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a b s t r a c t

Allergic bronchial asthma is a chronic inflammatory disease of the airways with an increasing
incidence in Western societies. Exposure to allergens provokes recurrent attacks of breathlessness,
airway hyperreactivity, wheezing, and coughing. For the early phase and milder forms of allergic
asthma, dietary supplementation with long-chain polyunsaturated fatty acids (LCPUFA), predom-
inantly fish oil–associated eicosapentaenoic (C20:5 u-3) and docosahexaenoic acid (C22:6 u-3),
and distinct crop oil–derived fatty acids might provide a sustainable treatment strategy, as dis-
cussed in several studies. In addition to immune-controlling prostaglandins, leukotrienes, and
thromboxanes, specialized proresolving mediators, such as lipoxins, resolvins, protectins, and
maresins, are metabolized from different LCPUFA, which actively resolve inflammation. The aim of
this review was to discuss the possible synergistic effects of u-3 and u-6 LCPUFA combinations
concerning rebuilding fatty acid homeostasis in cellular membranes, modifying eicosanoid meta-
bolic pathways, controlling inflammatory processes by focusing on resolving inflammation in the
bronchoalveolar system on the cellular level, and helping to control clinical symptoms in bronchial
asthma.

� 2016 Elsevier Inc. All rights reserved.
Introduction

Bronchial asthma is a chronic inflammatory disease of the
airways, with an increasing incidence in Western societies [1].
To date, several asthma treatment concepts, like bronchodilat-
ing beta-2 receptor agonists, leukotriene (LT) receptor
antagonists, anti-inflammatory glucocorticoids, and monoclonal
anti-immunoglobulin (Ig)E are available, which are associated
with total resistance or receptor-desensitizing caused loss of
effectiveness with long-term therapy [2,3]. As a possible ther-
apeutically supportive or even an alternative treatment concept,
u-3 and u-6 long-chain polyunsaturated fatty acids (LCPUFA),
especially eicosapentaenoic acid (EPA; C20:5 u-3), docosahex-
aenoic acid (DHA; C22:6 u-3), and dihomo-g-linolenic acid
(DGLA; C20:3 u-6), have been suggested by many studies to
x: þ49 661 964 0505.
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possess immunomodulatory effects in acute or chronic pneu-
monia [4–6].

Since the late 1970s, studies have promoted the immuno-
modulatory potential of marine u-3 PUFA. Since then, the
controversial discussion on the truth of the health promoting
effects of EPA and DHA has continued [7]. Currently, fish, plants,
algae, and fungi containing LCPUFA, as well as modern oil pro-
cesses for refining dietary oils, have enabled the creation of
complex oil blends with specific LCPUFA profiles. Several distinct
species of u-3 and u-6 LCPUFA have been shown to have wide
beneficial effects in the control of inflammatory processes
[7–11].

The resolution phase of inflammation is a strongly regulated,
energetic, and complex program that fails in asthma and there-
fore becomes a key point of intervention [4]. This review in-
vestigates the possible synergistic combinations of u-3 and u-6
LCPUFA species in allergic bronchial asthma, focusing on
resolving inflammation by metabolically associated specialized
proresolving mediators (SPM).
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LCPUFA connects fat metabolism with immune reactions in
asthma

Asthma is defined as a chronic inflammatory disease char-
acterized by chronic inflammation and remodeling of airways,
reversible airflow limitation, eosinophil and leukocyte tissue
infiltration, and airway hyperactivity [12]. Furthermore, asthma
is associated with hyperresponsiveness (e.g., triggered by al-
lergens and/or enhanced by low temperatures and exercise)
[13]. Figure 1 shows the immunologic processes in asthma
related to u-3 and u-6 fatty acids and their derivatives. The
allergic response is generally mediated by a T-helper cell type-2
immune response characterized by the secretion of interleukin
(IL)-4, IL-5, IL-9, and IL-13, which promote eosinophilic
inflammation and IgE production by plasma cells. In the early
phase of the asthmatic response, allergen recognition by spe-
cific IgE on mast cells triggers the release of mediators (i.e.,
histamine and LCPUFA-derived lipid-mediatory eicosanoids)
[14]. In asthma, eicosanoids derived from arachidonic acid (AA),
such as the cysteinyl leukotrienes, induce bronchospasm,
edema, and mucous hypersecretion [15]. Additionally, these
mediators released during the early phase of an immune
response also gradually initiate and support a late-phase asth-
matic response configured around T-helper cell type-2 cells and
eosinophils [16].

Generally, linoleic acid (LA; C18:2 u-6) and a-linolenic acid
(ALA; C18:3 u-3) are essential fatty acids and precursors of
LCPUFA, such as EPA, DHA, or AA [17]. They are synthesized
through a series of elongation and desaturation steps within the
same enzymatic metabolic pathway [18,19]. LCPUFA integrated
into the cell membrane phospholipids of immune cells are
released by phospholipase A2 in response to appropriate
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Fig. 1. The developmental process of allergic asthma and the regulatory function of LC
eicosapentaenoic acid; GLA, g-linolenic acid; LCPUFA, long-chain polyunsaturated fatty
factor; PG, prostaglandin; Th, T helper; TX, thromboxane.
triggers and are transformed by specific lipoxygenases (LOX)
and cyclooxygenases (COX) into hormone-like immune regula-
tory eicosanoids, which are involved in the pathogenesis of
asthma [7,20].

There is evidence that airway inflammation and airway
hyper-responsiveness are influenced by the ratio of u-6 to u-
3 LCPUFA in tissues and cells [21,22]. One study showed that
decreased inflammation could be partially due to reduced u-6
PUFA-derived lipid mediator formation as a result of
competitive inhibition or downregulation of COX or LOX [21].
The LCPUFA profiles of cell and organelle membranes strongly
influence its functions and numerous cellular processes such
as cell survival and death [20,23]. Several studies have clearly
demonstrated that dietary LCPUFA supplementation can
affect the fatty acid composition of these membranes [24,25].
Thus, the already reported association between asthma and
dietary LCPUFA intake is reasonable [26–28]. Concerning the
immune response, T-cell function is modulated by this
directly through effects on cell signaling and gene transcrip-
tion [29]. Again, u-3 and u-6 LCPUFA are ligands and/or
modulators for the nuclear factor (NF)-kB and peroxisome
proliferator-activated receptors (PPAR), which control various
genes of immune response regulation, whereas especially
u-3 LCPUFA downregulate proinflammatory genes [20].
Taking this into consideration, it might be possible to
precisely ameliorate or even resolve the inflammation by
dietary interventions with preformed LCPUFA. Based on
this knowledge of the associated disease-specific immuno-
logic mechanisms, the dietary rebuilding of LCPUFA homeo-
stasis has been shown to improve asthma control, lung
function, and inflammatory markers in children with asthma
[30,31].
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Effects of particular LCPUFA in asthma

To date, many studies have investigated the influence of
particular LCPUFA species and their synthesized eicosanoids on
inflammation in terms of asthma incidence [32–39].

a-Linolenic acid

A major plant-based essential fatty acid occurring in flaxseed
oil, beans, and walnuts, ALA has to be obtained through nutrition
[40,41]. The main effects of ALA result from its biochemical con-
version intoEPAandDHA[35].However, themetabolic conversion
efficiency in humans is poor and limited by D-6 desaturase
(rate-limiting enzyme). Additionally, most absorbed ALA un-
dergoes b-oxidation [17,37]. Nevertheless, dietary ALA supple-
mentation leads to several effects on IL secretion and transcription
factor synthesis. On the intercellular signaling level, it has been
found that ALA suppresses the production of proinflammatory
tumor necrosis factor-a, IL-6, and IL-8 [42,43]. One study demon-
strated that ALAdownregulates the activation of NF-kB, which is a
central transcription factor in the immune response [44]. More-
over, high intake of ALA was previously associated with a
decreased risk for allergic sensitization and allergic rhinitis [35],
leading to lower exhaled nitrogen monoxide (NO) and thereby a
reduced probability of non-controlled asthma [44]. Interestingly, a
diet rich in ALA leads to increased levels of EPA, but not DHA, in
erythrocytes, platelets, leukocytes, andplasmaphospholipids [45].
Consequently, the synthesis and release of DHA-associated anti--
inflammatory and inflammatory-resolving eicosanoids is not
affected by ALA supplementation, which argues in favor of com-
bined supplementation of ALA and DHA.

Stearidonic acid

Generally, seafood, seaweed, and some specific plant seed oils
contain stearidonic acid (SDA; C18:4 u-3). Seed oils from borage
and echium are the most prominent SDA source commercially
available [46,47]. SDA-rich oils can be an alternative to fish and
encapsulated fish oil supplements and are appropriate for veg-
etarians [48]. Along the metabolic pathway of LCPUFA, SDA is
directly formed from ALA by the action of D-6-desaturase [47].
After conversion, the intermediate SDA is rapidly converted to
EPA by elongation and a further desaturation step [46]. One
study found that supplemented SDA could modify the u-3 fatty
acid index more efficiently than ALA [46,47]. In vivo, SDA con-
version to EPA is four- to fivefold more efficient than ALA [49].

It has been observed that daily ingestion of SDA increased EPA
and docosapentaenoic acid (DPA; C22:5 u-3) concentrations in
erythrocyte and plasma phospholipids. In comparison, dietary
ALA supplementation at the same dose (0.75 g/d) did not [48].
Results from one study found that mice fed a diet containing SDA
had lower whole blood tumor necrosis factor-a levels [50].
Furthermore, SDA has been described as a potent biologically
active surrogate for EPA because of its anti-inflammatory char-
acteristics [46,47]. Beside the inhibitory effect of SDA on 5-LOX
and epoxide hydrolase, the competitive inhibition of AA meta-
bolism is similar to EPA and the most important attribute of SDA
[51].

EPA and DHA

Sea fish oil is a major source of EPA and DHA [8,18]. A few
studies have shown that EPA blocks the desaturation of DGLA to
form AA [52,53], and EPA-derived eicosanoids antagonize the
action of the eicosanoids (prostaglandin [PG]-2-series, throm-
boxane [TX]-2-series, and LT-4-series) derived from AA [11].
EPA-derived PG inhibits TXB2-mediated platelet aggregation,
produced fromAA, and promotes vasodilation [20]. Furthermore,
LTB5 derived from EPA obstructs the AA-dependent biosynthesis
of the highly proinflammatory LTB4 [20]. LTB4 is also a lipid
mediator derived from AA and induces the activation and
adhesion of leukocytes in lung tissue [54]. Considering asthma,
several studies have shown that DHA in particular is able to
reduce eosinophilic infiltration, decrease leukocyte accumula-
tion in the lung, and improve lung function [21,55,56]. In vitro
studies have illustrated that DHA decreases the expression of
proinflammatory cytokines and cell adhesion molecules to an
even greater extent than EPA [57]. In mice, the expression of
proinflammatory cytokines was significantly increasedwith DHA
supplementation, but not with EPA [58,59]. These confusing re-
sults might reflect the differences between in vitro and in vivo
disease models in relation to LCPUFA.

The anti-inflammatory properties of these two fatty acids are
due to inhibiting COX activity and decreasing eicosanoid syn-
thesis from AA [9,11,60]. Moreover, EPA and DHA suppress IgE
production and thereby reduce airway inflammation and
bronchoconstriction in asthma [35], leading to reduced cytokine
expression and reduced NF-kB DNA-binding proinflammatory
activities. Thus, it is believed that EPA is a more potent NF-kB
inhibitor than DHA [60,61]. However, in an in vitro study DHA
more effectively induced an anti-inflammatory profile in bac-
terial lipopolysaccharide-stimulated human macrophages
compared to EPA [62]. In human monocytes, it has been
demonstrated that EPA and DHA block NF-kB activity directly
through decreased degradation of the inhibitory subunit of
NF-kB, which might reduce inflammation in asthma [63].
Furthermore, PPAR are able to bind u-3 PUFA and their eicos-
anoids, which activates these receptor and thus modulates the
inflammatory response [64]. The activation of PPAR inhibits the
expression of proinflammatory genes, such as cytokines; nega-
tively regulates the transcription of inflammatory response
genes by antagonizing NF-kB and T- cell signaling pathways;
and stimulates the catabolism of proinflammatory eicosanoids
[20,65].

EPA and DHA are direct precursors of resolvins (E- and D-
series), protectins, and maresins, which are SPM and play a sig-
nificant role in the downregulation of inflammation in bronchial
asthma [11,66]. SPM act as agonists at specific receptors of
neutrophils, macrophages, and lymphocytes and decrease the
synthesis of proinflammatory cytokines, chemokines, and lipid
mediators. Moreover, SPM inhibit neutrophilic cell migration but
increase macrophage phagocytosis of apoptotic neutrophils [4,8,
67]. Furthermore, these molecules reduce airway hyper-
responsiveness and mucus production [4,8]. Taken together,
these results point to a broad role of u-3 fatty acids in the res-
olution of inflammation.

g-Linolenic acid and DGLA

Although the research focus is preliminary on u-3 LCPUFA, u-
6 LCPUFA such as g-linolenic acid (GLA; C18:3 u-6) and
DGLA possess anti-inflammatory potential [5,68]. The
anti-inflammatory characteristics of GLA may be due to its mo-
lecular structural isomerism to ALA [17]. GLA is present in trace
amounts in green leafy vegetables and nuts, but it is mostly
generated by a desaturation step from LA [17,69]. In contrast,
DGLA cannot be derived directly from the diet; rather, it is
formed by elongation from GLA [17]. Due to the rapid
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transformation of GLA to DGLA in inflammatory cells, GLA
competes with AA for the metabolic enzyme reactions to form
eicosanoids [70]. Generally, dietary intake of GLA results in the
accumulation of DGLA in plasma lipids and cells [71]. One study
indicated that the DGLA level in peripheral blood mononuclear
cells was significantly higher after 12 wk of GLA supplementa-
tion in healthy individuals compared with baseline and that GLA
consumption decreases lymphocyte proliferation [5]. Studies
with fish cell cultures revealed that DGLA competitively de-
presses the production of eicosanoids from AA [72]. Additionally,
DGLA is a precursor of the anti-inflammatory eicosanoid PGE1
[35], and in human mononuclear leukocytes, DGLA is metabo-
lized to 15-hydroxyeicosatraenoic acid, which is an effective in-
hibitor of LTB4 formation from AA [68].

Arachidonic acid

The precursor of proinflammatory eicosanoids, such as PG,
TX, and LT, is AA [7,11]. It can be ingested via nutrition, but it is
also synthesized from the essential fatty acid LA [60].
Regarding asthma, AA is a double-edged sword with pro- and
anti-inflammatory regulatory potential. The lipid mediator lip-
oxin (LX)A4 is generated from AA in a multistep enzymatic pro-
cess. Its transcellular biosynthesis occurs in the lung during
cell–cell interactions and is potentially vulnerable to oxidative
stress [73,74].

Severe asthma leads to increased airway oxidative stress;
therefore; the activity of soluble epoxide hydrolase is high and
LX levels have been found to be decreased in human cells in vitro
and in rodent lung in vivo [73]. Consequently, in uncontrolled
asthma, LXA4 levels were strongly decreased; thus, endogenous
LXA4 cannot resolve airway inflammation and never acts in an
anti-inflammatory manner by inhibiting neutrophil and eosin-
ophil migration, transendothelial and transepithelial migration,
and the generation of superoxide anions [73,75].

Although AA-derived PGE2 possesses proinflammatory
properties, the respiratory tract seems to be the only system in
which this eicosanoid PGE2 is helpful to asthmatic patients by
exerting bronchoprotective effects [11]. Hereby, PGE2 inhibits 5-
LOX, leading to decreased production of the 4-series LT [11].
Nevertheless, the main products of AA are proinflammatory PG,
LT, and TX [7]. Results from one study indicated that children
with asthma have significantly higher LTB4 concentrations in the
small airways or alveolar fraction than controls [76]. Considering
this, for asthma treatment, it might be worthwhile to reduce the
metabolic AA pool. SDA competes with DGLA for the D-5 desa-
turase and might be a tool to decrease the formation of AA
(Fig. 1).

The effectiveness of combinations of different LCPUFA
species in asthma treatment

A few studies have examined the effect of supplementation
with LCPUFA blends, which might lead to a synergistically pro-
resolution effect in inflammatory diseases, especially in asthma.

One study found that diets enriched with either DHA or EPA
never improved asthma, whereas combinations of both fatty acid
species help to reduce asthma symptoms in mice [58], substan-
tiating the conflicting evidence on applying only a single u-3
LCPUFA for the prevention and treatment of allergic diseases,
including asthma [56,77–81]. Moreover, another study showed
that high intake of ALA in humans is associated with lower
exhaled NO, thus reducing the probability of non-controlled
asthma [44]. Interestingly, a higher dietary intake of ALA in
combination with EPA and DHA reduced the odds of
non-controlled asthma [35]. It has been demonstrated that not
only does increased ingestion of GLA result in the accumulation
of DGLA in plasma lipids and cells, but also that GLA in combi-
nationwith SDA increased the ratio of EPA in some lipid fractions
in humans. Furthermore, the combination had the tendency to
increase the DGLA content of blood cells without a subsequent
increase in the AA content [71]. In one study, patients with mild
asthma received supplementation with diverse doses of borage
and echium seed oil combinations that contained SDA
(0.25–1.75 g), ALA (0.57–4.02 g), and GLA (consistent dose of
1.5 g) for 3 wk. The supplementation led to an increased plasma
concentration of SDA, GLA, DGLA, and EPA an well as its elon-
gation product DPA. This increase in DPA rate never altered DHA
plasma concentrations, possibly due to the poor enzymatic
EPA/DPA to DHA bioconversion rate. As a functional conse-
quence, asthma-relevant AA-associated cysteinyl leukotriene
generation in stimulated basophils was attenuated by >50% and
in stimulated neutrophils by >35% [70].

Taking this into consideration, including the particular effects
of distinct LCPUFA on inflammatory and resolution processes, it
might be possible that GLA, ALA, SDA, EPA, and DHA exert a
synergistic beneficial effect on bronchial asthma. Figure 2 dem-
onstrates these interactions after treatment with distinct u-3
and u-6 fatty acids and the consequences of AA synthesis and its
derived eicosanoid metabolism at a glance. GLA supplementa-
tion, together with ALA and SDA, synergistically lead to EPA
synthesis as well as the accumulation of DGLA. Furthermore,
treatment with SDA increases the amount of DPA, which can be
metabolized into DHA. It has been observed that the combina-
tion of SDA and GLA is useful in treatment of inflammatory
disease [51]. Within this metabolic model, additional dietetic
supplementation of EPA and DHA might be supportive to in-
crease the anti-inflammatory u-3 eicosanoid pool, such as PG (3-
series), TX (3-series), LT (5-series), resolvins (E- and D-series), as
well as protectins and maresins. Consequently, supplementation
with these fatty acids at best decreases (or at least maintains) the
AA-dependent proinflammatory eicosanoid pool. Accumulations
of intermediates within the pathways of u-3 and u-6 LCPUFA
lead to different feedback inhibitions. PGE2 derived from AA
inhibits the conversion from LA to GLA, LA leads to a decreased
EPA pool by inhibiting metabolism from ALA to EPA, and EPA
blocks the enzyme D-5 desaturase by the conversion of eicosa-
tetraenoic acid into EPA [48,82].

These data lead to the assumption that a disease-specific
combination of LCPUFA might have beneficial synergistic ef-
fects, which might be based on different substrate-product
competitions of the desaturase, elongase, and oxygenase sys-
tems of the eicosanoid metabolic pathway. Further animal and
clinical studies investigating immunologic parameters and lung
function must outline whether combined application of ALA,
GLA, SDA, EPA, and DHA can synergistically enhance their anti-
asthmatic effect.

Conclusion

In conclusion, u-3 ALA, SDA, EPA, or DHA influence several
immunologic parameters connected to the asthmatic situation
and clinical aspects (i.e., lung function and inflammatory
markers). However, the anti-inflammatory effects of some u-6
LCPUFA, such as DGLA and GLA, are not negligible. AA is a
double-edged sword with pro- and anti-inflammatory aspects,
although asthma-enhancing properties dominate. Combinations
of complex oil blends with distinct u-3 and u-6 LCPUFA species
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may direct the eicosanoid pathway into an anti-inflammatory
direction, especially an early stage in mild asthma. These
molecules may effectively reduce inflammation in the bron-
choalveolar system on the cellular level and help to control the
clinical symptoms of bronchial asthma. New approaches are
needed to investigate this opportunity.
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