
multi-dimensional data to a few latent variables that express 
the majority of the variance of the data set, as opposed to 
univariate methods where each variable is tested in isolation. 
The most utilized MVA method in metabolomics applica-
tions is principal component analysis (PCA). The model con-
structs a number of principal components (PC), where the 
first PC is oriented so that it describes the largest possible 
portion of the variance in the data set that can be described 
by a linear vector. Each subsequent PC contains a smaller 

portion of the variance in the data set than the previous com-
ponent. Given that the MVA is based on all individual vari-
able data points for all observations, the resulting model is 
robust both against false positives and missing data points. 
MVA is also robust against covariance, and provides infor-
mation about the interrelatedness of the contributing vari-
ables. Furthermore, a confidence interval representing all of 
the variables is obtained, in contrast to univariate methods 
where each variable is analyzed as a separate unit, and con-
sequently only provides confidence intervals for individual 
variables. 

 Supervised MVA methods, where the user defines which 
variables belong to the X dataset (dictating variables) and 
which belong to the Y dataset (response variables), can also 
be utilized to perform regression analysis between large data 
sets, most commonly through partial least squares of latent 
structures (PLS). A recent addition to this group regression 
of analysis, orthogonal PLS (OPLS), greatly simplifies the 
interpretability by separating the variance in the data set ac-
cording to the correlation to the selected Y matrix (e.g. dis-
ease group) [342]. The OPLS model is designed to separate 
the ‘‘orthogonal’’ variance, any variance not correlated to 
the selected Y-variables, from the variance of interest. Given 
that the back-drop of the method is a supervised selection of 
the Y-variables that determine the separation, interpretation 
should be performed with caution. Overinterpretation of this 
type of model is common, and any conclusions or decisions 
regarding variable selection should always be evaluated in 
the light of the predictability (Q

2
) of the resulting method. 

 Another important bottleneck in the analysis of me-
tabolomics data is the need for software capable of perform-
ing pathway mapping and network analysis to interpret the 
observed fluctuations in biochemical pathways [343]. How-
ever, the structural diversity of oxylipins combined with the 
large number of overlapping biosynthetic pathways presents 
a number of challenges for the informatics community. For 
example, the structural complexity of the arachidonic acid 
cascade is displayed in Fig. (2), which is still only a simpli-
fied overview of the full cascade. This complexity is further 
compounded by the fact that analogous pathways exist for all 
of the unsaturated fatty acids, leading to theoretically thou-
sands of oxylipins. While the actual existence of these spe-
cies has not been shown, much less any potential biological 
activity, it is important to have informatics structures capable 
of dealing with the data. Accordingly, it is vital that specific 
bioinformatics methods be developed to analyze the wealth 
of oxylipin as well as molecular lipid data being acquired. 
The incorporation of lipidomics information into formats 
integrating genome, protein, chemical and network informa-
tion data structures will provide mechanistic understanding 
of lipid functions and interactions in the context of cellular 
and organism physiology. There are many software packages 
and web resources available, all of which are too numerous 
to describe in this review (see reference [344] for a compre-
hensive list of >150 resources). While not an exhaustive list, 
a few resources worth briefly mentioning here include Path-
Visio, [345], MetaCore [346], Cytoscape [347], VANTED 
[348], Ingenuity Systems, SBML applications [349] and 
KEGG [350]. Some of this software is designed to map the 
results from metabolomics experiments onto existing path-
way databases such as KEGG, but few of them are capable 
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of processing the full range of lipidomics data [351]. These 
types of tools enable the visualization of the results inte-
grated with the information provided in these databases as 
shown in Fig. (7). Other tools enable the generation of net-
works that are inferred from metabolomics data, such as Cy-
toscape (through several plugins), VANTED, some of the 
R/Bioconductor packages [352] and many of the commercial 
software packages. 

 The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) is a web-based resource that contains a series of 
databases of biological systems, consisting of genetic build-
ing blocks of genes and proteins (KEGG GENES), chemical 
building blocks of both endogenous and exogenous sub-
stances (KEGG LIGAND), molecular wiring diagrams of 
interaction and reaction networks (KEGG PATHWAY), and 
hierarchies and relationships of various biological objects 
(KEGG BRITE). For more detail, please refer to either the 
KEGG homepage (http://www.genome.jp/kegg/) or a com-
prehensive tutorial on KEGG [353]. A new and expanding 
function in the KEGG suite is the DISEASE functionality, 
which highlights biochemical pathways in several diseases 
including asthma. While potentially useful, a review of the 
KEGG asthma pathway clearly shows that additional empha-
sis needs to be placed on expanding the mechanistic informa-
tion in this pathway in order to be of clinical utility (see 
KEGG Pathway hsa05310 for more detail). Accordingly, 
while a potentially useful initial step, these efforts demon-
strate the need for increased interaction between clinical sci-
entists and computational scientists in order to create disease 
models that: 1) accurately reflect the intricacies of the dis-
ease, 2) are capable of accepting standard clinical diagnostic 
parameters as input, and 3) can be used and applied by non-
specialists. 

 To address the need for analyzing integrated omics 
datasets, KEGG has recently introduced a new application 
called KegArray that is designed to map omics data onto the 
KEGG suite of databases [354]. KegArray is a Java applica-
tion that provides an environment for analyzing metabolom-
ics data (compound profiles) either alone, or in combination 
with transcriptomics and/or proteomics data. The KegArray 
tool maps omics results onto the KEGG application of choice 
and can thus be described as a visualization tool, but with the 
added advantage of a sustained interactive environment with 
the KEGG database suite. To provide an example of KegAr-
ray applications with oxylipin profiling data, Fig. (7) shows 
the results of a recent study involving exposure of mild 
asthmatics to subway air [251]. Data were formatted as a 
ratio of exposure to subway air/control air. The oxylipins 
that evidenced significant fluctuations in asthmatics follow-
ing exposure to subway air were mapped to the KEGG 
PATHWAY database. The resulting information provided 
clear evidence that the 12/15-LOX pathway in the linoleic 
acid cascade was the site of greatest modulation. Based upon 
these results, further immunohistochemistry studies were 
performed targeting the 12/LOX pathway. Accordingly, Ke-
gArray can be a useful tool for processing metabolomics 
datasets, but additional work needs to be performed on gen-
erating sufficiently comprehensive lipid biochemical path-
ways to cover the breadth of the current analytical methods. 
For example, recent oxylipin profiling work focusing on the 

-3 fatty acid-derived cascades required the generation of 

custom pathway maps because sufficient biological detail 
was not available in public databases [266]. Accordingly, 
biochemical pathway mapping and network analysis repre-
sent both one of the most rapidly expanding fields within 
metabolomics and systems biology as well as one of the 
most significant bottlenecks in metabolomics/lipidomics data 
analysis. 

4. FUTURE APPLICATIONS AND CONCLUSIONS 

 The biology of oxylipins has been extensively studied for 
several decades and there is a wealth of published informa-
tion on their biological activity and possible role in disease 
processes. In addition, some of the most commonly con-
sumed therapeutics (e.g. NSAIDs such as aspirin and ibupro-
fen) target these biological pathways. However, there is a 
dearth of information regarding cross-talk between the mul-
tiple biosynthetic pathways involved in oxylipin synthesis 
and little information on non-eicosanoid derived oxylipins. 
This paucity of information is demonstrated by the lack of 
applications of oxylipin profiling methods to clinical studies 
of respiratory disease. Accordingly, there is a significant 
need to further develop methodologies for quantification of 
oxylipins and apply them on samples obtained from patients 
with different lung diseases. With increased understanding of 
how these compounds are produced and their role in normal 
physiological and pathophysiological processes, new diag-
nostic tools and therapeutic strategies may be developed for 
patients with inflammatory respiratory conditions. 

 While numerous technical advances have been made, 
there remain multiple challenges in the field. There is a dis-
tinct need for chiral profiling methods given the important 
synthetic information provided by stereochemistry. In addi-
tion, some of the most interesting oxylipins, the CysLTs and 
eoxins, are generally unstable in oxylipin profiling methods 
and will therefore require special approaches (i.e. on-line 
SPE and/or polarity switching) to achieve robust recoveries. 
As with other metabolomics methods, another distinct chal-
lenge is interpreting the results of these profiling approaches. 
Given the potential cross-talk across biosynthetic pathways 
and biological compartments, it can be difficult to distin-
guish the exact function of specific compounds. This issue is 
further complicated by tissue heterogeneity. For example, 
there are a large number of different cell types in the lung, 
which presumably may demonstrate unique profiles for ox-
ylipin production. This issue can be partially addressed by 
co-monitoring metabolite levels in a systemic matrix such as 
urine. However, it will require advanced statistical models in 
order to deconvolute the patterns of oxylipin (and other small 
molecule) biosynthesis on a biological compartment-specific 
basis. In addition, it will be necessary to have kinetic infor-
mation on the production of these compounds in order to 
create flux models, but the short half-life of many oxylipins 
raises questions regarding systemic effects vs. in situ activ-
ity. 

 In this evolving era of omics technologies, systems biol-
ogy, and the strive towards personalized medicine; there is a 
distinct drive to achieve an in-depth holistic understanding of 
pathophysiological processes. These efforts require the inte-
gration of data from multiple omics platforms (e.g. genom-
ics, transcriptomics, proteomics, metabolomics and lipidom-
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ics) with detailed clinical phenotyping and patient meta-data. 
This need is particularly relevant in the quest to understand 
heterogeneous diseases with complex etiologies, because 
different causes can lead to similar symptoms. This 
workflow involves multivariate statistics, which is capable of 
incorporating both quantitative and qualitative data from 
molecular, physiological and clinical sources [341, 355], 
combined with bioinformatics efforts at biochemical path-
way reconstruction and network analysis [354, 356-358]. 
Accordingly, translational clinical metabolomics has evolved 
into an interdisciplinary field that involves the coordinated 
collaboration of multiple heterogeneous research groups; 
ranging from basic science involving biologists and analyti-
cal chemists to bioinformaticians and medical practitioners. 
This combination of research efforts can be quite powerful in 
elucidating disease mechanisms and identifying new bio-
markers. An example of the necessary interdisciplinary team 
is demonstrated by the U-BIOPRED project (Unbiased Bio-
markers for the Prediction of Respiratory Disease Outcomes) 
project, which is funded under the Innovative Medicines 
Initiative (IMI). This 5-year project will apply a systems 
biology approach to integrate rigorous clinical patient pheno-
typing with a suite of omics platforms, including lipidomics 
and oxylipin profiling, to identify biomarkers of severe 
asthma [359]. The shear size of the project highlights one of 
the remaining major challenges in this field, the need for 
significant resources in order to acquire the clinical material 

as well as the diverse large-scale datasets and the necessary 
bioinformatics/statistical expertise to achieve the desired 
integrative analyses. 

 This review has described the extensive biology of ox-
ylipins, demonstrating the need for profiling methods for 
elucidating their roles in respiratory diseases. While an 
amazing amount of work has been done in this field as evi-
denced by the extensive body of published literature, there 
remains a great deal to be done. Subsequently, the field of 
clinical oxylipin profiling as well as lipidomics/ metabolom-
ics in general looks bright indeed. In addition to improving 
our understanding of respiratory tract pathophysiological 
processes, oxylipin profiling is an integral component of the 
“omics revolution”, which can potentially provide new diag-
nostic fingerprints and biomarkers, thereby putting us one 
step closer to personalized medicine. 
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Fig. (7). Linoleic acid pathway from the KEGG database. Fluctuations in oxylipin metabolism following exposure to subway air in asthmat-

ics relative to healthy individuals were mapped using the KegArray tool. The ratios (asthmatics/ healthy) between the averaged intra-

individual oxylipin levels (Subway/Control) were used to visualize differences between the groups. As indicated in the figure, the main ratio 

difference observed between groups was the activity in the 12/15-LOX pathway, which for the healthy individuals indicated increased levels 

following subway air exposure in contrast to the asthmatics for which a decrease or no change occurred. KegArray was run with a 1.5 

threshold with black, dark gray and medium gray colored compounds indicating 67%, 67% 33% and 33% 0% decreases (“down-

regulations”), respectively. The light gray colored compounds indicated no change between groups (“non-regulation”). 
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ABBREVIATIONS 

AA = Arachidonic acid 

ARDS = Acute respiratory distress syndrome 

BAL = Bronchoalveolar lavage 

COPD = Chronic obstructive pulmonary disease 

COX = Cyclooxygenase 

CV = Coefficient of variation 

CYP = Cytochrome P450 

CysLT = Cysteinyl-leukotrienes 

DGLA = Dihomo- -linolenic acid 

DHA = Docosahexaenoic acid 

DHET = Dihydroxyeicosatrienoic acid 

DiHOME = Dihydroxyoctadecenoic acid 

EAA = Extrinsic allergic alveolitis 

EBC = Exhaled breath condensate 

EET = Epoxyeicosatrienoic acid 

EIA = Enzyme-immunoassay 

EX = Eoxin 

EpOME = Epoxyoctadecenoic acid 

EPA = Eicosapentaenoic acid 

FDR = False discovery rate 

FEV1 = Expiratory volume in one second 

GPL = Glycerophospholipid-liposome 

HEPE = Hydroxyeicosapentaenoic acid 

HETE = Hydroxyeicosatetraenoic acid 

HODE = Hydroxyoctadecadienoic acid 

HOTE = Hydroxyoctadecatrienoic acid 

HpDoHE = Hydroperoxydocosahexaenoic acid 

HPEPE = Hydroperoxyeicosapentaenoic acid 

HPETE = Hydroperoxyeicosatetraenoic acid 

HPLC = High performance liquid chromatography 

phGPx = Glutathione peroxidase 

PBMC = Peripheral blood mononuclear cells 

PMN = Polymorphonuclear leukocytes 

HPODE = Hydroperoxyoctadecadienoic acid 

IPF = Idiopathic pulmonary fibrosis 

KETE = Oxoeicosatetraenoic acid 

KODE = Oxooctadecadienoic acid 

KOTE = Oxooctadecatrienoic acid 

LOX = Lipoxygenase 

LT = Leukotriene 

LX = Lipoxin 

MAPK = Mitogen-activated protein kinase 

MS = Mass spectrometry 

MS/MS = Tandem mass spectrometry 

MSN = Multiple stages of tandem mass spectrome-
try 

MVA = Multivariate analysis 

NSAID = Nonsteroidal anti-inflammatory drug 

OPLS = Orthogonal projections to latent structures 

PC = Principal component 

PCA = Principal component analysis 

PD1 = Protectin D1 

PG = Prostaglandin 

PLA = Phospholipase A 

PLS = Partial least squares  

PPAR = Peroxisome proliferator-activated receptor 

PUFA = Polyunsaturated fatty acid 

Rv = Resolvin 

sEH = Soluble epoxide hydrolase 

SRM = Selective reaction monitoring 

TNF = Tumor necrosis factor 

TGF = Transforming growth factor 

TriHOME = Trihydroxyoctadecenoic acid 

TX = Thromboxane 

REFERENCES 

[1] Braman, S.S. The global burden of asthma. Chest, 2006, 130(1 
Suppl), 4S-12S. 

[2] Sullivan, S.D.; Weiss, K.B. Health economics of asthma and rhini-
tis. II. Assessing the value of interventions. J .Allergy Clin. Immu-

nol., 2001, 107(2), 203-210. 
[3] Pauwels, R.A.; Buist, A.S.; Calverley, P.M.; Jenkins, C.R.; Hurd, 

S.S. Global strategy for the diagnosis, management, and prevention 
of chronic obstructive pulmonary disease. NHLBI/WHO Global 

Initiative for Chronic Obstructive Lung Disease (GOLD) Work-
shop summary. Am. J. Respir. Crit. Care Med., 2001, 163(5), 1256-

1276. 
[4] Pauwels, R.A.; Rabe, K.F. Burden and clinical features of chronic 

obstructive pulmonary disease (COPD). Lancet, 2004, 364(9434), 
613-620. 

[5] Donnelly, L.E.; Rogers, D.F. Novel targets and drugs in inflamma-
tory lung disease. Curr. Opin. Pharmacol., 2008, 8(3), 219-221. 

[6] Barnes, P.J. Pathophysiology of asthma. Br. J. Clin. Pharmacol., 
1996, 42(1), 3-10. 

[7] Lemanske, R.F. Jr.; Busse, W.W. 6. Asthma. J. Allergy Clin. Im-
munol., 2003, 111(2 Suppl), S502-519. 

[8] Holgate, S.T. Pathogenesis of asthma. Clin. Exp. Allergy, 2008, 
38(6), 872-897. 

[9] Barnes, P.J. Immunology of asthma and chronic obstructive pul-
monary disease. Nat. Rev. Immunol., 2008, 8(3), 183-192. 

[10] Larsson, K. Aspects on pathophysiological mechanisms in COPD. 
J. Intern. Med., 2007, 262(3), 311-340. 

[11] Salvi, S.S.; Barnes, P.J. Chronic obstructive pulmonary disease in 
non-smokers. Lancet, 2009, 374(9691), 733-743. 

[12] Chanez, P.; Wenzel, S.E.; Anderson, G.P.; Anto, J.M.; Bel, E.H.; 
Boulet, L.P.; Brightling, C.E.; Busse, W.W.; Castro, M.; Dahlen, 

B.; Dahlen, S.E.; Fabbri, L.M.; Holgate, S.T.; Humbert, M.; Gaga, 
M.; Joos, G.F.; Levy, B.; Rabe, K.F.; Sterk, P.J.; Wilson, S.J.; 

Vachier, I. Severe asthma in adults: what are the important ques-
tions? J. Allergy Clin. Immunol., 2007, 119(6), 1337-1348. 



1044    Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7 Lundström et al. 

[13] Nordstrom, A.; Lewensohn, R. Metabolomics: moving to the clinic. 

J. Neuroimmune Pharmacol., 2010, 5(1), 4-17. 
[14] Ceglarek, U.; Leichtle, A.; Brugel, M.; Kortz, L.; Brauer, R.; 

Bresler, K.; Thiery, J.; Fiedler, G.M. Challenges and developments 
in tandem mass spectrometry based clinical metabolomics. Mol. 

Cell. Endocrinol., 2009, 301(1-2), 266-271. 
[15] Dunn, W.B.; Broadhurst, D.I.; Atherton, H.J.; Goodacre, R.; Grif-

fin, J.L. Systems level studies of mammalian metabolomes: the 
roles of mass spectrometry and nuclear magnetic resonance spec-

troscopy. Chem. Soc. Rev., 2010, 40(1), 387-426 
[16] Oliver, S.G.; Winson, M.K.; Kell, D.B.; Baganz, F. Systematic 

functional analysis of the yeast genome. Trends Biotechnol., 1998, 
16(9), 373-38. 

[17] Griffiths, W.J.; Koal, T.; Wang, Y.; Kohl, M.; Enot, D.P.; Deigner, 
H.P. Targeted metabolomics for biomarker discovery. Angew. 

Chem. Int. Ed. Engl., 2010, 49(32), 5426-5445. 
[18] Koal, T.; Deigner, H.P. Challenges in mass spectrometry based 

targeted metabolomics. Curr. Mol. Med., 2010, 10(2), 216-226. 
[19] Gerwick, W.H.; Moghaddam, M.; Hamberg, M. Oxylipin metabo-

lism in the red alga Gracilariopsis lemaneiformis: mechanism of 
formation of vicinal dihydroxy fatty acids. Arch. Biochem. Biophys, 

1991, 290(2), 436-444. 
[20] Conrad, D.J. The arachidonate 12/15 lipoxygenases. A review of 

tissue expression and biologic function. Clin. Rev. Allergy Immu-
nol., 1999, 17(1-2), 71-89. 

[21] Funk, C.D. Prostaglandins and leukotrienes: advances in eicosanoid 
biology. Science, 2001, 294(5548), 1871-1875. 

[22] Samuelsson, B.; Dahlen, S.E.; Lindgren, J.A.; Rouzer, C.A.; Ser-
han, C.N. Leukotrienes and lipoxins: structures, biosynthesis, and 

biological effects. Science, 1987, 237(4819), 1171-1176. 
[23] Boyce, J.A. Eicosanoids in asthma, allergic inflammation, and host 

defense. Curr. Mol. Med., 2008, 8(5), 335-349. 
[24] Higashi, A.; Higashi, N.; Tsuburai, T.; Takeuchi, Y.; Taniguchi, 

M.; Mita, H.; Saito, A.; Takatori, K.; Arimura, K.; Akiyama, K. In-
volvement of eicosanoids and surfactant protein D in extrinsic al-

lergic alveolitis. Eur. Respir. J., 2005, 26(6), 1069-1073. 
[25] Dahlen, S.E.; Hedqvist, P.; Hammarstrom, S.; Samuelsson, B. 

Leukotrienes are potent constrictors of human bronchi. Nature, 
1980, 288(5790), 484-486. 

[26] Levy, B.D. Lipoxins and lipoxin analogs in asthma. Prostaglandins 
Leukot Essent Fatty Acids, 2005, 73(3-4), 231-237. 

[27] Hao, C.M.; Breyer, M.D. Roles of lipid mediators in kidney injury. 
Semin. Nephrol., 2007, 27(3), 338-351. 

[28] Roman, R.J. P-450 metabolites of arachidonic acid in the control of 
cardiovascular function. Physiol. Rev., 2002, 82(1), 131-185. 

[29] Natarajan, R.; Nadler, J.L. Lipid inflammatory mediators in dia-
betic vascular disease. Arterioscler Thromb Vasc. Biol., 2004, 

24(9), 1542-1548. 
[30] Shearer, G.C.; Newman, J.W. Impact of circulating esterified ei-

cosanoids and other oxylipins on endothelial function. Curr. Athe-
roscler Rep., 2009, 11(6), 403-410. 

[31] Nie, D.; Tang, K.; Szekeres, K.; Trikha, M.; Honn, K.V. The role 
of eicosanoids in tumor growth and metastasis. Ernst Schering Res. 

Found Workshop, 2000, 31, 201-217. 
[32] Chung, K.F. Evaluation of selective prostaglandin E2 (PGE2) recep-

tor agonists as therapeutic agents for the treatment of asthma. Sci 
STKE, 2005, 2005(303), pe47. 

[33] Sala, A.; Folco, G.; Murphy, R.C. Transcellular biosynthesis of 
eicosanoids. Pharmacol. Rep., 2010, 62(3), 503-510. 

[34] Sanak, M.; Levy, B.D.; Clish, C.B.; Chiang, N.; Gronert, K.; 
Mastalerz, L.; Serhan, C.N.; Szczeklik, A. Aspirin-tolerant asth-

matics generate more lipoxins than aspirin-intolerant asthmatics. 
Eur. Respir. J., 2000, 16(1), 44-49. 

[35] Newman, J.W.; Watanabe, T.; Hammock, B.D. The simultaneous 
quantification of cytochrome P450 dependent linoleate and arachi-

donate metabolites in urine by HPLC-MS/MS. J. Lipid. Res., 2002, 
43(9), 1563-1578. 

[36] Schmelzer, K.R.; Wheelock, A.M.; Dettmer, K.; Morin, D.; Ham-
mock, B.D. The role of inflammatory mediators in the synergistic 

toxicity of ozone and 1-nitronaphthalene in rat airways. Environ. 
Health Perspect., 2006, 114(9), 1354-1360. 

[37] Song, W.L.; Lawson, J.A.; Wang, M.; Zou, H.; FitzGerald, G.A. 
Noninvasive assessment of the role of cyclooxygenases in cardio-

vascular health: a detailed HPLC/MS/MS method. Methods Enzy-
mol., 2007, 433, 51-72. 

[38] Jakobsson, P.J.; Thoren, S.; Morgenstern, R.; Samuelsson, B. Iden-

tification of human prostaglandin E synthase: a microsomal, glu-
tathione-dependent, inducible enzyme, constituting a potential 

novel drug target. Proc. Natl. Acad. Sci. USA, 1999, 96(13), 7220-
7225. 

[39] Samuelsson, B.; Morgenstern, R.; Jakobsson, P.J. Membrane pros-
taglandin E synthase-1: a novel therapeutic target. Pharmacol. 

Rev., 2007, 59(3), 207-224. 
[40] Smyth, E.M.; Grosser, T.; Wang, M.; Yu, Y.; FitzGerald, G.A. 

Prostanoids in health and disease. J. Lipid Res., 2009, 50 (Suppl), 
S423-428. 

[41] Selg, E.; Andersson, M.; Lastbom, L.; Ryrfeldt, A.; Dahlen, S.E. 
Two different mechanisms for modulation of bronchoconstriction 

in guinea-pigs by cyclooxygenase metabolites. Prostaglandins 
Other Lipid Mediat, 2009, 88(3-4), 101-110. 

[42] Harizi, H.; Juzan, M.; Moreau, J.F.; Gualde, N. Prostaglandins 
inhibit 5-lipoxygenase-activating protein expression and leukot-

riene B4 production from dendritic cells via an IL-10-dependent 
mechanism. J. Immunol., 2003, 170(1), 139-146. 

[43] Higashi, N.; Mita, H.; Ono, E.; Fukutomi, Y.; Yamaguchi, H.; 
Kajiwara, K.; Tanimoto, H.; Sekiya, K.; Akiyama, K.; Taniguchi, 

M. Profile of eicosanoid generation in aspirin-intolerant asthma and 
anaphylaxis assessed by new biomarkers. J. Allergy Clin. Immu-

nol., 2010, 125(5), 1084-1091 e6. 
[44] Brussino, L.; Badiu, I.; Sciascia, S.; Bugiani, M.; Heffler, E.; 

Guida, G.; Malinovschi, A.; Bucca, C.; Rolla, G. Oxidative stress 
and airway inflammation after allergen challenge evaluated by ex-

haled breath condensate analysis. Clin. Exp Allergy, 2010, 40(11), 
1642-1647. 

[45] Park, G.Y.; Christman, J.W. Involvement of cyclooxygenase-2 and 
prostaglandins in the molecular pathogenesis of inflammatory lung 

diseases. Am. J. Physiol. Lung Cell Mol. Physiol., 2006, 290(5), 
L797-805. 

[46] Guilemany, J.M.; Roca-Ferrer, J.; Mullol, J. Cyclooxygenases and 
the pathogenesis of chronic rhinosinusitis and nasal polyposis. 

Curr. Allergy Asthma Rep., 2008, 8(3), 219-226. 
[47] Rolin, S.; Masereel, B.; Dogne, J.M. Prostanoids as pharmacologi-

cal targets in COPD and asthma. Eur. J. Pharmacol., 2006, 533(1-
3), 89-100. 

[48] Vancheri, C.; Mastruzzo, C.; Sortino, M.A.; Crimi, N. The lung as 
a privileged site for the beneficial actions of PGE2. Trends Immu-

nol., 2004, 25(1), 40-46. 
[49] Martin, L.D.; Rochelle, L.G.; Fischer, B.M.; Krunkosky, T.M.; 

Adler, K.B. Airway epithelium as an effector of inflammation: mo-
lecular regulation of secondary mediators. Eur. Respir J., 1997, 

10(9), 2139-2146. 
[50] Thien, F.C.K.; Walters, E.H. Eicosanoids and asthma: an update. 

Prostaglandins Leukot Essent Fatty Acids, 1995, 52(5), 271-288. 
[51] Henderson, W.R. Eicosanoids and lung inflammation. Am. Rev. 

Respir. Dis., 1987, 135(5), 1176-1185. 
[52] Holtzman, M.J. Arachidonic acid metabolism in airway epithelial 

cells. Annu. Rev. Physiol., 1992, 54, 303-329. 
[53] Hamberg, M.; Svensson, J.; Samuelsson, B. Thromboxanes: a new 

group of biologically active compounds derived from prostaglandin 
endoperoxides. Proc. Natl. Acad. Sci. USA, 1975, 72(8), 2994-8. 

[54] Harrington, L.S.; Lucas, R.; McMaster, S.K.; Moreno, L.; Scad-
ding, G.; Warner, T.D.; Mitchell, J.A. COX-1, and not COX-2 ac-

tivity, regulates airway function: relevance to aspirin-sensitive 
asthma. FASEB J., 2008, 22(11), 4005-4010. 

[55] Swedin, L.; Neimert-Andersson, T.; Hjoberg, J.; Jonasson, S.; van 
Hage, M.; Adner, M.; Ryrfeldt, A.; Dahlen, S.E. Dissociation of 

airway inflammation and hyperresponsiveness by cyclooxygenase 
inhibition in allergen challenged mice. Eur. Respir J., 2009, 34(1), 

200-208. 
[56] Hartert, T.V.; Dworski, R.T.; Mellen, B.G.; Oates, J.A.; Murray, 

J.J.; Sheller, J.R. Prostaglandin E(2) decreases allergen-stimulated 
release of prostaglandin D(2) in airways of subjects with asthma. 

Am. J. Respir Crit. Care Med., 2000, 162(2 Pt 1), 637-640. 
[57] Sheller, J.R.; Mitchell, D.; Meyrick, B.; Oates, J.; Breyer, R. EP(2) 

receptor mediates bronchodilation by PGE(2) in mice. J. Appl. 
Physiol., 2000, 88(6), 2214-2218. 

[58] Gauvreau, G.M.; Watson, R.M.; O'Byrne, P.M. Protective effects 
of inhaled PGE2 on allergen-induced airway responses and airway 

inflammation. Am. J. Respir. Crit. Care Med., 1999, 159(1), 31-36. 
[59] Schafer, D.; Lindenthal, U.; Wagner, M.; Bolcskei, P.L.; Baenkler, 

H.W. Effect of prostaglandin E2 on eicosanoid release by human 



Lipids and Pulmonary Disease Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7    1045 

bronchial biopsy specimens from normal and inflamed mucosa. 

Thorax, 1996, 51(9), 919-923. 
[60] Flamand, N.; Surette, M.E.; Picard, S.; Bourgoin, S.; Borgeat, P. 

Cyclic AMP-mediated inhibition of 5-lipoxygenase translocation 
and leukotriene biosynthesis in human neutrophils. Mol. Pharma-

col., 2002, 62(2), 250-256. 
[61] Stevenson, D.D.; Szczeklik, A. Clinical and pathologic perspec-

tives on aspirin sensitivity and asthma. J. Allergy Clin. Immunol., 
2006, 118(4), 773-786; quiz 787-788. 

[62] Berges-Gimeno, M.P.; Simon, R.A.; Stevenson, D.D. The natural 
history and clinical characteristics of aspirin-exacerbated respira-

tory disease. Ann. Allergy Asthma Immunol., 2002, 89(5), 474-478. 
[63] Szczeklik, A.; Gryglewski, R.J.; Czerniawska-Mysik, G. Clinical 

patterns of hypersensitivity to nonsteroidal anti-inflammatory drugs 
and their pathogenesis. J. Allergy Clin. Immunol., 1977, 60(5), 276-

284. 
[64] Vanselow, N.A.; Smith, J.R. Bronchial asthma induced by indo-

methacin. Ann. Intern Med., 1967, 66(3), 568-572. 
[65] Szczeklik, A.; Gryglewski, R.J.; Czerniawska-Mysik, G. Relation-

ship of inhibition of prostaglandin biosynthesis by analgesics to 
asthma attacks in aspirin-sensitive patients. Br. Med. J., 1975, 

1(5949), 67-69. 
[66] Mathison, D.A.; Stevenson, D.D. Hypersensitivity to nonsteroidal 

antiinflammatory drugs: indications and methods for oral chal-
lenges. J. Allergy Clin. Immunol., 1979, 64(6 pt 2), 669-674. 

[67] Woessner, K.M. Crossreacting drugs and chemicals. Clin. Rev. 
Allergy Immunol., 2003, 24(2), 149-158. 

[68] Profita, M.; Sala, A.; Bonanno, A.; Riccobono, L.; Ferraro, M.; La 
Grutta, S.; Albano, G.D.; Montalbano, A.M.; Gjomarkaj, M. 

Chronic obstructive pulmonary disease and neutrophil infiltration: 
role of cigarette smoke and cyclooxygenase products. Am. J. 

Physiol. Lung Cell Mol. Physiol., 2010, 298(2), L261-269. 
[69] Kostikas, K.; Koutsokera, A.; Papiris, S.; Gourgoulianis, K.I.; 

Loukides, S. Exhaled breath condensate in patients with asthma: 
implications for application in clinical practice. Clin. Exp. Allergy, 

2008, 38(4), 557-565. 
[70] Montuschi, P.; Kharitonov, S.A.; Ciabattoni, G.; Barnes, P.J. Ex-

haled leukotrienes and prostaglandins in COPD. Thorax, 2003, 
58(7), 585-588. 

[71] Montuschi, P.; Barnes, P.J. Exhaled leukotrienes and prostagland-
ins in asthma. J. Allergy Clin. Immunol., 2002, 109(4), 615-620. 

[72] Kostikas, K.; Papatheodorou, G.; Psathakis, K.; Panagou, P.; Lou-
kides, S. Prostaglandin E2 in the expired breath condensate of pa-

tients with asthma. Eur. Respir J., 2003, 22(5), 743-747. 
[73] Sanak, M.; Gielicz, A.; Nagraba, K.; Kaszuba, M.; Kumik, J.; 

Szczeklik, A. Targeted eicosanoids lipidomics of exhaled breath 
condensate in healthy subjects. J. Chromatogr. B Anal. Technol. 

Biomed. Life Sci., 2010, 878(21), 1796-1800. 
[74] Hardy, C.C.; Robinson, C.; Tattersfield, A.E.; Holgate, S.T. The 

bronchoconstrictor effect of inhaled prostaglandin D2 in normal 
and asthmatic men. N. Engl. J. Med., 1984, 311(4), 209-213. 

[75] Rovati, G.E.; Sala, A.; Capra, V.; Dahlen, S.E.; Folco, G. Dual 
COXIB/TP antagonists: a possible new twist in NSAID pharma-

cology and cardiovascular risk. Trends Pharmacol. Sci., 2010, 
31(3), 102-107. 

[76] Kurosawa, M. Role of thromboxane A2 synthetase inhibitors in the 
treatment of patients with bronchial asthma. Clin. Ther., 1995, 

17(1), 2-11; discussion 1. 
[77] Ciabattoni, G.; Davi, G.; Collura, M.; Iapichino, L.; Pardo, F.; 

Ganci, A.; Romagnoli, R.; Maclouf, J.; Patrono, C. In vivo lipid 
peroxidation and platelet activation in cystic fibrosis. Am. J. Respir. 

Crit. Care Med., 2000, 162(4 Pt 1), 1195-1201. 
[78] Wenzel, S.E.; Westcott, J.Y.; Larsen, G.L. Bronchoalveolar lavage 

fluid mediator levels 5 minutes after allergen challenge in atopic 
subjects with asthma: relationship to the development of late asth-

matic responses. J. Allergy Clin. Immunol., 1991, 87(2), 540-548. 
[79] Kumlin, M.; Dahlen, B.; Bjorck, T.; Zetterstrom, O.; Granstrom, 

E.; Dahlen, S.E. Urinary excretion of leukotriene E4 and 11-
dehydro-thromboxane B2 in response to bronchial provocations 

with allergen, aspirin, leukotriene D4, and histamine in asthmatics. 
Am. Rev. Respir. Dis., 1992, 146(1), 96-103. 

[80] Oosterhoff, Y.; Kauffman, H.F.; Rutgers, B.; Zijlstra, F.J.; Koeter, 
G.H.; Postma, D.S. Inflammatory cell number and mediators in 

bronchoalveolar lavage fluid and peripheral blood in subjects with 
asthma with increased nocturnal airways narrowing. J. Allergy 

Clin. Immunol., 1995, 96(2), 219-229. 

[81] Wenzel, S.E.; Westcott, J.Y.; Smith, H.R.; Larsen, G.L. Spectrum 

of prostanoid release after bronchoalveolar allergen challenge in 
atopic asthmatics and in control groups. An alteration in the ratio of 

bronchoconstrictive to bronchoprotective mediators. Am. Rev. 
Respir. Dis., 1989, 139(2), 450-457. 

[82] Sladek, K.; Dworski, R.; Fitzgerald, G.A.; Buitkus, K.L.; Block, 
F.J.; Marney, S.R. Jr.; Sheller, J.R. Allergen-stimulated release of 

thromboxane A2 and leukotriene E4 in humans. Effect of indo-
methacin. Am. Rev. Respir. Dis., 1990, 141(6), 1441-1445. 

[83] Davi, G.; Basili, S.; Vieri, M.; Cipollone, F.; Santarone, S.; Ales-
sandri, C.; Gazzaniga, P.; Cordova, C.; Violi, F. Enhanced throm-

boxane biosynthesis in patients with chronic obstructive pulmonary 
disease. The Chronic Obstructive Bronchitis and Haemostasis 

Study Group. Am. J. Respir. Crit. Care Med., 1997, 156(6), 1794-
1799. 

[84] Higgs, G.A.; Moncada, S.; Salmon, J.A.; Seager, K. The source of 
thromboxane and prostaglandins in experimental inflammation. Br. 

J. Pharmacol., 1983, 79(4), 863-868. 
[85] Nusing, R.; Lesch, R.; Ullrich, V. Immunohistochemical localiza-

tion of thromboxane synthase in human tissues. Eicosanoids, 1990, 
3(1), 53-58. 

[86] Widdicombe, J.H.; Ueki, I.F.; Emery, D.; Margolskee, D.; Yergey, 
J.; Nadel, J.A. Release of cyclooxygenase products from primary 

cultures of tracheal epithelia of dog and human. Am. J. Physiol., 
1989, 257(6 Pt 1), L361-365. 

[87] Grosser, T.; Yu, Y.; FitzGerald, G.A. Emotion Recollected in 
Tranquility: Lessons Learned from the COX-2 Saga. Annu. Rev. 

Med., 2010, 61, 17-33. 
[88] Max, M.; Rossaint, R. Inhaled prostacyclin in the treatment of 

pulmonary hypertension. Eur. J. Pediatr., 1999, 158, S23-S26. 
[89] Domenighetti, G.; Stricker, H.; Waldispuehl, B. Nebulized prosta-

cyclin (PGI2) in acute respiratory distress syndrome: Impact of 
primary (pulmonary injury) and secondary (extrapulmonary injury) 

disease on gas exchange response. Crit. Care Med., 2001, 29(1), 
57-62. 

[90] van Heerden, P.V.; Barden, A.; Michalopoulos, N.; Bulsara, M.K.; 
Roberts, B.L. Dose-response to inhaled aerosolized prostacyclin for 

hypoxemia due to ARDS. Chest, 2000, 117(3), 819-827. 
[91] Hashimoto, K.; Ishibashi, K.; Gebretsadik, T.; Hartert, T.V.; Ya-

mamoto, A.; Nakayama, T.; Ohashi, K.; Sakata, H.; Kawasaki, Y.; 
Katayose, M.; Sakuma, H.; Suzuki, H.; Hosoya, M.; Peebles, R.S.; 

Suzutani, T. Functional polymorphism of the promoter region of 
the prostacyclin synthase gene and severity of RSV infection in 

hospitalized children. J. Med. Virol., 2008, 80(11), 2015-2022. 
[92] Soditt, V.; Aring, C.; Groneck, P. Improvement of oxygenation 

induced by aerosolized prostacyclin in a preterm infant with persis-
tent pulmonary hypertension of the newborn. Intensive Care Med., 

1997, 23(12), 1275-1278. 
[93] Tilton, R.G.; Brock, T.A.; Dixon, R.A.F. Therapeutic potential of 

endothelin receptor antagonists and nitric oxide donors in pulmo-
nary hypertension. Exp. Opin. Investig. Drugs, 2001, 10(7), 1291-

1308. 
[94] Hoeper, M.M.; Schwarze, M.; Ehlerding, S.; Adler-Schuermeyer, 

A.; Spiekerkoetter, E.; Niedermeyer, J.; Hamm, M.; Fabel, H. 
Long-term treatment of primary pulmonary hypertension with 

aerosolized iloprost, a prostacyclin analogue. N. Engl. J. Med., 
2000, 342(25), 1866-1870. 

[95] Tanaka, H.; Saito, T.; Kurokawa, K.; Teramoto, S.; Miyazaki, N.; 
Kaneko, S.; Hashimoto, M.; Abe, S. Leukotriene (LT)-receptor an-

tagonist is more effective in asthmatic patients with a low baseline 
ratio of urinary LTE4 to 2,3-dinor-6-ketoprostaglandin (PG)F1a. Al-

lergy, 1999, 54(5), 489-494. 
[96] Tanaka, H.; Igarashi, T.; Saitoh, T.; Teramoto, S.; Miyazaki, N.; 

Kaneko, S.; Ohmichi, M.; Abe, S. Can urinary eicosanoids be a po-
tential predictive marker of clinical response to thromboxane A2 re-

ceptor antagonist in asthmatic patients? Respir. Med., 1999, 93(12), 
891-897. 

[97] Daham, K.; Song, W.L.; Lawson, J.A.; Kupczyk, M.; Gulich, A.; 
Dahlen, S.E.; FitzGerald, G.A.; Dahlen, B. Effects of celecoxib on 

major prostaglandins in asthma. Clin. Experimental Allergy, 2011, 
41(1), 36-45. 

[98] Liu, M.C.; Hubbard, W.C.; Proud, D.; Stealey, B.A.; Galli, S.J.; 
Kagey-Sobotka, A.; Bleecker, E.R.; Lichtenstein, L.M. Immediate 

and late inflammatory responses to ragweed antigen challenge of 
the peripheral airways in allergic asthmatics. Cellular, mediator, 



1046    Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7 Lundström et al. 

and permeability changes. Am. Rev. Respir. Dis., 1991, 144(1), 51-

58. 
[99] Bochenek, G.; Nizankowska, E.; Gielicz, A.; Swierczynska, M.; 

Szczeklik, A. Plasma 9a,11b-PGF2, a PGD2 metabolite, as a sensi-
tive marker of mast cell activation by allergen in bronchial asthma. 

Thorax, 2004, 59(6), 459-464. 
[100] Dahlen, S.E.; Kumlin, M. Monitoring mast cell activation by pros-

taglandin D2 in vivo. Thorax, 2004, 59(6), 453-455. 
[101] Urade, Y.; Ujihara, M.; Horiguchi, Y.; Igarashi, M.; Nagata, A.; 

Ikai, K.; Hayaishi, O. Mast cells contain spleen-type prostaglandin 
D synthetase. J. Biol. Chem., 1990, 265(1), 371-5. 

[102] Wu, S.H.; Yin, P.L.; Zhang, Y.M.; Tao, H.X. Reversed changes of 
lipoxin A4 and leukotrienes in children with asthma in different se-

verity degree. Pediatr. Pulmonol., 2010, 45(4), 333-40. 
[103] Caballero Balanza, S.; Martorell Aragones, A.; Cerda Mir, J.C.; 

Belda Ramirez, J.; Navarro Ivanez, R.; Navarro Soriano, A.; Felix 
Toledo, R.; Escribano Montaner, A. Leukotriene B4 and 8-

isoprostane in exhaled breath condensate of children with episodic 
and persistent asthma. J. Investig. Allergol. Clin. Immunol., 2010, 

20(3), 237-243. 
[104] Rabinovitch, N.; Graber, N.J.; Chinchilli, V.M.; Sorkness, C.A.; 

Zeiger, R.S.; Strunk, R.C.; Bacharier, L.B.; Martinez, F.D.; Szefler, 
S.J. Urinary leukotriene E4/exhaled nitric oxide ratio and montelu-

kast response in childhood asthma. J. Allergy Clin. Immunol., 2010, 
126(3), 545-451 e1-4. 

[105] Esser, J.; Gehrmann, U.; D'Alexandri, F.L.; Hidalgo-Estevez, 
A.M.; Wheelock, C.E.; Scheynius, A.; Gabrielsson, S.; Radmark, 

O. Exosomes from human macrophages and dendritic cells contain 
enzymes for leukotriene biosynthesis and promote granulocyte mi-

gration. J. Allergy Clin. Immunol., 2010, 126(5), 1032-1040. 
[106] del Giudice, M.M.; Pezzulo, A.; Capristo, C.; Alterio, E.; Cag-

giano, S.; de Benedictis, D.; Capristo, A.F. Leukotriene modifiers 
in the treatment of asthma in children. Ther. Adv. Respir Dis., 

2009, 3(5), 245-251. 
[107] Mehrotra, A.K.; Henderson, W.R. Jr. The role of leukotrienes in 

airway remodeling. Curr. Mol. Med., 2009, 9(3), 383-391. 
[108] Hallstrand, T.S.; Henderson, W.R. Jr. An update on the role of 

leukotrienes in asthma. Curr. Opin. Allergy Clin. Immunol., 2010, 
10(1), 60-66. 

[109] Radmark, O.; Samuelsson, B. Regulation of the activity of 5-
lipoxygenase, a key enzyme in leukotriene biosynthesis. Biochem. 

Biophys. Res. Commun., 2010, 396(1), 105-110. 
[110] Holgate, S.T.; Peters-Golden, M.; Panettieri, R.A.; Henderson, 

W.R.J. Roles of cysteinyl leukotrienes in airway inflammation, 
smooth muscle function, and remodeling. J. Allergy Clin. Immu-

nol., 2003, 111(1 Suppl), S18-36. 
[111] Shimizu, T. Lipid mediators in health and disease: enzymes and 

receptors as therapeutic targets for the regulation of immunity and 
inflammation. Annu. Rev. Pharmacol. Toxicol., 2009, 49,123-150. 

[112] Dixon, R.A.; Diehl, R.E.; Opas, E.; Rands, E.; Vickers, P.J.; Evans, 
J.F.; Gillard, J.W.; Miller, D.K. Requirement of a 5-lipoxygenase-

activating protein for leukotriene synthesis. Nature, 1990, 
343(6255), 282-284. 

[113] Ferguson, A.D.; McKeever, B.M.; Xu, S.; Wisniewski, D.; Miller, 
D.K.; Yamin, T.T.; Spencer, R.H.; Chu, L.; Ujjainwalla, F.; Cun-

ningham, B.R.; Evans, J.F.; Becker, J.W. Crystal structure of in-
hibitor-bound human 5-lipoxygenase-activating protein. Science, 

2007, 317(5837), 510-512. 
[114] Jiang, Y.; Kanaoka, Y.; Feng, C.; Nocka, K.; Rao, S.; Boyce, J.A. 

Cutting edge: Interleukin 4-dependent mast cell proliferation re-
quires autocrine/intracrine cysteinyl leukotriene-induced signaling. 

J. Immunol., 2006, 177(5), 2755-2759. 
[115] Thivierge, M.; Doty, M.; Johnson, J.; Stankova, J.; Rola-

Pleszczynski, M. IL-5 up-regulates cysteinyl leukotriene 1 receptor 
expression in HL-60 cells differentiated into eosinophils. J. Immu-

nol., 2000, 165(9), 5221-5226. 
[116] Vargaftig, B.B.; Singer, M. Leukotrienes mediate murine bron-

chopulmonary hyperreactivity, inflammation, and part of mucosal 
metaplasia and tissue injury induced by recombinant murine inter-

leukin-13. Am. J. Respir. Cell Mol. Biol., 2003, 28(4), 410-419. 
[117] Thivierge, M.; Stankova, J.; Rola-Pleszczynski, M. IL-13 and IL-4 

up-regulate cysteinyl leukotriene 1 receptor expression in human 
monocytes and macrophages. J. Immunol., 2001, 167(5), 2855-

2860. 
[118] Camargo, C.A. Jr.; Smithline, H.A.; Malice, M.P.; Green, S.A.; 

Reiss, T.F. A randomized controlled trial of intravenous montelu-

kast in acute asthma. Am. J. Respir. Crit. Care Med., 2003, 167(4), 

528-533. 
[119] Silverman, R.A.; Nowak, R.M.; Korenblat, P.E.; Skobeloff, E.; 

Chen, Y.; Bonuccelli, C.M.; Miller, C.J.; Simonson, S.G. Zafirlu-
kast treatment for acute asthma: evaluation in a randomized, dou-

ble-blind, multicenter trial. Chest, 2004, 126(5), 1480-1489. 
[120] Hallstrand, T.S.; Henderson, W.R. Jr. The evolving role of intrave-

nous leukotriene modifiers in acute asthma. J. Allergy Clin. Immu-
nol., 2010, 125(2), 381-382. 

[121] Lam, B.K.; Penrose, J.F.; Freeman, G.J.; Austen, K.F. Expression 
cloning of a cDNA for human leukotriene C4 synthase, an integral 

membrane protein conjugating reduced glutathione to leukotriene 
A4. Proc. Natl. Acad. Sci. USA, 1994, 91(16), 7663-7667. 

[122] Martinez Molina, D.; Wetterholm, A.; Kohl, A.; McCarthy, A.A.; 
Niegowski, D.; Ohlson, E.; Hammarberg, T.; Eshaghi, S.; Haegg-

strom, J.Z.; Nordlund, P. Structural basis for synthesis of inflam-
matory mediators by human leukotriene C4 synthase. Nature, 2007, 

448(7153), 613-616. 
[123] Hanna, C.J.; Bach, M.K.; Pare, P.D.; Schellenberg, R.R. Slow-

reacting substances (leukotrienes) contract human airway and pul-
monary vascular smooth muscle in vitro. Nature, 1981, 290(5804), 

343-344. 
[124] Kanaoka, Y.; Boyce, J.A. Cysteinyl leukotrienes and their recep-

tors: cellular distribution and function in immune and inflammatory 
responses. J. Immunol., 2004, 173(3), 1503-1510. 

[125] Anderson, M.E.; Allison, R.D.; Meister, A. Interconversion of 
leukotrienes catalyzed by purified g-glutamyl transpeptidase: con-

comitant formation of leukotriene D4 and g-glutamyl amino acids. 
Proc. Natl. Acad. Sci. USA, 1982, 79(4), 1088-1091. 

[126] Carter, B.Z.; Shi, Z.Z.; Barrios, R.; Lieberman, M.W. gamma-
glutamyl leukotrienase, a gamma-glutamyl transpeptidase gene 

family member, is expressed primarily in spleen. J. Biol. Chem., 
1998, 273(43), 28277-28285. 

[127] Lee, C.W.; Lewis, R.A.; Corey, E.J.; Austen, K.F. Conversion of 
leukotriene D4 to leukotriene E4 by a dipeptidase released from the 

specific granule of human polymorphonuclear leucocytes. Immu-
nology, 1983, 48(1), 27-35. 

[128] Drazen, J.M.; O'Brien, J.; Sparrow, D.; Weiss, S.T.; Martins, M.A.; 
Israel, E.; Fanta, C.H. Recovery of leukotriene E4 from the urine of 

patients with airway obstruction. Am. Rev. Respir. Dis., 1992, 
146(1), 104-108. 

[129] Kumlin, M. Measurement of leukotrienes in humans. Am. J. Respir. 
Crit. Care Med., 2000, 161(2 Pt 2), S102-106. 

[130] Kumlin, M.; Dahlen, B. The challenge procedure influences the 
extent of allergen-induced urinary excretion of leukotriene E4. 

Clin. Exp. Allergy, 2000, 30(4), 585-589. 
[131] Bernard, G.R.; Korley, V.; Chee, P.; Swindell, B.; Ford-

Hutchinson, A.W.; Tagari, P. Persistent generation of peptido leu-
kotrienes in patients with the adult respiratory distress syndrome. 

Am. Rev. Respir. Dis., 1991, 144(2), 263-267. 
[132] Gaber, F.; Daham, K.; Higashi, A.; Higashi, N.; Gulich, A.; Delin, 

I.; James, A.; Skedinger, M.; Gyllfors, P.; Nord, M.; Dahlen, S.E.; 
Kumlin, M.; Dahlen, B. Increased levels of cysteinyl-leukotrienes 

in saliva, induced sputum, urine and blood from patients with aspi-
rin-intolerant asthma. Thorax, 2008, 63(12), 1076-1082. 

[133] Wenzel, S.E.; Larsen, G.L.; Johnston, K.; Voelkel, N.F.; Westcott, 
J.Y. Elevated levels of leukotriene C4 in bronchoalveolar lavage 

fluid from atopic asthmatics after endobronchial allergen challenge. 
Am. Rev. Respir. Dis., 1990, 142(1), 112-119. 

[134] Deems, R.; Buczynski, M.W.; Bowers-Gentry, R.; Harkewicz, R.; 
Dennis, E.A. Detection and quantitation of eicosanoids via high 

performance liquid chromatography-electrospray ionization-mass 
spectrometry. Methods Enzymol., 2007, 432, 59-82. 

[135] Evans, J.F.; Dupuis, P.; Ford-Hutchinson, A.W. Purification and 
characterisation of leukotriene A4 hydrolase from rat neutrophils. 

Biochim. Biophys Acta, 1985, 840(1), 43-50. 
[136] De Rose, V.; Trentin, L.; Crivellari, M.T.; Cipriani, A.; Gialdroni 

Grassi, G.; Pozzi, E.; Folco, G.; Semenzato, G. Release of prosta-
glandin E2 and leukotriene B4 by alveolar macrophages from pa-

tients with sarcoidosis. Thorax, 1997, 52(1), 76-83. 
[137] Gaber, F.; Acevedo, F.; Delin, I.; Sundblad, B.M.; Palmberg, L.; 

Larsson, K.; Kumlin, M.; Dahlen, S.E. Saliva is one likely source 
of leukotriene B4 in exhaled breath condensate. Eur. Respir. J., 

2006, 28(6), 1229-1235. 



Lipids and Pulmonary Disease Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7    1047 

[138] Chiang, N.; Arita, M.; Serhan, C.N. Anti-inflammatory circuitry: 

lipoxin, aspirin-triggered lipoxins and their receptor ALX. Prosta-
glandins Leukot Essent Fatty Acids, 2005, 73(3-4), 163-177. 

[139] Serhan, C.N.; Samuelsson, B. Lipoxins: a new series of eicosanoids 
(biosynthesis, stereochemistry, and biological activities). Adv. Exp. 

Med. Biol., 1988, 229, 1-14. 
[140] Romano, M. Lipoxin and aspirin-triggered lipoxins. Scientific-

WorldJournal, 2010, 10, 1048-1064. 
[141] Haeggstrom, J.Z.; Rinaldo-Matthis, A.; Wheelock, C.E.; Wetter-

holm, A. Advances in eicosanoid research, novel therapeutic impli-
cations. Biochem. Biophys Res. Commun., 2010, 396(1), 135-139. 

[142] Serhan, C.N.; Sheppard, K.A. Lipoxin formation during human 
neutrophil-platelet interactions. Evidence for the transformation of 

leukotriene A4 by platelet 12-lipoxygenase in vitro. J. Clin. Invest., 
1990, 85(3), 772-780. 

[143] Serhan, C.N. Lipoxins and novel aspirin-triggered 15-epi-lipoxins 
(ATL): a jungle of cell-cell interactions or a therapeutic opportu-

nity? Prostaglandins, 1997, 53(2), 107-137. 
[144] Levy, B.D.; De Sanctis, G.T.; Devchand, P.R.; Kim, E.; Ackerman, 

K.; Schmidt, B.A.; Szczeklik, W.; Drazen, J.M.; Serhan, C.N. 
Multi-pronged inhibition of airway hyper-responsiveness and in-

flammation by lipoxin A4. Nat. Med., 2002, 8(9), 1018-1023. 
[145] Bonnans, C.; Vachier, I.; Chavis, C.; Godard, P.; Bousquet, J.; 

Chanez, P. Lipoxins are potential endogenous antiinflammatory 
mediators in asthma. Am. J. Respir. Crit. Care Med., 2002, 

165(11), 1531-1535. 
[146] Levy, B.D.; Bonnans, C.; Silverman, E.S.; Palmer, L.J.; 

Marigowda, G.; Israel, E. Diminished lipoxin biosynthesis in se-
vere asthma. Am. J. Respir. Crit. Care Med., 2005, 172(7), 824-

830. 
[147] Vachier, I.; Bonnans, C.; Chavis, C.; Farce, M.; Godard, P.; 

Bousquet, J.; Chanez, P. Severe asthma is associated with a loss of 
LX4, an endogenous anti-inflammatory compound. J. Allergy Clin. 

Immunol., 2005, 115(1), 55-60. 
[148] Karp, C.L.; Flick, L.M.; Park, K.W.; Softic, S.; Greer, T.M.; Keled-

jian, R.; Yang, R.; Uddin, J.; Guggino, W.B.; Atabani, S.F.; Bel-
kaid, Y.; Xu, Y.; Whitsett, J.A.; Accurso, F.J.; Wills-Karp, M.; 

Petasis, N.A. Defective lipoxin-mediated anti-inflammatory activ-
ity in the cystic fibrosis airway. Nat. Immunol., 2004, 5(4), 388-

392. 
[149] Takai, D.; Nagase, T.; Shimizu, T. New therapeutic key for cystic 

fibrosis: a role for lipoxins. Nat. Immunol., 2004, 5(4), 357-358. 
[150] Lasker, J.M.; Chen, W.B.; Wolf, I.; Bloswick, B.P.; Wilson, P.D.; 

Powell, P.K. Formation of 20-hydroxyeicosatetraenoic acid, a 
vasoactive and natriuretic eicosanoid, in human kidney. Role of 

Cyp4F2 and Cyp4A11. J. Biol. Chem., 2000, 275(6), 4118-4126. 
[151] Schwartzman, M.L.; da Silva, J.L.; Lin, F.; Nishimura, M.; Abra-

ham, N.G. Cytochrome P450 4A expression and arachidonic acid 
omega-hydroxylation in the kidney of the spontaneously hyperten-

sive rat. Nephron, 1996, 73(4), 652-663. 
[152] Powell, W.S.; Rokach, J. Biochemistry, biology and chemistry of 

the 5-lipoxygenase product 5-oxo-ETE. Prog. Lipid Res., 2005, 
44(2-3), 154-183. 

[153] Powell, W.S.; Gravel, S.; MacLeod, R.J.; Mills, E.; Hashefi, M. 
Stimulation of human neutrophils by 5-oxo-6,8,11,14-

eicosatetraenoic acid by a mechanism independent of the leukot-
riene B4 receptor. J. Biol. Chem., 1993, 268(13), 9280-9286. 

[154] Morin, C.; Sirois, M.; Echave, V.; Gomes, M.M.; Rousseau, E. 
Relaxing effects of 5-oxo-ETE on human bronchi involve BKCa 

channel activation. Prostaglandins Other Lipid Mediat, 2007, 
83(4), 311-319. 

[155] Erlemann, K.R.; Cossette, C.; Gravel, S.; Lesimple, A.; Lee, G.J.; 
Saha, G.; Rokach, J.; Powell, W.S. Airway epithelial cells synthe-

size the lipid mediator 5-oxo-ETE in response to oxidative stress. 
Free Radic. Biol. Med., 2007, 42(5), 654-664. 

[156] Guilbert, M.; Ferland, C.; Bosse, M.; Flamand, N.; Lavigne, S.; 
Laviolette, M. 5-Oxo-6,8,11,14-eicosatetraenoic acid induces im-

portant eosinophil transmigration through basement membrane 
components: comparison of normal and asthmatic eosinophils. Am. 

J. Respir Cell Mol. Biol., 1999, 21(1), 97-104. 
[157] Muro, S.; Hamid, Q.; Olivenstein, R.; Taha, R.; Rokach, J.; Powell, 

W.S. 5-oxo-6,8,11,14-eicosatetraenoic acid induces the infiltration 
of granulocytes into human skin. J. Allergy Clin. Immunol., 2003, 

112(4), 768-774. 
[158] Zijlstra, F.J.; Vincent, J.E.; Mol, W.M.; Hoogsteden, H.C.; Van 

Hal, P.T.; Jongejan, R.C. Eicosanoid levels in bronchoalveolar lav-

age fluid of young female smokers and non-smokers. Eur. J. Clin. 

Invest., 1992, 22(5), 301-306. 
[159] Kuhn, H.; O'Donnell, V.B. Inflammation and immune regulation 

by 12/15-lipoxygenases. Prog. Lipid Res., 2006, 45(4), 334-356. 
[160] Hamberg, M.; Hedqvist, P.; Radegran, K. Identification of 15-

hydroxy-5,8,11,13-eicosatetraenoic acid (15-HETE) as a major me-
tabolite of arachidonic acid in human lung. Acta Physiol. Scand, 

1980, 110(2), 219-221. 
[161] Kumlin, M.; Hamberg, M.; Granstrom, E.; Bjorck, T.; Dahlen, B.; 

Matsuda, H.; Zetterstrom, O.; Dahlen, S.E. 15(S)-hydroxyeico-
satetraenoic acid is the major arachidonic acid metabolite in human 

bronchi: association with airway epithelium. Arch. Biochem. Bio-
phys., 1990, 282(2), 254-262. 

[162] Schnurr, K.; Borchert, A.; Kuhn, H. Inverse regulation of lipid-
peroxidizing and hydroperoxyl lipid-reducing enzymes by interleu-

kins 4 and 13. FASEB J., 1999, 13(1), 143-54. 
[163] Liu, C.; Xu, D.; Liu, L.; Schain, F.; Brunnstrom, A.; Bjorkholm, 

M.; Claesson, H.E.; Sjoberg, J. 15-lipoxygenase-1 induces expres-
sion and release of chemokines in cultured human lung epithelial 

cells. Am. J. Physiol. Lung Cell Mol. Physiol., 2009, 297(1), L196-
203. 

[164] Shannon, V.R.; Chanez, P.; Bousquet, J.; Holtzman, M.J. Histo-
chemical evidence for induction of arachidonate 15-lipoxygenase 

in airway disease. Am. Rev. Respir. Dis., 1993, 147(4), 1024-1028. 
[165] Chu, H.W.; Balzar, S.; Westcott, J.Y.; Trudeau, J.B.; Sun, Y.; 

Conrad, D.J.; Wenzel, S.E. Expression and activation of 15-
lipoxygenase pathway in severe asthma: relationship to eosino-

philic phenotype and collagen deposition. Clin. Exp. Allergy, 2002, 
32(11), 1558-1565. 

[166] Denning, G.M.; Stoll, L.L. Peroxisome proliferator-activated recep-
tors: potential therapeutic targets in lung disease? Pediatr. Pul-

monol., 2006, 41(1), 23-34. 
[167] Benayoun, L.; Letuve, S.; Druilhe, A.; Boczkowski, J.; Dombret, 

M.C.; Mechighel, P.; Megret, J.; Leseche, G.; Aubier, M.; Preto-
lani, M. Regulation of peroxisome proliferator-activated receptor 

gamma expression in human asthmatic airways: relationship with 
proliferation, apoptosis, and airway remodeling. Am. J. Respir. 

Crit. Care Med., 2001, 164(8 Pt 1), 1487-1494. 
[168] Spears, M.; Donnelly, I.; Jolly, L.; Brannigan, M.; Ito, K.; 

McSharry, C.; Lafferty, J.; Chaudhuri, R.; Braganza, G.; Bareille, 
P.; Sweeney, L.; Adcock, I.M.; Barnes, P.J.; Wood, S.; Thomson, 

N.C. Bronchodilatory effect of the PPAR-gamma agonist rosiglita-
zone in smokers with asthma. Clin. Pharmacol. Ther., 2009, 86(1), 

49-53. 
[169] Huynh, M.L.; Malcolm, K.C.; Kotaru, C.; Tilstra, J.A.; Westcott, 

J.Y.; Fadok, V.A.; Wenzel, S.E. Defective apoptotic cell phagocy-
tosis attenuates prostaglandin E2 and 15-hydroxyeicosatetraenoic 

acid in severe asthma alveolar macrophages. Am. J. Respir. Crit. 
Care Med., 2005, 172(8), 972-979. 

[170] Profita, M.; Sala, A.; Riccobono, L.; Pace, E.; Paterno, A.; Zarini, 
S.; Siena, L.; Mirabella, A.; Bonsignore, G.; Vignola, A.M. 15(S)-

HETE modulates LTB4 production and neutrophil chemotaxis in 
chronic bronchitis. Am. J. Physiol Cell Physiol., 2000, 279(4), 

C1249-1258. 
[171] O'Flaherty, J.T.; Kuroki, M.; Nixon, A.B.; Wijkander, J.; Yee, E.; 

Lee, S.L.; Smitherman, P.K.; Wykle, R.L.; Daniel, L.W. 5-Oxo-
eicosanoids and hematopoietic cytokines cooperate in stimulating 

neutrophil function and the mitogen-activated protein kinase path-
way. J. Biol. Chem., 1996, 271(30), 17821-17828. 

[172] Carroll, M.A.; McGiff, J.C. A new class of lipid mediators: cyto-
chrome P450 arachidonate metabolites. Thorax, 2000, 55 (Suppl 2), 

S13-16. 
[173] Morin, C.; Sirois, M.; Echave, V.; Gomes, M.M.; Rousseau, E. 

Functional effects of 20-HETE on human bronchi: hyperpolariza-
tion and relaxation due to BKCa channel activation. Am. J. Physiol 

Lung Cell Mol. Physiol., 2007, 293(4), L1037-1044. 
[174] Cooper, P.R.; Mesaros, A.C.; Zhang, J.; Christmas, P.; Stark, C.M.; 

Douaidy, K.; Mittelman, M.A.; Soberman, R.J.; Blair, I.A.; Panet-
tieri, R.A. 20-HETE mediates ozone-induced, neutrophil-

independent airway hyper-responsiveness in mice. PLoS One, 
2010, 5(4), e10235. 

[175] Jacobs, E.R.; Zeldin, D.C. The lung HETEs (and EETs) up. Am. J. 
Physiol. Heart Circ. Physiol., 2001, 280(1), H1-H10. 

[176] Spector, A.A. Arachidonic acid cytochrome P450 epoxygenase 
pathway. J. Lipid Res., 2009, 50 (Suppl), S52-56. 



1048    Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7 Lundström et al. 

[177] Spector, A.A.; Fang, X.; Snyder, G.D.; Weintraub, N.L. Epoxyei-

cosatrienoic acids (EETs): metabolism and biochemical function. 
Prog. Lipid Res., 2004, 43(1), 55-90. 

[178] Le Quere, V.; Plee-Gautier, E.; Potin, P.; Madec, S.; Salaun, J.P. 
Human CYP4F3s are the main catalysts in the oxidation of fatty 

acid epoxides. J. Lipid Res., 2004, 45(8), 1446-1458. 
[179] Newman, J.W.; Morisseau, C.; Hammock, B.D. Epoxide hydro-

lases: their roles and interactions with lipid metabolism. Prog. 
Lipid Res., 2005, 44(1), 1-51. 

[180] Zeldin, D.C.; Kobayashi, J.; Falck, J.R.; Winder, B.S.; Hammock, 
B.D.; Snapper, J.R.; Capdevila, J.H. Regio- and enantiofacial selec-

tivity of epoxyeicosatrienoic acid hydration by cytosolic epoxide 
hydrolase. J. Biol. Chem., 1993, 268(9), 6402-6407. 

[181] Zeldin, D.C.; Wei, S.; Falck, J.R.; Hammock, B.D.; Snapper, J.R.; 
Capdevila, J.H. Metabolism of epoxyeicosatrienoic acids by cyto-

solic epoxide hydrolase: substrate structural determinants of 
asymmetric catalysis. Arch. Biochem. Biophys, 1995, 316(1), 443-

451. 
[182] Scarborough, P.E.; Ma, J.; Qu, W.; Zeldin, D.C. P450 subfamily 

CYP2J and their role in the bioactivation of arachidonic acid in ex-
trahepatic tissues. Drug Metab. Rev., 1999, 31(1), 205-234. 

[183] Zeldin, D.C.; Foley, J.; Ma, J.; Boyle, J.E.; Pascual, J.M.; 
Moomaw, C.R.; Tomer, K.B.; Steenbergen, C.; Wu, S. CYP2J sub-

family P450s in the lung: expression, localization, and potential 
functional significance. Mol. Pharmacol., 1996, 50(5), 1111-1117. 

[184] Raunio, H.; Hakkola, J.; Hukkanen, J.; Pelkonen, O.; Edwards, R.; 
Boobis, A.; Anttila, S. Expression of xenobiotic-metabolizing cyto-

chrome P450s in human pulmonary tissues. Arch. Toxicol. Suppl., 
1998, 20, 465-469. 

[185] Pascual, J.M.; McKenzie, A.; Yankaskas, J.R.; Falck, J.R.; Zeldin, 
D.C. Epoxygenase metabolites of arachidonic acid affect electro-

physiologic properties of rat tracheal epithelial cells1. J. Pharma-
col. Exp. Ther., 1998, 286(2), 772-779. 

[186] Salvail, D.; Dumoulin, M.; Rousseau, E. Direct modulation of 
tracheal Cl--channel activity by 5,6- and 11,12-EET. Am. J. 

Physiol., 1998, 275(3 Pt 1), L432-441. 
[187] Dumoulin, M.; Salvail, D.; Gaudreault, S.B.; Cadieux, A.; Rous-

seau, E. Epoxyeicosatrienoic acids relax airway smooth muscles 
and directly activate reconstituted KCa channels. Am. J. Physiol., 

1998, 275(3 Pt 1), L423-431. 
[188] Pokreisz, P.; Fleming, I.; Kiss, L.; Barbosa-Sicard, E.; Fisslthaler, 

B.; Falck, J.R.; Hammock, B.D.; Kim, I.H.; Szelid, Z.; Vermeersch, 
P.; Gillijns, H.; Pellens, M.; Grimminger, F.; van Zonneveld, A.J.; 

Collen, D.; Busse, R.; Janssens, S. Cytochrome P450 epoxygenase 
gene function in hypoxic pulmonary vasoconstriction and pulmo-

nary vascular remodeling. Hypertension, 2006, 47(4), 762-770. 
[189] Keseru, B.; Barbosa-Sicard, E.; Popp, R.; Fisslthaler, B.; Dietrich, 

A.; Gudermann, T.; Hammock, B.D.; Falck, J.R.; Weissmann, N.; 
Busse, R.; Fleming, I. Epoxyeicosatrienoic acids and the soluble 

epoxide hydrolase are determinants of pulmonary artery pressure 
and the acute hypoxic pulmonary vasoconstrictor response. FASEB 

J., 2008, 22(12), 4306-4315. 
[190] Liu, Y.; Zhang, Y.; Schmelzer, K.; Lee, T.S.; Fang, X.; Zhu, Y.; 

Spector, A.A.; Gill, S.; Morisseau, C.; Hammock, B.D.; Shyy, J.Y. 
The antiinflammatory effect of laminar flow: the role of PPAR-

gamma, epoxyeicosatrienoic acids, and soluble epoxide hydrolase. 
Proc. Natl. Acad. Sci. USA, 2005, 102(46), 16747-16752. 

[191] Campbell, W.B. New role for epoxyeicosatrienoic acids as anti-
inflammatory mediators. Trends Pharmacol. Sci., 2000, 21(4), 125-

127. 
[192] Zeldin, D.C.; Liao, J.K. Reply: cytochrome P450-derived eicosa-

noids and the vascular wall. Trends Pharmacol. Sci., 2000, 21(4), 
127-128. 

[193] Node, K.; Huo, Y.; Ruan, X.; Yang, B.; Spiecker, M.; Ley, K.; 
Zeldin, D.C.; Liao, J.K. Anti-inflammatory properties of cyto-

chrome P450 epoxygenase-derived eicosanoids. Science, 1999, 
285(5431), 1276-1279. 

[194] Smith, K.R.; Pinkerton, K.E.; Watanabe, T.; Pedersen, T.L.; Ma, 
S.J.; Hammock, B.D. Attenuation of tobacco smoke-induced lung 

inflammation by treatment with a soluble epoxide hydrolase inhibi-
tor. Proc. Natl. Acad. Sci. USA, 2005, 102(6), 2186-2191. 

[195] Kiss, L.; Schutte, H.; Mayer, K.; Grimm, H.; Padberg, W.; Seeger, 
W.; Grimminger, F. Synthesis of arachidonic acid-derived lipoxy-

genase and cytochrome P450 products in the intact human lung 
vasculature. Am. J. Respir. Crit. Care Med., 2000, 161(6), 1917-

1923. 

[196] Kiss, L.; Schutte, H.; Padberg, W.; Weissmann, N.; Mayer, K.; 

Gessler, T.; Voswinckel, R.; Seeger, W.; Grimminger, F. Epoxyei-
cosatrienoates are the dominant eicosanoids in human lungs upon 

microbial challenge. Eur. Respir. J., 2010, 36(5), 1088-1098. 
[197] Kiss, L.; Roder, Y.; Bier, J.; Weissmann, N.; Seeger, W.; Grim-

minger, F. Direct eicosanoid profiling of the hypoxic lung by com-
prehensive analysis via capillary liquid chromatography with dual 

online photodiode-array and tandem mass-spectrometric detection. 
Anal. Bioanal. Chem., 2008, 390(2), 697-714. 

[198] Zeldin, D.C.; Plitman, J.D.; Kobayashi, J.; Miller, R.F.; Snapper, 
J.R.; Falck, J.R.; Szarek, J.L.; Philpot, R.M.; Capdevila, J.H. The 

rabbit pulmonary cytochrome P450 arachidonic acid metabolic 
pathway: characterization and significance. J. Clin. Invest., 1995, 

95(5), 2150-2160. 
[199] Jubiz, W.; Radmark, O.; Lindgren, J.A.; Malmsten, C.; Samuels-

son, B. Novel leukotrienes: products formed by initial oxygenation 
of arachidonic acid at C-15. Biochem. Biophys Res. Commun., 

1981, 99(3), 976-986. 
[200] Maas, R.L.; Brash, A.R. Evidence for a lipoxygenase mechanism in 

the biosynthesis of epoxide and dihydroxy leukotrienes from 15(S)-
hydroperoxyicosatetraenoic acid by human platelets and porcine 

leukocytes. Proc. Natl. Acad. Sci. USA, 1983, 80(10), 2884-2888. 
[201] Feltenmark, S.; Gautam, N.; Brunnstrom, A.; Griffiths, W.; Back-

man, L.; Edenius, C.; Lindbom, L.; Bjorkholm, M.; Claesson, H.E. 
Eoxins are proinflammatory arachidonic acid metabolites produced 

via the 15-lipoxygenase-1 pathway in human eosinophils and mast 
cells. Proc. Natl. Acad. Sci. USA, 2008, 105(2), 680-685. 

[202] Ono, E.; Mita, H.; Taniguchi, M.; Higashi, N.; Hasegawa, M.; 
Miyazaki, E.; Kumamoto, T.; Akiyama, K. Concentration of 14,15-

leukotriene C4 (eoxin C4) in bronchoalveolar lavage fluid. Clin. 
Exp. Allergy, 2009, 39(9), 1348-1352. 

[203] Drazen, J.M.; Lewis, R.A.; Austen, K.F.; Toda, M.; Brion, F.; 
Marfat, A.; Corey, E.J. Contractile activities of structural analogs 

of leukotrienes C and D: necessity of a hydrophobic region. Proc. 
Natl. Acad. Sci. USA, 1981, 78(5), 3195-3198. 

[204] Sachs-Olsen, C.; Sanak, M.; Lang, A.M.; Gielicz, A.; Mowinckel, 
P.; Lodrup Carlsen, K.C.; Carlsen, K.H.; Szczeklik, A. Eoxins: a 

new inflammatory pathway in childhood asthma. J. Allergy Clin. 
Immunol., 2010, 126(4), 859-867 e9. 

[205] Morrow, J.D.; Minton, T.A.; Roberts, L.J. The F2-isoprostane, 8-
epi-prostaglandin F2a, a potent agonist of the vascular throm-

boxane/endoperoxide receptor, is a platelet throm-
boxane/endoperoxide receptor antagonist. Prostaglandins, 1992, 

44(2), 155-163. 
[206] Milne, G.L.; Yin, H.; Morrow, J.D. Human biochemistry of the 

isoprostane pathway. J. Biol. Chem., 2008, 283(23), 15533-15537. 
[207] Roberts, L.J. 2nd; Milne, G.L. Isoprostanes. J. Lipid Res., 2009, 50 

(Suppl), S219-223. 
[208] Montuschi, P.; Corradi, M.; Ciabattoni, G.; Nightingale, J.; Khari-

tonov, S.A.; Barnes, P.J. Increased 8-isoprostane, a marker of oxi-
dative stress, in exhaled condensate of asthma patients. Am. J. 

Respir. Crit. Care Med., 1999, 160(1), 216-220. 
[209] Dworski, R.; Murray, J.J.; Roberts, L.J.; Oates, J.A.; Morrow, J.D.; 

Fisher, L.; Sheller, J.R. Allergen-induced synthesis of F2-
isoprostanes in atopic asthmatics - Evidence for oxidant stress. Am. 

J. Respir. Crit. Care Med., 1999, 160(6), 1947-1951. 
[210] Montuschi, P.; Ciabattoni, G.; Paredi, P.; Pantelidis, P.; du Bois, 

R.M.; Kharitonov, S.A.; Barnes, P.J. 8-Isoprostane as a biomarker 
of oxidative stress in interstitial lung diseases. Am. J. Respir. Crit. 

Care Med., 1998, 158(5), 1524-1527. 
[211] Janssen, L.J. Isoprostanes and lung vascular pathology. Am. J. 

Respir. Cell Mol. Biol., 2008, 39(4), 383-389. 
[212] Janssen, L.J. Isoprostanes: an overview and putative roles in pul-

monary pathophysiology. Am. J. Physiol. Lung Cell Mol. Physiol., 
2001, 280(6), L1067-L1082. 

[213] Kunapuli, P.; Lawson, J.A.; Rokach, J.; FitzGerald, G.A. Func-
tional characterization of the ocular prostaglandin F2a (PGF2a) re-

ceptor - Activation by the isoprostane, 12-iso-PGF2a. J. Biol. 
Chem., 1997, 272(43), 27147-27154. 

[214] Oga, T.; Matsuoka, T.; Yao, C.C.; Nonomura, K.; Kitaoka, S.; 
Sakata, D.; Kita, Y.; Tanizawa, K.; Taguchi, Y.; Chin, K.; 

Mishima, M.; Shimizu, T.; Narumiya, S. Prostaglandin F2a receptor 
signaling facilitates bleomycin-induced pulmonary fibrosis inde-

pendently of transforming growth factor-beta. Nat. Med., 2009, 
15(12), 1426-U12. 



Lipids and Pulmonary Disease Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7    1049 

[215] Jahn, U.; Galano, J.M.; Durand, T. Beyond prostaglandins - Chem-

istry and biology of cyclic oxygenated metabolites formed by free-
radical pathways from polyunsaturated fatty acids. Angew Chem. 

Int. Ed., 2008, 47(32), 5894-5955. 
[216] Cracowski, J.L.; Cracowski, C.; Bessard, G.; Pepin, J.L.; Bessard, 

J.; Schwebel, C.; Stanke-Labesque, F.; Pison, C. Increased lipid 
peroxidation in patients with pulmonary hypertension. Am. J. 

Respir. Crit. Care Med., 2001, 164(6), 1038-1042. 
[217] Wood, L.G.; Gibson, P.G.; Garg, M.L. Biomarkers of lipid peroxi-

dation, airway inflammation and asthma. Eur. Respir J., 2003, 
21(1), 177-186. 

[218] Morrow, J.D.; Hill, K.E.; Burk, R.F.; Nammour, T.M.; Badr, K.F.; 
Roberts, L.J. 2nd, A series of prostaglandin F2-like compounds are 

produced in vivo in humans by a non-cyclooxygenase, free radical-
catalyzed mechanism. Proc. Natl. Acad. Sci. USA, 1990, 87(23), 

9383-7. 
[219] Montuschi, P.; Collins, J.V.; Ciabattoni, G.; Lazzeri, N.; Corradi, 

M.; Kharitonov, S.A.; Barnes, P.J. Exhaled 8-isoprostane as an in 
vivo biomarker of lung oxidative stress in patients with COPD and 

healthy smokers. Am. J. Respir. Crit. Care Med., 2000, 162(3), 
1175-1177. 

[220] Kinnula, V.L.; Ilumets, H.; Myllarniemi, M.; Sovijarvi, A.; Rytila, 
P. 8-Isoprostane as a marker of oxidative stress in nonsymptomatic 

cigarette smokers and COPD. Eur. Respir. J., 2007, 29(1), 51-55. 
[221] Psathakis, K.; Papatheodorou, G.; Plataki, M.; Panagou, P.; Lou-

kides, S.; Siafakas, N.M.; Bouros, D. 8-isoprostane, a marker of 
oxidative stress, is increased in the expired breath condensate of 

patients with pulmonary sarcoidosis. Chest, 2004, 125(3), 1005-
1011. 

[222] Montuschi, P.; Kharitonov, S.A.; Ciabattoni, G.; Corradi, M.; van 
Rensen, L.; Geddes, D.M.; Hodson, M.E.; Barnes, P.J. Exhaled 8-

isoprostane as a new non-invasive biomarker of oxidative stress in 
cystic fibrosis. Thorax, 2000, 55(3), 205-209. 

[223] Lucidi, V.; Ciabattoni, G.; Bella, S.; Barnes, P.J.; Montuschi, P. 
Exhaled 8-isoprostane and prostaglandin E2 in patients with stable 

and unstable cystic fibrosis. Free Radic. Biol. Med., 2008, 45(6), 
913-919. 

[224] Collins, C.E.; Quaggiotto, P.; Wood, L.; O'Loughlin, E.V.; Henry, 
R.L.; Garg, M.L. Elevated plasma levels of F2 alpha isoprostane in 

cystic fibrosis. Lipids, 1999, 34(6), 551-556. 
[225] Wood, L.G.; Fitzgerald, D.A.; Gibson, P.G.; Cooper, D.M.; 

Collins, C.E.; Garg, M.L. Oxidative stress in cystic fibrosis: dietary 
and metabolic factors. J. Am. Coll Nutr., 2001, 20(2 Suppl), 157-

165. 
[226] Samitas, K.; Chorianopoulos, D.; Vittorakis, S.; Zervas, E.; 

Economidou, E.; Papatheodorou, G.; Loukides, S.; Gaga, M. Ex-
haled cysteinyl-leukotrienes and 8-isoprostane in patients with 

asthma and their relation to clinical severity. Respir Med., 2009, 
103(5), 750-756. 

[227] Shahid, S.K.; Kharitonov, S.A.; Wilson, N.M.; Bush, A.; Barnes, 
P.J. Exhaled 8-isoprostane in childhood asthma. Respir. Res., 2005, 

6, 79. 
[228] Mondino, C.; Ciabattoni, G.; Koch, P.; Pistelli, R.; Trove, A.; 

Barnes, P.J.; Montuschi, P. Effects of inhaled corticosteroids on 
exhaled leukotrienes and prostanoids in asthmatic children. J. Al-

lergy Clin. Immunol., 2004, 114(4), 761-767. 
[229] Baraldi, E.; Carraro, S.; Alinovi, R.; Pesci, A.; Ghiro, L.; Bodini, 

A.; Piacentini, G.; Zacchello, F.; Zanconato, S. Cysteinyl leukot-
rienes and 8-isoprostane in exhaled breath condensate of children 

with asthma exacerbations. Thorax, 2003, 58(6), 505-509. 
[230] Cairns, C.B. Acute asthma exacerbations: phenotypes and man-

agement. Clin. Chest Med., 2006, 27(1), 99-108, vi-vii. 
[231] McFadden, E.R. Jr. Acute severe asthma. Am. J. Respir. Crit. Care 

Med., 2003, 168(7), 740-759. 
[232] Barreto, M.; Villa, M.P.; Olita, C.; Martella, S.; Ciabattoni, G.; 

Montuschi, P. 8-Isoprostane in exhaled breath condensate and ex-
ercise-induced bronchoconstriction in asthmatic children and ado-

lescents. Chest, 2009, 135(1), 66-73. 
[233] Dworski, R.; Roberts, L.J.; Murray, J.J.; Morrow, J.D.; Hartert, 

T.V.; Sheller, J.R. Assessment of oxidant stress in allergic asthma 
by measurement of the major urinary metabolite of F2-isoprostane, 

15-F2t-IsoP (8-iso-PGF2a). Clin. Exp. Allergy, 2001, 31(3), 387-390. 
[234] Das, U.N. Essential fatty acids: biochemistry, physiology and pa-

thology. Biotechnol. J., 2006, 1(4), 420-439. 

[235] Cho, H.P.; Nakamura, M.; Clarke, S.D. Cloning, expression, and 

fatty acid regulation of the human delta-5 desaturase. J. Biol. 
Chem., 1999, 274(52), 37335-37339. 

[236] Cho, H.P.; Nakamura, M.T.; Clarke, S.D. Cloning, expression, and 
nutritional regulation of the mammalian Delta-6 desaturase. J. Biol. 

Chem., 1999, 274(1), 471-477. 
[237] Simopoulos, A.P. The importance of the omega-6/omega-3 fatty 

acid ratio in cardiovascular disease and other chronic diseases. Exp. 
Biol. Med. (Maywood), 2008, 233(6), 674-688. 

[238] Oliw, E.H.; Brodowsky, I.D.; Hornsten, L.; Hamberg, M. Bis-
allylic hydroxylation of polyunsaturated fatty acids by hepatic 

monooxygenases and its relation to the enzymatic and nonenzy-
matic formation of conjugated hydroxy fatty acids. Arch. Biochem. 

Biophys, 1993, 300(1), 434-439. 
[239] Oliw, E.H. Analysis of 1,2-diols of linoleic, alpha-linolenic and 

arachidonic acid by gas chromatography--mass spectrometry using 
cyclic alkyl boronic esters. J. Chromatogr., 1983, 275(2), 245-259. 

[240] Moghaddam, M.F.; Grant, D.F.; Cheek, J.M.; Greene, J.F.; Wil-
liamson, K.C.; Hammock, B.D. Bioactivation of leukotoxins to 

their toxic diols by epoxide hydrolase. Nat. Med., 1997, 3(5), 562-
566. 

[241] Ziboh, V.A.; Miller, C.C.; Cho, Y. Significance of lipoxygenase-
derived monohydroxy fatty acids in cutaneous biology. Prosta-

glandins Other Lipid Mediat, 2000, 63(1-2), 3-13. 
[242] Ozawa, T.; Hayakawa, M.; Takamura, T.; Sugiyama, S.; Suzuki, 

K.; Iwata, M.; Taki, F.; Tomita, T. Biosynthesis of leukotoxin, 
9,10-epoxy-12 octadecenoate, by leukocytes in lung lavages of rat 

after exposure to hyperoxia. Biochem. Biophys Res. Commun., 
1986, 134(3), 1071-1078. 

[243] Ozawa, T.; Sugiyama, S.; Hayakawa, M.; Satake, T.; Taki, F.; 
Iwata, M.; Taki, K. Existence of leukotoxin 9,10-epoxy-12-

octadecenoate in lung lavages from rats breathing pure oxygen and 
from patients with the adult respiratory distress syndrome. Am. Rev. 

Respir. Dis., 1988, 137(3), 535-540. 
[244] Totani, Y.; Saito, Y.; Ishizaki, T.; Sasaki, F.; Ameshima, S.; Mi-

yamori, I. Leukotoxin and its diol induce neutrophil chemotaxis 
through signal transduction different from that of fMLP. Eur. 

Respir. J., 2000, 15(1), 75-79. 
[245] Sevanian, A.; Mead, J.F.; Stein, R.A. Epoxides as products of lipid 

autoxidation in rat lungs. Lipids, 1979, 14(7), 634-643. 
[246] Nagy, L.; Tontonoz, P.; Alvarez, J.G.; Chen, H.; Evans, R.M. Oxi-

dized LDL regulates macrophage gene expression through ligand 
activation of PPARg. Cell, 1998, 93(2), 229-40. 

[247] Hsi, L.C.; Wilson, L.; Nixon, J.; Eling, T.E. 15-lipoxygenase-1 
metabolites down-regulate peroxisome proliferator-activated recep-

tor gamma via the MAPK signaling pathway. J. Biol. Chem., 2001, 
276(37), 34545-34552. 

[248] Yuan, H.; Li, M.Y.; Ma, L.T.; Hsin, M.K.; Mok, T.S.; Underwood, 
M.J.; Chen, G.G. 15-Lipoxygenases and its metabolites 15(S)-

HETE and 13(S)-HODE in the development of non-small cell lung 
cancer. Thorax, 2010, 65(4), 321-6. 

[249] Altmann, R.; Hausmann, M.; Spottl, T.; Gruber, M.; Bull, A.W.; 
Menzel, K.; Vogl, D.; Herfarth, H.; Scholmerich, J.; Falk, W.; Ro-

gler, G. 13-Oxo-ODE is an endogenous ligand for PPARgamma in 
human colonic epithelial cells. Biochem. Pharmacol., 2007, 74(4), 

612-22. 
[250] Itoh, T.; Fairall, L.; Amin, K.; Inaba, Y.; Szanto, A.; Balint, B.L.; 

Nagy, L.; Yamamoto, K.; Schwabe, J.W. Structural basis for the 
activation of PPARg by oxidized fatty acids. Nat. Struct. Mol. 

Biol., 2008, 15(9), 924-931. 
[251] Lundström, S.L.; Levänen, B.; Nording, M.; Klepczynska-

Nyström, A.; Sköld, M.; Haeggström, J.Z.; Grunewald, J.; Svarten-
gren, M.; Hammock, B.D.; Larsson, B.-M.; Eklund, A.; Wheelock, 

C.E.; Wheelock, Å.M. Asthmatics exhibit altered oxylipin profiles 
compared to healthy individuals after subway air exposure. [Un-

published Data]. 
[252] Serhan, C.N.; Chiang, N.; Van Dyke, T.E. Resolving inflammation: 

dual anti-inflammatory and pro-resolution lipid mediators. Nat 
.Rev. Immunol., 2008, 8(5), 349-361. 

[253] Kohli, P.; Levy, B.D. Resolvins and protectins: mediating solutions 
to inflammation. Br. J. Pharmacol., 2009, 158(4), 960-971. 

[254] Wall, R.; Ross, R.P.; Fitzgerald, G.F.; Stanton, C. Fatty acids from 
fish: the anti-inflammatory potential of long-chain omega-3 fatty 

acids. Nutr. Rev., 2010, 68(5), 280-289. 



1050    Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7 Lundström et al. 

[255] Bannenberg, G.; Serhan, C.N. Specialized pro-resolving lipid me-

diators in the inflammatory response: An update. Biochim. Biophys. 
Acta., 2010, 1801(12), 1260-1273. 

[256] Carlo, T.; Levy, B.D. Molecular circuits of resolution in airway 
inflammation. ScientificWorldJournal, 2010, 10, 1386-1399. 

[257] Bannenberg, G.L. Therapeutic applicability of anti-inflammatory 
and proresolving polyunsaturated fatty acid-derived lipid media-

tors. ScientificWorldJournal, 2010, 10, 676-712. 
[258] Norling, L.V.; Serhan, C.N. Profiling in resolving inflammatory 

exudates identifies novel anti-inflammatory and pro-resolving me-
diators and signals for termination. J. Intern. Med., 2010, 268(1), 

15-24. 
[259] Calder, P.C. n-3 polyunsaturated fatty acids, inflammation, and 

inflammatory diseases. Am. J. Clin. Nutr., 2006, 83(6 Suppl), 
1505S-1519S. 

[260] Harris, W.S.; Miller, M.; Tighe, A.P.; Davidson, M.H.; Schaefer, 
E.J. Omega-3 fatty acids and coronary heart disease risk: clinical 

and mechanistic perspectives. Atherosclerosis, 2008, 197(1), 12-24. 
[261] Cawood, A.L.; Ding, R.; Napper, F.L.; Young, R.H.; Williams, 

J.A.; Ward, M.J.; Gudmundsen, O.; Vige, R.; Payne, S.P.; Ye, S.; 
Shearman, C.P.; Gallagher, P.J.; Grimble, R.F.; Calder, P.C. Eicos-

apentaenoic acid (EPA) from highly concentrated n-3 fatty acid 
ethyl esters is incorporated into advanced atherosclerotic plaques 

and higher plaque EPA is associated with decreased plaque in-
flammation and increased stability. Atherosclerosis, 2010, 212(1), 

252-259. 
[262] Saravanan, P.; Davidson, N.C.; Schmidt, E.B.; Calder, P.C. Car-

diovascular effects of marine omega-3 fatty acids. Lancet, 2010, 
376(9740), 540-550. 

[263] Stear, S.J.; Castell, L.M.; Burke, L.M.; Jeacocke, N.; Ekblom, B.; 
Shing, C.; Calder, P.C.; Lewis, N. A-Z of nutritional supplements: 

dietary supplements, sports nutrition foods and ergogenic aids for 
health and performance--part 10. Br. J. Sports Med., 2010, 44(9), 

688-690. 
[264] Mickleborough, T.D. Dietary omega-3 polyunsaturated fatty acid 

supplementation and airway hyperresponsiveness in asthma. J. 
Asthma, 2005, 42(5), 305-314. 

[265] London, B.; Albert, C.; Anderson, M.E.; Giles, W.R.; Van 
Wagoner, D.R.; Balk, E.; Billman, G.E.; Chung, M.; Lands, W.; 

Leaf, A.; McAnulty, J.; Martens, J.R.; Costello, R.B.; Lathrop, 
D.A. Omega-3 fatty acids and cardiac arrhythmias: prior studies 

and recommendations for future research: a report from the Na-
tional Heart, Lung, and Blood Institute and Office Of Dietary Sup-

plements Omega-3 Fatty Acids and their Role in Cardiac Arrhyth-
mogenesis Workshop. Circulation, 2007, 116(10), e320-335. 

[266] Shearer, G.C.; Harris, W.S.; Pedersen, T.L.; Newman, J.W. Detec-
tion of omega-3 oxylipins in human plasma and response to treat-

ment with omega-3 acid ethyl esters. J. Lipid Res., 2010, 51(8), 
2074-2081. 

[267] Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Chiang, N.; 
Gronert, K. Novel functional sets of lipid-derived mediators with 

antiinflammatory actions generated from omega-3 fatty acids via 
cyclooxygenase 2-nonsteroidal antiinflammatory drugs and tran-

scellular processing. J. Exp. Med., 2000, 192(8), 1197-1204. 
[268] Tjonahen, E.; Oh, S.F.; Siegelman, J.; Elangovan, S.; Percarpio, 

K.B.; Hong, S.; Arita, M.; Serhan, C.N. Resolvin E2: identification 
and anti-inflammatory actions: pivotal role of human 5-

lipoxygenase in resolvin E series biosynthesis. Chem. Biol., 2006, 
13(11), 1193-1202. 

[269] Serhan, C.N.; Hong, S.; Gronert, K.; Colgan, S.P.; Devchand, P.R.; 
Mirick, G.; Moussignac, R.L. Resolvins: a family of bioactive 

products of omega-3 fatty acid transformation circuits initiated by 
aspirin treatment that counter proinflammation signals. J. Exp. 

Med., 2002, 196(8), 1025-1037. 
[270] Campbell, E.L.; Louis, N.A.; Tomassetti, S.E.; Canny, G.O.; Arita, 

M.; Serhan, C.N.; Colgan, S.P. Resolvin E1 promotes mucosal sur-
face clearance of neutrophils: a new paradigm for inflammatory 

resolution. FASEB J., 2007, 21(12), 3162-3170. 
[271] Arita, M.; Ohira, T.; Sun, Y.P.; Elangovan, S.; Chiang, N.; Serhan, 

C.N. Resolvin E1 selectively interacts with leukotriene B4 receptor 
BLT1 and ChemR23 to regulate inflammation. J. Immunol., 2007, 

178(6), 3912-3917. 
[272] Arita, M.; Bianchini, F.; Aliberti, J.; Sher, A.; Chiang, N.; Hong, 

S.; Yang, R.; Petasis, N.A.; Serhan, C.N. Stereochemical assign-
ment, antiinflammatory properties, and receptor for the omega-3 

lipid mediator resolvin E1. J. Exp. Med., 2005, 201(5), 713-722. 

[273] Haworth, O.; Cernadas, M.; Yang, R.; Serhan, C.N.; Levy, B.D. 

Resolvin E1 regulates interleukin 23, interferon-g and lipoxin A4 to 
promote the resolution of allergic airway inflammation. Nat. Im-

munol., 2008, 9(8), 873-879. 
[274] Sun, Y.P.; Oh, S.F.; Uddin, J.; Yang, R.; Gotlinger, K.; Campbell, 

E.; Colgan, S.P.; Petasis, N.A.; Serhan, C.N. Resolvin D1 and its 
aspirin-triggered 17R epimer. Stereochemical assignments, anti-

inflammatory properties, and enzymatic inactivation. J. Biol. 
Chem., 2007, 282(13), 9323-9334. 

[275] Serhan, C.N.; Gotlinger, K.; Hong, S.; Lu, Y.; Siegelman, J.; Baer, 
T.; Yang, R.; Colgan, S.P.; Petasis, N.A. Anti-inflammatory actions 

of neuroprotectin D1/protectin D1 and its natural stereoisomers: as-
signments of dihydroxy-containing docosatrienes. J. Immunol., 

2006, 176(3), 1848-1859. 
[276] Hong, S.; Lu, Y.; Yang, R.; Gotlinger, K.H.; Petasis, N.A.; Serhan, 

C.N. Resolvin D1, protectin D1, and related docosahexaenoic acid-
derived products: Analysis via electrospray/low energy tandem 

mass spectrometry based on spectra and fragmentation mecha-
nisms. J. Am. Soc. Mass Spectrom., 2007, 18(1), 128-144. 

[277] Levy, B.D.; Kohli, P.; Gotlinger, K.; Haworth, O.; Hong, S.; Ka-
zani, S.; Israel, E.; Haley, K.J.; Serhan, C.N. Protectin D1 is gener-

ated in asthma and dampens airway inflammation and hyperrespon-
siveness. J. Immunol., 2007, 178(1), 496-502. 

[278] Ariel, A.; Li, P.L.; Wang, W.; Tang, W.X.; Fredman, G.; Hong, S.; 
Gotlinger, K.H.; Serhan, C.N. The docosatriene protectin D1 is 

produced by TH2 skewing and promotes human T cell apoptosis via 
lipid raft clustering. J. Biol. Chem., 2005, 280(52), 43079-86. 

[279] Serhan, C.N.; Yang, R.; Martinod, K.; Kasuga, K.; Pillai, P.S.; 
Porter, T.F.; Oh, S.F.; Spite, M. Maresins: novel macrophage me-

diators with potent antiinflammatory and proresolving actions. J. 
Exp. Med., 2009, 206(1), 15-23. 

[280] Kulkarni, P.S.; Kaufman, P.L.; Srinivasan, B.D. Eicosapentaenoic 
acid metabolism in cynomolgus and rhesus conjunctiva and eyelid. 

J. Ocul. Pharmacol., 1987, 3(4), 349-56. 
[281] Miller, C.C.; Ziboh, V.A.; Wong, T.; Fletcher, M.P. Dietary sup-

plementation with oils rich in (n-3) and (n-6) fatty acids influences 
in vivo levels of epidermal lipoxygenase products in guinea pigs. J. 

Nutr., 1990, 120(1), 36-44. 
[282] Lundstrom, S.L.; Yang, J.; Haeggström, J.Z.; Hammock, B.D.; 

Grunewald, J.; Eklund, A.; Nord, M.; Wheelock, Å.M.; Wheelock, 
C.E. Allergic asthmatics exhibit altered responses in oxylipin pro-

files compared to healthy and asthmatic controls following allergen 
provocation. [Unpublished Data]. 

[283] Freedman, S.D.; Blanco, P.G.; Zaman, M.M.; Shea, J.C.; Ollero, 
M.; Hopper, I.K.; Weed, D.A.; Gelrud, A.; Regan, M.M.; Laposata, 

M.; Alvarez, J.G.; O'Sullivan, B.P. Association of cystic fibrosis 
with abnormalities in fatty acid metabolism. N. Engl. J. Med., 

2004, 350(6), 560-569. 
[284] McKeever, T.M.; Britton, J. Diet and asthma. Am. J. Respir. Crit. 

Care Med., 2004, 170(7), 725-729. 
[285] Simopoulos, A.P. Genetic variants in the metabolism of omega-6 

and omega-3 fatty acids: their role in the determination of nutri-
tional requirements and chronic disease risk. Exp. Biol. Med. 

(Maywood), 2010, 235(7), 785-795. 
[286] Romieu, I.; Trenga, C. Diet and obstructive lung diseases. Epide-

miol. Rev., 2001, 23(2), 268-287. 
[287] Nagakura, T.; Matsuda, S.; Shichijyo, K.; Sugimoto, H.; Hata, K. 

Dietary supplementation with fish oil rich in omega-3 polyunsatu-
rated fatty acids in children with bronchial asthma. Eur. Respir. J., 

2000, 16(5), 861-865. 
[288] Farrell, P.M.; Mischler, E.H.; Engle, M.J.; Brown, D.J.; Lau, S.M. 

Fatty acid abnormalities in cystic fibrosis. Pediatr. Res., 1985, 
19(1), 104-109. 

[289] Gaskin, K.; Gurwitz, D.; Durie, P.; Corey, M.; Levison, H.; 
Forstner, G. Improved respiratory prognosis in patients with cystic 

fibrosis with normal fat absorption. J. Pediatr., 1982, 100(6), 857-
862. 

[290] Mimoun, M.; Coste, T.C.; Lebacq, J.; Lebecque, P.; Wallemacq, P.; 
Leal, T.; Armand, M. Increased tissue arachidonic acid and reduced 

linoleic acid in a mouse model of cystic fibrosis are reversed by 
supplemental glycerophospholipids enriched in docosahexaenoic 

acid. J. Nutr., 2009, 139(12), 2358-2364. 
[291] Payet, M.; Esmail, M.H.; Polichetti, E.; Le Brun, G.; Adjemout, L.; 

Donnarel, G.; Portugal, H.; Pieroni, G. Docosahexaenoic acid-
enriched egg consumption induces accretion of arachidonic acid in 

erythrocytes of elderly patients. Br. J. Nutr., 2004, 91(5), 789-796. 



Lipids and Pulmonary Disease Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7    1051 

[292] De Vizia, B.; Raia, V.; Spano, C.; Pavlidis, C.; Coruzzo, A.; Ales-

sio, M. Effect of an 8-month treatment with omega-3 fatty acids 
(eicosapentaenoic and docosahexaenoic) in patients with cystic fi-

brosis. JPEN J. Parenter Enteral Nutr., 2003, 27(1), 52-57. 
[293] Lloyd-Still, J.D.; Powers, C.A.; Hoffman, D.R.; Boyd-Trull, K.; 

Lester, L.A.; Benisek, D.C.; Arterburn, L.M. Bioavailability and 
safety of a high dose of docosahexaenoic acid triacylglycerol of al-

gal origin in cystic fibrosis patients: a randomized, controlled 
study. Nutrition, 2006, 22(1), 36-46. 

[294] Katz, D.P.; Manner, T.; Furst, P.; Askanazi, J. The use of an intra-
venous fish oil emulsion enriched with omega-3 fatty acids in pa-

tients with cystic fibrosis. Nutrition, 1996, 12(5), 334-339. 
[295] Durieu, I.; Vericel, E.; Guichardant, D.; Roth, H.; Steghens, J.P.; 

Drai, J.; Josserand, R.N.; Fontaine, E.; Lagarde, M.; Bellon, G. 
Fatty acids platelets and oxidative markers following intravenous 

n-3 fatty acids administration in cystic fibrosis: An open pilot ob-
servational study. J. Cyst Fibros., 2007, 6(5), 320-326. 

[296] Strandvik, B. Fatty acid metabolism in cystic fibrosis. Prostagland-
ins Leukot Essent Fatty Acids, 2010, 83(3), 121-129. 

[297] Coste, T.C.; Armand, M.; Lebacq, J.; Lebecque, P.; Wallemacq, P.; 
Leal, T. An overview of monitoring and supplementation of omega 

3 fatty acids in cystic fibrosis. Clin. Biochem., 2007, 40(8), 511-
520. 

[298] Gadek, J.E.; DeMichele, S.J.; Karlstad, M.D.; Pacht, E.R.; Dona-
hoe, M.; Albertson, T.E.; Van Hoozen, C.; Wennberg, A.K.; Nel-

son, J.L.; Noursalehi, M. Effect of enteral feeding with eicosapen-
taenoic acid, gamma-linolenic acid, and antioxidants in patients 

with acute respiratory distress syndrome. Enteral Nutrition in 
ARDS Study Group. Crit. Care Med., 1999, 27(8), 1409-20. 

[299] Pacht, E.R.; DeMichele, S.J.; Nelson, J.L.; Hart, J.; Wennberg, 
A.K.; Gadek, J.E. Enteral nutrition with eicosapentaenoic acid, g-

linolenic acid, and antioxidants reduces alveolar inflammatory me-
diators and protein influx in patients with acute respiratory distress 

syndrome. Crit. Care Med., 2003, 31(2), 491-500. 
[300] Arm, J.P.; Horton, C.E.; Mencia-Huerta, J.M.; House, F.; Eiser, 

N.M.; Clark, T.J.; Spur, B.W.; Lee, T.H. Effect of dietary supple-
mentation with fish oil lipids on mild asthma. Thorax, 1988, 43(2), 

84-92. 
[301] Arm, J.P.; Horton, C.E.; Spur, B.W.; Mencia-Huerta, J.M.; Lee, 

T.H. The effects of dietary supplementation with fish oil lipids on 
the airways response to inhaled allergen in bronchial asthma. Am. 

Rev. Respir. Dis., 1989, 139(6), 1395-1400. 
[302] Arm, J.P.; Lee, T.H. The use of fish oil in bronchial asthma. Al-

lergy Proc., 1989, 10(3), 185-187. 
[303] Arm, J.P.; Thien, F.C.; Lee, T.H. Leukotrienes, fish-oil, and 

asthma. Allergy Proc., 1994, 15(3), 129-134. 
[304] Fogarty, A.; Britton, J. The role of diet in the aetiology of asthma. 

Clin. Exp. Allergy, 2000, 30(5), 615-627. 
[305] Mickleborough, T.D.; Murray, R.L.; Ionescu, A.A.; Lindley, M.R. 

Fish oil supplementation reduces severity of exercise-induced 
bronchoconstriction in elite athletes. Am. J. Respir. Crit. Care 

Med., 2003, 168(10), 1181-1189. 
[306] Mickleborough, T.D.; Lindley, M.R.; Ionescu, A.A.; Fly, A.D. 

Protective effect of fish oil supplementation on exercise-induced 
bronchoconstriction in asthma. Chest, 2006, 129(1), 39-49. 

[307] McKeever, T.M.; Lewis, S.A.; Cassano, P.A.; Ocke, M.; Burney, 
P.; Britton, J.; Smit, H.A. The relation between dietary intake of 

individual fatty acids, FEV1 and respiratory disease in Dutch 
adults. Thorax, 2008, 63(3), 208-214. 

[308] Broadfield, E.C.; McKeever, T.M.; Whitehurst, A.; Lewis, S.A.; 
Lawson, N.; Britton, J.; Fogarty, A. A case-control study of dietary 

and erythrocyte membrane fatty acids in asthma. Clin. Exp. Al-
lergy, 2004, 34(8), 1232-1236. 

[309] Yang, J.; Schmelzer, K.; Georgi, K.; Hammock, B.D. Quantitative 
profiling method for oxylipin metabolome by liquid chromatogra-

phy electrospray ionization tandem mass spectrometry. Anal. 
Chem., 2009, 81(19), 8085-8093. 

[310] Lundstrom, S.L.; D'Alexandri, F.L.; Nithipatikom, K.; Haeggstrom, 
J.Z.; Wheelock, A.M.; Wheelock, C.E. HPLC/MS/MS-based ap-

proaches for detection and quantification of eicosanoids. Methods 
Mol. Biol., 2009, 579, 161-187. 

[311] Blaho, V.A.; Buczynski, M.W.; Brown, C.R.; Dennis, E.A. Lipi-
domic analysis of dynamic eicosanoid responses during the induc-

tion and resolution of Lyme arthritis. J. Biol. Chem., 2009, 284(32), 
21599-21612. 

[312] Masoodi, M.; Eiden, M.; Koulman, A.; Spaner, D.; Volmer, D.A. 

Comprehensive Lipidomics Analysis of Bioactive Lipids in Com-
plex Regulatory Networks. Anal. Chem., 2010, 82(19), 8176-8185. 

[313] Kita, Y.; Takahashi, T.; Uozumi, N.; Shimizu, T. A multiplex 
quantitation method for eicosanoids and platelet-activating factor 

using column-switching reversed-phase liquid chromatography-
tandem mass spectrometry. Anal. Biochem., 2005, 342(1), 134-143. 

[314] Schmelzer, K.R.; Inceoglu, B.; Kubala, L.; Kim, I.H.; Jinks, S.L.; 
Eiserich, J.P.; Hammock, B.D. Enhancement of antinociception by 

coadministration of nonsteroidal anti-inflammatory drugs and solu-
ble epoxide hydrolase inhibitors. Proc. Natl. Acad. Sci. USA, 2006, 

103(37), 13646-13651. 
[315] Masoodi, M.; Nicolaou, A. Lipidomic analysis of twenty-seven 

prostanoids and isoprostanes by liquid chromatogra-
phy/electrospray tandem mass spectrometry. Rapid Commun. Mass 

Spectrom., 2006, 20(20), 3023-3029. 
[316] Kempen, E.C.; Yang, P.; Felix, E.; Madden, T.; Newman, R.A. 

Simultaneous quantification of arachidonic acid metabolites in cul-
tured tumor cells using high-performance liquid chromatogra-

phy/electrospray ionization tandem mass spectrometry. Anal. Bio-
chem., 2001, 297(2), 183-190. 

[317] Kishi, N.; Mano, N.; Asakawa, N. Direct injection method for 
quantitation of endogenous leukotriene E4 in human urine by liquid 

chromatography/electrospray ionization tandem mass spectrometry 
with a column-switching technique. Anal. Sci., 2001, 17(6), 709-

713. 
[318] Zhang, J.H.; Pearson, T.; Matharoo-Ball, B.; Ortori, C.A.; Warren, 

A.Y.; Khan, R.; Barrett, D.A. Quantitative profiling of epoxyei-
cosatrienoic, hydroxyeicosatetraenoic, and dihydroxyeicosatet-

raenoic acids in human intrauterine tissues using liquid chromatog-
raphy/electrospray ionization tandem mass spectrometry. Anal. 

Biochem., 2007, 365(1), 40-51. 
[319] Saunders, R.D.; Horrocks, L.A. Simultaneous extraction and prepa-

ration for high-performance liquid chromatography of prostagland-
ins and phospholipids. Anal. Biochem., 1984, 143(1), 71-75. 

[320] Kita, Y.; Takahashi, T.; Uozumi, N.; Nallan, L.; Gelb, M.H.; Shi-
mizu, T. Pathway-oriented profiling of lipid mediators in macro-

phages. Biochem. Biophys Res. Commun., 2005, 330(3), 898-906. 
[321] Serhan, C.N.; Jain, A.; Marleau, S.; Clish, C.; Kantarci, A.; Behbe-

hani, B.; Colgan, S.P.; Stahl, G.L.; Merched, A.; Petasis, N.A.; 
Chan, L.; Van Dyke, T.E. Reduced inflammation and tissue dam-

age in transgenic rabbits overexpressing 15-lipoxygenase and en-
dogenous anti-inflammatory lipid mediators. J. Immunol., 2003, 

171(12), 6856-6865. 
[322] Buczynski, M.W.; Svensson, C.I.; Dumlao, D.S.; Fitzsimmons, 

B.L.; Shim, J.H.; Scherbart, T.J.; Jacobsen, F.E.; Hua, X.Y.; Yaksh, 
T.L.; Dennis, E.A. Inflammatory hyperalgesia induces essential 

bioactive lipid production in the spinal cord. J. Neurochem., 2010, 
114(4), 981-993. 

[323] van Erk, M.J.; Wopereis, S.; Rubingh, C.; van Vliet, T.; Verheij, 
E.; Cnubben, N.H.; Pedersen, T.L.; Newman, J.W.; Smilde, A.K.; 

van der Greef, J.; Hendriks, H.F.; van Ommen, B. Insight in modu-
lation of inflammation in response to diclofenac intervention: a 

human intervention study. BMC Med. Genom., 2010, 3, 5. 
[324] Serhan, C.N. Mediator lipidomics. Prostaglandins Other Lipid 

Mediat., 2005, 77(1-4), 4-14. 
[325] Collins, C.E.; Quaggiotto, P.; Wood, L.; O'Loughlin, E.V.; Henry, 

R.L.; Garg, M.L. Elevated plasma levels of F2a isoprostane in cystic 
fibrosis. Lipids, 1999, 34(6), 551-556. 

[326] Piotrowski, W.J.; Antczak, A.; Marczak, J.; Nawrocka, A.; Kurma-
nowska, Z.; Gorski, P. Eicosanoids in exhaled breath condensate 

and BAL fluid of patients with sarcoidosis. Chest, 2007, 132(2), 
589-596. 

[327] Keatings, V.M.; Evans, D.J.; O'Connor, B.J.; Barnes, P.J. Cellular 
profiles in asthmatic airways: a comparison of induced sputum, 

bronchial washings, and bronchoalveolar lavage fluid. Thorax, 
1997, i(4), 372-374. 

[328] Rutgers, S.R.; Timens, W.; Kaufmann, H.F.; van der Mark, T.W.; 
Koeter, G.H.; Postma, D.S. Comparison of induced sputum with 

bronchial wash, bronchoalveolar lavage and bronchial biopsies in 
COPD. Eur. Respir J., 2000, 15(1), 109-15. 

[329] D'Ippolito, R.; Foresi, A.; Chetta, A.; Casalini, A.; Castagnaro, A.; 
Leone, C.; Olivieri, D. Induced sputum in patients with newly di-

agnosed sarcoidosis: comparison with bronchial wash and BAL. 
Chest, 1999, 115(6), 1611-1615. 



1052    Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 7 Lundström et al. 

[330] Pizzichini, E.; Pizzichini, M.M.; Kidney, J.C.; Efthimiadis, A.; 

Hussack, P.; Popov, T.; Cox, G.; Dolovich, J.; O'Byrne, P.; Har-
greave, F.E. Induced sputum, bronchoalveolar lavage and blood 

from mild asthmatics: inflammatory cells, lymphocyte subsets and 
soluble markers compared. Eur. Respir J., 1998, 11(4), 828-834. 

[331] Brightling, C.E.; Symon, F.A.; Birring, S.S.; Bradding, P.; Ward-
law, A.J.; Pavord, I.D. Comparison of airway immunopathology of 

eosinophilic bronchitis and asthma. Thorax, 2003, 58(6), 528-32. 
[332] Lundström, S.L.; Yang, Y.; Hammock, B.D.; Sköld, M.; Grune-

wald, J.; Eklund, A.; Svartengren, M.; Larsson, B.-M.; Wheelock, 
C.E.; Wheelock, Å.M. [Unpublished Data]. 

[333] Lee, S.H.; Blair, I.A. Targeted chiral lipidomics analysis of bioac-
tive eicosanoid lipids in cellular systems. BMB Rep., 2009, 42(7), 

401-410. 
[334] Mesaros, C.; Lee, S.H.; Blair, I.A. Targeted quantitative analysis of 

eicosanoid lipids in biological samples using liquid chromatogra-
phy-tandem mass spectrometry. J. Chromatogr. B. Anal. Technol. 

Biomed. Life Sci., 2009, 877(26), 2736-2745. 
[335] Kiss, L.; Bier, J.; Roder, Y.; Weissmann, N.; Grimminger, F.; See-

ger, W. Direct and simultaneous profiling of epoxyeicosatrienoic 
acid enantiomers by capillary tandem column chiral-phase liquid 

chromatography with dual online photodiode array and tandem 
mass spectrometric detection. Anal. Bioanal. Chem., 2008, 392(4), 

717-726. 
[336] Lee, S.H.; Williams, M.V.; Blair, I.A. Targeted chiral lipidomics 

analysis. Prostaglandins Other Lipid Mediat, 2005, 77(1-4), 141-
157. 

[337] Baughman, R.P. The uncertainties of bronchoalveolar lavage. Eur. 
Respir. J., 1997, 10(9), 1940-1642. 

[338] Eriksson, L.; Johanssonn, E.; Kettaneh-Wold, N.; Wikström, C.; 
Wold, S. Design of Experiments: Principles and Applications. 

Umetrics Academy: 2000; p 320. 
[339] Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate. A 

practical and powerful approach to multiple testing. J. R. Statist 
Soc. B-Methodological., 1995, 57(1), 289-300. 

[340] Madsen, R.; Lundstedt, T.; Trygg, J. Chemometrics in metabolom-
ics--a review in human disease diagnosis. Anal. Chim. Acta, 2010, 

659(1-2), 23-33. 
[341] Trygg, J.; Holmes, E.; Lundstedt, T. Chemometrics in metabonom-

ics. J. Proteome Res., 2007, 6(2), 469-479. 
[342] Trygg, J.; Wold, S. Orthogonal projections to latent structures (O-

PLS). J. Chemometrics, 2002, 16(3), 119-128. 
[343] Kelder, T.; Conklin, B.R.; Evelo, C.T.; Pico, A.R. Finding the right 

questions: exploratory pathway analysis to enhance biological dis-
covery in large datasets. PLoS Biol., 2010, 8(8). pii: e1000472 

[344] Ng, A.; Bursteinas, B.; Gao, Q.; Mollison, E.; Zvelebil, M. Re-
sources for integrative systems biology: from data through data-

bases to networks and dynamic system models. Brief Bioinform., 
2006, 7(4), 318-330. 

[345] van Iersel, M.P.; Kelder, T.; Pico, A.R.; Hanspers, K.; Coort, S.; 
Conklin, B.R.; Evelo, C. Presenting and exploring biological path-

ways with PathVisio. BMC Bioinformatics, 2008, 9, 399. 
[346] Ekins, S.; Nikolsky, Y.; Bugrim, A.; Kirillov, E.; Nikolskaya, T. 

Pathway mapping tools for analysis of high content data. Methods 
Mol. Biol., 2007, 356, 319-350. 

[347] Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; 
Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A 

software environment for integrated models of biomolecular inter-

action networks. Genome Res., 2003, 13(11), 2498-2504. 
[348] Junker, B.H.; Klukas, C.; Schreiber, F. VANTED: a system for 

advanced data analysis and visualization in the context of biologi-
cal networks. BMC Bioinformatics, 2006, 7, 109. 

[349] Hucka, M.; Finney, A.; Sauro, H.M.; Bolouri, H.; Doyle, J.C.; 
Kitano, H.; Arkin, A.P.; Bornstein, B.J.; Bray, D.; Cornish-

Bowden, A.; Cuellar, A.A.; Dronov, S.; Gilles, E.D.; Ginkel, M.; 
Gor, V.; Goryanin, II; Hedley, W.J.; Hodgman, T.C.; Hofmeyr, 

J.H.; Hunter, P.J.; Juty, N.S.; Kasberger, J.L.; Kremling, A.; Kum-
mer, U.; Le Novere, N.; Loew, L.M.; Lucio, D.; Mendes, P.; 

Minch, E.; Mjolsness, E.D.; Nakayama, Y.; Nelson, M.R.; Nielsen, 
P.F.; Sakurada, T.; Schaff, J.C.; Shapiro, B.E.; Shimizu, T.S.; 

Spence, H.D.; Stelling, J.; Takahashi, K.; Tomita, M.; Wagner, J.; 
Wang, J. The systems biology markup language (SBML): a me-

dium for representation and exchange of biochemical network 
models. Bioinformatics, 2003, 19(4), 524-531. 

[350] Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, 
M.; Katayama, T.; Kawashima, S.; Okuda, S.; Tokimatsu, T.; Ya-

manishi, Y. KEGG for linking genomes to life and the environ-
ment. Nucl. Acids Res., 2008, 36(Database issue), D480-484. 

[351] Wheelock, C.E.; Goto, S.; Yetukuri, L.; D'Alexandri, F.L.; Klukas, 
C.; Schreiber, F.; Oresic, M. Bioinformatics strategies for the 

analysis of lipids. Methods Mol. Biol., 2009, 580, 339-368. 
[352] Gentleman, R.C.; Carey, V.J.; Bates, D.M.; Bolstad, B.; Dettling, 

M.; Dudoit, S.; Ellis, B.; Gautier, L.; Ge, Y.; Gentry, J.; Hornik, K.; 
Hothorn, T.; Huber, W.; Iacus, S.; Irizarry, R.; Leisch, F.; Li, C.; 

Maechler, M.; Rossini, A.J.; Sawitzki, G.; Smith, C.; Smyth, G.; 
Tierney, L.; Yang, J.Y.; Zhang, J. Bioconductor: open software de-

velopment for computational biology and bioinformatics. Genome 
Biol., 2004, 5(10), R80. 

[353] Aoki, K.F.; Kanehisa, M. Using the KEGG database resource. Curr 
Protoc Bioinformatics, 2005, Chapter 1, Unit 1 12. 

[354] Wheelock, C.E.; Wheelock, A.M.; Kawashima, S.; Diez, D.; Kane-
hisa, M.; van Erk, M.; Kleemann, R.; Haeggstrom, J.Z.; Goto, S. 

Systems biology approaches and pathway tools for investigating 
cardiovascular disease. Mol. Biosyst., 2009, 5(6), 588-602. 

[355] Huopaniemi, I.; Suvitaival, T.; Nikkila, J.; Oresic, M.; Kaski, S. 
Multivariate multi-way analysis of multi-source data. Bioinformat-

ics, 2010, 26(12), i391-398. 
[356] Yetukuri, L.; Ekroos, K.; Vidal-Puig, A.; Oresic, M. Informatics 

and computational strategies for the study of lipids. Mol. Biosyst., 
2008, 4(2), 121-127. 

[357] Connor, S.C.; Hansen, M.K.; Corner, A.; Smith, R.F.; Ryan, T.E. 
Integration of metabolomics and transcriptomics data to aid bio-

marker discovery in type 2 diabetes. Mol. Biosyst, 2010, 6(5), 909-
921. 

[358] Diez, D.; Wheelock, A.M.; Goto, S.; Haeggstrom, J.Z.; Paulsson-
Berne, G.; Hansson, G.K.; Hedin, U.; Gabrielsen, A.; Wheelock, 

C.E. The use of network analyses for elucidating mechanisms in 
cardiovascular disease. Mol. Biosyst., 2010, 6(2), 289-304. 

[359] Auffray, C.; Adcock, I.M.; Chung, K.F.; Djukanovic, R.; Pison, C.; 
Sterk, P.J. An integrative systems biology approach to understand-

ing pulmonary diseases. Chest, 2010, 137(6), 1410-1416. 
[360] Basu, S. Isoprostanes: novel bioactive products of lipid peroxida-

tion. Free Radic. Res, 2004, 38(2), 105-122. 

 

 

Received: October 21, 2010 Revised: December 17, 2010 Accepted: December 17, 2010 

 

 




